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0 Dominica the land of beauty, 
The land of verdure and glorious sunshine, C) 
Our hills and rivers are viewed with envy, 
By those who stay here even for a while. 

Elias George (c. 1937) 
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i. 
A13STRACT 

Geophysical evidende indicates that the Lesser Antilles is a 
typical island arc underlain by a dipping Benioff Zone; but the Subduction 

. rate of about lcm per year is relatively slow, and for the islands south 
of St. Lucia the seismicity is less, suggesting a slower rate of 
subduction. There are important variations in magma type along the 
length of the arc, in contrast to the situation in Japan where the main 
variation is across the arc. It is thought that there is-a complete 
compositional gradation amongst parent magmas reaching the high-level 
magma chambers; though certain members of the sequence are volumetrically 
dominant in individual centres. 

The most abundant parent, macpas are low-K andesites and low-K 
dacites, which are thought to have formed by water-saturated partial 
melting (5-1(A) of the mantle above the Benioff Zone. The volattiles, 
are derived from pressure-sensitive breakdown reactions in the 
subducted lithosphere, although a magmatic component derived from 
partial melting of subducted oceanic crust cannot at present be ruled 
out. 

The second most abundant parent magmas care island-arc tholeiitesp 
and are similarly generated by hydrous partial melting (15-20'/. )'of the 
mantle. The undersaturated ultrabasic. magmas from Grenada and the 
Grenadine*s are generated by an even greater degree of hydrous partial 
-melting (25-30%). The segregation of parnnt magmas may be facilitated 
by subduction-induced seismic agitation, a greater subduction rate causing 
the s'egregation of smaller percentage melts. 

On ce generated, these parent magmas rise slowly to the island-arc 
crust. Fractionation en route produccs gradations in their trace- 
element chemistries. In the high-level magma chambers, some of which 

3 have volumes of at least 5km , igneous cumulates are produced. Their 
nature is dependent on parent magma type. The ultrabasic magmas 
produce clinopyroxene-amphibole adcumulates; some are plagioclase free 
(or poor), and are thought to have crystallised at greater depths than 
other plagioclase-bearing varieties. This fractionation scheme 
producles a trend of silica enrichment, but is not likely to produce 
the dominant andesites of some centres. 
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Iligh-Al. low-K tholeiite acts as the parent magma to the 'basic' 
centres, first crystallising an olivine-anorthite assemblage; as cooling 
proceeds this is joined by titanomagnetite, orthopyroxene, clinopyroxene 
and amphibole. Suggested initial temperatures are 1100-1150 0 C, and depths 
of crystallisation range from 10 to 20km (i. e. the lower part of the 
island-"-rc crust). Fractionation in the basic centres produces 
pyroxene basalts and basaltic andesites, but is not thought to contribute 
significantly to andesite and dacite generation. 

Andesite and dacite magmas are parental to the 'intermediate' centres, 
which are characterised by their abundance of pyroclast-flow deposits 
and by their lack of basalts. Fractionation in intermediate-centre 
magma chambers is hindered by high viscosities, and " group of dioritic 
cumulates are produced. For these, the term viscumulate is proposed. 
Eruptions are either of gentle lava flow and dome extrusion or of 
violent pyroclast-flow eruptions which are thought to be caused by a 
water-oversaturation induced, excess magma pfessure. 

The area's high rainfall creates rapid erosion - considerably 
aided by torrential rain and powerful abrasive waves during hurricanes. 
The abundant detritus forms reworked deposits; these are interbedded 
with primary marine deposits on the island's-submarine flanks. Upliftea 
marine deposits surround the island of Dominica, indicating that some 
tectonic uplift of the whole arc, and of the Limestone Caribbees, has 
occurred. ' The cause of the uplift is related to subduction, and may be 

. due to hydration of the mantle (to an arrphibole peridotite) or to a 
widespread, small proportion of partial melting. , There is every reason 
to suppose that these processes will continue, so early detection of 
the inevitable volcanic eruptions is of prime importance for the safety 
of the region's population. 
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-If continental drift is accepted it iTrvolves a major scientific 
revolution, which should perhaps, like the Copernican revolution, be. 
named for its chief protagonist, Alfred Wegener. The essence of a 
scientific revolution is not fresh data, better instrumentation$ or 
new techniques, although these may lead up to it. It is a change in 
beliefs; in this case a change fro-in thinking of the earth as a static 
body to realising that It is mobile. It is obvious why, if geology, 4. 

geochemistry, and geophysics were based upon a gross nis-onception of 
the earth, they ceased to develop and tended to fragment into the 
study of detailed aspects like minerals, fossil,,, -, silicate chemistry, 
or geomagnetism, which were the only parts. of the study that could be 
treated sensibly. A new science of the earth is beginning to develop 
and can incorporate and unify the valid parts of the old, falsely 
based, earth sciences. 

J. TUZO WILSON, 1970. 
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CHAPTER I THE LESSER ANTILLES REGIONAL TECTONIC SETTING. 

II 'gr - JL. -- -3 --- J6 I-- 

The Antillean islands are sittiated between North and South 
America at the junction of the Caribbean Sea and the Atlantic Ocean. 
The larger islands of the Greater Antilles form the northern boundary 

of the Caribbean Seajand consist of a pile of Jurassic to Eocene 
deformed and metamorphosed sediments and volcanics; although 
seismically active, major volcanism has not occurred since the Eocene. 
The Lesser Antilles are an arc of smaller islands which form the 

eastern boundary of the Caribbean Sea; recent Peismicity and 
volcanism indicate that they represent an active island arc, 

The Antilles overlie oceanic crust which has been created since 
the opening of the Atlantic about 180 million years ago, They 
therefore provide an excellen t natural laboratory for the study of 
mechanisms by which continental crustal material is generated. This 
thesis describes the results of field mapping carried out on Dominica, 
in the central Lesser Antilles, and petrological studies at Durham 
University, which are part of the large volume of current research 
interest in the area, 
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9 Tectonic Framework 
I 

A tectonic map of the Caribbean region is shown in Fig. 
This map and the following description have been synthesised from 

publications by Molnar and Sykes (1969,1971), Freeland and 
Dietz -(1971), Edgar and others (1971a), Malfait and Dinkleruan (1972) 

and Westbrook (1973).,, The map shows five plates which have been 

delineated by seismicity, and their relative motions deduced from 

earthquake focal mechanism studies. Plate motions are shown-relative 
to a stationary Americas plate, though therejs probably slight 

-- relative movement between North and South America. A series of 
destructive plate margins have formed at the common boundary between 

3. 

the enlarging Americaspand ntracting Pacific, Cocos and Nazca plates. co 
The relatively-pmaýl Caribbean plate'lacks a constructive margintand 
tends to act as a buffer between the larger.. plates. 

At its-southwest'iýargin the Caribbean plate is underthrust by 
the Cocos plate; with subduction at a rate of about 5cm/yr at the 
Middle. America Trench being responsible for, the present day volcanic 
and seismic activity, Along its northern margin the Caribbean plate 
is bounded by a series of fractures; the Motagua fault, Cayman trough 
and the Puerto Rico trench, which are a series of sinistral transform 
faults. It is possible. that between the Cayman trough and the 
Puerto Rico trench, the northeastern coast of Hispaniola represents 
a zone of active subduction-though there is no recent volcanicitys 
At its eastern boundary the Caribbean plate is underthrust by the 
Americas plate, producing a westward-dipping zone of earthquakes and 
surface volcanic activity at the Lesser Antilles. 

Relative motions along the southern margin of the Caribbean plate 
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are more difficult to interpret, but there are two alternatives, 
In the first, the southern boundary is a dextral transcurrent fault; 
but although seismically active, the energy release does not seem 
sufficient for such a major boundary. There does not seem to be 

I 
any continuous surface expression, 'and Metz (1968) has suggested, from 
field mapping, that the movement along the El Pilar fault zone of 
northern Venezuela and Trinidad is less than 15 km. The situation 
in northern and western Columbia is also complicatedgwith various 
fracture zones indicating complex deformation and relative motion. I 

In the second alternative, the movement necessary for subduction 
under the Lesser Antilles is taken up along a fracture system extending 
from the southern end of the arc to the Mid-Atlantic Ridge. In this 
case the Caribbean plate is locked to the South American plateland 
there is differential movement between North and South America. Ncither 
of these theories entirely satisfies the available data, and it seems 
most probable that at some stage both have operated. Indeadoat 
present a combination of the two alternatives seems necessary* 

In summary, we see that the Caribbean is a small-oval platepwith 
little internal deformation; it has conservative margins to north and 
south, with destructive plate margins, dipping towards each other from 
east and west. 
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1.3 Geoloay of the Eastern Caribbean 
Bun'ce"'and'&th6rs (1970, p. 380) comment: 
"Any attempt to present an hypothesis for the origin of the 

eastern margin of the Caribbean Sea that describes a coherent sequence 
of events will draw heavily on both evidence and hypotheses originated 
by others. It will also involve reasonable extrapolations of such 
information. " This is particularly true of the first part of this 
thesis. However the writer considers this an imperative part of the 
study, as the considerable amount of available geophysical information 
provides a very suitable framework for the geochemist to hang his ideas 
upon. It is also important. that hypotheses originating from chemically 
and physically based studies should'not contradict each ouhcr; and if 
contradiction is unavoidable 'the' reasons for any disparity must be 
investigated. 

The bathyme'tric'and s. tructural units of the area are shown in 
Fig. 1.2, the bathymetry is taken, from Westbrook (1973), and the distinction 
between the volcanic Antilles and the limestone Caribbees is from 
Martin-Kaye (1969). ' From West. to east the following seven structural 
units are recognised: 

1. The Venezuela Basin and the Grenada Trough. 
2. The Aves Ridge. * 
3. The Volcanic Antilles. 
4. The Limestone Caribbees. 
5. The Tobago Trough - Desirade unit. 
6. The Barbados Ridge. 
7. The. Atlantic Ocean Basin. 
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A schematic cross-section to'illustrate these structural units 
is shown in Fig. 1.3, it has been based upon geophysical models by 
Officer and others (1959), Bunce and others (1970), Kearey (1973) 
and Westbrook (1973). 

1.3.1 The Venezuela Basin and Grenada T 
These similar basins are considered together as examples of the 

8, 

Caribbean crust. Their topography is remarkably subdued, particularly 
in the southern part of the Grenada Trough which departs no more than 
a few metres from its mean depth of 2997m (Keareyl973). The Venezuela 

- Basin is much larger, with a greater average depth of 4,500m. Thus it 
seems that the Avds llidge has acted as-A damsand trapped sediments 
derived from the. vol. 'canic arc and. the South American continent. Edgar 
and others (1971a) have sho-ýn'that more than 6km of sediment are present 
in parts of the Grenqda-Trough- a considerably thicker cover than oh 
nomal-oceanic crust, Both basins'contain the characteristic Caribbean 
reflectors All and B"', whose essentially planar nature indicates tranquil 
sedimentation throughout the Upper Cretaceous and Tertiary. 

Typical oceanic crust consists 'of three layers; a thin sedimentary 
layer 1, a basaltic layer 2a few km thick with velocities from 
5.2 to 6.0 km/sec, 'and a gabbroic layer 3 soine 5 km thick with 
velocities in the range 6.5 to 7.0 km/sec (Schreiber and Fox, 1973). 
There is a marked velocity contrast between the crust and mantle which 
usually occurs at depths of less than-12km. In the Caribbean crust$ 
layers 1 and 2 are abnormally thick, the latter containing velocities 
of 6.0 to 6.4km/secjintermediate between those of the normal oceanic 
layers 2 and 3. Also, the velocity contrast at the moho is not so 



0 

markedoand normally occurs at depths greater than 15km (Officer et al. 
1959). 

The extra layer of intermediate, typical continental crustal 
velocity, led many authors to sugges. t that the Caribbean crust was a 
foundered continent. .A similar theory has more recently been 
restated by Skvor (1969), who suggested that. granitiC crust has, 
become oceanised by the introduction of an ultramafic component. 
The fatal objection to any theory proposing a continental origin 
for the Caribbean crust is that there is insufficient space in most 
pre-drift Atlantic reconstructions (Bullard et al. 9 1965). 

Recent results from leg 15 of the Deep Sea Drilling Project 
(Donnelly, 1973)lhave indicated that fossils of Coniacian to 

-Campanian age are interbedded with ashes and basalt, possibly basement, 
at various sites in the central Venezuela Basin. Donnelly (op. cit. ) 
has suggested that this represents the age of formation of the 
Caribbean crust, which was produced by vast outpourings of basalt 
along megashears set up by the differential spreading of North and 
South America about 80 m. y. b. p. However, in places this igneous 
basement, corresponding to reflector B", was represented by minor 
intrusions (Edgar et al., 1971b). Mattinson and others (1973)o on 
the basis of unpublished seismic-reflection studies, have mentioned 
that at least another 1000m of sedim ent may lie beneath reflector B". 
Assuming a sedimentation rate similar to that calculated from the 
borehole data, this would imply that the age of the Caribbean crust is 
between 140 and 150 m. y. There does appear to be room for the 
Caribbean crust at this time on the basis of models for the opening 
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of the Atlantic (Pitman and Talwani, 1972; Westbrook, 1973). This 
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. crust could have formed as normal-oceanic crust at a spreading centre 
in the Gulf of Mexico (Freeland and Dietz, 1971). 

Menard (1967) has studied the crustal structure of small-ocean 
basins, including the Venezuela Basin, and postulated that normal 
oceanic crust may develop into transitional oceanic crust by the addition 
of thick sedimentary sequences and low density differentiates from the 
mantle. For a working model, it is proposed that the Caribbean crust 
formed in the late Jurassic, at an oceanic ridge between the separating 
North and South America. At a later period, about 80-90 m. y. b. p., 
the Caribbean crust could have been affected by widespread igneous 
activity, and thickened by the addition of basic and intermediate mantle 
differentiates, whose formation was induced by further relative movements 
between North and South America. This model is speculative, and liable 
to be revised, as the origin of the Caribbean crust is still a' 
controversial matte-r. 

1.3.2 The Ave s Riýfe 
The submerged and mountainous Aves Ridge divides the Grenada 

Trough from the Venezuela Basin; it strikes approximately north-south 
and lies some 250km west of the Lesser Antilles. On its eastern flank 
the Ridge has a very similar curvature to the present volcanic arc, 
Fig. 1.2. Sampllng-at various sites on the Aves Ridge has produced 
granodiorites, basalts, metavolcanics, conglomerates and limestones. 
]he igneous rocks have calc-alkalic affinitiespand have given radiometric 
ages between Middle Cretaceous and P41eocene (Fox et al., 1971; 
Nagle, 1971). Joides investigations have revealed marine sedimentary 
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sequences from Paleocene to Recent, together with subaerial 
unconformities, (Edgar et al., 1971b). Magnetic anomalies associated 
with the peaks over the ridge have short wavelengths and high 
amplitudes, similar to those over the volcanic arc. Kearey (1974) 
has described the results of recent geophysical surveys over the 
Ridge, and has concluded that most of the evidence is in favour of an 
island-arc origin in the Upper Cretaceous. The site of 
subduction has since stepped back to its present positionýand the 
Ridge has sunk to a condition of near isostatic equilibrium, as 
illustrated in Fig. 1.3. 

1.3 The Volcanic Antilles 
This chain of islands, which are indicated and named in Fig. 1.2, 

extends from Grenada in the south, 700km north to Saba, Recent 
volcanicity and seismicity are typical of an active island arc, 
Various geophysical features of island arcs are compared in Table 1.1, 
which is taken from Sugimura And Uyeda (1973). In most senses the. 
Lesser Antilles represent a typical island arc, but the relatively 
slow subduction, rate has resulted in a lower-earthquake frequency, 
and probably a smaller igneous output per unit length-than the larger 

4 
circum-Pacific arcs, The Lesser Antilles is a relatively short arc, 
and has one of the smallest radii of curvature on e'art h- about 440kmo 

The highest young volcanoes in the centre of the arc reach 
1,500m, whilst channels separating the islands are nearly all less 
than lkm deep. On bathymetric gro%. -, nds (Fig. 1.2), the arc may be 
split into two segments)north and south of the sea passage between 
Marie Galante and Dominica. In the northern segmenttthere is a double 
row of islands; with the western younger-volcanic arc$from Basse Terre 
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of Guadeloupe to Saba, separated by a shallow trough from the eastern 
group of older limestone Caribbees, from Marie Galante to Sombrero. 
On the western flank of the northern segment, the topography undulates 
gently to the southwest, and depthd are less than 3km. In contrast, 
on the eastern flank there is a submarine slope of about 5-7 0 

maintained for many kilometres, and in places depths of 6km are 
reached in less than 60km from the northeast islands. In this northern 
segment, the volume of material extruded during the building of the 
younger arcpis seen to be considerably less than that during the 

earlier arc building phase of the limestone Caribbeesq 
In the segment south of Marie Galante, from Dominica to Grenada, 

only a single row of islands is present. It is flanked on the west 
by the flat-bottomed Grenada Trough and on the east, *south of St Lucia 
by the Tobago Trough; but there is no steep submarine slope as in 
the north. This is probably related to the increasing thickness of 
sediments as the South American content is approached. The differing 
slope to depths of 2km on either side of-the southern arcsis probably 
related to the depth of the flanking basins before the young-arc 
building phase began. An inspection of the bathymetry in Fig. 1.2v 
reveals that the volume of material above the average level of the 
ocean floor is much greaterin the north of the arc. This could 
result from a larger volume of igneous. productsmor by the incorporation 
of some material, such as the Saba Bank, from the Greater Antilles. 
Another possibility iq the partial engulfment of the southein islands 
by South American derived sediments,. so giving a smaller apparent relief, 
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The seismicity of the area has been described by Sykes and 
Ewing (1965), Tomblin (1971) and Westbrook (1973); covering the 

periods 1950 to 1964,, July - September 1966jand 1904 to 19709 
respectively. In all cases a dipping zone of earthquakes has 
been identified, an e*xample'is shown in Fig. 1.4, which is taken 
from Westbrook (op. cit. )', The earthquakes, for the period 1964 
tQ 1970 are projected onto a single plane radial to the arc. 'The 

IF 01 
Benioff zone is seen to dip beneath the arc At 40 to 50; 'aiid'the 
earthquakes are concentrated in the depth range 100 to 160km. This 

outlines the descending brittle lithosphere and places the top of 
the Benioff zone some 100km bel6w sea level. The scatter in Fig. 1.4 

is probably due. 'to'error and lateral deP'th variation. 
Westbrook (op. cit. ) has also computed maps of earthquake 

focal depth and ener"gy release 41.1 The fo"r'mer show. that'there is no 
larg'e-scale difference in the angle of-subductionjor depth to the 
&enioff zone)along the arc; -if'there are sligh, 41. - diffe rences the 4 
Beuioff zone is deeper in the central portion and shallower in the 
southern islands. The ene'rgy-release'map, and the earthquake 
distributions shown in Sykes and Ewing (1965) and Tomblin (1971)s 
indicat6 a concentration of seismicity in the central and northeastern 
parts of the arc; and a distinctly smaller energy release in the arc 
south of St. Lucia. This may simply be a statistical problem 
related to the brief sampling period, as the 1904-1970 energy is moSt 
evenly distributed. *Howevergit could also be"caused by the 
absence of a few large earthquakes, o*r by the preferential 



16. 

dissipation of frictional energy in the form of creep. Though 
it is difficult to see why these factors should only apply to the 

southern portion of the arc. Brune (1968) has shown that rates of 
slip along major faults are proportional to the seismicity, so until 
the data*suggestotherwiselit is reasonable to infer, that the rate of 
subduction is less under the southern-islands. 

A different subduction rate could be maintained by a fracture 
system extending from the southern islands to the Mid-Atlantic Ridge 
(Ball et al., 1969 Freeland and Dietz, 1971; Westbrook, 1973). 
Earthquake focal mechanisms for the Lesser Antilles show that, apart 
from the thrust faults associated with subduction, there are solutions 
with vertical fault planes and easterly strikes, which may beýdue 

to relative motion on subducted transcurrent faults (Molnar and 
Sykes, 1969). If a differential spreading rate was maintained for 

geologically long periods, one might expect a greater volume of igneous 

products added, to the arc in-the faster subducted. northern portion* 
This coincides with the observation mentioned earlier, that the volume 
of material above the average level of the ocean floor is much greater 
in the north of the arc, 

The axis of the young arc is geophysically characterised by a series 
of positive-isostatic anomalies, whic4 indicate that it is out of 
isostatic equilibrium. ý' This may be partly because the crust has not 
had time to adjust to the load of the young-volcanic pile; but, as the 
limestone Caribbees have been upliftedtit seems that some tectonic process 
related to subduction is largely responsible. Models computed from 
gravity, magneticland seismic data sugges t that beneath the young islands 
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the c'rust is thickened to between 30 and 40 km (Kearey, 1973; 
Westbrook, 1973). 

The two periods of volcanism represented by the volcanic 
Antilles and the limestone Caribbeesgare separated by a period of 
submergence and limestone formation in the Lower Miocene. The 
formation of the younger arc has therefore clearly taken place in the 
lqst 16m. y. Recent K-Ar age determinations (J. Briden and D. Rex, 

pers. comm. ), on volcanics thought by field workers to represent the 

oldest-exposed material in the young arc, concentrate in the range 
from 0 to 8 m. y. b. p. This distinction is particularly,. clear 
in the northern segment where the two arcs are separated; but in the 

south, Lower Miocene limestones are sparse; and from the K-Ar dates 

a gap in the volcanicity is difficult to define. Vogt and others 
(1971),, have suggested increases in the spreading rate at the 
Mid-Atlantic Ridge at about 60 and 10 m. yb. p. The cause of this 
latter increase could also have renewed Antillean underthru'sting of 
the dormant subducted Atlantic lithospherejand later regenerated, 
volcanicity along a slightly different axis, 

The initial volcanics produced in the northern segment are, 
probably not presently available-for surface sampling, but the new 
dates indicate that the major young..! arc building phase has been during 
the last 3 m. y. This is confirmed by the cores from JOIDES sites 
30 and 148 on the Aves Ridge (JOIDES, 1970; Edgar et al., 1971b). 
In hole 148, an upper 200m of Plio-Pleistocene marls and clays 
contain abundant ash beds, and six volcanic episodes were identified, 
with the thickest in the Middle Pleistocene. It will undoubtedly be 
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from study of theseland other cores taken nearer the arc, that the 
volcanic history of the Lesser Antilles, will emerge in most detail. 

Field mapping on many islands (Martin-Kaye,, 1969), has identified 

occasional Pleistocene limestones a. t elevations of over 200M. Thi-s 
cannot be explained by. glacially-or spreading-rate induced changes in 
sea level. It is more likely that the arc as a whole is being 
tectonically uplifted. The historic volcanicity of. the Lesser 
AAilles has been summarised by Robson and Tomblin (1966). The 

catastrophic 1902 eruptions, of Mt. Pele"e in Martiniqueland the 
Soufriere in St Vincent are well known. Most recently, from 
October 1971 to March 1972, there was a mild extrusion of lava into 
the crater lake of the Soufriere (Aspinal et al., 1973). 

Along the young arc there has been considerable variation in the 
chemistry of erupted magmas. The islands from St Lucia northwards are 
dominated by calc. alkalicandesites and dacites, wfth subordinate 
sub-alkalic basalts. From St Vincent southwards, th-. -"- islands show 
similar andesitesand dacites, but these are volumetrically less 
important than the basalts. In, addition, the most basic lavas become 
increasingly alkalic with the development of highly nepheline- 
normative types in Grenada (Arculus, 1973). The correlation of alkalic 
parent magmas and a lower subducti6n ratelin the islands from St 
Vincent southwards, is sugges tive of som-e- genetic connection-this 
is considered in Part 4. 

1.3.4 The Limestone C aribbees. 
This structural unit is formed of islands extending from Marie 
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Galante to Sombrero, and parts of the southern islands as shown in 
Fig. 1.2. These islands are characterised. by Oligocene calc-alkalic 
volcanics and plutonics, overlain by Lower Miocene Limestones-hence 
are called the limestone Caribbees. - Maximum heights of about 500m 
a. re reached in St Martin and Antigua; but their irregularly-eroded 
topography contrasts markedly with the smooth profiles of the recent 
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volcanoes to the west. " In'the northeast segment,, the Barbuda Bank 
occupies an area of about'3,600 km 2 with average depths of 150m. 
Clearly the limestone Caribbees occupy a much larger volume than the 
young arc. This is also probably true of the central islandslas shown 
in Fig. 1.3. The difference is well illustrated by seismic'reflection 
profiles across the northern part of the arc (Bunce et al., 1970, 
Plate IV-2), where a broad sediment-covered ridge represents the 
limestone Caribbeesgand a smaller, steep-sided, sediment-poor ridge 
represents the volcanic Antilles. 

Despite an inferred initialýsubmarine origin-, . there is a lack of 
pillow lava's in the older arc. ' The oldest deposits exposed'are, 
interbedded Upper Eocene pyroclastics and marine sddimentss these are 
found in St Barthelemys Carriacou and Grenada (Christman, 1953; 
Martin-Kaye, 1969), though they are not volumetrically importantland 
probably represent an initial phase. The oldest limestone Caribbees 
K-Ar dates obtained by J. Briden and D. Rex (pers. comm., 1974)jare 
28 m. y. b. p. Ilence thereýis an unexplained gap of 10'm. y. between 
the palaeontorogically-and'radiometrically-determined age s-of the 
oldest material, * This may be because the init. ial-submarine lavas are 
not now exposed, as they have. been buried by the later central activity. 
However, submarine pyroclastic material could have been spread over a 

This gap has now been filled by a K-Ar date of 40 m. y. b. p. on a lava from Table Mountain, Antigua (Nagle et al., 1974). 
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wide area. and interspersed with the marine deposits which have given 
the Upper Eocene ages. Again, conclusive evidence will probably come 
from deep-sea coring in the Grenada and Tobago Troughs; but for the 
presenttthe older foraminiferal age is accepted, and the initial 
development is taken to be Middle or Upper Eocenes about 40-45 m. y. b. p. 

The best-evidence for the timing of the main old-arc building 

phase, is found in the abundant ash beds of the,, Oceanic series on 
0 Barbados., These have, been dated as Mid or Upper Eocene to 

Mid-Oligocene, 45-25 m. y. (Saunders, 1968; Lohmanns 1973).. on the 
limestone Caribbees, the extrusive igneous products are frequently 
intruded and metamorphosed by g4bbroic, dioritic and granodioritic 
plutonic bodies. However, they have been eroded and exposed before 
submergence and limeston'e formation in the late Oligocene and 
Lower Miocene. The igneous activity did not end with the cubmargence, 
as a few pyroclastics, are found interbedded with Lower Miocene limestones 
(Martin-Kaye, 1969). Alsoldates of 18 m. y. are reported from blocks 
in tuffs from northern St Lucia and Carriacou (J. Briden and 0. Rex, 
pers. comm. , 1974). 

In the southern islands, with the superD-OSition of the two arcs, 
the volcanic, chronology is complicated, but the early arc-building phase 
does seem to be poorly represented, and may in places be absent. There 
is a widespread gap in the sedimentary record from Upper Miocene to 
early Pliocene, which was probably caused by ajull in subductionand 
continued submergence of the island pile below the level necessary for 
limestone formation. The deposits of the limestone Caribbees have 
been deformed and intruded by dykes before the formation of theyounger 
arc. Martin-Kaye(1969), suggestp that a widespread mio-pliocene 
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deformation was related to the earliest stages in the building of the 
young arc. Quaternary uplift of the older arc has led to renewed 
erosion cutting through the limestonesgand revealing the igneous 
basement. 

Igneous rock types are chemically very similar to, those of the 
volcanic Antilles (Christman, 1972), and belong to the calc-alkalic 
association, again indicating that the limestone Caribbees ar& an 
older island arc, Arculus (1973), has reported that alkalic lavas 
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are present in the southernmost islands during the earlier-arc phase, 
This indicates that whatever the origin of these alkalic magmas, 
the processes responsible have been operating throughout the development 

of the Lesser Antilles. 

1.3.5 The Tobago Trough, - Desirade unit. ' 
The Tobago Trough'itself is only developed in. the Aouth"of the 

area -under consideration, ' between the Lesser Antilles and the 
Barbados Ridge. However this structural unit is taken to include the 
strip of crust between the Lesser Antilles ridgeland the negative 
gravity anomaly which indicates-the site of undcorthrusting. The 
Tobago Trough proper, overlain by a flat-lying sedimentary sequence, 
is t? capped between'the South. American continental shelf, the Lesser 
Antilles, the Barbados Ridge and the St Lucia East Ridge (Bunco at al, 
1970). The sediments, are'gently draped against the arc, but are 
uplifted against the Barbados-Ridge$, indicating some relative movement. 
Seismic-refraction studies have indicated that at least 5 km of sediments 
are present in this trough (Of f icer et al. , 1959; Edgar et al. 1971a). 
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Boynton and others (1974, in press) have suggested that the 
crustal structure beneath the Tobago Trough, although thickened, has 
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greater affinities with the Atlantic than with the Caribbean crust. 
There is thus a major change in crtistal structure across the 
Lesser Antilles (Fig. 1.3). The Tobago Trough - Desirade 
structural unit is interpreted as a strip of the Atlantic platetwhich 
was about to be subducted during the formation of the Aves Ridge, 
but became isolated-when the site of underthrusting stepped back to 
its present position. 

Further north, the topography of this unit is more irregular, 
and on its eastern'margin gradually decreases in depth as the South 
American sediment-source rece des. East of St Lucia there is a low 
ridge, thought by Westbrook . (1973) to be either a ridge bordering a 
buried transform fault, or the surface expression of a suhducted 
transf orm fault - as the structure continues on the eastern side of 
the site of underthrusting. 

The island of La Desirade, described by rink (1972)2 is an 
essential element in deciphering the area's structure and history* 
The pre-Miocene basement of Desirade consists of spilitic pillow 
lavas with interbedded cherts and massive flows; they are associated 

I 
with intrusive granodiorites, which are cut by ,,,, warms of mafic to 
silicic dykes. Dredging on-the steep submarine scarp northeast of 
the island has revealed that abundant gabbroic, blocks lie stratigraphically 
below the granodiorite, Clearly this assemblage is similar to that 
predicted for the oceanic crust (Cann, 1970). 

Fink (1970) has reported Upper Jurassic K-Ar dates on the 
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intrusives, and these have been confirmed by Mattinson and others 
(1973), who separated zircons for the . 

206 Pb/ 238 U methodand obtained 
ages in the range 145-150 m-Y. Unfortunately there is now some 
confusion as J. Briden and D. Rex (pers. comm., 1974) have obtained 
a K-Ar date of 86 m. -y. on Desirade intrusives. This dissagreement 
is possibly caused by two periods of magmatic activity, as it is 

oc not clear to the writer if the dated samples are from the same 1 ality. 
The 145-150 m. y. magmatism could be related to crustal formation at 
the Mild-Atlantic Ridge, whilst the 86 m. y. age could be associated with 
widespread Caribbean igneous activity, as indicated by JOIDES results 
in the Venezuelan Basin (Donnelly, 1973). 

Fink (1972), interprets the southern flank of the Desirade sea 
trough as a fault scarp, and suggests that the. island has been uplifted 
to its present position. This is supported by the 50m cap of Lower 
Miocene limestone, which overlies an erosion surfaceland is now uplifted 
to over 300m, above sea level. On the basis of bathymetric'studiess 
Fink (op. cit) suggests that the abrupt widening of the Lesser Antilles 
ridge north of Dominica may be the result of a major transverse fault, 
which developed due to differential rates of easterly translation, 
Hence the entire northe'rn segment. would have undergone dextral strike- 
slip: movement, with the renewed volcanism forming along a Single axis 
from Grenada to Saba. However, as there is no offset on the Aves Ridge 
or of the positive-gravity anomalies, Martin-Kaye's (1969) hypothesis 
of two divergent arcs still seems most likely. 

I 
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1.3.6 The Barbados 
The Barbados Ridge, which culminates'in the island of Barbados, 

exten4s from northeast of Tobago to the latitude of Martinique. 
Over this portion the Ridge coincides with the wbis of negative 
isostati6 anomaly, but when the Ridge disappears the anomaly persists 
northwards (Andrew et al., 1970). Negative-isostatic anomalies 
en the seaward flanks of destructive plate margins are normally as-sociated 
with oceanic trenches, but in the Lesser Antilles there is reason to 
believe that the trench is filled with sediments. Both'seismic 
refraction studiespand the relatively featureless character of tile 
magnetic anomaly field across the Barbados Ridge, suggest that a 0 
thick accumulation of sediment overlies a considerably depressed r-agnetic 
basement (Bunce et al., 1970). 

Westbrook and others (1973) calculated that about 20km of deformed 
sediments . uh4rhe Barbados, whilst Edgar and others (1971a) illustrate 
a broad area around Barbados where the thickness of sediment is 
greater than lOkm. These sediments, probably, dep'osited by turbidity 
currents, thin away from their South American source, and would, on a 
passive continental margin, be forming an Atlantic type geosyncline 
(Dewey and Bird, 1970)*. However, seismic-reflection profiles indicate 
that the Atlantic ocean floor is initially thrust tinder the sediments 
some distance east of the Barbados Ridge (Chase and Bunce, 1969). The 
locus of subduction cast of the Lesser Antilles is defined by the 
negative iso'static anomaly and the eastern limit of seismicity. 
Westbrook and others'(1973) have shown how a broad zone cast of 
Barbados is formed of deformed sediments2which are scraped off the 
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descending plateland added to the base of the sediment pile. 
These deformed sediments are exposed as the Scotland formation 

on Barbados; which is an Eocene flysh sequence with many repeated 
sedimentary sequences and no major 'change of lithology for at least 
4.6km (Baadsgard, 1960). These sediments were visited by the writer 
in 197.2pand were seen to provide a good example of chaotically-deformed, 
semiconsolidated turbidites. ' On BarbadosIthe Scotland formation-is 
overlain by the flat-lying oceanic series and various marls, which 
indicate undisturbed marine deposition from Mid or Upper Eocene to 
Upper Miocene times. The Barbados Ridge has been uplifted during 
the Pleistocene', and capped by the limestone Coral Rock formation; 
the oldest parts of which have been dated as 0.22 m. y. b. 'p. using the 
Th 230 method (Ku, 1968). - 

1.3.7 The Atlantic Ocean Basin. 
Ewing and others (1957a) have shown that the Atlanr-i, c ocean crust 

east of the Barbados Ridge is typically oceanics but is overlain by a 
much thicker than average layer of sediment. This sediment thickness 
has been shown to increase towards the west and south, as sediment 
sources are approached (Collette et al., 1969). These largely 
South American derived turbidites are, flat lying-to the cast, but 
become deformed as the Barbados Ridge-is approached. The undulating 
topography in the southeast of the area shown in Fig. 1.2', contrasts 
with the smoother surfacevand greater depth,, of the Atlantic Ocean 
Basin off the northeast of the arc, 

Pitman and Talwani (1972) have described the opening of the 
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Atlantic from magnetic anomaly and JOIDES data. Their results are 

convincing evidence in favour of the hypothesis of sea-floor spreading; 

and indicate how'far the theory has advanced in 10 years. Their 

Fig. 2sindicates that the age of the oceanic crust off the northeast 

of the Ldsser Antilles is about 80 m. y. Westbrook (pers. comm., 1974) 

suggests that the age of the crust being subducted at the Barbados Ridge 

is probably slightly older than this in the range 90-100 m. y. Pitman 

and Talwani (op. cit. ) have calculated that the spreading rate at 
35 0N on the Mid-Atlantic Ridge increased at about 9 m. y. b. p., and has 

averaged 2.8 cm/yr since then. This rate change could well coincide 
with an increased subduction rate under the Lesser Antillespand soon 
after, the birth of the volcanic Antilles. Westbrook (1973), from 

various lines of evidence, has calculated that the subduction rate at 
the Lesser Antilles has recently been about lcm/yr. It is therefore 

app4arent that the Caribbean plate itself, although moving eastward 
relative to the Americas plate,. is nevertheless drifting away from the 

Mid-Atlantic Ridge. 
Pitman and Talwani (op. cit. ) also note that after the initiation 

of spreading in the Arctic at about 63 m. y. b. p., thare was a change in 

relative motion between Eurasia and North America. This date 
coincides closely with the 60 m. y. b. p. increase in spreading rate 
suggested by Vogt and others (1971) from a similar study. lience it 

seems that the Mid Paleocene is the most likely time to suggest that 
subduction began at iýs present site east of the Lesser Antilless and 
that after 15-20 m. y. the slab was sufficiently subducted to trigger 
volcanism, in the limestone Caribbees. 
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1.4 A Model for the Evolution of the Area. 
In the previous sections. information from many sources has 

been summarised ; this can be synthesised into a working model for the 
evolution of the area. A stratigraphic summary. of the geological 
evidence., and some speculations on the origin of the structural 
units. is given in Table 1.2. This has been constructed with the 
oldest unit at the left so that the development of the area may be 
traced. This summary has been combined into a series of sketches 
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across the centre of the arc, to indicate a possible tectonic evolution; 
these are shown in Fig. 1.5* 

In the first sketch at 75 m. y. b. p; '' shown in Fig. 1.5a, the 
postulated Aves are is active., with'subduction'at the present site of 
the Lesser Antilles. The Caribbean crust isý, thought to have formed 
about 140-150 m. y., agoat 4-ppr. eading centre in the Gulf of Mexico as 
North and South'America drikte: d apart. It was covered with sediments 
and thickened by--Mid, U . pper-Cretaceous magmatism. The initially 
subducted Atlantic Ocean crust must have been Lower Jurassic in ageg 
so that the Upper Jurassic Tobago Trough - D'e#sirade unit could be 
later isolated. South American derived sediments have already built 
up a considerable thickness over the future Venezuela Basin, Grenada 
Trough, and the Atlantic Ocean Basin. 

In the second sketch at 55 m. y. b. p., shown in Fig. 1.5b, the site 
of subduction has switched to its present positiontand late Jurassic 
Atlantic crust has begun subduction. The older subducted crust 
sinks into the mantlejas activity on the Aves Ridge draws to a closej 
and it begins to adjust to isostatic equilibrium. The strip of crust 
isolated between the old and new sites of subduction is the Tobago 
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75m. y U. Cretaceous 
sea level Aves arc 

Caribbean 
crust 

Mid-Atlantic sediments Ridce 

180 undertined numbers indicateopproximate 
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p0 L-Gasin 
--- -- . -- -- 

I 
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35m. y. L. Oligocene Volcanism in, G renada Trough older arc 

J! k deformed , sediments 
135 

20m. y. L. Miocene submergence and 
limestone formation Barbados Ridge ? 
. .... ........ 

subduction rate very slow 

rf: -,, &I 1m. Y Quaternary Volcanism uplift of in new arc Ridge 
Aýx -6 AwN. 

Fig. 1-5. A tectonic model for the evolution of the 
Lesser Antilles. 
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Trough - Desirade structural unit, on which more South American 
derived sediments are piled. An oceanic trench probably existed at 
this stage. 

In the Lower Oligocene, shown -in sketch 1.5c, volcanism is 
established in the older arc. Much of the Aves Ridge has been 
eroded and submerged. Sedimentation, 'aided by a volcanic component, 
continues in the Grenada and Tobago Troughs9 and the oceanic trencil 
is probably full. Desirade has been upliftedvand is experiencing 
surface erosion. 

In the Lower Miocene, Fig. 1.5d, subduction and volcanism have 

waned; and-most-parts-of the--northern arc have been eroded, submerged, 
and covered with coral'-limestone.,., Howeverpsubduction has continued 
at a very-slow rate td"pr'odud. e occasional, *igneous activity, and maintain 
the position of. 'the Btn1off zone. 

In the Upper Miocene, an'incre'ase in the subduction rate resulted 
in deformation and dyke injection"of the limestone Caribbee. s; and the 
shifting of the axis of volcanism to the west.. Volcanism was renewed, 
afid the volcanic Antilles born, 

In Fig. 1.5e, during the Qutz'ternary, the young arc arose-above 
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sea level, and pyroclastic material spread over a wide area. Thus 
aided, sedimentation continued in the. flanking troughs, whilst continued 
subduction emplaced more turbidites onto the base of the sediment pile 
east of the Barbados Ridge. The Barbados Ridge was itself gradually, 
uplifted, and as its highest point entered the zone of coral formation, 
fringing reefs built up to form the limqstone-capped island of Barbados. 

In the future, there is reason to suppose that these processes will 

continue as long as the present subduction rate is maintained* 
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PART 2 

THE GEOLOGICAL HISTORY OF SOUTHERN DOMINICA 



0 

CHAPTER 2 BACKGROUND TO THE STUDY 

2.1 British Based Geological Research in the Lesser, Antilles,. 
This work is one of a series Of petrological studies in the 

Lesser Antilles island arc that were initiated in 1960 by the late 
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Professor L. R. Wager and Dr G. M. Brown of Oxford University, together 
with Dr G. R. Robson of the Seismic Research Unit, University of the 
West Indies. The project is now under the supervislon of 
Professor G. M. Brown at Durham University, and 

with the Seismic Research Unit, now directed by Dr J. F. Tomblin. 
To date, the following theses have been produced by research 

students at Oxford and Durhýam. 

lo . The Geology of Mt.. Misery Volcano St Kitts (Baker, 1963) ' 
2. The Volcanic History. and Petrology. of the Soufriere Region, 

St Lucia (Tomblin, 1964). 
3. Mineralogical and Petrological Studies of Putonic Blocks from 

the Soufriere Volcano, St Vincent (Lewis, 1964). 
The Geology of Montserrat (Rea, 1970). 

P 5. The Alkali basalt, Andesite Association of Grenada (Arculus, 1973). 

In addition, Mr E. B. Curran has studied the feromagnesi. an mineralogy 
of lavas from St Kitts, Montserrat, St Lucia, and St Vincent (Thesis 
in preparation). 

Apart from these theses, three other projects have been running 
concurrently: 

1. -A regional project investigating the geochemistry of Lesser 
Antilles lavas, also headed by Professor G. M. Brown,, together with 
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Dr J. G. Holland in Durham and Drs H. Sigurdsson and J. F. Tomblin 
in Trinidad. 

2. Natural renpant magnetism and K-Ar radiometric dating studies, 
by Drs J. Briden and D. Rex of Leeds University. 

32. 

3. A regional geophysical research project headed by Professor M. 11. p. 
Bott, also at Durham University. 

It is in the combination of results from all these studies, 
together with the large amount of information coming from other sources, 

- that has recently led to amarked increase in our knowledge Of the region. 

2.2 Develop ent of the Stu 
Field work in the Lesser Antilles began in January 1971# with 

an introduction to the methods and problems of tropical volcanology 
by Drs H. Sigurdsson-and J. F. Tomblin in Grenadas St Vincent, St Lucia 
and Dominica. This was-followed by 11 weeks field mapping and 
specimen collecting in the area south of Rosecu, Dominica. Initial 
laboratory studies during the latter half of 1971 indicated that, apart 
from the Foundland centre, 89% of the analysed epecimens and an' 
estimate& 95% of all'volcanic specimens collected were of t; imilar 
composition, in the range 62 -67 wt. % SiO 2* 

From the field mapping, it was realised that, as bedrock exposure 
was extremely limited, more useful information and specimens co uld 
be obtained by examining the best exposures available - namely the road, 
cliff, and river sections. This meant that-a larger area would have 

to be covered'; so in the 10 week 1972 field seasonrthe central portion 
of the island was mapped. Also, as part of the regional geochemical 
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project, the writer collected specimens and examined exposures from 
the northern part of the island. During the field seasons, valuable 
experience was gained by visits to the islands of Barbados, Trinidad, 
Martinique and Guadeloupe. These; and the initial visits mentioned 
above, helped considerably in the formation of a first-hand. overall 
view of the region. ýr 

On visiting the Seismi6 Unit 'in Trinidad, after the second field 

season, Dr J. F. Tomblin kindly allowed the writer to take samples 
from the plutonic nodules in the Unit's collection. In early 1973, 

after a second period of laboratory study on the Dominican specimens, 
the potential value of the plutonic nodules was realised. Accordingly, 
additional specimens were obtained; mainly from the collections of 
Drs P. E. Baker and J. F. Tomblin, with the kind permission of Professor 
E. A. Vincent at Oxford University. Further laboratory study, in 

particular an electron-micr9probe study of the plutonic mineralogywas 
completed by December 1973, 

2.3 The Dominican Environment 
This section 'is intended to provide background information on 

many non-geological 'aspects of life on the island of Dominica. As 

such it'has little-bearing on problems of igneous petrogenesis. However, 
the environment cannot be divorced from volcanological studies. 
Other material is of general interest to the writer, dnd hopefully, 
also to the reader, 
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2.3.1 Historical 
On his second voyage to the American continent, Columbus first 

sighted land on Sunday 3rd of November 1493. He appropriately 
named the island 'Dominigol, which ýas since been anglicised to 
Dominica. Dominica lies in the centre of the Lesser Antilles, 
Fig. 1.2, and is the most mountainous of the islands in the Eastern 
Caribbean. This rugged terrain was used to advantage by the 
Caribs, who made the island their mountain base for attacks on the .1 
neighbouring developing islands. They were not finally quelled 
until the late eighteenth century. Several hundred descendants 

. of the Caribs live in a 15 km 2 reserve on the east coast, 
Dominica is strategically situated between the French departments 

of Martinique and Guadeloupe. It was vigorously contested by the 
French and the British, and changed hands a number of times between 
1627 and 1783, when it was finally ceded to Britain after the American 
War of Independence. On March ist 1967, Dominica became a self- 
governing Associated State of Britain. This means that Britain is 
responsible for her defence; but all matters of internal policy are 
controlled by the Dominican government. 

The early squabbles over Dominica lasted nearly 200 years, and 
delayed stable development until the early-nineteenth century. In 
contrast,. Barbado. s was settled in 1625, and by 1650 had replaced 
Hispaniola as the major sugar producing island of thebaribbean 
(Williams, 1970). One of the consequences of this delayed 
development is that Dominica still retains large areas of undisturbed 
tropical rain forest, which appear today much as they did before the 
Europeans arrived. 
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2.3.2 Climate. 
Dominica, like the rest of the Lesser Antilles, is continuously 

bathed by the moderating influence of the northeast trade winds. 
The yearly average sea-level tempefature at Roseau is 26 0 C', with a 
yearly average maximum and minimum of 29 and 24 0C respectively. The 
temperature drops approximately 10C for each 100m rise in altitude, 
so the interior is consideribly cooler, and the summits of the highest 

0 mountains, at 1460m, may have average temperatures of only 12 C. 
Atmospheric moisture content is high; the relative humidity at Roseau, 
situated at: sea levýl on the leeward, coast, 'va'ies between 50 and 80%; r 
whilst in r ', the', 'inte'-i6t-,,,,, it seldom", falls -below, 85%, and at night approaches 
saturation4,, **" 

a This combination" of humid wind-s"and m4ntainous terrain produces f 
the outstanding climatic feature, of the. ýsland annual rain. The 
rainfall s to iý, #Ion is showh': *ift-Tjd .2 tj which illustrates the 
correlation of iainfall withý'he-ighý,,, -an/the rain'shadow on the leeward 
coast. There are considerable variations in rainfalffrom less than 
50 inches a year along the northwest coast, to over 400 inches a year 
in the high mountains. Eighty percent of the island receives over 
100 inches annually, with the central third above 600m, receiving over 
250 inches. 

The precipitation is seasonal with a 'dry' season from-mid-January 
to mid-June and a rainy season the rest of the year, 'llowever, even 
during the 'dry' season it rains practically every day0and the interior 

of the island is seldom cloud free. The rains are tropical downpours, 
heavypbut of Short duration and local occurrence, and during the day 
any given area usually receives some sunshine. 
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2.3.3 Hurricanes. 
From a geomorphological viewpoint the most important climatic 

factor to consider is the tropical cyclone. These have been described 
by Dunn and Miller. (1960), in their. book 'Atlantic Hurricanes-'. 
Dominica lies directly in the path of tropical cyclone tracks, which 
originateland often reach hurricane intensitylover a broad area of the 
Atlantic Ocean east and northeast of the Lesser Antilles. The 
frequency of hurricanes affecting Dominica is difficult to establish. 
Over a period of 63 years from 1887 to 1950 about 30 cyclones 
passed through the northern 600km of the Lesser Antilles, and of these 
perhaps half reached hurricane intensity (Colon, 1953). The average 
width of the area affected by hurricane intensity winds (120 km/hr) 

-during the passage of a cyclone, is about 150km. Hence it is likely 
that on average some 6 hurricanes per 100 years will pass over some 
part of the island, 

Hurricanes are neither as large as temperate zone storms nor 
as violent as a tornado; but because of their considerable size and 
great intensity they have caused the most destruction of all natural. 

/ 

terrestrial storms and disasters. 
caused by wind, waves and rain: 

Wind. 

The principal damage and erosion is 

Typical wind velocities during the most violent phase of cyclones 
are from 160 to 210 km/hr, with gusts up to 320 km/hr. The force 
exerted by a wind on an exposed surface varies with the square of 
the velocity (Dunn and Miller, 1960, p. 232). It is approximately 0.6 gm/cm' 
at 100 km/hr, *2.0 gm/cm 2 at 160 km/hrand 5.0 gm/cm 2 at 320 km/hr, 
Hence it is the gusts which result in uneven pressures and wrenching 
effects. In Dominica their main effect will be to uproot trees. and 
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Plate 2.1. Cliffs cii the southeast coaSL of Dominica. 
The Wai Wai spur (Ic 145-166), seeii here in 
profile, trends NE-SIq. lt is truncated by 
clirfs, composed of fragmental depoý-, its, -which . A- 

rise ncarly vertically for 200ni, Lhen ICSS steeply 
-i' the spur at 310m. to the summit o. 
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ý; I r) p es. trigger on the Cibundonl- , 3t('C-p 

Waves. 

The effect of waves during hurricanes can cause severe cliff 
crosion and beach sodiment removal. As a hurricane approaches the-re i-ý 

aI storm t i(je, increase in sea level, of toli betwocii I anJ 3m; thl S 
is. due to the very low atmospheric pressure in the hurricane area. 
The high winds often produce waves 10-15m in height, which may movo 
shorewards at speeds up to 80km/hr. The destructive power of this 
combination is tremendous, and huge boulders may be used wil pile- 'ý 11 '] 
driving effcct causing rapid cliff undermining. Viis beco-Loes evelt 
more warked, as in eastern Dominicas when there is a rL)pjd transition 
from deep water to Lhe shoreline. The sediment transportation 
of hurricane driven waves is also spectacular, and wlien -, al] fact0l: '-S' 
coincide to produce the maximum effect, the coastline ina_v -, -et. j-e. at as 

much as it would over a century or more of ordinary wa)c ac. ion. In 

addition, many kilometres of shoreline may be wnslied c., )mpletely free 

of detritus (Dunn and Miller, 1960, p. 221). The cliffs on the 

southeast CO"IS'L- of Dominica are the highest known to Coe writer in 

the Lesser Autilics, a view from the sea is shown in, Plate 2.1. 

Rain 

Some of the world'S heaviest rainfalls have been recorded ii) 

connection with hurricanes. In Dominica an addiLional factor is 
the topography, for when a hurricaiie impinges on, or moves paral-icl 1 

to, a mountain range torrential rains OCCUI ; md 20 or 30 inLAWS 

not unusual. The volume of water precipitated depends largely oil CA 



4 
4o. 

the rate of passage of the storm; the heavier rainfalls are associated 
with the slower moving storms. In Dominica, when such a vast volume 
of water is suddenly added to already-saturated terrain, the effects 
are obviously going to be catastroýhic. 

On the abundant steep slopes, landslides strip whole areas of 
vegetation, and are washed clean by rain. At many steep localities 
areas can be seen where the'normally-dense rain forest has disappeared, 
and only a sparse vegetation has become re-established. In fact 
these landslides occur after heavy'rain under normal conditions, so 
their incidence during hurricanes must be increased. Landslides add 
material to the rivers which themselves become raging torrents after 
hurricane rains. The last hurricane, which passed over the southern 
part of Dominicaln 1969, caused Oextensive damage to agriculture, whilst 
the bridges crossing the Roseau and Stewart's rivers were washed away# 

This latter damage was caused by the powerful abrasive action of 
large boulders rolling along the river beds. The boulders are often 
up to 3m acrossland play an important part in deepening river valleys 
and crushing smaller fragments. During these periods of extreme flow 
the riveA transporting power will rise by many orders of magnitude. 
For debris of mixcd'sizes and shapes, as is the Dominican case, the 
maximum, load-is proportionaý to something between the third and fourth 
power of the velo. city (Holmes, 1965, p. 512). As there is no shortage 
of sediment, it is clear that hurricanes will be resporisible for a large 
proportion of the sediment transport to the islandt submarine flanks. 
Sudden influxes of sediment may also trigger turbidity currents from 
the island's flanksto the G. renada Trough on the west.. and the Tobago 
Trough-Desirade crustal unit on the cast. 
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To conclude, we-see that during hurricanes the combined effect 
of the factors mentioned-above will lead to a sudden burst of 
geomorphological'activity, and when considered over long, periods of time, 
will be a major factor controlling'the island's subaerial and submarine 
topography. 

2.3.4___ Topography. 
- -Dominica has maximum dimensions of 48 x 21 km and a plan area of 

2 710 km ; -it is devoid of any area of relatively flat land greater than 
1 km 2. It is the most rugged o, f thelLesser Antilles( Fig. - 2.21 and 
contains the central two of the group ofjour highest young volcanoes 
in the arc. These are from north-to: south. i' the Soufriere, Guadeloupe 
(altitude 1467m); Morne Diablotinss-'Dominica (1421m); Morne Trois Pitons, 
Dominica (1394m); and Montagne Pelee,. Mar, ti. nique (1397m). Thus the 
island stands about 4km above the backgrouiidilýýel. of the Grenada Trought 

and has an east-west length of. about,. 71001cm . "At thi's level. This means 
that volumetrically only about'12% of the island pile is exposed above 
sea level - that is assuming a flat basement. If, as seems likely from 

geophysical evidence (Officer et al.,. 1959), the basement has been 
depressed, then the 'figure will be much-less than 12%. Dominica has 
9 major peaks above 1000m, each with-its own radial drainage system. 
The-re i. s a marked contrast between the young-volcanic features with 
smooth profiles, and the deeply disected are as which arle a topographic 
jumble of ridges and ravines. The primary volcanic slopes are between 

00 5 and 10 , whilst in the di. ected areas slopes. between 20 and 55 are 
common. 
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Dominica is famous for its number of rivers, often quoted as 
365-one for each day of the year! Although this is probably an 
over-estLmate it does give an idea of the density. No doubt in terms 
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of length of river per unit area, Dominica has one of the largest river 
densities on earth. The Department of Overseas Surveys 1: 25,000 map 
shows 275 rivers entering the sea. The numbers on east and west coasts 
are approximately-equal at 130 and 119., respectively. In terms of the 
largest rivers. with catchment areas over 101cm 2 there are 10 entering 
the eastern seaboard and 6 on the west. The largest single river is 

- the Layou, with a catchment area of about 90km 2 and a length from source 
to mouth of 26km. 'The relatively mature Layou River shows a gradual 
increase in heightpwhilst the younger Roseau River has two distinct 
segmentstdivided by the Trafalgar Waterfalls. In Dominica there are 
very few inland basins, and from practically anywhere one could walk 
downhill all the way to the sea. Noteable exceptions are the 
Freshwater and Boeri Lakes, which have formed in the space between the 
volcanic dome of Morne Macaque and its partially bur ied crater, 

The coastline of Dominica is also very variable, from scattered sandy 
beaches on the west coast, to near vertical 300m cliffs in the southeast 
corner (Plate 2.1). ' The beaches are always narrow, and often non-existent; 
if found they are sandy in bays on the shelterea leeward coast, and 
composed of coarse-boulder and cobble beds in the high-energy 
environment of the windward coast. Apart from the river mouth-so 
where small deltas may build up, the hinterland nearly always rises 
to 300m within 2km of the shoreline. 

Submarind contours are also shown on Fig. 2.2: in general the 
offshore slope is steep on the west coastland less steep on the cast, 
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The steepest, at Soufriere bay is about 45 0, and the most gentle 
gradient off the northeast coast is only 10 201. The steepest slopes 
on tho east coast are still less steep than any on the west. This 
is partly due to an extensive wave cut platform; but the most important 
factor is the probable offshore existence of the older arc, as 
indicated in Fig. 1.3. In particularg the submarine rise 40km 

east of the southern tip of'Dominica is likely to be a remnant of 
the limestone Caribbees. 

The island's submarine western flank is in places steeper than 
the primary subaerial volcanic slopes. This would not normally be. 

anticipated, as the lower density contrast between volcanic datritus 

and sea water should facilitate sediment transportgand the production of 
more gentle submarine slopes. The leeward coast is also remarkably 
straight, but most deviations are caused by young pyroclast-f low or 
delLa deposits. These features are best explained if the whole island 
has been tectonically uplifted, with a normal fault forving the west 
coast. 

2.3.5_ Vegetation. 
The botany of Dominica has been summarised in an interesting paper 

by Hodge (1943). The vegetation is of particular importancelsince 
it is probably closer to its natural state than that of any other 
island in the Lesser Antilles. The soil types are Ihited by their 
common origin from dipintegrating volcanic rock; hence the plant 
associations may be classified on-a-climatic basis. Five zones 
are recognised: 
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VEGETATION ZONES 

Coastal 

Dry tropical forest 

Transitional forest 

Rain forest 

Mossy forest 

5 10 
Scale in km 

Fig. 2-3- Vegetation zones of Dominica. From Hodge (1943). 
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1. Coastal 
2. Dry tropical forest 
3. Transitional forest 

Rain fores*t 0 
Mossy forest 

These zones are shown in Fig. 2.3 and each is described below. 

1. Coastal. This is the most diverse vegetation zones basically 
consisting of varieties which can survive in semi-saline conditions. 
Grasses and thickets are common-at sea, level; the latter on the 
windward coast look as though they have been brushed violently against 
the land. Estuarine and swamp environments"are rare in Dominica, 
as even the largest rivers lack extensive flat land near the sea. 
The mouth of the Indian River, just s. outh-of-Pqrtsmouth, i's-the closest 
to estuarine conditions, with a few br4ckish.:, water trees and ferns, 

2. Dry tropical forest. This zone is found only on the relatively 
dry leeward coast, with an average rainfall below 85 inches a year. 
It reaches a height of 350m where it is limited by the rainfall, 
The forest consists of deciduous trees and bushes which form an almost 
impenetrable thicket covering the dry rocky slopes. It is the seasonal 
rainfall which is resDonsible for this zone. and if the rebruary to 
June 'drought' did not. exist, the dry forest would be eliminated. 

Transitional forest. This zone represents the merging of the 
dry forest and rain forest on the leeward coast, and takes the place- I- 
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of the dry forest on the windward slopes. Varieties which begin to 
appear only between 360 and 330m on the leeward slopes are found mi: ced 
with the coastal-vegetation on the windward coast. The general change 
in aspect of the vegetation is welf marked as one passes from small-leaved 
deciduous dwarf trees to large-leaved evergreen massive rain forest. 

4. Rain forest. This is the most magnificent and extensive of all the 
forest formations in Dominica, and represents the largest area of 
Virgin broad-leafed evergreen timber in the Lesser Antilles. This zone 
is found between 500 and 900m,. where there is abundant rain even in tha 
dry season. The soil of much of the rain forest is a mucky red clay 
with poor drainage and poor aeration, hence the trees have extensive 
shallow 'roots. Trees range from medium to large, they are often 2 to 
4 metres in diameter and may reach a height of 50 metres. Their bases 
are frequently buttressedland the first branches are seldom below 18 
metres above the ground. The big trees are well spaced, with smaller 
shade loving varieties in between. The forest floor is populated by 
shrubby trees, 'palms and ferns'whilst there are abundant creepers and 
parasitic plants on the larger trees, 

a 5. Mossy orest. Above 900m there is'a transition into the low 
mossy or elfin forest, which becomes dominant above 1000M'. This is a 
low-impenetrablelthicket-like forest in which leaves, branches and 
trunks are covered with dripping mats of moss. The trees reach a 
height of 5 to 8 metrespand have thin gnarled trunks and twisted 
branches. Týe soil is shallowland there is practically no ground cover. 
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Three climatic factors are necessary to form this type, of forest: 
temperatures which average about 16 to 18 0 C, strong windsland 
extreme precipitation. Some of the highest-windswept summits have 
small areas entirely bare of mossy-forestyand are covered with mats 
of mosses and ferns. 

Colonisation of disturbed areas. 
Primary vegetation may be. destroyed, for 'agricultural purposes 

or by volcanic eruptions; the revegetation of these areas is of 
interest to the geologist since it can tell, us how long an area will 
remain vegetation free, and hence more susceptible to erosion. In the 

case of old gardens, abandoned in the system of shifting agriculture, 
the nitrogen deficient soils are first recolonised by shrubs, grasses 
and ferns. A few -years later small trees return, ýAIA crowd out 
the fernssand form a low-crowned forest. As other species infiltrate 
the high-stemmed forest again begins to form. Exactly how. long this 
cycle requires is unknown; but areas that were. coffee plantations 
just over a century ago are now occupied by seemingly very. -old stands 
of rain forest. 

In the case of Vegetation destroyed by volcanism (iloward, 1962), 
the area affected is likely to be of considerable sizeland the soil 
probably burried. Lava and pyroclast flows will destroy any vegetation 
in their paths, but leave isolated islands of forest unaffected. 
Pyroclast-fall material causes defoliation and physical damages but if 
it is not too thick, the area will soon regain its former appearance. 
Roots and seeds can survive under the ash, while rain will rework the 
surfaceresulting in the formation of humusgand later new soil, 
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After the 1902 eruption of the Soufriere, St Vincent, practically 
the whole island was covered with ash to some degree. However9this 
did not have a lasting effect on the vegetation away from the area 
covered by pyroclast flows. We mýy conclude that in the Lesser 
Antilles, pyroclast-fall material will not be preserved unless it 
is thick enough to completely blanket and destroy the surrounding 
vegetation. 

The revegetation rate depends upon the altitudejand the proximity 
to unde stroyed species. At lower elevationss or adjacent to 
undisturbed areas, invasion is relatively rapid. In contrastpon 
the volcanic summits where destruction is virtually complete, it may 
take many decades before the specialised seeds are introduced, by 
birds or wind, from mountains often many kilometres distant. The 
summit areas of Mt Pelee and the Soufriere, St Vincent, when visited 
by the writer 70 years after the 1902 er uptions, had only established 
a few mosses and small plants- with mossy forest, completely absent. 
On the other hand, Morne-Macaque in Dominica, which from radiocarbon 
dates, er upted about 30,000 years ago (Sigurdsson, 1973) has a well 
established typical mossy-forest vegetation. This information 
suggests that geologically revegetation is a rapid process, and that 
to use vegetation-style as an indication of age of any volcanic 
activity greater than a few thousand years would be misleading. There 
is more potential in using the deptli of weathering as an indicator 
of relative age, but an equilibrium situation will probably soon be 
reached, andmithout additional evidence the writer has no confidance 
in using it as an absolute method. 
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2.4 Environment and Geological Fieldwork. 
Dominica may be ideal for botanical study, but the environment 

presents certain physical problems for a geologist. As the island 
cannot be ignored, fieldwork must bd geared to obtain the maximum 
possible amount of information. The main problems are prolific 
vegetation, deep weathering, and a lack of exposure (see Plate 3.1-34). 
In the'interior even near-vertical cliffs may receive enough rain 
to support a luxurious vegetation. It is obvious that all sites 
of potential exposure should be visited. In Dominica these are 

-- sea cliffs, river sections, and roadside exposures. There is little 
point in wandering at'random through the forest. It is for this 
reason that the area mapped was expanded to include the southern 
half of Dominica. 

Another problem, related to the rugged topography, is the lack 
of convenient marker horizons for uses in stratigraphic correlation. 
Material*from any one eruption is not spread evenly over the whole 
island; rather it is concentrated locally or rapidly transported to 
the sea. However, geological research in the Lesser Antilles has 
some advantages. Once found, the young-volcanic material is very 
fresh, and ideal for laboratory study. The rapid erosion and uneven 
deposition hopýfully combine to expose a more repre3entative 
selection of magmatic material than may be available from other 
volcanic areas of similar age. In short, the main geological potential 
in the Lesser Antilles is for petrogenetic rather than volcanological 
research. 



2.5 Previous Geological Work 

Various workers have considered aspects of Dominican geology. 
There was an early spate of information after an explosion at the 
Valley of Desolation in 1880. This was followed by a relative 
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q lull until 1955, several papers having appeared since then. However, 
in general the rugged terrain and lack of economic deposits have 
delayed geological investigation. The best general descriptions are 
in unpublished reports (Martin-Kaye, 1960b)q whilst petrological 
and geochemical data are sparse. 

One of the first publications to mention the geology of the 
island is Thomas Atwood's 'The History of the Island of Dominica', 
published in 1791. The following passage from his book (Atwood, 
1791, p. 18), indicates what the early immigrants thought of the 
interior of the island; 

I'Sev . eral of the mountains-of this island are continually burning 
with'sulphur, of which they emit vast quantities. These mountains 
are certainly among the most wonderful phenomena of nature, and 
command our astonishment and admiration. To see vast tracts of land 
on fire, whose smoke, like clouds, stretches far around; brimstone 
in flames, like stre'ams of watevissuing from the sides of precipices; 
in the valleys large holes full of bituminous matters boiling and 
bubbling like a cauldron; the earth trembling under the tread, and 0 
bursting out with loud explosions, are objects truly ferrific to 
beholders; who, on the spot, are struck with awe and admiration, 
on viewing stých dreadful works of the Almighty, who causes them to 
exist for purposes only known by him. " 

41 
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The steam explosion which occurred on January 4th 1880s 
has been described in detail by Bert (1880), Daubree (1880) and 
NichoTls (1880). Other descriptions of the Grande Soufrieo*re area 
(Valley of Desolation) are given'bý Sapper (1903), Hovey (1905), 
Earle (1928), and Robson and Willmore (1955). A sketch-map of the 
area is given by Robson and Willmore (1955, fig. 3), and is shown 

I% here as Fig. 2.4. Fumarolic activity at the Grande Soufriere 
district was known before 1880, but-no detailed. observations were 
made. 

The 1880 explosion was not witnessed, but Bert (1880) -reports 
that at l1am intermittent -rumbling sounds were heard f or several 
minutes, and two minutes later a large ash cloud was seen to rise 
above the area of the Grande Soufriere, and. move westwards towards 
Roseau. Nicholls (1880) has described the events in Roseau. At 
about 11 o'clock the sky darkened and torrent. ia, l., rain began to fall, 
accompanied by thunder and vivid lightning; "it smell of hydrogen 
sulphide pervaded the air. After a lapse of about 5 minutes it was 
seen that the rain was bringing down volcanic ash and lapilli. 
The ash fell for about 9 minutes, covering the ground to a depth of 
6mm. In comparison, the fall in the Grande Soufrie"*re area was about 
60cm. The ash fell over an elongated area dowawind of'the source 
about 3km wide, and also on a boat 19km out at sea. The area 
covered by the ash has been estimated as not less than 55km 2. After 
the ash fall the Rosequ and Pointe Mulatre rivers became raging muddy 
torrents, causing floods and much destruction. The Roseau River 

0 was 4m above its normal level, the water having come from the 
vicinity of the explosion, as the lower tributaries were little 
affected. 
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On visiting the site of the explosion, Nicholls found no 
evidence of any new-crater formation. The main effect had been 
to destroy the forest in the vicinity of the Grande Soufriere. 
Broken stumps of trees were found dmbedded with rock fragments, but 

no traces of lava, or even charred wood, were found. Daubree (1880) 
has described the material which fell during the 1880 activity. 
It consists of small grains I of hornblendes clinopyroxene, plagioclase, 
magnetite, pyrite and galena. This is combined with an altered 
powdery material containing a total of about 13 wt. % of the 
following salts: potassium and'sodium chloride, calcium and iron 

sulphate, calcium and magnesium carbonate. No fresh-magmatic material 
was present. 

Hovey (1905) visited the area in April 1903, and noted the four 
sites of fumar6lic activity as shown in Fig. 2.4. Ile visited the 
Boiling Lake, and noted a bench-above the-water level indicating 
that-the lake was higher during the rainy season. In the centre of 
the lake the water bubbled up in a dome about lm above lake levels 
and occasionally jets threw water up to 3m into the air. He 
suggested that the basin had been formed by the combined action of 
fumar'oles and surface water, undermining and removing rock waste that 
was banked up against tha mountainside. An additional effect was 
the ejection of material which helped to build up the walls. I-IoveY 
noted that the dangerous sulphurous fuines had killed jwo visitors by 
asphyxiation on the border of the lakee in December 1901, 

Robson and Willmore (1955) established that the heat flow from 
7 the Grande Soufriere area, F. ig. 2.4, was about 1.7 x 10 cal/sec, 

of'which 1.4 x'10 7 cal/sec, were contributed by the Boiling Lake, 
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This compares with a'value of 8.6 x 10 6 cal/sec. obtained at the 
Sulphur Springs, St Lucia. These two soufrieres were, and probably 
still are, the mott-active fumarolic areas in the Lesser Antilles. 
They also considered the origin of the gasses and sublimates at these 
fumaroles, and concluded that they have a magmatic, rather than, 
meteoric. origin. 

Martin-Kaye (1960a; 1966b), has been the main contributor to 
0 

0 ur knowledge of the geology of Dominica. He recognised that the 
oldest rocks on the island are found in the northeast coastal. -areas$ 
and consist of dyke-cut pyroclastics*and lava flows. though much of 
the area is now deeply weathered. and covered in red clays. TI., Iese 
formations have not been deformed by the Mio/Pliocene earth movements 
seen elsewhere in the arcoand are therefore probably Pliocene. On 

the west coast a well-developed conglomeratic series was recognised* 
This contains Pleistocene coral limestones, the highest lying over 
190m above sea level. No comparable formations were recognised on 
the east coast. Overlying the conglomerates are the younger 
volcanics: five centres were recognised; these arelfrom north to 
south: Morne au Diable, Morne Diablotins, Morne Trois Pitons$ 
Morne Macaque and Morne Patates. Petrographically most of the rocUs 
that Martin-Kaye mentions are. hypersthene-andesites; but he also 
recognised some basalts and dacites, 

The young volcanoes of the Lesser Antilles were described by 
Robson and Tomblin (1966). Those listed for Dominica areofrom 
north to south: Morne au Diable, Morne Diablotins, the Valley of 
Desolation and'Morne Patates. They also presented new topographic, 
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petrographic and geochemical information. 
The most recent contributions have been made by Sigurdsson (1973), 

who has described the Roseau pyroclast flow, which is the first 
known occurrence of welded tuff in'the Lesser Antilles. The main 
flow, estimated at 3km 3, is thought to have originated from the 
pre-existing crater of Morne Macaque - itself later partially burried 
by dome extrusion. Both týe maximum specific gravity$and the 
elongation of the pumice fragments are shown to increase towards the 
source. Carbon 14 dates suggest formation of the flow some 40,000 
years ago. Sigurdsson also presents petrographic and chemical data 
which indicate that the lava is a two-pyroxene andesite containing 
20 to 40% phenocrysts. 
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CHAPTER 3: MECHANISMS OF ISLAND GROWTH 

In Chapters J and 4, on the field geology of Southern Dominica, 

an attempt has been'made to avoid 6scriptions of particular exposures, 
and repetitive descriptions of the same volcanic products from 
different centres. The subject of this Chapter is the nature of 
volcanic deposits, and the mechanisms by which the island hao grown. 
This leads on in Chapter 4 to a description of the important field 

observations from each centre. 

3.1 Dominican Stratigraphy. 
In any volcanic centre, assuming deposits of a sheet geometryý 

little contemporaneous erosion, and good exposures it should be possible 
to reconstruct the geological history by applying the principle Of 
superposition. In this ideal case, if two or more centres are 
considered, where each may have different eruption histories, it would 
be necessary to have perfect exposure to elucidate the correct 
stratigraphic sequence. In real cases such as in Don. inica$ there is 
contemporaneous erosion, hence deposits take the gravitationally 
easiest route downhill - thus producing irregular geometries. Also, # 
exposure is far from complete. The present work suggests that at 
least 10 Dominican centres have been active at some stage during the 
Pleistocene. Consequently it has not been possible to construct a 
detailed stratigraphic succession in which much faith could be placed. 
To do so would require. a, very large number of radiometric dates; but 
even then problems would undoubtedly arise through lack of exposure* 
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Fig.. 3-1. Strat i graphic illustration of 
Dominican volcanic centre ciges, 
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The situation is not completely hopeless thanks to the widespread 
presence of Pleistocene limes tone-bearing conglomerates around the f lanks 
of the island. -It is suggested that these deposits formed below sea 
level and, like the limestone Caribbees, the whole isl-and has been 
tectonically uplifted. The conglomerate series can be conveniently 
used to divide the volcanic centres into three groups. These are 
pre-uplift, pre-and post-uplift, and post-uplift. This is diagramatically 
re presented in Fig. 3.1, which has been chosen instead of a 
stratigraphic column for Dominica. � It is useful because it illustrates 
the overlapping nature of the activity fnd, if enough dates were 
available, a similar diagram could-be uIdd t6 build up a record of each 
centre's volcanic history. 

The limestones have been dated as ý: leistocene, and they contain a 
very similar fauna to the present day (flartin-Kaye, 1969). Two K-Ar 
dates were made by Drs J. Briden and D. 1, Rex, on specimens donated by 
the writer. These were chosen as. Stratigraphically representing the, 
oldest material available from the Foundland and Horne Trois Pitons 
centres. They are both pre-uplift and gave 89CS Of 
1.2 and 1.8 m. y., respectively. Thus the period of uplift is thought to* 
have taken' place from 1.0 to 0.5 my. b. p. as shown in Fig. 3.1. older 
material is thought to oc. cur in the East Coast Volcanic, cpntrest and 
this must be given priority in any other age determinatiotýs'made. 

3.2 The Geological Map of Southern Dominica, 
During field work, two important objectivqs were to establish the 

geochemical range, and to elucidate the distribution of basalts, 
andesites and dacites in individual centres. This was facilitated by 
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covering a larger area than was originally intended, and by collecting 
for the regional geochemical project from centres in the north of 
Dominica. Though the analytical work concentrated on the southern 
part of the island, the field observations apply-equally well to the 
whole island: and, * from other excur sions made,, to the adjacent islands 

of Martiniqueýand Guadeloupe, 
The geological map, in the Appendix back pocket Map lo has been 

constructed from field examination'comb'ined with an aerial photographic 
interpretation. It was decided not to differentiate between the samp. 
type of deposit from different centresq'since this can easily be done 
by inspection. Lack of exposure has meant that the map 13 necessarily 
a simplification, particularly on the many steep slopes9where projection 
on a vertical plane would be more suitable* Howeverit. does serve to 
represent the distribution of deposits present. ' The map has been 
drawn on a scale of 1: 25,000 so thdt locality'names and specimen sites 
could also b. e inserted. In addition`. a,,, g*i; *ý-. *, d. '-fi ,a Neen used, -identical to 

PA 

the system used by the University of the Wtsý Itidies, where the major 
divisions are minutes of latitude and longitude. These divisions 
are subdivided into 1/10ths to give 6-figure map references, latitude 
followed by longitude. For example Scotts Head is 127 229, in the 
ext. t: this will be written MR 127-229. 

A simplified geological map, Map 2 in the Appendix, has been 
coloured to illustrate the various centres. It is also presented as 
Fig. 3.2, where it illustrates the distribution of lava flows, 
pyroclast flows, volcanic domes and reworked deposits. 
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TABLE 3.1 

Likely combi " nations of eruption and dep psitional 
environment for the main deposit types. 

+ signifies a likely combination, signifies unlikely 
STAGES OF-ISLAND GROWTH 

SUBMINE INTERMEDIATE LANDLOCKED 
Marine eruption Land eruption Land eruption Marine deposition Marine deposition Land deposition 

DEPOSIT 
TYPE 

PRIMARY 
Volcanic 
pillow lavas ++ 
lava breccias ++ 
lava flows +++ 
pyroclast flows ++ 
pyroclast fall +++ 

-volcanic domes ++ 
fumarolic deposits ++ 

Sedimentary..,, - 
limestones + 

SECONDARY 
Sedim&e. ntary 
alluvial + 
conglomerates + 
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3.3 Deposit Types. ' 
Volcanic deposits are either primary, if they have cooled from a 

high temperature in their present position, or secondary, if they are 
transported after cooling and deposited some distance away. In an 
island-arc environment, each main type of deposit may be erupted and 
deposited in a terrestrial or submarine environment. Many combinations 
are possible, but the most likely are summarised in Table 3.1. it is 
thought that examples of marine eruptions depositing material on land, 
and land eruptions into lakes, will have a negligible effect on island 

- growth. In Table 3.1, the types of deposit have been subdivided into 3 
stages of island growth, namely. submarine, intermediate, and landlocked. 
These stages are described in the followiný sections. 

3.4 The Submarine-S-taae. 
A submarine stage of volcanic activity must have occurred during 

the early history of Dominica. Submarine activity has been reported 
from the Kicklem-Jenny volcano about 5km north of Grenada. Here a 
crater 190m below sea level has been identified (Sigurdsson and 
Shepherd, 1974). Kicklem-jenny is surrounded by pyroclastic depositsl 
but dredging has revealed no pillow lavas. Although important, 
pyroclastic activity alone is unlikely to build up submarine volcanoess 
since the unconsolidated deposits will be dispersed over wide areas* 
A concentration of pillow lavas or submarine lava flows and braccian needs 
to be invoked to play the major part in early growth. 

Subm e rv-Pý44 Ar'lloW lavas are not known to the writer from the volcanic 
Antilles, so it is suggested that the original. -is land basements are 
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Plate 3.1. Pleistocene reefal limestone under Morne Daniel (MR 194-243). 
Plate height represents about 8m. This deposit overlies the coastal 
conglomerate series, and extends inland to reach a height of 50m above 
sea level. Rounded volcanic boulders are incorporated at the base. 

, ome corals are seen in their growth position. Recrystalli ation Hit, her up, SS has not occurred as the deposit is full of cavities. 
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now some distance below sea level (see Fig. 1.3). As noted 
in Table 3.1, it is likely that all types of primary deposit , Yi'l I 

be erupted during the submarine stage; but their relative iMPO)-'tZII. WC- , 
and geochomical significance, reinain unknown. 

Linies tone s. Reefal. and algal limestones may be convenienCly 

considered here as examples of primary-marine depositioa, though they 

are volimýctrically insignificant in terms of island growt-h. This is 

no doubt due to their formation at restricted depths of less O-an 15n! 

(Macintyre, 1972). Hence, for a considerable thickness to build Lip 
either land subsidence, or a rise in sea level would be nece:, s. ý, ry. A 

well cxi)osed example below Morne Daniel, MR 194-243, is shown i! I 
Plate 3.1. Rounded volcanic boulders are found at the base, anýl 

volcanic fragments including individual plienocrysts are dispersed 

throughout the deposit. Evidently volcanic activity mitinued dur. 1rp, 
limestone formation. 

This exposure is only 25m above sea level, so could liave forllw'd 

during a glacially-induced Pleistocene rise of sea level. 110wever, 

these limestones may have been tectonically uplifted, as wý! are iiow iii 

an interglacial period when sea levels are near their maximum. 
Steinen and others (1973) have suggested, from. work on BarlOados, 
LhaL the sea level is higher now than at any period duriný.,, Oic last 
120., 000 years. Further north along the western coast, Pleist-ocelle 
limestones are found at elevations of over 190m in the C 'Iark 11, il-I 
vicinity of the lower Layou River, MR 242-248 (Martiii-Kriye, 19601)). 
The maximum sea-level rise predicted if all terrestrial ice melt-ed is 



Plate 3.2. Marine-deposited pillow lavas between I'lassacre and Mahaut QIR 21.1-242). Hammer length lm. The pillows on the lower riý, Iu are I-ciisoid and 'cross-bedded', whilst those on the top left are Tuore cquidinienf-, im, al, mid sliow no particular orientation. 

Plate 3.3. Detail on palagonitic rims of pillows shown in lower part of Plate 3.2 (same hanimer). Both equidimensional and elongated types are seen - some degree of modificatioc, after pi). Iow fol:, inatioll is Suggested by the interlocking shapes. 
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about 70m (Holmes, 1965). Therefore these Dominican lil; lOstones 
provide direct evidence for some large-scale tectonically-induced 

liplif t. 

. 3.5 The Intermediate Stage. 
This is the present stage of Antillean growth, as is showa hy 

the 1.902 eruptions (Lacroix, 1904; Anderson and Flett, 1903). Of 

the int-ermediate - stage, primary- depos it types, the first five jisted 
in Table 3.1 have been identified on Dominica - they ; -irc, dosciAbed 
in Lhis ý,,:. Wect-ion. 

3.5.1 Pillow-Lavas. 
An example is exposed on the western coast betwecti Massacre aod 

Mahal-it (MR 211-242). Here, an andesiLic lava flow froin Mo, -Ile I. IroJ., s, 
Pitons h, -is entered the sea, and produced lensoid 'cross-bedded' sets of 

pillow lavas, as shown in Plate 3.2. These pillows have glassy 
palagonitic rims, which on analysis (specimen SD 403, Appeiilix p. 0/0, 

show a great reduction in Si, Al, Na, K, and a relative enricliiiiciiL 
in Mg, Ca and Sr. The rims can be seen in Plate 3.3, wfiere tEcy 

outline the irregularly-shaped pillows. In fact there is a gradation 
from lenticular to polygonal shapes. This is shown in Plate 3.2 

where the lower pillows are elongated, and the upper ones -irc 
equidimensional. The elongated pillows probably represelit Ole wost 
fluid lava stage; whi. Ist, with cooling and volatile release, an 
iný, reased lava viscosity could le,, -: id to the product ion of wiorc- 
e quid imens 'Lonal polygonal shapes. As addiLional evidence of Lhe. ir 

illarille origin tt,. esc lavas are o-,. Tcrlaiii by rcefal liniest-onos at 
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Plate 3.4. Marine-deposited basaltic breccias at Pointe Retireau 
(MR 1.44-168). Fragments are angular, and of identical lithology9so 
have probably formed from the same magma batch. The thin steeply- 
dipping lava flow occupies a small volumetric proportion. (See also 
Plate 4.2). 

plate 3.5. Contrast between submarine and subaerial lava 
Savane Bay (MR 148-31.6-3). The submarine deposits are in 
a thin lava flovy dips steeply, and overlies lava brecci 
flows in the background are thicker and dip more gently. 
with rounded fragmentslas shown in Plate 3.9. They have 
after a period of up]-ift and erosion. 

0.4 
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deposits at Petit 
the foreground, 

as. The subaerial They overlie rubb). flowed into positior, 
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MR 208-242. This flow may be traced inland, and near Springfield 
Estate, over 300m above sea level, it forms a massive-subaerial 
flow. 

3.5.2 Marine lava flows and breccias. 
The steep cliffs of the Foundland centre in S. E. Dominica 

(Plate 2.1), are composed of a series of interbedded lava sheets 

and breccias. The breccias (Plate 3.4), form at least 90% of 
the volume of the sectionsso it is unlikely that they originated as 
subacrial lava rubble. Plate 3.4 also shows the angular nature of 

the fragments which suggeststhey are a primary deposit. The thin 

interbedded sheets are thought to be lava flows; these dip seawards 

at angles between 30 and 60 0, which would be unusually steep for 

subaerial flows (see Plate 4.2). 

Moore and others (1973) have described the results of an 

undcrwater study as lava from the 1971 Kilauea eruption entered the 
sea at Kealakomo. Fig. 3.3 is taken from their paper, and shows 
how a sequence of lava rubble., and a few thin flows., has built up 
where the lava flowed over a cliff, and built up a delta. This is 
thought to be identical to the Foundland situation where calc-alkalic 
basaltic lavas have flowed over a shoreline cliff. 1n the foreground 
of 'Plate 3.5, one of the thin steeply-dipping submarine lava flows 
can be seen overl, ying a lava breccia. This may be 6ontrasted with 
the, flow in the background, which is thicker and gently dipping, and 
was erupted after uplift and erosion of the submarine series. 
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Plate 3.6. Marine-deposited pyroclast flows forming the sea cliffs 
northwest of Soufriere Village (MR 138-224). Vertical height of Plate 
about 60m. The weak stratification dips at a few degrees seaward. The 
series can be traced laterally for at least 1.5km. 

wq;, ý. IW -f WýM -ý ,f 

. Mir- _Z, 
. 

Plate 3.7. Marine-deposited pyroClast fall in the truncated-spur sea cl. iffs east of Font St Jean (MR 144-171). Height of spur at coast about 80m. The deposits are bedded on a fine scale, and associated with angular breccias like those shown in Plate 3.4. 
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3.5.3 Marine deposited pyroclast flows. 
It was the pyroclast flows of Mt Pelee and the Soufriere of 

72. 

St Vincent which were observed to enter the sea in 1902. Identification 

of fossilised primary marine-deposited pyroclast flows is not easy, 
as there may be little detectable difference between subaerial and 

submarine deposits. However, pyroclast flows were probably deposited 

on. the sea bed if they are found interbedded with deposits that are 
thought to be marine from other lines of evidence. An example i. v shown 

in Plate 3.6, which is a sea cliff about 50m high in southwest 
Dominica (MR 138-224). Here the deposits are weakly stratifiedgand 
the proportion of fines is very variable. At the same structural 
level, about lkin northwest along the coast at Pointe Guignard 
(MR 143-228), limestones and beach deposits are found which suggest 
that the pyroclast flows belong to a marine series. 

3.5.4 Pyroclast fall. 
In the Foundland centre, pyroclast-fall deposits are interbedded 

with the lava breccias, indicating that they too are important during 
the intermediate stage of island growth. In Plate 3.7, most of the 
Cliff is formed of pyroclast-fall deposits which show macrocross-bedding. 
These deposits are on the same structural level as the lava breccias 
shown in Plate 3.4. 

3.6 The Landlocked Stage. 
Although strictly still at the intermediate stage of island growth, 

many erupted Dominican volcanics are retained on land; and therefore 
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Plate 3.8. Section looking up dip at a pyroxene-basalt lava flow at 
Petit Savane Bay (MR 148-162). Hammer at bottom left is 30cm long. 
The flow is 6-7m thick with a smooth base and a blcp-ky (aa) top surface. 
The flow interior is irregularly jointed, with a planar flOW-Structure 
parallel to, and best developed near, the base. This flow is in the 
background of Plate 3.5. 

y lp 6 

Plate 3.9. Detail on inter-flow rubble horizon. The hammer (30cm) is 
resting on the boulder which can be seen at the centre bottom of Plate 3.8. The blocks probably solidified at, and fell off, the advancing flow-front. 
The white speckles are plagioclase phenocrysts. 
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have been preserved as if they were formed during a landlocked stage. 
Of these, lava and pyroclast flows are volumetrically the most important; 

but pyroclost-fall, volcanic-dome , and fumarolic deposits are also 

considered as contributors to island growth. Landlocked deposits 

now cover most of the island's surfacegand are therefore most suitable 
ften very for study - particularly for geochemical study as they are o. 

f resh. 

3.6.1 Lava Flows. 
Subaerial lava flows are very common in the Foundland centre, 

where they are typically 5-10m thick with scoriaceous tops and bottom,, -,. 

They dip seawards at low angles, but their exact geometry is variable, 
and controlled by the topography they mantle. A typical examplc 
shown in the background of Plate 3.5, this pyroxene-basalt lava is the 
best-exposed flow encountered (MR 148-162). Other photographs are 
shown as Plates 3.8 and 3.9. In Plate 3.8, looking up dip at the" 
eroded end of the flow, the massive irregularly-jointed interiOr is 

seen to be sandwiched between two scoriaceous layers. The top layer 

shows an aa surface - pahoehoe surface features have not been observed 
on Dominica. Underneath, and shown in close-up in Plate 3.9, the 
smooth bottom of the flow. is seen to rest on a scoriaceous layer 
composed of oxidised lava rubble; this presumably solidified and fell 
off the advancing flow-front. It is resting on the erbded top of the 
flow underneath. 

Dominican lava flows are most commonly bas. ic, but are not restrict-ed 
to this end of the suite, as dacite flows are present in the 
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Foundland'and other centres. -An, example is--La Sorcie're 
(MR 140-225, and Plate 3.10). This hemispherical hill was at first 
mistaken for a volcanic dome; but a subse quent boat trip revealed a 

-smooth base dipping seaward, which oVerlies undisturbed stratified 
pyroclast flow deposits. The lava flow: i; S at least 100m thick, and 4 
has travelled more than 3km from its probable source at Morne Plat 
Pays. 

Chemical analyses of the majp, r primary landlocked deposits have 
been plotted on an alkalis-silica..; diagram to see if there is any 
chemical control of deposit-type. Fig. 3.4a shows the plot for lava 
flows - there is clearly no chemical control. Even if a few 
misidentifications are" presents the 'situation will be little changed. 
The gap in the range 56-60% silica is found in all Dominican volcanics 
and is discussed later (page 222). 

Walker (1973) has suggested 'ýhat the lengths of lava flows ares 
to a first approximation, proportl'onal, to the volumetric rate of 
effusion. By woýrl-d standards, Doýinican lava flows seen; %. shortqsO 
probably have low rates*-of erupt16; n. However, it is not, known how 
long some would be if they did notý-reach the sea. In some centresq 
such as Foundland, lava flows are, volumetrically dominant at the d 

landýocked stage, whilst in, 9ther ýcentres$ such as Plat Pays and 
Patatesý pyroclast flows and volcanic domes are most'important. Deep 
river sections show that these obsýervations, ap*ply to more than just 
the surface deposits. 

I 
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Plate 3.10. La Sourciere - an eroded-dacite lava flow overlying 
pyl-oclast- fic),, deposits lkm northwest of Soufriere Village (MR 140-225). 
The ba,., e of tlic, III-ate is about 15m, and the summit of La Sourcie're is 
3(12m, alove sea level. The smooth base of the flow can be seen -Iil)piiig 1,, ently se; mards in the centre left. The flow interior contains large 
vesicles (10-20cm) and has a weakly developed coluiiiuar jo-J-nLing 

1a to 3.11. Th(-, Roseau pyroclast f lQw east of Goodwill (MR 1-82-226). 11,1, mmer 25cm. The blocks are -angular, and range gradually down in size to 
Phen-! )crysts and fine glass shards. A weak sbtratificati. on is present (compare 
wiLh P1.1te 3.6). The Roseau ilow is coi-ýipletcly unw, -Idcd here (co-vipare 
oi. Lh vlate 
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TIvroclast flows. 
Pyroclast flows are volumetrically the most important dcj)o. fjj_L-t,, 7j)-_ 

exposed on t1io Dominican surface today (see Fig. 3.2). Historic 

pyrocl, -ý,,; t-flow cruptions have been described by Anderson and Filett. (1903), 

Lacroix (1904), Perret (1937) and Taylor (1958); it is thougj-'t -11ý, 
the Doiiiinican deposits were emplaced in the same way by (, ]. owing 

avalanclies. Their deposits are easily recognisable in the fiold, 

being composed of angular fragments set in a dusty matri:,.,. Grain-size 

analysis reveals that the flows are characterised by a lack of sortin(ý C. 30 
and a small range in median-diameter. A typical loose deposit is, 

1 shown in Plate 3.11. The avalanches originate near voIcan-Ji-c SUTY11111-tS 

and take the gravitational ly-eas ies t route downhill. ri,, Ic gcometry of 

deposits is therefore controlled by the pre-existing topoý? 'h Whic 
in Dominica is very irregular. 

I Historic eruptions have lasted for periods of a few wonbl, s to 

many years, forming successions of pyroclast-flow units. urý]' 
li-is subdivided pyroclast flows into five groups dependitig on 
of origin, and textural characteristics. Two of his grOLIPS arc! based 

upon the 1902 Antillean eruptions; these are the Pelee and St Vincent 

types. In eruptions of the Pelee type, the avalanches are iriitiILO. d 
by lateral-explosive propulsion, often from the flanks of a growing 
don)%, -,; intense vesiculation occurs at the time of initiation., ar,, d 
c0" ii nues during flowage. This gas-emission process has been termed 
the auto-explosive propertyyand acts as a lubricant on the flow basc 
(Pori:. -ct, 1937). 

This contrasts with the St Vincent pyroclast-flow type where most 
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vesiculation. occurs wid-dn an open crater., or at the time of effusion. 

The ejecta form a high ash column, which produces a sorting effoct as 

the ash flows overlap the crater rim and descend the mountainside. 
Pyroclast falls normally accompany both types of eruption, but in the 

Pelee cype they are small in volume relative to the flow deposii-s. 

In the St Vincent type the fall deposits have a greaLer volume than 

the pyroclast flows (Hay, 1959; Murai, 1961). 

Murai (1.961. ) has also mentioned the dual character of the 

Pelec-111 flows. They consist ofa denser basal avalanche and aii 

overriding expanding-cloud of gas and dust. The former is respunsibl(- 
for most of the preserved deposits, whilst the latter may deposit- a 

C! rved. widespread layer of ash and lapilli-though this is seldoin pros: 
It is the overriding gas-cloud which has produced many fatalitiesýas 

sudden damage to the respiratory system is caused by the Inhalation 

of hot dust (Taylor, 1958). 
Dominican pyroclast f] Pel'CLIII -ows are probably emplaced by I 

as the deposits are very similar to those preserved in tha Riviere 
Bl, ---lnclie on Martinique. Smith (1960) has noted that island-arc pyrocl, ", ", t 

flows tend to be small in volume, normally less than l0km 39 and are 

usually not welded. In the Lesser Antilles, most pyroclast--flOw 
deposits are neither welded nor consolidated. An exception is the 
Roseau pyrociast flow in Southern Dominica. Sigurdsson (1973) 
has described this flow in some detail, and shown that there is an 
increase in specific gravity, and in elongation of tj-, c pumice C3 
towards its source at Morne Macaque. However, lie lias not explained 
why the conditions suitable for welding were reached for the Roseau f1ow 

and are in ýoneral. absent in the Lessor Antilles. 
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Plate 3.12. Hand specimen of welded tuff from the base of the Roseau 
pyroclast flow at Trafalgar Waterfalls (MR 194-206). The flattened Pumice 
fragments sometimes have glassy margins and microcrystalline interiors. 
The general texture is eutaxitic, but frequent unvesiculated equidimensional 
inclusions are probably fragments of wall rocks. Similar fragments are also 
commonly found in the non-welded distal facies9where they again contrast with the less dense pumice. 

ýJRAV IL 
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For welding to occur, high temperatures and pressures must be 

maintained for some time after eruption (Smith, 1960). Maximum 
degrees of welding usually occur in the lower-central parts of flows 

where the above conditions are best. satisfied (Ross and Smith, 1961). 
Weldiiig, is thus enhanced in thick deposits, which may result froin large 

volume eruptions, or from the geometry of the area covered by the flow. 

Thus the large volume (> 100km 3) continental pyroclast-flow eruptions 
lead to the formation of ignimbrites, whilst the smaller volume island- 

arc varieties are often not welded. 
In the case of the Roseau pyroclast flow, the most important factor 

appears to have been the geometry of the Roseau Valley. it is a long 

and deep valley, with a constricted passage at Copt Hall (MR 183-224). 

This has a IUI shaped cross-section. 800m widesand 250m deep. The 

constriction is composed of deposits older than the Roseau pyroclast 
flo,,. 7, so was presumably there before the latest eruption. During the 

e-YIJI)Lion, the constriction would have acted as a natural dam by forcing 

the deposit to thicken in order to pass through. Thus a thick pile 
of pyroclast flow-deposits could have built up behindand the conditions 
necessary for welding established. This theory implies an indirect 
geomorphological cause, as the deep Roseau valley is an erosioylal feature 
produced by Dominica's prodigous rainfall. 

The welded'deposit forms a cliff up to 150m high at the head of 
tho Roseau valley. The welded zone is illustrated by-a haiid specimeii 
from the best-exposed portion at Trafalgar Falls (MR 194-206, and 
Plate 3.12). This Plate shows a flattened pumice fragment with a 
glassy margin; and an equidimensional inclusion which has not 
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Plate 3.13. Stratified sequence of pyroclast-flow units north of Morne Plat 
Pays (MR 155-210). These layers dip away from the summit dometand are 
characterised by an alternating sequence of fines-free angular blo%--ks and 
relatively unmodified pyroclast-flow layers. This recently excavated 
trackside exposure illustrates a typical soil profile overlying an erosion 
surface. 

Plate 3.14. Mudflow deposits on the southeast slopes of Morne Anglais 
(MR 157-207). Hammer 30cm. The boulders are slightly roundedgand more 
concentrated than in unmodified pyroclast-flow deposits. 
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vesiculated, vso was probably incorporated from some other source. 

Lacroix (1904) has described how dunes were produced by wind 

reworking of the surface of Mt Pelee deposits between eruptions. 
Taylor (1958) has recorded that the'Mt Lamington deposits retained 
sufficient heat to cause minor steam explosions and fumarolic 

activity for some days after the eruption. It is therefore likely 

that deposits will frequently have been reworked to some extent 
before preservation in the geological record. An example from 

Morne Plat Pays (MR 155-210), is shown in Plate 3.13, where 

stratified deposits dip away from the summit, dome. The blocky layerO, 

could have formed by. the reworking. pf the top of a pyroclast-flow 
deposit. This process has been repeated for a series of pyroclast- 
flow units to produce the deposit now exposed. 

Another type of reworking is illustrated by mudflow deposiLs. 
After the Lamington eruptions these were produced by the combirLRtion 
of surface water and pyroclastic debris from steep slopes. The 

resulting blocky slurries scoured the valleys)and dammed streams 
causing flooding (Taylor, 1958). 1n Dominica, abundant steep slopes 
and high rainfall provide a favourable environment for mudflow 

from generation. These deposits may be difficult to distinguish r 

unmodified pyroclast-flow material; but identification is often aided 
by a concentratign of coarse fragments, by a slight degree of rounding 
o the larger blocks, and by the incorporation of fragments of 
differing lithology from other bedrock deposits. An example from the 
Morne Anglais centre (MR 157-207) is illustrat. ed in Plate 3.14. 0 
Mudflows may also reach the. sea and help to build up the island's 
submarine flanks. 
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Grain-size inalyses have been carried out on a selection of 
unconsolidated mater . ial froM"Dominican centres. The results are 

%I 

presented as cumulative sortipg' -6curves in Fig. 3.5. Results for 

pyroclast-flow py"roclast-fall arid'reworked deposits are shown 
in Fig. 3.5a, b, and c respectively, Thq 'ýqorly. sorted character 
of the flow material is shown by the even', 8ýra. di, ýnts of the curves 
for all the samples analysed*,. Only. a representative selection are 
shown in Fig. 3.5a. Mo , st of-iýe curves,, show . "WO slightly steeper 
portions indicating a'weak bimo'dhl distribution. This is probably 
caused by a concentration of*phenocryst., i in the size-range 0.2-0.7mm, 

which are not so easily fragment6d duizing", the violent phase of 
emplacement. 

When compared with'o' ' ther types of unconsolidated deposit, 
pyroclast flows are also cfiaracteriseý., by, a sma. ýI. range in median 
diameteis. This feature has"iieen empha'sisbd by'Walker and 
Croasdale their st dies 'bf..., pyro' lastkFs from the Azores, 
They plotted_. the parameter Mdo -(median, diam'qt`e'r, " h nits) -jn ̀ p iu 
against?. the parameter cro'(stahdýrd devigtion in phi units) and found 
that pyroclast-flow and pyroclxast-ýall deýosits could be separated 
into two fields. These fields"are '9'-ýown In Fig. 3.6, where the 
present Dominican data have : been plotted, tpgother with Dominican 
data from Sigurdsson (1973). It is cleat that this method of 
distinction between flow and fall depo sits is a good practical method 
if there is any confusion-from field studies. 

The rudiments of a trend amongst the pyroclast flows appear in 
Fig. 3.6; cro varies little,, but there is a variation of Mdo between 
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Pyroclast flow deposits 
A pumice blocks'. 'opyroclast-fall deposits 
A dense block .s. o reworked deposits. 
o data'from SigUr8sson(1973) 5- IAS -1- -11 .I. I 
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Fig. 36 Sorting chara , cteristics of unconsolidated Dominican 
deposits. Pyroclast fields from Walker and Croasdale(1971). 
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Wt % water 
Fig-3-7 The solubility of water in. Columbia River basalt and Mount Hood andesite melts as a fun ction of water pressure at 1100*C. From Hamilton and others (1964). 
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0.5 and 4. Omm. This could b6ý-re'14ýed-ýO'-ý, of fragmentation 
of the lava . on eruption. -.:, Tq, turn.,,: this c. Oul'4, be dependant on magma 
viscosity,, temperature or volatile 6ontent. 

hdmi *a'l a"ilypes of, 'Pominican pyroclast flows In Fig. 3.4b, all ccn 
are plotted on an alkalis-s'ilica diagram. --. Unlike the situation for 
lava f lows there is a clear chemical control. This means that the 
factors necessary for the ge neraeion of pyroclast flows are, at least 

; 1; -0 .'r, recently in Dominica, restricted to acid-andesite and dacite magmas. 
Volcanologists ýho have witnessed pyroclast-flow eruptions have 
stressed the imporfance of didsolved gasses in their origin (Lacroix, 
1904; Perret, 1937; Taylor, 1958). 

Yoder (19ý5) has advanced an hypothesis to explain explosive 
volc. anic eruptions,, based on studies inthe system Diopside-Anorthite- 
Water at 5 and--10kb. The data--of Hamilton and others (1964) is also 
relevant in! -thip reýpect and is"reprioduced hbre in Fig. 3.7. 'in t 
Yoder's therr may gain , ]Jth 'water , y, a t,. O;, "*vgma which is undersAura `e$ & 

ri o a higher waLr ur,, piessure by a sudýd n-lsrloýhermal pressure decrease 

for instanc6 if itývoves'to a higher levell (rou'te A in Fig. 3.7). 
Alternativei'y', the*ke*bpure aecrease may. 1, bp such that the magma becomes 
ove. rsaturatqd with water ýroute's"B and C). If the degree of 
oversaturatý*on is low, route. B', '-t4e eý. cessiwater-pressure may be 
insufficient to cause vesiculation. ff-ove . rsaturation is marked, 
route C, the potential gas p. ressure may induce vesiculation and 
instability. 

In the former cases (A and B), particularly with a slow ascents 
magmas may remain undersaturAted or only slightly oversaturated till 
they reach the surface where they quiescently erupt as lava flows. 
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In the latter case (C), if the magma chamber cannot withstand volume 
changes backed by intense gas pressures, it may suddenly fail and 
give rise to explosive volcanism. Once the system is open there would 
be no further restriction to vesiculation, which-would act as the 
driving force behind the eruption. 

In Dominica, and elsewhere, pyroclast-flow fragments may be 

pumiceous or have normal densities. Yoder (1965) has also pointed out I 
that a sudden reduction in total pressure may raise a magma's solidus 
temperature above its pre-existing temperature. This would cause 
complete crystallisation. Thus the dense fragments in pyroclast flows 

could be formed by the pressure-driven disruption of a solidified mass. 
If the magma at depth has a temperature high enough to remain above the 
solidus on pressure reduction, vesiculation may occur throughout the 
magma body producing pumaceous deposits. 

Some theory along the lines above, seems to offer an explanation 
for the generation of pyro'clast flows. Their restriction to acid 
andesites and dacites would imply that considerable volatile over- 
saturation is limited to those magmas. The eruption of all other 
members of the suite as lava flows, indicates that on other occasions 

I 
magma ascent may be slow. or that volatile contents are too low@ 
However, fluid-basic magmas would be. expecteds at least occasionally, 
to ascend as rapidly to the surface as the more viscous magmas. The 
absence of basaltic pyroclast flows on Dominicas and in the Lesser 
Antilles, is therefore an indication that the volatile contents of 
basic magmas seldom approach saturation. 
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11 la tc3.15. ilic double summit domes of Morne Mac, ', ique (Altitude 1221m, 
MR 203-197), Laken from 4km to the northeast. Tke flat top of the dome 
on týhe right is about 300m across. They show typical unmodified dcme 
topograpliy 1jith relatively flat, fallen-spine-StUdded tops, and conical 
scree-mantled flanks. The domes partially bury a 2km diameter crater. 
This has created an arcu, -. ite trench in which a series of lakes are nestled. 
The Stuarts River Valley in the foreground, provided a route to the north- 
east for t, je itoseau pyroclast flow -though no welded material Ilas been LL found in the rivers on tiie east flank of Morne Macaque. A mossy forest 
I,, -Is coloilised the sumiiiitbut no soil cover has developed after abollt 
30,000 years. 
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3.6.3 Volcanic domes. 

The initial violent activity of Mt Pelee in 1902 and MIL LamingLoa 
in 1951, was followed by much longer periods of gentle dome growth , 
accompanied by occasional, relatively small volume, pyroclast flows 
(Lacroix, 1904; Taylor, 1958). Also in 1902, the volcano Santa 

Maria in Southwest Guatemala erupted violently producing pyroclasLic. 
debri-s estimated at 5.5 km3 (Rose 1972a). In the cratered flank 

of Santa Maria Liaguito ., this was followed by the building of the San' 

dop,, ýc complex which has continued intermittently till the present day. 

Since 1922 about 0.7 km 3 has been extruded, and Rose (19721)) estimates 
I 

that more than 85% of the total debris was erupted in the first two 

days of activity. Thus we see that dome growth typically follows 

climatic explosive activity$and may continue for many years; but in 

volumetric terms is of relatively minor importance. 
Andesitic and dacitic domes are abundant in the Lesser Aiiti-llesi 

and Dominica is no exception. Well preserved examples of stimmit-doilies 
form the highest ground of many of the young volcanoes. An example 

of a double summit-dome is Morne Macaque, which is shown in Plate 3.15. 

These domes were probably extruded after the Roseau pyroclast flows 

some 30,000 y. ears ago. Much larger summit-dome complexes are. fotuid 

capping Dominica's two largest volcanoes, Morne Diablotins aiid 
Morne Trois Pitons, shown in Plates 4.9 and 4.10 respectively. These 

are among the largest dome complexes in the Lesser Antilles. Taking, 
Morne Trois Pitons as. an exawple, and assuming a horizontal base at 

3 the change of slope, the calculated volume is about 1.5 kiii This 
W4 A_ll be an underestimation if a bur ied crater is present. The 
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Morne Macaque domes (Plate 3.15), have an estimated total volume 
of 0.2 km 3. *but this is almost certainly an underestimation as a 
partially-bur- ied crater is present on the northeast side. 

These youthful domes have broad relatively-horizontal tops, 
and steep scree covered flanks)ranging from an angle of 25 to 400. 
They are roughly circular in plan and commonly have aspect ratios 
of about 3 or 4. The aspect ratio is defined as the ratio of 
length/height. For non-circular extrusions, the length is taken as 
the diameter of a circle covering the same area as the extrusion 
(Walker, 1973). Thus domes may be distinguished from lava flows 

which generally have aspect ratios greater than 8 (Walker, op. cit). 
Naturally, there is an overlap where the distinction between a 

dome and a lava flow is difficult., or impossible especially for 

Poorly-exposed, fossilised extrusions. Rose (1972b) has summarised 
the essential differences between recently-erupted lava flows and 
domes at Santiaguito. The domes are more greyish in colour than 
the flows, are less vesicular, and show little evidence of flow in 
response to ravity after extrusion. They are studded with spines 9W 
and slabs. In comparison, the lava flows, of very similar chemical 
composition, are darker coloured, are much more vesicular (up to 

- 20cm), and show clear evidence of downslope movement. They are still 
substantially more viscous than most basalt flowspand their movement 
is characterised by rock falls over steepened flow-fronts, 

In Dominica, a combination of the geometry and vesicularity 
proved sufficient to distinguish between domes and flows in most 
cases; though the origin of a few topographic features is still 

0 
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Plate 3.1-6. The Morne Fous flank dome from the south (MR 126-207), its 
piL-, )n-li. ke topography rises to an altitude of 372m. The internal structure 
is characterised by different volumes with parallel- fracture patterns,, though 
adjacent volunies have unrelated fractures. On the left a series of fault 
zones di. p away from the dome centre, whilst on the right there is a 
vertical conLact with pyroclast-flow deposits. 

t (2 Interiiil dorlie structure at Petit. Coulibr-I Bay on t. be eSC, L- rn 
. jank of Morne Fous (MR 125-209). The view is takcii from the beach f 
looking Lip to Lhe cliff top 120m above. The fractures divide the face 
into a scries of prallel-fracture volumes. Their undulations suggest 
somte, plastic i. ntornal deformation after fracture formation. The term 
'fracture' i-s used instead of the term 'jo-int', as there has pro6ably been 
some relal-ive- movcmeoL. 
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delb a Lai) Ie, e. g., Bois d'1nde (MR 1-37-196). On the geological inap 
only the definite domes have been indicated as such. This is in 

contrast to the work of Tomblin (1964) in the Sou friere Rcgjo-. -i of 
St Lucia, where very few andesitic or dacitic lava flows were mapped. 

Williams (1932), in a review on donies. has remarked thaL their 
inte-riial structures show little regularity, with examples of hoth 

concentric and radial banding present. It is clear from published 
descriptions of douic extrusions (Lacroix, 1904; Taylor, 1958; 

Rose 1972b), that magma is added internally, and from time to time 

growth switches to a different part of the dome. Blocks from the 

top surface, and fallen spines, collect. around the dome base to foril, " 

conical scree mantle. The scree growth may also be aided by small 
pyroclast flows. 

Tlie Morne Fous flank-dome (MR 126-207), on the souLliern c, (-), "SL 
of Dominica has been dissected by shoreline erosion, and the i1*1t. c'I'1W'l 
structures are well exposed. In Plate 3.16, taken from the SC, ") 
d -L *fferont volumes of the dome interior are characterised by I)L -i ra JJ 
fracture patterns, but these bear no relation to each other. A closer 
view is shown in Plate 3.17, which is taken looking vertically Lipwards 
from the beach. The fractures are seen to undulate, and divide the 

c li). Ff-face into a series of layers - they were probably prodUccd by 

stresses set up during intrusion. The intrusion of magma into these 
vO Iur.!! -, s would act like the blowing tip of a balloon, with separate 
chambcrs producing the differential growth scen at Llic, surface. 

Odier fea-Lures of the Morne Fous dome (Plate 3.16) are fault zonc.,, 
at the dom(, ,f lanks; these cannot be the boundary but-ween the massive 
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Plate 3.18. Faults on the western flank of the Morne Fous dome (MR 125-208). 
Ve rtic,,, I (ýxtc. rit of Plate about 30m. These faults divide the cliff into a 
series of wedge-like segments with mylonitised andesites at their 
margins. minor planar structures between faults have IS' orientationq 
suggestilig that the relative movement was reverse faulting with uplif t of 
the portions on the right. 
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dome inLcýrior and the scree mantle, as massive material is exposed 
on bot-h si-des of the zones. On the west, a series of fault-s 
dip ýit 00 and the rock becomes more irregularly fractured away from 
the dc),, ii, % cenLre. On the east a single vertical fracture is present 
in contac-L with pyroclast-flow deposits. It seems highly lilýely th, -ýLt 
tltes, -3 v--2re once linked in a conical -f rac ture system, surrounding 
Morne Fous. A closer view of the crushed rock and complicated nature of 
the wCsLern fault system is shown in Plate 3.18. 

In thin section, crushed rock from the fault zone is a fine 

grained breccia; but the phenocryst fragments are fresh, showing magmatic 
features. and no recrystallisation. A chemical analysis has been m.,, id--- 
(aný-, Iysis SD 216, Appendix p. 63). No particular alteration is apj, ýirciit, 
though a low total before normalisation indicates a high-volatile 

content. These petrographic and field relations indicate 01, -IL there 
has been subsolidus relative movement, probably an uplift Of the dol"e. 

Thus some part of dome growth may take place by wholesale uplift 
probably caused by high magmatic pressures at the roof of a viscou. s, niV, 111"I 
chamber. 

Taylor (1958) has reported that before the extrLISiOn Of t-lic. Lamingt-01, 

dome, there was uplift of the crater floor along a circular fracture 
system. This situation seems similar to that described above for 
Mc, rnc Fous. The Pitons of St Lucia may owe part of their great heiý. IIILI 
and subsurface structure to movement along similar fracLures. TL iS 
also possible that the uplift of Brimstone Hill of St Kitts (Balýci., '1963), 
and the White VIall formation of St Eustatius (Westermnn atid Kiel, 
1961), took place in a similar fashion. 
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Williams (1932) has shown that although andesitic and dacitic 
domes are the most common, they are not restricted to any particulzir 
clie-mical composition, as basaltic and trachytic types are knowii. 
Ilowever, Rose (1972, Table 4) has extracted data from the Catalogue 
of Active Volcanoes to show that most recently active domes are 
ortliopyroxone-bearing andesites and dacites. Chemical analyses of 
clomes i-ji the Lesser Antilles (Robson and Tomblin, 1966) also reveal 
a concentration of andesites and dacites, and an absence of basalts. 
The inost basic is the dome forming the summit of the Soufriere of 
Guadelouj)e; but even this is a two-pyroxene andesite with a silica 
percentage of 56.0. 

The restricted chemical field occupied by Dominican domes is 

shown in Fig. 3.4c. It is clear that the magmas involved in pyA. ost 

flou-volcanic dome eruptions, which are characteristic of the recent 
volcanism in the north of the arc, are restricted in tlicir comp-, )Sit'lWis 
to Lhe more-acidic members of the suite. 

In contrast to the abundant volatiles associated wiL-h j)yroc1.; 1-s[--- 
I Now eruptions, volcanic domes are noted for their low wt, -tter content 
and high viscosity. Rose (1972b), notes that the SantiiguiLo doniCs 

contain an average of less than 0.1% H2 0 OLher recei)tly zIct ive 
donies have 1-1 20+ contents. usually less than 0.3% and often jess Lhan 
0-1/ , The amphiboles in domes are usually the brown oxidised v, 'Ii-i(-! '-Y. 
These featurcs, together with the position of domes in' the erupL ion 
sequence, indicate that domes are usually formed from Lhe volaLil(! -. I)()C)'-) 
viscous residue remaining in magma chambers after cliwack. ic pyroclastýic 
activity. The magma may be displaced by more magma entering from below, 
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PIaLe 3.19.1). Ic it ic -tj r-f ý_Ijj pumice 
west of Font St Jean (1, "R 145-175). 
, I. -immer length lm. Vic-se (Aeposits 
are about 30111 thick here, and are 
formed of well-sorted dacite pumice 
throughout. Slight cross- 
stratification is present, but its 
general dearth suggests that this 
is a primary- subaerial deposit. 
Such thick accumulations haNe not 
been seen elsewhere on Dominica, 
so this is probably locally derived 
from the Foundland centre. 

,, late 3.20. Basaltic air fall 
on the western slopes of Morne 

glais (MR 173-227). Hammer 
agth 25cm. This is the best 

ý-, -ample of fresh basaltic air- 
fall deposits encountered on the 
island. As above cross- 
stratification is practically 
absent suggesting primary 
deposition. The heavy Dominican 
rainfall would rework sitch deposits rapidly, so the 
deposition period may have been 
as short as a few 
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,s or may be squeezed out by the settling of an overburden which 
hCA 

lost it. s wagmatic support. The typical dome geometry is tlji-i 
a product of slow rates of eruption of a volatile-depleted iiiaLým, -,. 

3.6.4__P Tr. oclast-fall deposits. 
Pyroclast-fall activity has already been mentioned, and will. 

normally accompany the violent phase of pyroclast flow - volcaaic 
dopie enipLion sequences. Deposits are produced whose geometry can 
be desci-ibed by isopach maps. However, the rugged Dominican tcl: nlil', - 
prodigous rainfall, and prolific vegetation combine to restrict 
preservation of much of this material. For the air fall accompanying 
the Roseau pyroclast flow, it might be possible to construct an isopach 

-)I(' map, as characteristic pumice air-fall deposits are present nt 1. 
surface in many central parts of the island. This was not don(ý as 
Dowinica is not an'ideal site for such work. 

Fresh'fAll'depo§its are particularly well exposed in two c'lroas 
of Southetn' Dominita'. ' 'The first, shown in Plate 3.19, is in the 
Foundland centre. Well stratified dacite pumice is unevenly scat-tered 

over a wide area, and in places reaches a thickness of more Hiaii 30m. 
The second deposit, on the western flank of Morne Anglais, is shown 
in Plate 3.20. It is mainly basaltic in composition and prob, 11)1-Y , It 

10in thick over a wide area. The best exposure found is tlic, one 
illustrated, but here neither the top nor bottom was e'xposed, so the 
complete stratigraphy, thickness and chemical variation of the deposiL 

could not be established. On the geological map, air-fall deposits 
have only been indicated if part of the deposit has been seen, and if 
the terrain is suitable for preservation. 
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The Morne Anglais deposits in some respects, are similar to 'the 
Mansion Series of St Kitts, which has recently been the subject of a 
special study by' Baker and Holland (in' press). They have shown that 
3 sequences in the Mansion Series show trends towards more basic 
compositions. This can be explained by the tapping of progressively 
lower levels in a differentiated magma reservoir. In addition, they 
found that basaltic andesite was the most common composition in the 
pyroclastics, whereas it is relatively rare amongst St Kitts lava 
flows and domes, 

Some pyroclast-fall deposits from Southern Dominica have been 

chemically analysed; they are plotted on an alkalis-silica diagram 
in Fig. 3.4d. The analyses do not cluster, so it is clear that 
magma of any composition may be explosively erupted and preserved as 
a pyroclast-fall deposit. Grain-size analyses have also been completedo 
and are shown in Fig. 3.5b. The steep portions of the curves indicate 
a concentration in one size-rangelwhich is characteristic of reasonably 
well sorted pyroclast-fall deposits. In the field, care must be 
taken to sample only one layer, or a bimodal distribution will result. 
The other striking feature of the fall deposits is their range in 
median diamter from 0.08 to 6mm. This is considerably different from 
the pyroclast-flow. deposits, and can be explained by the dual effects 
of distance to source and explosivity of eruption. 

3.6.5 Fumarolic activity. 
The 1880 steam explosion has already been described on pages 53 and 54 

This is better considered as fumarolic, rather than magmatic activityl 



Plate 3.21. The Valley of Desolation. Plate taken from MR 187-183 looking 
we""t. The peak in the centre is Morne Nicholls, altitude 1050m, and the 
valley floor is at an altitude of 830m. The steep hillside on the lef- L 
continues to the summit of Watt Mountain 500m above the valley floor.. This 
is LI)c site of the 1880 steam explosion. Fumarolic activity has continued 
since thea. 

4 
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i, jaLe 3.4 -hC' laýýC is 2 2. 'I'lie Boiling Lake -- oii occýtsloiis' (MR T 
about 60m across. it has been excavated Y'rom pyroclast-flow or wudflow 
deposits banked up against the side of the valley. Two continuou IWg Sly-flo in, 
small streams keep the lake supplied with water, but as the water is below 
the ouLICL-level soine subterranean seepage seems likely. 



10 1. 

as no evidence of any magmatic temperatures is available. The Fios 
likely cause would seem to have been a sudden release of gas pressul-c in 

a near surface altered-rock reservoir. The source of heat could have 
been a cooling body of solidified magma. As the hody is probably still 
coo I in":, fumarolic activity continues. Plate 3.21 shows the present CD 5 

appc,, -irance of the Valley of Desolation, where the vegetation ])as noL 
regaim, al its former stature after nearly loo years. The arca is 
li. tterc, (_1 ., itli exLinct, dormant) and active minor fuinaroles and I)oilin,, -,,, 
pools. Temperature measurements were made in 1971 and many fumaroles 

gavo Lemperatures over 90 0 C. 
Robson and Willmore (1955) investigated the Grande Soufris`ýro 

region of Dominica and subdivided the activity into the four areas 
shown in Fig. 2.4 - these areas were still active in 1971 aiid 1.972. 
They recorded steam temperatures as high as 1850C, which were i,, iost 
likely to have been produced from a magmatic source. 

Mr DemAs Magloire, a resident of Laudat, regularly takes visitor. 's 
to see the Boil 0 -1 -iiig Lake: he says that the activity is very vriabl 
On the x,., riter's visits in 1971 and 1972 the Boiling Lake was inactivC; 
but a vigorous steam jet not far away could be the heat supplyswhicl' 
has temporarily shifted position because of some blockage in the 
subterrancan plumbing system. The lake is shown in Plate 3.22. It 
seems to have been excavated from mudflow deposits banked tip against 
the side of the valley. Some subterranean seepage is likely as the 
lake water is bolow the outlet level., even though two constantly 
flowing streams empty into it. 

ovk, Ellalil 

6 DEC 1974 
lit mlo* 
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Pi. a-: e 3.23. A Sulphur encrusted fumarole at- the Soufriere Sulphur Springs 
214). Hammer head length 15cm. Sindlar fumarol-es are kMR 142-10- ScOltered 

over a wide area of altered rocks. These deposits suggest a magmatic 
origin for the fumarolic activity. 
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Plate 3.24. Jasper cemented agglomerate north of Pointe Guignard (MR 144-229). 
Lens diameter 5cm. The host rock has been fractured, and the cavities invaded 
by a jasper cement. In thin section the andesi'Le lava Contains green hornblende and associated zeolites. A nearby hot sprin0g, surrounded by jasper precipitates. indicates that a low-temperature hydrothermal origin is 
jr, ost I-ikely. 
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On the map, 19 sites of fumarolic activity have been 
identified by asterisks. Most of these are not mentioned in previous 
work. Many different types are present: vigorous steam jets, 
boiling pools, hot springs, submarine hot springs, sulphurous deposits, 
hot air, and even a geyser in the Roseau valley at MR 189-212. The 

writer is confident that many more sites of fumarolic activity are 

present but remain undiscovered. 
The fumarolic areas are concentrated in the centres which. are 

thought to have been most recently active - namely Morne Macaque and 
Morne Patates. In both cases this activity is probably related to 
high-temperature rocks occurring nearer the surface Shan in other 

centres. These rocks may have solidified, but still retain enough 
heat to interact with surface water to produce hot springs. The 
high-temperature (> 1600C) vents, and'sulphur deposits, like tI)c one 
shown in Plate 3.23 from the Soufriere Sulphur Springs (MR 142-21-3); 
are suggestive of a magmatic source. 

Two other features related to hydrothermal activity are also 
considered here. The first is the occurrence of jasper-bearing rocks 
near Pointe Guignard (MR 144-228). At this locality, jasper-bearing 
rocks have formed around hot springs, so a hydrothermal origin for the 
jasper seems likely. In places the jasper has infilled fractures and 
cQvities, producing jasper-cemented agglomerates and conglomerates 
(Plate 3.24). A chemical analysis of the jasper is given in the 
Appendix, p. 63, analysis SD31. 

The second feature is the presence of hydrothermal carbonates. 
A large boulder some 3m across was discovered in the Roseau River 
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Plate 3.25. A large calc-tufa boulder in the Roseau River (MR 189-2L3). 
Hammer length 25cm. Hollow pipes are present which probably formed in a 
vcrtical position as stalagmites or stalactites. Similar material is 
found in situ where hot-spring waters trickle over steep slopes in the 
forest. 
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at IIR 189-21-311 it is shown in Plate 3.2ý. 5 A volatile-free normali-Sed 

analysis is pre se-i)ted in the Appendix, p. 63, analysis SD-332. it is 

clominantly of calcium and sodium thought that the rock is i'aado up j)l: (' I 
car 91 The origin of this bonate with J. ron and -wagi, esiuin impurities. 

materiý-Il at first presented a problem, since it could have I)ccn 

al li! z2cl limestone with an unusual texture. However, in thin secLion recrys t-L 
no definitely organic structures were seen. 

The problem vas resolved when Mr Burl Grey, a resident of 
Trafalgar, shove(I the writer some carbonate deposits that were forming 

under the soil aL the back of his garden. It seems that tile ]lot 

watei -,, can leach elements from the bedrocks and redeposit thera as. a 

layor on top of the soil. This may well be a pil-controlled ru, lctioll, 

occui. iing where humus is abundant. in places thick deposits of 01.1s 

material have built up where the hot-spring waters trickle over sLeep 

slopes in the forest. It is therefore possible that the inater. ial show" 
in Plate 3.25 formed in this way, by near-surface precipitation OL 

carbonates from hot-spring solutions. 
The fumarolic deposits described are very diverse, and illu"strate 

the continuing active7VOIcanic nature of the island. They are probObIl., 
volumetric ally insignificant in terms of island growth, but may be 

considered as a surface expression of the thermal metamorphism occuri-iiig 
aL depth. Long term radio-linked monitoring systemsof the type 
planoed by the Seismic Unit, U. 14. I. (Aspinal, pers. comm. , 1973), could 
play an important part in establishing seasonal variations and Lhen 
acting as a warning, system for eruptions. 

I 
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Plate 3.26. Stratified alluviat deposits beneath the Rcseau pyroclast flow north of Morne Bruce (MR 178-232). Hannner length 30cm. The sequence is described in the text. These deposits extend nearly horizontally inland for over 500m. 
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Plate 3.27. Detail of sand layer on which the hammer is resting in Plate 3.26. Coin diameter 2.5cm. This sediment is very well sorted; the cumulative sorting-curve is shown on the left of Fig. 3,5c, page 86. This type of cross-bedding requires a steady supply of constant-sized sedimentgtogether with energy conditions fluctulating between erosion and deposition. This suggests a beach or river environment. As the exposure can. be traced laterellY for over 500in, a fluviatile origin seems most likely. 
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3.7 Secondary Deposits 
Secondary deposits may be of little interest to the geochemist, 

but are very important in terms of island growth. Large volumes of 
material have been eroded to create the rugged Dominican topography. 
The resultant detritus produces two main deposit types: 

1. Alluvial deposits, of relatively minor importance. 
2. Marine conglomerates, which are of considerable importance in 

building the island's submarine flanks. 

3.7.1. Alluvial 
Alluvial deposits can only be produced during the landlocked 

stage. They are present in many Dominican valley floors today, though 

the lack of inland basins makes their preservation difficult. The 

deposits are often extremely coarse containing boulders up to 4 or 5m 

across. It may be impossible to differentiate be tween fossilised 

alluvial and marine conglomerate deposits. However, the associated 
deposits may give an indication. 

For example, the Roseau pyroclast flow is thought to have formed 

after the uplift mentioned in section 3.1. As the Roseau valley n. ust 
have existed before the flow could be deposited in it, the strata lyinu, 

conformably beneath the flow are likely to be preserved alluvial 
deposits. These are shown in Plate 3.26, taken below Morne Bruce, 
at MR 178-232. The base of the Roseau pyroclast flow is seen to 
overlie a series of air-fall deposits; these are well sortedsand 
composed of single lithologies, though have probably been reworked to 
some degree. In the centre of Plate 3.26, these give way to other 
stratified deposits containing rounded cobbles. They have contrasting 

Wliax6la&"WýQ a-iii"AM 
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lithologies within a single layer and abundant cross-stratification 
betweenand insýde layers. 

Detail from the layer upon which the hammer is resting in 
Plate 3.26 is shown in Plate 3.27. To produce this type of bedding 
conditions must have fluctuated between erosion and deposition 
whilst a constant-sized sediment supply was maintained. This could 
eýther be on a beach or a river bed, but as the associated deposits 
can be traced laterally for over 500mg a beach environment of 
deposition is unlikely. Marine deposition below the wave. base (very 

.- close to the shore on the west coast), would not be likely to produce 
this type of cross-stratification. 

I 
These factors suggest a fluviatile origin for this deposit, though 

no trace was seen of this sequence beneath the Roseau pyroclast flow 
further inland. At different localities the Roseau flow was seen to 
lie on: older pyroclastic s, basaltic-andesite lava flows, thick 
lat, eritised air-fall deposits, - and coarse conglomerates. it is clear 
that in the Dominican environment, primary landlocked deposits will be 
underlain by many different deposit types. and that conformable sequences 
will only be of local significance, 

In generallpreserved fluviatile deposits are seldom seen; though 
their recent abundance, particularly near river mouthso indicates that 
they are likely to be present. Finely cross-stratified depositso in 
one case with load-casts, have been found at relatively-high altitude 
in the interior, eg. at 480m at Bellvue Chopin (MR 157-214). Exposure 
limits their lat-eral outcrop, but they are probably fluviatile in 
origin. 
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Plate 3.28. Stratified mar-ine-deposited sediments on the east coast of 
Mornc au Diable. Plate taken from Vieille Case Bay looking northwest. I The cliffs are about 120m high. The sLrat. a have a sheet geometry; but 
may pinch out laterally and show macro cross-bedding. Primary and 
secondary deposits are present. 

-p 

Plate 3.29. Reworked deposits in the Tarou Cliffc (MR 232-257). T'he 
cliffs are about 45m high. This is a typical example of the coastal 
coiqjonierate series,. The lower layer is relatiVely homoý,, Oneous and 
thiiis to the left. It is largely composed of a fine-gravel 
--edimc-nt wlAch h,, as begun lithification. The upper layer iý; more heterogeneous, containing abundant cross-strati. fication and rounded 
cobbles. 

if -l' 1, -w-". 4 r 
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3.7.2 Marine conglomerates 
In sec-Lion 3.1 ý the presence of Pleistocene limestones 

interbedded with congloineratesat altitudes above 190m, was Laken 

as evidence for uplift of the island. Today, at the mouths, of the 
largest riNlers, small. deltas have built up. These are well seen 

at tl-ie moutlic of Lhe Roseau and Layou Rivers, the former being the 

siLe of Roseij, ii self. During periods of fast river flow, huge 

vO-l1A-, IC, "', Of iiiiiuriLLwe sediment are carried into the sea., and build' up 

1-1he islaTids flaul-s. The geometry of these predominantly-mixed 
congloi,,,, eratic sediments is therefore controlled by the less rugged 

topography (Fig. 2.2). This produces shect deposits 

dil, I)ing se-r-ward at angles of up to about 20 0- LhOUL, '11 on Llic flanks, 

of a delta some slopes parallel to the coast may be. produced. 
Deposits of sheet geometry are exposed all along the iveward 

coasf, mid in places on the windward coast (Plate 4.8). A partlculý"-IY 

cleý-t- example is shown in Plate 3.28, taken on the northeast coasL 
luckinj,, towards the Morne au Diable centre. Individual layers 

evontually pinch out, but the overall sheet geometry could not be 

imilnr produced subacrially - at least not if the paleotopography was ,;, L 
to today's. 

Marine-deposited conglomerates are well exposed in the Tal-Ou 

Cliffs (MR 232-257 and Plate 3.29). Here a poorly stratified, gravel- 
sized unit t-hiDs to the left, and is overlain by a better-stratified 

unit containino rounded boulders. It is not known how far tliese L) 
marine deposits extend inland. They have been observed at elevatioiis 
of over 400m in the south ban'k, of the Boeri River (MR. 188-223 aiid 
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Plate'4.11). The aerial photographs suggest that they may extend 
to over 550m in places, but this was not proven in the field. On 
the geological map these deposits have been drawn to pinch out 
towards their source, which seems a. reasonable interpretation 
in view of. their origin at some paleosea level. 

Grain-size analysis has been carried out on examples of reworked 
deposits: the cumulative curves are shown in Fig. 3.5c. Secondary. 
ma terial is characterised by better-sorting than either main type of 
primary deposit. Often 80% of the sample falls within one order 
of magnitude variation on the grain size scale. The median diameters 
also vary from cobble to silt sizes, so separation from primary 
deposits is usually possible if confusion. arises, 

4 
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CHAPTER 4: THE VOLCANIC CENTRES. 

Introduction. 
This Chapter contains a summary of the important field 

observations from each centre. The northern half of Dominica has 
been included, but in less detail. The centres are described in 
approximate order of decreasing age oý the youngest primary deposits, 
since the order of commencement of activity is not known. The 
overlapping nature of the activity and the probable shifting of centres 
is emphasised. Ten centrespand an area of older deposits have been 
recognised: 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
ii. 

East Coast Volcanics. 
Foundland. 
Watt Mountain. 
Morne Plat Pays. 
Morne Anglais. 
Morne au Diable. 
The Grand Soufriere Hills. 
Morne Diablotins. 
Morne Trois Pitons. 
Morne Macaque, 
Morne Patates. 

4.1 Fast Coast Voicanics. 
A large part of Dominicapon the central and northern windward 

coasts, is characterised by irregular terrain and a deep-laterite cover. 
Bedrock exposures are rarer than in other parts of the islandq with 
red, bro wn and yellow clays forming most of the surface area. The 
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best exposures are found along the windward coast, hence these 
deposits have been termed the East Coast Volcanics. The writer has 
not carr ied out detailed field studies in this area, and the following 
information is mainly from an unpublished report by Martin-Kaye (1960b). 

The original form of the volcanoes has been obliterated by erosion 
and later deposition, but the highest parts reach altitudes of between 
600 and 700m. The rocks are predominantly ashy agglomerates, 
pyroclastics and lava flows, with a rough bedding dipping seawards at 
low angles. These volcanics are cut by numerous basic dykes a few 
feet thick, and trending approximately NW-SE to NNW-SSE, The rocks 
are unfossiliferous; but as they are overlain by other dyke-free 

VoIcanics, they are infetred to be the oldest material exposed on 
Dominica. They do not appear to be deformed by the Mio/Pliocene 
earth movements which have affected the older volcanics of Martinique 
and Cuadeloupe, so Martin-Kaye. (op. cit. ) suggests . that they an 
Pliocene in age. 

Some of the exposures visite*d during the present work are very 
similar to the volcanic breccias from the Foundland centre. They are 
therefore thought to have been deposited in a submariýe environment* 0 
It seems likely that these deposits formed entirely during the pre-uplift 
stage of island growth, when only a few isolated volcanoes had risen 
above -sea level. 

The East Coast Volcanics crop out in the northeast of the area 
mapped, where they form inliers surrounded by the younger deposits* 
Examples are Morne Laurent and Morne Couronne, MR 245-205 and 
MR 240-220, respectively. These volcanics may be regarded as a 
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Plate 4.1. Foundland from the west. Altitude 968m, length represented 
across Plate in distance about 3km. The upper slopes are composed of 
eroded lava flows; terraces can be seen on the right. There is a thick 
soil and prolific vegetation cover on the upper slopes - two trips to the 
summit from different directions produced only weathered specimens. On 
one trip it took Mr Boniface Agnol and the writer 2 days to cut a path 
to the summit. 
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basement to the younger centres on the island. Deposits found 

overlying the East Coast Volcanics all belong to the centres which 

show some evidence of post-uplift activity, they are considered in 

the following sections. 

I. 'I- 
-- 

The Fouiidland centre is the most interesting and potentially the 

most geologically useful of all Dominican centres. It occupies the 

southeast corner of the island, and forms a prominent mountain 968m 

high (Plate 4.1). The mountain has numerous radiating spurs which 
arc truncated by coastal erosion (Plates 2.1 and 3.7). Exposure 

is the best in the island, with some useful river and cliff sections 

providing samples through the volcanic pile. In this centre, the 
specimens are not thought to be biased towards the younger surface-- 
capping material. Foundland has provided most of the plutonic nodules 
from Dominica. 

From the sea, Foundland is clearly seen to be a strato-volcano. 
However, in cliff sections the strata are neither horizontal nor 
laterally continuous. The oldest volcanics are exposed at the base 
of the Wai Wai and Daroux sea cliffs, where between 80 and 100 percent 
of any vertical section ip composed of volcanic breccias. These are 
thought to have been deposited on steep submarine slopes as lavas 
flowed over sea cliffs; they have been described on page 69. A part 
of the Wai Wai cliffs is shown in Plate 4.2, where a weak stratification 

0 can be seen dipping seawards at angles between 30 and 60 . The 
breccias at any locality are composed of a similar lithology, and lack 

4? 
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the rou, idled boulders found on modern beachesland in river beds. 

The wl-iolc, souLheast segment between Font St Jean ajid Poiiite 

Mulatre js co-mposed of these breccias and thin lava flows. 

In cont-rast, in the river beds on the higher slopes of FoiLmdiand, 

subrieri, -. 1 lav, -i flows become dominant. One particular1y good section 

along the tipper Savane River (MR 153-175 to MR 159-178), Of abOUL 

2km lengL]i ýMd 450m change in altitude, contained 12 indiwidu--il lava 

f lows. These f lows may be up to 30m thick and dip at angles of 5 Lo 

10 0 scawards. They are thought to have acted as feeder-flows for 

the inlarine deposits, like those illustraLed on the left of FIP, 

p. 70. It is the lowest lava flow in this sequence (specime" SD 1 71 

which has given the K-Ar date of 1.2 m. y. b. p. (D. Rex , pers. 

1974). 
Subacrial flows are also seen at Petit Savane Bay (MR 147-1c- 

cnd Pointe Carib (MIR 143-179). The former are illustrated in 
Coll OWC1: 0 tC 3 arine ). F and 3.9. ThO-. Iatter flows overlie the Dubuc ni, 

series. Hence these flows provide evidence of post-uplift jjj, j,, i, aLIc 
acLivity in this centre. 

There are- some striking and important differences I)C'Lwcc", tllc' 
Foundland centre and the other centres on the island. From 01C 

exposure: i observed, there is a complete lack of pyroclast flows and 

vol-carlic domes in this centre. The terraced nature of 

continues to the sumit, and no crater is preserved. ' pillow lavas 
and limustones are absent in this centre, though the Dubuc 

Lde of Plate 4.5), is very coil cy Imiera to series (MR, IU k D, . 6- 18 7, and right s. L 
a similar to the ii. mestone-bearing conglomerates on the leewrd co, st. - C, 
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Plate 4.3. Peperites from north Bagatelle Estate (MR 152-175). These 
specimens are from large river boulders, but peperite dykes and minor 
intrusions are found in this vicinity. Both specimens show a planar 
structure, placed vertically, which probably formed parallel to the walls 
of the intrusion. Different lithological typessand phenocryst fragments, 
are present. In thin section amphibole, plagioclase and pyroxene have 
remained fresh; olivine is very altered, and abundant chlorite has developed. 
An origin is suggested by low-temperature (100-200 0 C) hydrothermal remobilisation 
of lat eritised secondary deposits. 

Plate 4.4. Watt Moun't-ain (MR 182-183) from Laudat (MR 198-203). The dome 
summit is 4km away, at an altitude of 1224m. The steep slopes are littered 
with recent landslips which cont-Ji-nue to generate the piton-type 11--opograp'lly. 
The cliff in the foreground is part of the welded Roseau pyroclast flow. 

w 
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Soiac, of the fragmental deposits are cut by irregularly- shaped 

minor intrusions which are interpreted as sills; in thin section 
they have much coarser groundmasses than the breccia rocks. 

The plutonic nodules are present as xenoliths in lava f lows, and 
loose boulders in the rivers: they too are rare in other centres. 
There are some dykes and minor intrusions composed of an altered 

rock powder, and the remains of phenocrystso Two hand specimens are 

shown in Plate 4.3. A layering parallel to the walls of the 
intrusions indicates that they-flowed into position. They thin out, 

and sometimes disappear upwards, so carinot! ýe neptunian dykes. They 

are probably peperites formed by subterranean hydrothermal alteration 
I 

of la t eritised tuf fs and other weathered rocks. 
Foundland geochemistry is considered in Chapter 6, but even in 

the field the abundance of olivine-bearing lavas is striking; and 
again serves to differentiate Foundland from the other recent c%--ntres. 
The term 'Foundland-type centre', will be used when referring to 
centrcs where pyroclast flows have not been observed, and basaltic lavas 

are the most common members of the suite. 

Watt Mountain. 
This centre is named. after its highest peak, the piton-like 

eroded dome of Watt Mountain, altitude 1224m (Plate 4.4). Deposits 
radiate from this peak, but are best exposed on the weýt, south and 
northeast, where they are not covered by younger material. The deposits 
of Morne Anglais, Morne Macaque and the Grand S. oufriere 11ills all 
encroach upon the Morne Watt centre, producing very irregular centre 

- -W, , 
lks. -. , : ý-% 1. - 
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Plate 4.5. Morne Plat Pays from Pointe 
is 6kn, distant at an altitude of 960m. 
is sited on a pumice pyroclast-flow se 
Morne Plat Pays. The low land in the 
Stewart's River. On the right Dubuc 
overlie Foundland lavas. 

Carib. The eroded dome su, rjjTi t 
The village of Grand Bay oil the left 

ries, which can be traced inland to 
centre forms the mouth of the 
marine-deposited conglomerates 
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boui, daries. The oldest deposits observed are andesitic lava flows, 

expos'(-'d in the deep valleys of the RiversyPerdu 'Femps and Pichelln. to 

the. south of Watt Mountain. These are overlain by pyroclast flows 

and i-, )udf lows. 

Activity at this centre probably ended soon after upl-ift-,, ', s there. 

are Aretches of the coast, west and northeast of Watt Mountaii,, (sec 

wliere the marine conglomerate series crop out at the surfaceýaiid are only 

overlain by air-fall deposits from other centres. The WaLt cencre 
coi-itains the Grande Soufriere fumarolic area described on paý__,, es, 52-55 

and 99-101. However, the activity is likely to be related to near- 
surface intrusive rocks associated with the more recent er)-ipt-i-oils 
the Morne Macaque centre. 

4.4 Morne Plat Pays. 

(10 The Morne Plat Pays centre, sometimes called Soufriere itid. _), 
oc(upies an arcuate band of land in the southwest of Dominica. 1ý is 
bordered by the Morne Anglais centre on the northeast and Oic. Morne 
Patates centre on the southwest, both of which have younger deposits. 
The summit, at an attitude of 960m, has a fairly flat top as shown Jii 
Piate 4.5, and is thought to be formed of the eroded reiiiiiants of a (101"('. 
There is no trace of a crater. The mountain is stirrounded by andesit-kl 
and dznciLic lava flows, pyroclast flows and domes, sonic of w1iiCh 
are only sliglitly modified by erosion. 

The oldest formations ni, --ipped are conglonierates. foLind alol%' the 
'A"Ost CO-Dst bcu, )een Soufri. t2re and Loubiere (MR, 161--: 130). TIi us e 
denosits I are of varied liLhology, coiAzaining, donii-nant andesit, ic, and a 
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Plate 4.6. The base of the Pointe Guignard lava flow (MR 143-229). Top of 
Plate is abouL 20m above the beach. A stratified basal sequence Lr, WL, ]i 
sorted and cross-bedded9suggesting marine deposition. The basal- LjjjiL is 
cut by small normal faults, which do not pass into the lava rubble aj)ove. 
The lava rubble is very irregular in shape and fragment size, ard is cem, --I)ted by a kind of rock powder. In thin section, the lava blocks contain a gi, ., I-F'Sy 
groundmass and fresh green hornblende phenocrysts. The lava rubOle grades 
upwards into a massive-andesite lava flow. 
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few olivine-bearing basaltic, blocks. The reworked beds are 
overlain by primary marine-deposited materi-al. This includes 

pyroclast floivs (see Plate 3.6), lava flows and tuffs. 
Reworked deposits can be seen on the beach underneath Poinue 

Gui(-Inzird (MR 143-229 and Plate 4.6), where well-bedded and cross- 
str: itified tuffs are overlain by dacite lava rubble. This was 
probably formed, like the Foundland breccias, when a subaerial lava 
flow met the shoreline. The tuffs show minor faulting which 
probably occtirred before the movement of the overlying lava rubble 
had ceased. Such deformation might be expected when unconsolidatc(I 
wat--er-saturated sediments are overlain by a thich layer of douser 

material. The lava rubble grades upwards into a massive flow, 

sugg ., esting that massive-dacite lava flows may pass into Lhe sea wiLlicut 
dis in tegrat ing. This lava rubble could well be produced by block-l"LlIs 
fron, the steep advancing flow front. As additional evidence of a 

marine origi n, in an eroded niche on the lava flow by the roadside, 
there is a small deposit of beach conglomerate and limestone. it is 
now about 40m above sea level and probably formed at some stage- dul-illt; 
uplif t. The marine series is also well exposed at Grand Coulibri Bay, 
and in the cliffs forming Pointe Des Fous (MR 125-204), where simildr 
Laults are seen to those shown in Plate 4.6. 

On i 4ts 

southwest side. the Morne Plat Pays centre is surrOLIMIC(I 
by thick andesitic and dacitic lava flows (see Plate 3.10). These. now 
forra the eroded pe, -::, ks of Marne Canot, Terre Elm, liagley, Pois D'Tiid(, 
and Palmist. c. Their identification as lava flows is som(2ti"'('s 

controversial, as flanking ., domes are certainly pre. -, ent; for eximple 
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Morne Fous, described on pages 93-95 and illustrated in Plates 3.16, 
3.17 and 3.18. Evidence for their identification as lava flows is: 

Aspect ratios greater than 8 (Walker, 1973). 
2. The presence of large vesicles in the size, range 10-20cm 

(Rose, 1972b). 

These lava flows, and the Morne Fous domes have been. partially 
bur: ied by the pyroclast flows which are seen emanating from Morne. Plat 
Pays (Plate 4.5). They have largely flowed to the south and southeast. 
Various air-fall deposits are present as surface cappings over parts 
of the Plat Pays centre, but these are probably related to eruptions 
of Morne Anglais and Morne Patates. Fumarolic activity is practically 
absent in this centre -a marked contrast to Morne Patates. it is 
quite likely that Morne Patates represents an extension of the Plat 
Pays activity caused by a shift of magma condu it to the southwost, 

There is thus a considerable contrast between the Foundland centre, 
where pyroclast flows and dacites 'are absent and rare respectively, and 
the Plat Pays centre where pyroclast flows, andesites, and dacites 
are dominant. As far as can be seen, no basaltic magma has been 
erupted from the Plat Pays centre during post-uplift activity. There. 
are a few olivine-bearing basaltic tuffs just north of Soufriere) but, 
these are poorly developed and may be'from another centre. The 
evidence at present suggests, that at least for the past million yearst 
the Plat Pays centre has erupted practically all acid andesito and 
daci,,.,. The term 'Plat Pays type centrql is therefore used to describe 
centres dominated by the most acid members of the suite. 
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Plate 4.7. Morne Anglais (MR 168-205) from 2.5km to the south. The 
piton-like, eroded-dome summit reaches an altitude of 1123m. Landslip 
scars can be seen on the right flank. Morne John, another eroded dome, 
altitude 1006ms can be seen in the background. 
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Morne Anglais. 
This is a relatively small centre, roughly triangular in shape, 

altitude of 1123m (MR 168-205 and Plate 4.7). Morne Anglais 
deposits are not very extensive, and the centre is thought to have had a 

relatively brief history. A basaltic lava-flow basement is exposed 
in the floor of the River Gillon (MR 166-217). This material may have 
been erupted from ýIorne Anglais, from Watt Mountain, or from one of 
the East Coast Volcanic centres. The basement is overlain by reworked 

material probably belonging to the pre-uplift marine conglomerate series. 

The conglomerates are overlain by deposits which dip away froni Morne 
Anglais. These include a few flow units of olivine-basalt lava. which 
are amongst the most basic compositions in the*island. In turn these 
basalts are covered by a veneer of pyroclast-flowand finally pyroclast- 
fall deposits (see Plate 3.20). 

The dacite dome forming the summit of Morne Anglais is one of the 

smallest in Dominica, though it has been partially eroded to produce 
piton-type topography (Plate 4.7). On the steep southeast flanký many 
recent landslips indicate that the process is continuing. In its 
relatively brief history the Anglais centre has erupted both extremes 
of magma composition found on Dominica. it is therefore clear that 
the Foundland and Plat Pays type centres only represent end-member 
situations, and that all. gradations probably exist. 

4.6 Morne au Diable 
This centre in the far north of Dominica is roughly rectangular 

which culminates in the eroded summit-dome of Morne Anglais, at an 
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in plan, and reaches an altitude of 861m. It forms a protrus: Lon on 
the coastline, illustrating how the growth of a new centre may enlarge 
the island. Morne au Diable does not appear to have erupted recently, 
so it is considered here before the centres with very youthful 
volcanic forms. 

The centre is of interest because the coastal conglomerate series 
is very well exposed in its steep cliffs (see Plate 3.28), and provides 
good evidence that the north, as well as the south of the island)has 
been uplifted. The uplift is therefore of the whole island, rather 
than of one segment, or of a tilting nature. In this marine series 
some of the deposits are primary pyroclast flows. There has also bpen 

some post-uplift activity at this centre. The summit of Morne au 

. Diable is capped by an eroded-dome complex but there is no evidence of 
a crater. Geochemically this is a Plat Pays type centregas practically 
all the samples collected and analysed in the regional project are 
andesites and dacites. 

4.7 The Grand Soufriere Hills. 
The Grand Soufrie*re Hills centre, north of Foundland and cast 

of Watt Mountain, is one of the youngest centres in the island, which 

, _has- a- very youthful fo=. Pyroclast-flow deposits dip away from 
the high ground ilidicating that this is a separate centre. The 
Hills are very inaccessible and the interpretation on the map is 
based largely on the aerial photographic study. Recent activity has 
consisted of dacite pyroclast-flow eruptions, which have formed a 
little-dissected fan on the southeast flank. On its inland side, 



Plate 4.8. Reworked deposits at Calibishie on the northeast coast. Section 
he4-,,, ht at lef t about 3m. Rounded fragments, cross-bedding, and the general 
fin,, -. grain-size of the deposit provide evidence of considerable reworking. 
Individual layers can be traced for some distancepso have 0 sheet-like 
g e, ome_ try. Dips here are only a few degrees -a situation paralleled by 
the offshore topography. 

I'late 4.9. Morne Diablotins from the northeast. The suiamit area is about 
5km across and 8kni distant. AD arý! a of about 7km2 lies over 1000m, wililst 
the summit at 1421m ir, the second highest in the Lesser Antilles. The highest 
is the Soufriere of Cuadeloupe at 1.407m, which is the next major centre to 
the north. The foreground is composed of deeply la te.,,, itised EasL Coast 
VoIcani-c deposits. 
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the deposits have not yet built over the older formations of Watt. 

Mountain. From the samples collected it appears that daci-Le- has 

bcon the dominant niagnia erupted. 

4. Morne Diablotins. 
Morne Diablotins is the largest centre in Dominica, readdiq,, n 

height of 1421m and occupying a large unexplored area in Lhe north b 

of the island. The centre overlies a basement of East Coast Volcanic 

rocks, and it is difficult to decide what has been erupted from 

Diablotins, and what is older. The. -coastal conglomerate series is 

well developed on the leeward side, and also in places on Ole WCSL. 

Plate 4.8 illustrates this reworked series on the northeast 
Here dips are only a few degrees seaward - much more gentJ L! 01,11% Oll 

the west coast. This situation is paralleled by the offshore 
bathymetry (see Fig. 2.2, 

Diablotins has erupted some basaltic lavas, but the wo, 'L recent 

activity has produced acid andesites and quartz-bearing dacites. 
The summit area is composed of one of the largest doine coinp I ill tll(' 

Losser Antilles and is shown in Plate 4.9. 

4.9__Morne Trois Pitons. 
llnrTic Trois Pitons is the largest centre in the area mapped, il"d 

orr- of Lhe four largest young volcanoes in the Lesser AnLilles. T t: 

occupies a comm-anding position in tile centre of the island, rising to 
an altitude oj: 1399m. The sunimit- is composed of a dowr cO"1j)j(, x, 
(Sllow; i in Pl-at. c. Zý. 1,01, uhich is little , ýIodiflcd by crosion. II ()"I(. ý, L. 1- 9 
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10. Moriie Trois NL uils f roll, Llic eds L I'lle, rUDILIV(11), I Iýit top 
is a circular area about 2km across above 1350m. An area of about 5km2 
lies above 1000m. The dome complex has an estimated volume of 1. -'. *kn, 3. 
The foreground is composed of densely-forested pyroclast-flow deposits 
which surround the mountain except on the south. 

ý.., .A 

0 la-L_e 4.11. SLrat. ified deposits foruiii, -g the south bc. ", L f the hoeri River 
(MR 189-225). Height of cliff ýIiown about 80m. Two distinct types of deposit are present. A poorly-sorted, relatively-thick, and laterally- 
ConLiIIUOUS type, which is probably primary pyroclasL. -Elow material. Secondly there are well-sortcd coarse cocigjoinerate layers which show cross-sLraLification; they are secondary reworked uleposits. The most likely ervironuý,. nt: of deposition is on the island's sulýiu, ',. rine flanks. 



13 1. 

Eý 1-co rivers linve slight impressions, so Lhe last activiL. y 
thoughL to hý-tvo occurred before that at the even less modified 
Morne Macr-i-,,,! ýý cci, Ltre t-L) south. 

The oldc---t Trois P-. *LLor). s roclks observed are andesitic lava f lows 

ex, posed in the bed of the Boeri River, MR 189-225. one of these, 

, spe-cin, --ii SD liis given a K-Ar age of 1.8 m. y. (D. Rex, pers. 

com: ii. , 19-/4). T', LC-'SC lava flows form the basement to a series of 

Sti-01-ificd dc-po, iits, which are well exposed in the sheer cliffs oi the E 
southern baul, of the Boeri River. They are illustrated in Plate 

where a cliff about 80in high is composed of cross-stratified Liycrs 

of variable grain size. Some layers are unsortod and relativcly 

grnined with angular blocks. others are conglomeratic with 
bou 1 ders. This deposit is similar to, and passes down dip int-0, 

coostal conglomerate series. It is interpreted as a series of 
delp()sited prim,, iry pyroclast flows, interbedded with land-derivod 

reiýorl,, c%-2. deposits. The deep valley was probably formed in a perlod ol 

e-rosion during the Pleistocene uplift. 
Over thc_ length o',, - the lava-flow basement inlier, the valley i1cwl' 

is ,. I least 2')Om below the average level of the island flank. I 
th-refore possible to speculate that at this locality an average 

of 2.50m has beon deposited in an interval of 1.8 m. Y. if a SiMMIC 
bas Ibe-en deposited over the whole centre, with ýn plan 

of about 110km 2, then the average volunietric output is 11"1 1) ur 
6-5ý000 yejrs. This value will undOUbtedly be all LIndcr-v. stim, it, (- 
IIc-c, '! IusO of t-I)c material deposit-ce, at sea, so -, I 3 value of Ikin per -")0)00() 
yearo is prob; ibly better. 
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The writcr does not pre-tend that this is an accurate value, the 

assumptions are tremendoustaild the fi. cur,,! could be in error by "f -'c U-Oi: C, 
of 2 or more. However, it is important to try to evaluate Lho loii--- 0 
te, rm c1fusion raLe of these volcanoes and this is considered the best 

mothod w. ýth the information available. It is worth Laking the 
spe-ciJai ion. one st-nge Uirther, Morne Trois Pitons occupies about 

c, and iLs above sea level cross the, 
sectioi,, "-I area is -ýibout 8kin 2 (see Fig. 2.2, p. 41). Therefore the 

approximate volume of material above sea level is 75kni 3. Assuming 

the above effusion rate this would take about 3.7m. y. to build up. 
TILLIS this rate is consistant with the esLimated age of the younger 

arc. 
The stratified series is overlain by lava flows ranging in 

coillposition from olivine-basalt to andesite. The f lows are CXj)O. ", Ld 

on I-lic. leeward coast between the Boeri and Layou Rivers, and reach --t 
maximum altitude of 710m at Morne Cola Anglais (MR 211-227). r1l) 0 

unconsolidated Oeposits at their bases have aided undercuttinejand z' 

number of" lava-flow capped ridges have been produced. Some of Lhese 
lavas flowed into the sea producing pillow lavas, as earlier dc!. Pcrilýcd 
on page 6-/, and illustrated in Plates 3.2 and 3.3. ln oLher cIISCS 
Taorz, -An,, ula-z frag ., i-,. cnts have been produced, for example andesit-ic breccias 

al- Point (Mll N). 226-252). Also, along this stretch of ConSL a 
scries of Pleistocene reefal limestones are exposed between River and 

t ate s 
The lateSL Trois Pitons eruptions are sonie of the VOIL"IL. 

in the arc. An area of over 62kni 2 (ne", rly I/IOLh of Lhe islaiid) is 
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covered with young pyroclast-flow deposits. They have flooded the 
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older areas producing inliers of East Coast Volcanics, e. g. Morne 
Couronne (MR 240 2120). Good pyroclast-flow exposures are seen in the 
cliffs flanking the Layou River 2km-north of Morne Couronne. Here 
the deposits are between 130 and 180km thick. Unfortunately., the base 
of this sequence is seldom exposed so an estimation of the volume is 
dif f icult. 

The rivers radiating from Trois Pitons have in places cut narrow 
gorges up to 20m deep, and have not exposed the base of the deposits. 
A volume estimate is highly dependant on the thickness, though this itself 

will be variable. For average thicknesses of 150,100s 50 and 25m the 
minimum volume would be 9.3.6.2j 3.1 and 1.5km 3 respectively. An 
-estimate of 4km3 would not be excessive. This compares with a 
calculated volume of the Trois Pitons dome complex ofý1.5km 3 (page 90). 
Thus a conservative estimate of the total volume of the youngest Trois 

3 Pitons eruption debris would be 5.5km 
Morne Trois Pitons lavas cover the range of compositions found on 

Dominica, with no particular concentration at either end of the suite* 
The presence of lava flows, pyroclast flowss and domes also indicates 
that this major centre is intermediate between the Foundland and Plat 
Pays types. 

10 Morne Macaque. 
The Morne Macaque centre (alternatively called Micotrin), forms 

a strip of land between the Trois Pitons and Watt centres. The 
little-modified summit-dome (Plate 3.15) reaches a height of 1221m 
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and is thought to have formed after the extrusion of the Roseau 
pyroclast flow. . Sigurdsson (1973), has reported carbon 14 dates 
on charcoals found in the Roseau pyroclast flow at Goodwill quarry 
(MR 183-237), which suggest the activity occurred during a period 
between 30,000 and 40,000 years ago. It is probable that a well- 
formed craterabout 2km across, existed before the eruptions. Partially. 
bur ied remains of this crater are pre'served on the-northeast side 
of Morne Macaquejand are now the site of a series of lakes, including 
the Boeri and Freshwater Lakes. This situation is similar to that 
at Montagne Peleewhere the 1902 dome forms an arcuate trench at its 

41 boundary with the crater wall of the Caldera de LIEtang Sec (Lacroixg 
1904). The partially-bur ied Macaque crater is also covered by 
dome scree from t he Trois Pitons dome complex. These two centre3 
separated by only 3km, will have probably produced complex interfingered 
deposits, 

An inlier composed of andesitic lava flows has been exposed 
beneath the Roseau pyroclast flow in the area of Huntingdon 

I 
Estate 

(MR 189-214). Unlat-eritised lava is found beneath the pyroclasticst 
indicating that the Roseau River has probably regained its former course@ 
The Pyrociast-flow deposits here, only 3km from the vent, show no 
signs of welding or flattening. Siggurdsson (1973) has shown that the 
degree of welding and flattening increases with depth. in the flow and 
towards the vent. At 3km from the vent flattening ratios of 4 or 5 
are present. These non-welded deposits therefore show that some 
pyroclastic activity occurred before- the eruption of the main Roseau 

0 pyroclast flow. 
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Specimens from the Macaque centre. are strongly biased towards 
the Roseau pyroclast flow, which is dacitic in the writerfs classification 
(section 5.5). Specimens from the old crater and from the 
Huntingdon inlier are all andesitic or dacitic. Therefore the 
evidence at present suggests that Morne Macaque is an andesite-dacite 
centre similar to the Plat Pays type. The continuing hot spring 
activity surrounding the Macaque domes, and also in the Roseau Valley, 
indicates that high- temperature rocks are present near the surface. 

4.10.1 The eruption threat to Roseau, 
From the above section, it is clear that Morne Macaque is a 

dormant volcano. Hence future eruptions are a geological probability, 
If eruptions occur, the wide Roseau valley will act to funnel the debris 
into the sea. Roseau, the capital of Dominicas is situated directly 
in the path of anticipated pyroclast flows. As Roseau is the home 

1, 
of at least one quarter of Dominica's population the potential losCA of 
life is abborrent. It would seem unlikely that Dominicans could be 
persuaded to leave a town of historic and emotional attachment. It is 
therefore important that geophysical methods of eruption prediction 
should be kept in good order, and also 'that contingency plans should be 
ready if evacuation is nqcessary. 

A seismometer directly linked to the Seismic Unit in Trinidads 
would be the most reliable and speedy method of summoning professional 
investigation during a seismic crisis. A suitable site is Laudat 
Village (MR 198-203), which is accessible in 15 minutes by road from 
Roseau. It would not suffer from traffic interference like the 
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presetiL liA., rition in the, Roseau Botanic C-rdic-11S. Furchermore, JILILU(I"11- 

is situatcd at an altitude of 700m and faces souLb, it has telephoiles, 

and a ranivs electriciLy supply. 

site for a radio or cable link. 
IL should th-r2refore provide a good 
There are also some hot springs just 

south of i, audaL WR 195-203), which if regularly moniLored would 

proviclo independant evidence of anoinalous, thernial activiLy. 
Ot! ier bominic,, 'Iii t-owns do not face such a serious threat as Roscau. 

liowever, IlorLsmoutli is vulnerable to erupt, -ons from Morne au Diable , 
and possibly from Morne Diablotins. If it was economica lly 

-a scismometer could be usefully installed somewhere along Cý the road 
fl. om Lagon to Burnet, northeast of Portsmouth. 

4.11- Morne Patates. 
The Morne Patates centre, in the southwest corner of Doadnixzl, 

not topographically prominent, but is of geological DiLerest as i. L 

show,,, ) maiiy of 'the features recognised by Tomblin (19610, in Lh(-I 
Region o,. 'L SL Lucia. The field relations are illusL. rated on t1w 
gCOlOgical map; and in a panoramic view of the cenLre, Laken from 
Elin) iii Plate 4.12. Basically the centre consists of a caldera, 
partially filled with andesitic lava flows. These are covered by 
dac. -*, -f-ic pyroclast flows and domes. 

The ccastal conglomeratc series is not seen in tho. PaLaLeS centre, 
so t'L, c! ac-tivity is thought to have taken place entirely af ter upI i 1A . 
The , aos 0,000 years, as , i- recent erupt. -ions were probably within the lasL 5 
fl. esh doiiie scree is exposed on the summit of Morne P L, tes. The 

rainfall in this part of the island is much less thaii elsewhere (se. u 
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Fig. 2.1, p. 35)p so it is not possible to compare the lack of 
d4wction and weathering directly with other centres. However, 
large fresh fragments of probable Patates dacite-pumice are abundant 
in the soils of Palmiste (MR -135-208). The writer would not be 
surprised if the most r6cent activity had occurred during the last 
10,000 years. Unfortunately no charcoal remains were foundso 
the exact ending of activity remains ýonjectural. 

Nine areas of fumarolic activity have been recognised - the I 
largest being the Soufriere Sulphur Springs (MR 142-214), where there 
are abundant small deposits of sulphur (see Plate 3.23). For its 
size the Patates centre is the most fumarolically active in Dominica, 
The Soufriere Sulphur Springs are probably sited over a plane of 
weakness related to the caldera-rim fracture. 

The Morne Patates centre-is not a new addition to the island in 
the same fashion as Morne au Diable in the north. The latter contra 
probably has its own magma-chamber system, as it is sited 12km north- 
northwest of the adjacent centre, Morne Diablotins. In contrast the 
Patates centre does not protrude from the coastline and is sited 
only 3km soutbwest of Morne Plat Pays. it is possible that these two 
centres have shared a magma chamber, and that the Patatns centre is 
resting on a bascment of Plat Pays material, 

After a period of eruption, possibly from the Plat Pays centroo 
a-magma chamber beneath the present Sulphur Springs may have been 
emptied enough to create an unstable situation in its roof material. 
This effect would have been enhanced-if the deposits on the southwest 
flank of Morne Plat Pays were largely unconsolidated pyroclastics, and 
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k. 11age. The prominent Plate 4.13. The caldera scarp behind Soufricr"- Vi 
cliff in the centre is alhout 150m high. This cliff has probably on'ly been 
preserved because it is a masc; ive lava flow - as indicated by weak columnar 
jointing. '111e 1-op of rhis cliff is at 500m above sea level, whilst #_ I the 
valley floor 4.,; at about 50m. Hence the vertical displacement is at least 
400rn. Elsewhere, the scarp which surrounds the Patates centre slopes at 
an, angle between 40 and 50 0 -as it is formed of unconsolidated-pyrocl. astic 
deposits. The surnmit of Morne Plat Pays (960m), Can just be seen at the top 
of the Plat-e. Siib., iarrine hot springs are found in Soufriere Bay where the 
caldera, rim intersects the coast. 
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it- Lhe iSL-4nd was undergoing tectonic uy)lif 4- at the time. III this 

unstable situat-ion a caldera collapse occu. LreCt. However, the resulting 

caldera is open to tho sea -And the term island-flank collapse is 

probal, ly a better (kscription. The steep submarine slopes off 

southvc. -3L Dominica (s-ee Fig. 2.2, p. 41), are a diroctý result of this 

C01.1 C-. P ý-, --,. 
Tbc, extent of tile collapse is not known, Sioce- ]Litef t2l: L'P"10'11ý3 

have linrLAally filled the depression. To judge from the steep I-Ocarp 
behind Soufriere Village (Plate 4.13), the mininium collapse was 400n-,. 

A. ., 3earch was made for the calde-ca-rim frecture wl-ierc--,, it inects the coast- ; 
bulý at il-.,; northv., eýý- Lern extremity the coast, --Il deposi ts, are wic-mv-; ol I ed, 

and ac j Ls sc)uLljc, -,, sLcrn extremity exposure is lackiiig There is a .L>- 
POsSibiliLy that the whole depression was foriLied as al-I explosioii crater, 
but this seei., is unlikely as no large amol-'Llt of debris li,. s been found C)IL 
the perimeter. 

oldest e-xposcd Pacatcs cleposits ace acid andclsit 0 aild dacitc! 

I. -va f lows - they are called the Morne 1, ', ou9c lavms. 'I'lley builL all 
initial volcanic conc with a loasal diameter --, t aboul I'lvzlr, 
are exposed as headlands on I-lie extreme south coast of Domiiiica. They 
are differentiated from domes, as they lack doTile-type L'xllil)iL 
a v7eak columnar jointing, and have large -vesiclus. 

The next sLa-c %7as the fcrmaticn of tlic. R. avinc- Blanclic dacitcl 0 
pyrocla, st-flow sequcnce. (. L This probably ; nvolvcd ii explosion to bi-c, 'Cll 
t1le crater on the west and produce the double-Ciered crater f loor 

Which now exists. Several pyroclast-flow units are present in LhC 
Ravine Blanche and from the sea can be seen fornlin- a sLraLificd 



sequence overlying the Morne Rouge lavas at MR 124-214. After 
these eruptions the Crabier and Patates domes were extruded. The 
final stage of activity involved the formation of two small 
explosion craters, each about 100m across, on the northeast flank of 
Morne Patates. Such craters may be quite common on the island, but 
are seldom preserved. 

The magmas erupted at this centre are all acid andesites and 
dacites so Patates can be regarded as an extreme case where the only 
lavas exposed are similar to the most acid members of the Dominican 
suite. In this respect Morne Patates is a good example of a Plat 
Pays type centre. 

14 1. 
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CHAPTER 5: PETROGRAPHY AND MINERALOGY., 

5.1 Introduction. 
In this Chapter, relationships between minerals are described and 

an interpretation of the crystallisation history of the suite is 
presented. The observations are given for the suite as a whole 
rather than for individual centres or for subdivisions according to 
the state of differentiation. This is felt justified for the following 
three reasons: 

1. The sampling in any one centre is necessarily incomplete and it 
is believed that by considering the specimen collection as a whole, a 
more realistic description is favoured and unnecessary repetition is 

avoided. 

2. The rock-chemical relationships described in. Chapter 6 indicate 
that we are dealing with an cvolving series rather than arbitariftly 
subdivided groups. 

3. There are only minor differences between the dacites from the 
andesite-dacite centres and the basalt-dacite centress so it is not 
worth describing them separately,, 

5.2 Hand Specimens. 
Phenocrysts 'are abundant in Dominican lavas, so J. t is feasible 

to name rock types in the field. The following system has been used 
according to the dominant mafic phenocrysts: 
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Basalt dominant olivine 
Basaltic Andesite dominant clinopyroxene 
Andesit6 dominant orthopyroxene 
Dacite dominant orthopyroxene with amphibole + quartz. 

There is also a general trend in the colour of the groundmass 
from dark grey in the basalts to very pale grey or white in the 
dacites, with tinges of pink or red if the groundinass is oxidised., 
However this is only a general guide as the groundmass colour also 
depends upon its grain size, the finer grained varieties being 
darker. Examples of medium grey groundmasses in basalts and dark 
grey groundmasses in andesites are present, 

Vesicularity is Variable, even within one lava-flow unit; but 
the maximum recorded during modal analysis was about 19% by volume in 
a Foundland basalt. In fact it in the more basic varieties that 
commonly have rounded and subrounded vesicles,. whilst in the andesitan 

od. Infilling and dacites the vesicles are sparse and irregularly sbap.. 
of vesicles by low-temperature hydrous minerals is very rare in the 
specimens collected. 

The densities of the least vesicular hand'specimens have been 
measured, using a method of weighing about . 100-20ogm of specimen in 

- air and in water. The results are shown plotted against silica in 
Fig. 5.1a. The major errors in these measurements arc caused by 
vesicularity, so the maximum values are taken to draw the trend. 
The variation is from about 2.95gm/cc in the most basic material to 
about 2.65 gm/cc in I the dacites. These differences are not very 
great so cannot be applied with any confidence in the field. They 
also imply that it will be difficult to differentiate between basaltic 
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or andesitic rocks in the island pile on the basis of seismic 
or gravity studies. N 

5.3 Modal Analyses, 
Thirty-six specimens were chosen as typical and modal analyses 

made; they are presented in Appendix 1.2, p. 17. A histogram of the 

modal groundmass distribution is shown in Fig. 5.2. The relatively 
narrow range of the groundmass proportions is apparent, with 84% of 
the specimens analysed having between 52 and 64% groundmass. This 

I 
narrow range is most easily explained if eruption temperatures and 
percentage solidification were fairly constant. 

As there are between 40 and 50% phenocrysts in the modepthese 
lavas are amenable to a graphical method of showing modal variationso 
In Fig. 5.3, the modes for each mineral are plotted against the silicP 
content of the rock, since this oxide has been chosen to classify 
the suite. As suspected, there are considerable departures from 
smooth trends which are thought to be due to three main reasons: 

1. Errors in modal analysis - as stated in the Appendix p. 17, only 
the small area of a thin section has been analysed This may not be 
representative of the whole thin s'ection since one large phenocryst 

t may-occupy as much as 37o of-the mode, 
2. Crystal settling - this has not been inferred in Dominican lava 
f 10 vs, but it probably has oc=rW and, inf luences the results at least 
as much as the analytical erroroo 

Real variations - some of the departures are undoubtedly real 
variations caused by different magma chemistries and crystallisation 
histories, 

Unless otherwise stated modal values refer to the whole rock, including groundmass. 
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Despite the drawbacks it is clear that there are systematic 
variations and in some cases, e. g. silica versus olivine, a convincing 
trend is shown. The trends for orthopyroxene, hornblende, quartz 
and the iron-titanium oxides are reasonable, whilst those for 
clinopyroxene, plagioclase and the groundmass are less certain. In 
constructing a schematic modal variation diagram, Fig. 5.4, one 
constraint is that the sum Of the mode must equal 100%. Also, 
additional information is available from many other thin sections which 
have been studied but not analysed. It was felt worth constructing 
Fig. 5ý, 4, if only to visualise the modal variations, but the phase- 
field boundaries are zones rather than lines. The diagram may be 
regarded as a first attempt to be improved or discarded as more data 

-become available. 'A few points may be noted from Fig. 5.4: 

1. The proportion of groundmass, or liquid on eruption, increases 
as the silica content of the rock increasese 

2. The proportion of maf ic phenocrysts is approximately constant 
at about 10% throughout the series* 

3. The relative abundance of the three minerals 6livine, 
clinopyroxene and orthopyroxene, readily estimated in thin section and 
often in hand specimen, can be used to classify- the suite. 

5.4 Classification. 
A-re-vious classifications of Lesser Antilles volcanics are shown 

in Fig. 5.5; aLlttr)rs have all used the silica percentage as a basis of 
classification, and as the dominant fractionation trend is of silica 

0 
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enrichment, it is used here too. A problem arises because the 
X. R. F. analyses. have been recalculated to 100% volatile free, thus 
relatively enhancing the largest component, silica. There is also a 
slight tendency for the X. R. F. silica values to be 'overestimated 

as suggested in the Appendix p. 28, and by Rea (1970, p. 121). F or 
this reason the boundary between basalt and basaltic andesite at 
5ý% Sio 2' and that between andesite and dacite at 64% SiO 2 -' have both 
been put at 1% silica higber -than has 'normaily been the case in the 
Lesser Antilles. The resulting five groups, beginning at 48% 
Sio 2' and increasing in steps of 4% S'02' have definite modal as well. 
as chemical characteristics. 

Hence on the basis of the silica contents and the naturp and 
proportions of the mafic silicate phenocryst'sp the members of the suite 
may be defined: 

olivine-basalt, 48-52% SiO 2' olivine > ortho + clinopyroxene 
pyroxene-basalt, 52-56% SiO 2' clinopyroxene > olivine 
basaltic andesite, 56-60% SiO 2' clinopyroxene',: "- orthOpyroxone 
andesite, 60-64% Sio 2' orthopyroxene > clinopyroxeno 
dacite, 64-68% SiO 2' orthopyroxene >> clinopyroxene 

quartz + hornblende present. 

In this classification, rhyodacite would be 68-72% SiO 2 and 
rhyolite greater than'72% S'02; these are not present in the writers 
volcanic specimen collection but may be used for the paines of analysed 
glasses., If any particular specimen does not fit into this scheme 
it may be described in more detail and differences pointed out, 

*. unless otherwise stated, %SiO 2 refers to wt. % SiO 20 
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. 5.5 Textures. 
The textures of Dominican lavas are not very variable and may be 

simply described as porphyritic. Plagioclase, pyroxenes and 
hornblende tend to occur as euhedrýl, olivine as subhedral, and 
quartz and opaques as anhedral crystals. Despite the large 

proportion of phenocrysts, flow alignments are not very common, but 

are present in lavas with fine grained or glassy groundmasses. Both 

mono- and multimineralic clusters of minerals are present as 
inclusions in the lavas and are considered in section 5.14. The 

samples sectioned are very fresh and ideal for petrographic study. 
Nineteen photomicrographs are presented in this Chapter which illustrate 
textures. The following sections present a summary of the features 
shown by each mineral throughout the suite and a discussion of their 
signif icance. 

5.6 Plagioclase. 
Plagioclase is present as the most common mineral in all the 

Dominican volcanic specimens seen by the writer. Of the specimens 
analysed, the rLiodal phenoc. ryst variation is from 25 to 42%. plagioclasý 
is most abundant in the basalts and least abundant in the dacites; 
this variation is shown in Fig. 5.3. The plagioclase corea have 
compositions which range between 96.5 and 53.2 mol. % Anorthite, 
This represents a density decrease from 2.76 to 2.69 Sm*/cc. The 
plagioclase phenocrysts show maximum sizes of about 1.5cm in the 
big-feldspar basalts; howeverjthese are uncommon and in most specimens. 
the maximum sizes are betweexi 1 and 3 mm. There is a continuous 
gradation from microlites to larger crystals, but often one particular 
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plate 5.1. Relatively unzoned Plate 5.2. Plagioclase from a big- 
(type 1) plegioclase cluster with small feldspar bas, -, It showing a broad 
olivine and spinel inclusioas. unzoned core and a narrow oscillatory 
Basaltic specimen SD2? 5, crossed zoned rim (type 2). Note 
pclars, field length 2_3)mm. undulations in the oscillatory zoning. 

Specimen SD35, crossed polars, field 
length 4.3mm. 

Plate 5.3. Completely oscillatory zoned plagioclase (type 4), 
in an andesite froui the Roseau pyroclast flow. 
Specimen SD202, crossed polars, field length 4.3mni- 
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size range is dominant. The crystals are nearly always euhedral 
with varying degrees of elongation parallel to y or z; a typical 
habit, and the resulting sections, are sketched in Fig. 5.6a, p. 154. 

Plagioclases are usually free from inclusions, but inelusions 

of olivine, orthopyroxene, clinopyroxene, spinel and glass are known 
(Plate 5.1). Plagioclase is present as inclusions in all minerals but 

is rare in olivine and spinel. 
The plagioclases are nearly always zoned. Apparent zonation 

varies with crystal sectioning, so more than one crystal per thin 
section imist be used for comparative purposes. When this is done, it 
is clear that real differences are present and a subdivision into four 

types has been made for descriptive purposes. These are illustrated 
in Fig. 5.6b, and are: 

Type 1, unzoned (Plate 5.1). 

Type 2, large unzoned core, narrow zoned rim (Phite 5.2). 
Type 3, small unzoned core$ broad zoned rica. 
Type 4, completely zoned (Plate 5.3). 

Nornal, reverse., and oscillatory zoning are present, but in the above 
types the zoned rims are usually oscillatory zoned. Certain types are 
dominant in particular groups of specimens. Type 1 plagioclases are 
rare in the volcanic specimens. Type 2 occur mainly in the basalts, 
whilst the andesites and dacites commonly contain types 3 and 4. 

The plagioclase analyses are plotted against host rock silica 
in Fig. 5.7, wbere normal and oscillatory zoning are differentiated 
and the zoning types are noted. The following may be observed: 

* Spinel refers to the spinel group, and magnetite to titanomagneti. te. 
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1. There is a general increase in the sodium content of the 
plagioclase as the silica content of the rock increases. However 
the correlation is not regular and could not be used to classify the 
series as in the Skaergaard intrusion (Wager and Brown, 1968). 

2. Type 2 and 3 plagioclases have more sodic rims than cores. 

3. Type 4 plagioclases may have more or less sodic rims than 
cdres. 

The analyses plot into two fields: 
a. A field of normal zoning containing the cores of 

types 2 and 3 plagioclases. Zoning may be absent, 
slight, or gradual, but oscillatory zoning is absent, 

b. A field of oscillatory zoning consisting of the outer 
portions of types 2 and 3, and the whole of. type 4 
plagioclases. 

5. The field boundaries become more sodic with increasing silica 
in the host rock. 

In addition, numerous discontinuitieS'in the zoning pattern may 3. 

be observed (Fig. 5.6c). The transition from normal to oscillatory 
zoning may be abrupt or gradational, and there may be unzoned bands 
deposited after a period of oscillatory zoning. occasional erosional 
features are seen where zones are truncated and unconformably overlain 
by later zones. These narrow oscillatory zones are sometimes more 
numerous and thicker along the 100 trace, 

Plagioclase phenqcrysts commonly form clusters; in this case the 
onset of oscillatory zoning may post- or pre-date the aggregation. In 
some specimensmafic inclusions and a Ispongey' vesicular structure 0 
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are present. These features may be restricted to zones within 
crystals. (see Plate 5.8). or may completely pervade them. Sometimes 
only a few of the phenocrysts are affected; in other cases practically 
all are altered. The inclusions a're commonly of magnetite, pyroxene, 
apatite, or glass, 

Some of the phenocrysts are undoubtedly xenocrysts. For 
in. stance in specimen SD169, where a lcm'plagioclase An 96 contrasts with the 
other phenocrysts, 2-3mm long with cores I of composition An 84o In this 
case both the xeno- and phenocrysts have narrow oscillatory zoned rims 
of composition An 72" Some of the smaller plagioclase phenocrysts do 

not show these zonation patterns, and are commonly simply normally 
zoned, 

Plagioclase is also the most abundant mineral in the "roundniasses 0 
of lavas, where it occurs as small subhedral aggregates. In the 
basalts it forms about 50 to 60% of the groundmass mode; but it is 
virtually the only groundmass*mineral in the dacites. From the 
seven analyses made, the range in composition is An 62-461 but there is 
no correlation with the silica content of the host rock, 

Discussion. 
The gradation'in size amongst the plagioclase phc"Ocrysts and 

their occurrence as inclusions in the other phases, suggests that in 
each magma batch, plagioclase crystallises early and continues to 
crystallise during cooling until solidification*' The gradual increase 
in sodium content is related to falling temperatures and changes in 
liquid composition. The range in phenocryst core compositionss 
An 97-54ý precipitated from basaltic to rhyolitic liquids 13 much more 
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calcic than from typical tholeiitic or alkalc basalt provinces 
(c. f. Skaergaard range is An The range is typical of 77-34 
calc-alkalic provinces where it has been experimentally shown to be 
due to the high content of dissolved water in the magmas (Yoder, 
1969). 

The density contrast between plagioclase and the magyna will be 
less than for any other phase except quartz; hence as the viscosity 
increases during cooling, plagioclase crystals will tend to remain 
in contact with a localised magma environment. Crystal settlings 
though feasible in the lower-viscosity basic liquids, will be 
retarded relative to other phases. on eruption, the lava flow-rate 

will be greater than any relative sinking velocity, so, the crystals 
will be transported to the rest position. Here the cooling, and 
particularly the loss of volatiles, will increase the magma 
viscosity, to an extent that sinking velocities will be very low 

relative to solidification rate, and the modal mineralogy will be 
'frozen in'. This process will operate for the other minerals too, 
and can explain the preservation of magmatic modal differences which 
are expressed in Figs. 5.3 and 5.4. 

The zoning patterns. 
Many theories have been suggested to explain the zoning patterns 

of plagioclase. These tend to fall into two groups: 

1. External changes, e. g. in temperature, pressurej magma compositong 
and volatile fugacities (Tuttle and Bowen, 1958). 
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2. Diffusion-supersaturation effects (Ilarloff, 1927). 

It is likely that no one theory will be able to explain all the zoning 
variations seen inthe Dominican plagioclases. The effect of each 
variable will therefore be considered. From Fig. 5.7 it is clear 
that a theory which explains the zoning patterns must alsa be able 
to explain the distribution of types 2', 3 and 4 in the range. basalt to 
dacite. 

In a magma chamber, load pressure would remain approximately 
constant, and no sudden or unusual change in liquid composition is 
like ly. The most important external effects will be temperature 
and volatile-fugacit-y changes. The effect of lower temperature will 
be to produce a more sodium-rich plagioclase; and if cooling is too 

rapid for equilibrium to be maintained a normally zoned plagioclase 
would result (Bowen, 1913). If the temperature remains constant for 
a period, unzoned crystals will form, whilst temperature increases 
could produce reversed zoning. The gradual change in liquid 
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composition as high-temperature phases settle Out, will also tend to 
produce a more sodium-rich plagioclase - but will not produce reverse 
z oning. The combination of temperature and liquid composition effects I 
thus produces the observed trend of sodium enrichment, 

Small variations in water fugacity can have an appreciable affect 
on the composition of crystallising plagioclase (Yoder et al., 1957). 
The effect of increasýng PH0 is to produce a more calcium-rich 
plagioclase. The abundance of anorthite phenocrysts in the range 
48-56% Sio 2' is reflecting the high value of PH0 in the series, 
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Gradual changes in PH0 will produce results indistinguishable 
from temperature and liquid-composition effects; but sudden 
changes may produce recognisable features, A sudden decrease of 
PH20, after an eruption, may produce a gap in the zone record followed 
by a more albite-rich zone. Sudden increases in PH0 are less likely, 
but possible if a magma batch oversaturated with water is added to 
the system. In this case, '. first corrosion may take place, then a 
more anorthite-rich zone may crystallise. other local 
inhomogeneities, particularly if they affect PH2 01will cause zoning 
pattern variations. 

I seems unlikely that the. very regular fine-scale oscillatory 
zoning (Plate 5.3), could be produced by external changes. Crystals 

I 
Comm only have 50-100 zones, each 10-30 microns thick; adJacent zones 
are not of equal thickness, and the zones are often better developed 
in the z direction. If external changes are responsible they would 
have to be fluctuating regularly for long periods; and in the case of 
type 4 plagioclases, throughout the crystallication period. It is 
likely that such changes would equally affect basic or acid magmas, 
but in fact the proportion of phenocrysts that are oscillatory zoned 
increases with evolution of the series. The most likely way that 
oscillatory zoning could be produced by external changes, is by 
convective circulation in a large magma chamber, that is stratified 
in pressure, temperature, and volatile'concentration (Carro 1954), 
llowever. ýsuch circulation would be most common in the fluid basic 
magmas producing a zonation evolutionary pattern opposite to that 
observed. 
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supersaturation theory, first proposed by Harloff (1926), and later 
expanded by Vance (1962) and Bottinga and others (1966). In this 
theory the. narrow oscillatory zones are thought to result from the 
interplay between crystal-growth and ionic-diffusion rates. Bottinga 
and others (op. cit. ) have shown that concentration gradients may 
exist between basaltic glass and included plagioclase phenocrysts. 
In the case they studied, Si. Fe, and Mg were enriched and Al was 
depleted. Ca and Na did not show any appreciable gradient - probably 
because of their greater mobility. Crystallisation can only proceed 
if the necessary ions reach the crystal-liquid interface faster than 
the growth rate. Clearly if the adjacent liquid is Al depleted, the 

plagioclase will tend towards an Al-poor, Si-rich variety2 i. e. 

albite enrichment. 
As the concentration gradient increases, a di ffusion head is 

built up and eventually a steady state' will be reached where growth 
rate equals the diffusion rate; here the Na-rich part of the sequence 
is reached. The zoning patterns observed usually show an abrupt 
increase in Ca content, with the'resulting Ca-rich plagioclase 
occupying a relatively small portion of the sequence (see Fig. 5.6b). 
The reason for the return to supersaturation with Al is uncertain; 
Bottinga and others (op. cit. ) suggest a crystal structurc control. 

At the steady state, the growth rate is very slow and a smooth 
atomic surface is produced. This surface offers no onergeticnlly 
favoured sites so crystallisation is. inhibited and diffusion decreases 
the concentration gradient. Sometime after Al supersaturation has 
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been reached, nucleation occurs and another cycle begins. Thus 
there is a period of relatively rapid growth on a rough atomic surface 
which presents ample energetically favoured sites for crys tall isation. 
The diffusion rate of Al cannot kedp pace, so, a trend of Na enrichment 
occurs. Eventually the boundary layer becomes so Al-depleted that 
growth becomes very slow again and the process is repeated. 

This theory also offers an explanation for the differing number 
and thickness of the zones along the 100 and 010 traces. The cycles 
will be completed most rapidly in the direction of favoured nucleationt 
and may be occasionally missed on other faces. This produces elongate 
crystals and irregularities between the zoning patterns on different 
faces of the same crystal (Fig. 5.6c). These features in particular 
would be difficult to explain with other theories. This effect C3n 
also produce different zoning patterns between two adjacent phenocryBts; 
hence rendering the possibility of using the zoning pattern as a If inger- 
print' fo-A-each magma ýatch rather unlikely. 

The fields of 
A prerequisite for the formation of the fine-scale oscillatory 

zoning is that the crystal concerned should remain in a localioed magma 
environment with little relative movement between the crystals and 
liquid. If there is relative movements the concentration gradient in 
the boundary layer will be destroyed and the diffusion-supersaturation 
mechanism cannot operate. The main factor which will control movement 
between crystals and liquid is magma viscosity, The overall trend 
during fractionation is of cooling and silica enrichment, so the 
effect on viscosity will be a gradual increase. Hence relative 
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movement between crystals and liquid will be most likely in the 
basalts and least likely in the dacites. This agrees well with the 
distribution of zoning patterns observed. 

An important consequence of this situation is that the field of 
normal zoning corresponds to a field of possible plagioclase crystal 
settling. If there is no relative movement between crystals and 
liquid, whilst the oscillatory zoning -is generated, there can be no 
appreciable crystal settling. This is later confirmed in Chapter 9 
by the lack of oscillatory zoning in the plutonic plagioclases. An 
additional variable affecting crystal settling is the density contrast 
between crystals and liquid. This is largest in the basalts where 
it will increase the chances of movement between crystals and liquid, 
and least in the dacites where it will have the reverse effect* 

Other features. 
As noted in the description, clusters of plagioclase are more 

co=ion than clusters of any other -mineral. This is in part no 
doubt due to the euhedral habits enabling two flat faces to meet, 
Perhaps also the relative disorder of the high-temperature plagioclaso 
structure facilitates the aggregation process. The large xenolithic 
plagioclases observed in some specimens are probably cumulus crystals 
froia the disrupted floor of the magma chamber, and have experienced 
some adcumulus growth. 

The numerous opaque inclusions in some plagioclases have two 
most likely origins. They may be exsolutions, as up to 1% Fe 203 
is found substituting for Al 203 in plagioclase;. but the textures seem 
random and in some cases the inclusions occupy a greater proportion of 
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the crystal than would be expected if exsolution were responsible. 
In addition, two analyses of small unaltered patches of a crystal 
with these opaque inclusions still revealed 0.6 and 0.9% Fe 203" 

It is more li'kely that these 'inclusions were added during growth. 
An increased concentration of Fe and Mg adjacent to plagioclase crystals 
was reported by Bottinga and others (1966). This may have been 

sufficient to nucleate small mafic phases, which were incorporated 
during rapid crystallisation. In this respect, the association 
in the basalts of inclusion-riddled plagioclases with iddingpitised 
olivines (Plate 5.8), is suggestive that some unusually concentrated 
hydrothermal agitation was important. 

The groundmass plagioclases show a surprising lack of variation. 
This. is probably connected with their growth under similar pressure 
and temperature conditions after extrusion. There has been a 
suggestion by Hoffer (1966) that groundmass anorthite content Is 
'related to grain size. This also seems roughly true of the Dominican 
specimens analysed, which exhibit a general trend in groundmass core 
composition from An 60" at a size of 10-20g, to An 45 at a size of 
60-80p. According to Hoffer (op. cit. ) the anorthite content is 
controlled by the rate of cooling. 

5. Olivine. 
Olivine is the most abundant mafic phenocryst in the basalLs. 

It reaches about 10%. of the mode in the most basic lavasq and 
gradually decreases in abundance until at about 58% SiO it forms 2 
less than 1% of the mode (see Fig. 5.4). In thin section, olivine 
is occasionally seen in the andesites and dacitesoparticularly from 
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Plate 5.4. A once-euhedral olivine which has been iddingsitised aný 
resorbed. There is a slight flow alignment of microlites in the grc 
Basaltic specimen SD37, crossed polars, field length 0.73mm. 

-I. - 

Plate 5.5. Anhedral olivine rimmed by orthopyroxene in a Foundland 
basaltic andesite. Specimen SD139, crossed polars, field length 0.73mm. 
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the Foundland centre; but in the intermediate lavas it usually 
shows ragged outlines due to resorption (Plate 5.4). or is mantled 
by orthopyroxene (Plate 5.5). From the specimens probed, the range 
in phenocryst core composition is Fo 82-54 (c. f. the Skaergaard first 

period of olivine crystallisation is Forsterite 82-54 ). The 

most iron-rich olivine analysed occurs as a groundmass mineral in 
basalt SD188 and has a composition of Fo The rangc in density 48.5' 
equivalent to these compositions is from 3.41 to 3.75 gm/cc, making 
olivine the most dense phenocryst after spinel. 

Olivine is usually inclusion-free so is probably an eariy mineral 

to crystallise. Occasionally small euhedral spinels, and rarely 
plagioclase inclusions, are observed in olivine phenocrysts; but 

olivine itself is frequently seen as inclusions in pyioxane aud 
occasionally as small rounded grains in anorthite (Plate 5.1). 
Accompanying the modal decrease in olivine is a general decre"-se in 
crystal size and a change from subhedral to anhedral habits. The 
maximum size reached by olivine phenocrysts is about 5mm in the 
big-feldspar basalts; but 1-2mm is a typical maximum phenocryst 
size., and all gradations downwards are present. 

Zoning in olivines is difficult to detect optically in 30ýt LUCk 
sections, though the thicker probe sections display the zoning 
well. For example in Plate 5.6, where it can be dctectc-d by r1m. 9 vi-th 
higher birefringence. It seems that the zoning is of simple Aroll I 
enrichment towards the rim. Curran (pers. cormn. , 19 74), lias f ound 
a variation of 22 inol% Forsterite (Fo 88-06 ) alTtO'),,,, ISL phciiocrySLS 

an oli-vine-basalt from St Vincent. The birefringence and extinction 
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PlaL-ý-ý 5.6. A once-euhedral, resorbed and zoned olivine phenocryst. 
The Fe-rich rim has higher birefringence and surrounds even the resorbed 
parts of the crystal. The phenocryst core composition is Fo 82.4' 
wbilst the groundmass contains olivine microlites Fo 48-5* Olivine-basalt 
specimen SDI88, crossed polars, 0.05mm thick probe section, field length 
1.7min. 

Plate 5.7. Olivine rinted by orLbopyroxene microlites (half plucked out during 
sectioning), and an adjacent resorbed quartz phenocryst. Morne Macaque 
dome-dacite specimen SD469, crossed polars, field length 1.7mm. 
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angles do not vary over the broad cores of these olivipes and it 
is these cores which have been probed in the Dominican specimens. 

The olivine phenocrysts often show embayed outlines attributable 
to resorbtion, even in the most basic basalts (Plate 5.4). Those 

olivines that are zoned and resorbed, usually show the iron-rich 

rim running completely round the outline of the crystal where it is 
in contact with the groundmass, as shown in Plate 5.6. In the s. ame 

specimen, SD188, there is a cluster of minerals, in which the olivine 
in contact with the groundmass has an iron-rich rim, but is unzoned 

where it is in contact with minerals inside the cluster. 
Mg-olivines with orthopyroxene mantles are seen (e. g. Plates 5.5 

and 5.7), but are not very common. In any one specimen only a few 

olivines might be surrounded by orthopyroxene, with most seemingly 

unaffected. These mantles are most common in the andesitic specimens, 

often consisting of separate crystals attached to the olivine surface 

rather than forming a complete corona of optical continuity. Some 

olivines also show 'dusty' opaque rims, or their outer surface is 

riddled with spinel inclusions at the contact with the orthopyroxene 
overgrowth. 

Many of the olivines show a degree of iddingsitisation. Where 

alteration is slight, it has developed from the margins along 
fractures and weak cleavages. This process may contijue, perhaps 
leaving small, isolated. unaltered patches or eventually leading to 

completely pseudomorphed crystals. In some cases a rim of 
unaltered olivine surrounds a completely pseudomorphed core (Plate 

5.8). 

Some olivines exhibit changes in extinction angle at their rins; 
but this may be due to straining, since orthorhombic minerals 
should not show a change in extinction angle. I 
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Plate 5.8. Inclusion-riddled plagioclase and iddingsitised olivines. 
Both the inclusions in the plagioclase, and tiie iddingsitised parts of the 
olivine, occur as bands in the interior of crystals. Thus crystal growth 
was interrupted by a period of alteration. Olivine-basalt specimen SD180, 
ordinary light, field length 4.3mm. 
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The relationship between the generation of iddingsite and other 
petrographic features is of interest. There is a common association 
of iddingsitised olivines and inclusion-filled plagioclases, 
(Plate 5.8). If the altered olivines are resorbed, the embayments 
may cut through the iddingsite rim (Plate 5.4), suggesting that the 
iddingsite formation is a primary magmatic feature. If olivines are 
included poikilitically in pyroxenes, those in the centre of the host 

crystal are often more iddingsitised dian those at the rim. In the 

case of specimen SD143 (Plate 5.9), the included olivines are 

completely pseudomorphed whilst those in contact with the groundmass 

are only partially iddingsitised. 

Discussion. 
The abundance of olivine in the most basic lavas and the 

apparent lack of aphyric lavas, suggest that olivine is importan in 
the early fractionation of the suite. Olivine is known from 
experimental studies to be stable at high pressure, so its importance 
in sub-crustal evolution is in little doubt. From petrographic 
evidence, olivine is the first mineral to crystallise in the Dominican 
lavas. If small crystals of spinel or plagioclase are included, they 
probably nucleated after. olivine and became trapped during growth. 

In the olivine-basalts, which are likely candidates for the 

parcnIC magmas in some centres, the olivine compositional range is 

Fo 82-65' corresponding to Q- density range of 3.4 to 3.6 gm/cc. Under 
atmospheric pressures and temperatures the solidified olivine-basalt 
lavas have measured densities of 2.95gm/cc. However, at depth the 
liquid densities will be significantly less, and there will be a density 
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contrast of at least 0.5gm/cc between olivine and the liquid. 
Under these conditions in a high-level magma chamber, crystal 
settling is highly probable. This olivine depletion from the magma 
will help towards the silica enrichment trend observed. 

The olivine Mg/Fe ratio is probably controlled by liquid 
temperatures, producing a trend towards iron enrichment with 
cooling (Bowen and Schairer, 1935). 'This explains why the. most 
fayalitic olivines occur in the groundmass or as rims to phenocrysts. 
It also provides an explanation for the lack of corelation between 
the silica content of the rock and the olivine forsterite content; 
since magmas with a similar major-element composition but variable 
water pressures will have different liquidus temperatures. 

As even the olivines in the most basic groundmasses show embayed 
outlines, it seems that the resorbtion is not related to composition, 
but rather to re-solution in the liquid as the pressure is reduced 
prior to eruption. The iron-rich rims which surround these embayed 
crystals (Plate 5.6), have probably formed after eruption, during 
rapid cooling of the lava. It is possible that an exchange of 

2+ 2+ 0 Fe Mg could take place by diffusion at the outer surface of 
the phenocryst. The thickness of the rim and the degree of iron 
enrichment will depend on the rate of cooling -a slow rate favouring 
thicker iron-rich rims. 

The formation of orthopyroxene overgrowths on ol'ivine phenocrysts 
probably occurs at depth and is attributable to the reaction: 

olivine + sili. ca saturated liquid 4 orthopyroxene. 
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This reaction is characteristic of silica-saturated suites (Yoder 
and Tilley, 1962). The small olivines which occur in Dominican 
dacites may be xenocrysts, protected from reaction with the acid 
liquids by their mantles of orthopyroxene (Plate 5.7). Alsos 
high water pressures increase the field of olivine stability in 
acid melts (Nicholls and Ringwood, 1973). 

The formation of iddingsite is an intriguing problem,. and 
has been considered by Wilshire (1958). He concluded that iddingsite 
is more accurately described as a mixed layer smectite-chlorite, 
associated with a variety of accessory minerals such as goethite, 
quartz, and calcite. He presents an average iddingsite anal. ysis 

. (Wilshire, 1958, p. 141, analysis A), which shows increased Fe 3+ 
9 A10 

+ 2+ Ca and H20, and decreased Fe and Mg, when compared with unaltered 
olivine analyses. 

Wilshire notes that a broad. range of iddingsite compositions 
occur, but that average Fe/Mg ratios are about 8: 1. This contrasts 
with unaltered olivine ratios usually lower than 1: 2. Hence it is 
clear that the formation of iddingsite is a metasomatic process of 
hydration and oxidation, where silica remains nearly constant, iron 
is introduced, and magnesium is depleted. This process occurs at 
magmatic temperatures and may occur before solidification* 

In the Dominican specimens, the resorption effects described 
are sometimes seen to affect iddingsitised portions of olivinest and 
as the resorption is ýhought to be magmatic it follows that so too is 
the iddingsite formation. In this respiect, the common iddingsitisation 
of olivine in the plutonic collection (sometimes in specimens 
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containing interstitial glass), is also indicative of iddingsite 

174. 

formation in a magmatic, rather than deuteric or weathering, environment. 
As some olivines have fresh rims surrounding an iddingsitised core, it 

Isation can be rejuvenated. seems that normal olivine crystalli Where 
completely-pseudomorphed olivines are included in fresh pyroxenes it 
appears that they were altered before inclusion. 

5.8 Clinopyroxene. 
Clinopyroxene is the most persistent mafic phenocryst and occurs 

throughout the suite. However, it is only in the range 52 to 57% silica 
that it is the dominant mafic phenocryst (see Fig. 5.3). There it 
reaches about 4% of the mode, but tapers off in the most basic and acid 
members to less than 1%. Most of the olivine-basalts only contain 
afew clinopyroxene phenocrysts, but there are some, e. g. SD440, which 
depqr., t. -markedly-from this ruldý, The range in composition is not great 
and'is best dhown on the pyroxene quadrilateral in Fig. 5.8. The 
analyses are seen to bunch i n'., a,.. gýoup, the major variation being of 
slight iron enrichment from a lOOMg7Mg + Fe ratio of 88 to 64, 
The calcium proportions vary some'what irregularly in the range 49 
to 39 mol%. In the'classification of Poldervaart and Hess (1951)t 
they are best described as iron-poor augites. These compositions 
have densities in. the range 3.4 to 3.5gm/cc (Fig. 5.1b). 

The augites frequently contain inclusions of othýr mineralso 
particularly of spinel, olivine, and plagioclase (Plate 5.9). If 
orthopyroxene. is present it may occur as inclusions in, or as a core 
to, the augite. Therefore clinopyroxene begins crystallisation after 
the above-mentioned phases. When amphibole is present it may have 

/ 
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Plate 5.9. Basal clinepyroxene section with included olivine, plagioclase 
and magnetite. The included olivines are completely iddingsitised in the core 
and least iddin--sitised at the rim of the clinopyroxene. Olivine-basalt 
specimen SD145, ordinary light, field length 2.3mm. 

Plate 5.10. Zoned clinopyroxene from 
a big-feldspar pyroxene-basait. This 
crystal, from specimen SD135, has been 
probed; the core aTid rim 
COMPositions are plotted in the 
Pyroxene quaderilateral in Fig. 5.8. 
Crossed polars, field length 1.7mm. 

Plate 5.11. oscillatory zoned clino- 
pyroxene plienocry. s. t. This crystal also contains plagioclase and magnetite inclusions. Olivine-basalt a-ir-fall 
Specimen SD181, crossed polarts, field 
length 2.3min. 
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augite inclusions, so is the only mafic phenocryst to begin 

crystallising after clinopyroxene. Clinopyroxene pheno%--rysts are 
dominantly euhedral and show few signs of resorption. Typical 

maximum sizes of 5mm are common in'the basalts, whilst crystals 
are usually less than lmm in the dacites. 

Clinopyroxene zoning is not very noticeable optically, and 

can be better seen in the thicker probe sections by 

changes in extinction angle and birefringence (Plate 5.3-0). When 

zoning is normal, probe analyses indicate that the trend is of 

calcium depletion and a little iron enrichment - as shown by 

specimen SD135 in Fig. 5.8. Some of the most diopsidic pyroxenes 
show a fine-scale oscillatory zoning as shown in Plate 5.11. HourgLaEs 

zoning has also been observed. The clinopyroxenes are se'Idom 
altered except in specimens which have been affected by jow-t., ý. ý,, Tiperatiirr, 
hydrothermal activity. . In these specimens the ort-. 1iopyroxene way 

be nearly completely altered whilst clinopyroxene and ainphibole 
remain fresh (e. g. specimen SD457). 

Clinopyroxene i. s present as a groundmass mineral. it is difficult 
to recognise, but is most abundant in the basic lavas, and probably 
not present as a groundmass mineral in the dacites. Three groundmass 
clinopyroxene analyses have been made and are plotted on Fig. 5.8. 
Two are augites, thoug1h. they contain less caIcium than -quy of the 
phenocrysts. The third is a magnesi, -m, pigeonite. There is no. 
recognisable corelatioa between them and the phenocrysL or whole rock 
chemistry. The pigeonite was unsuspected, but may be a common 
groundmass mineral. A search was made for phenocryst pigeonite, but 

all interference figures found had intermediate 2V's; so if pigeoniLe 
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is present it is not volumetrically significant. 

Thoug h clinopyroxene occurs throughout the suite, its 

compositional variation is not regular enough to be of much use in 

subdividing the series. It may be that unless many analyses are 

made of the same crystal, the volcanic'minerals are too zone. d to 
allow comparative use of the small volumes analysed by the microprobe. 
The plutonic pyroxenes from the nodules are, as a group, much less 
zoned and more useful petrogenetically. They also cover a wider range 
in composition - 'Dominican nodules alone have both more Mg-and re- 
rich clinopyroxenes and orthopyroxenes than the analysed lava 

phenocrysts. 
The presence of iron-poor augite in the most basic compositions 

suggests that this phase may be involved in any early evolution of the 
suite. In high-level magma chambers, the separation of augite will 
aid in reducing the Ca, Mg and Fe contents of the magma and enhance 
the trend towards alkali enrichment. There is a high density I 
contrast of over 0.5 gm/cc between the augite crystals and the probable 
liquids. This, coupled with the relatively large phenocrysts will 
induce gravity settling of clinopyroxene in the-fluid magmas. The 
effect is illustrated by Dominican cumulates which contain up to 30% 
augite. 

The zoning features of the clinopyroxenes are not easy to understand 
because a lack of magmatic corrosion and alteration renders it 
difficult to establish when the zones were formed. It is probýble 
that some of the zoning originates after eruption, by diffusion. The 
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-low-calcium content'of the groundmass clinopyroxenes indicates that 
the phenocryst zoning trend of calcium depletion is probably caused 
by the phenocryst margins equilibrating with surface conditions during 
cooling. On the other hand, the fine-scale oscillatory zoning is so 
similar to the plagioclase oscillatory zoning that it may have formed 
in a similar way, under magmatic conditions, as a result of the 
interplay between crystallis"ation and diffusion rates. 

Strongly oscillatory and sector-zoned clinopyroxenes are found 
in the alkalicand transitional basalts of Grenada. Arculus (1973) 

- suggests that the origin of the clinopyroxene zoning is analogous 
to that of the plagioclases and. concludes that it formed unde'. 
disequilibrium, conditions prevailing in the magma prior to eruption. 
There is a striking contrast in the lack of oscillatory zoning in 
the plutonic clinopyroxenes. It is pousible that, like the unzoned 
plagioclases, the unzoned clinopyroxenes are formed when fresh liquid 
is brought into contact with the phenocrysts during a period of possible 
crystal settling. 

The Dominican (Plate 5.11), and some Grenadian volcanic 
clinopyroxenes, show unzoned cores and oscillatory-zoned rims. These 
features are absent in the plutonic nodules and indicate that the 
transition from unzoned to oscillatory zoned growth is usually a 
non-reversible process. A loss of either heat or volatiles would 
normally be non-recoverable, and result in an increase in viscosity* 
This could lead to the operation of the diffusion-supersaturation 
mechanism. 

Of the five common silicate phases present in Antilles lavas, 
plagioclase, 'clinopyroxene and amphibole may exhibit oscillatory zoning, 
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whilst olivine and orthopyroxene do not. It therefore seems that 
the element-responsible, which is present in the possible oscillatory- 
zoned minerals and generally low in the unzoned types, is aluminium. 
This is the element that has been shown to have a concentration gradient 
in glass adjacent to a plagioclase phenocryst (Bottinga et al., 1966). 
In addition, we see that the lack of oscillatory zoning in clino- 
pyroxenes and amphiboles from the intermediate magmas could. be 

connected with their lower concentration of aluminium, than in the 
equivalent minerals from basalts. 

5.9 __ Orthopyroxene 
Orthopyroxene is the characteristic mafic phenocryst in 

Dominican andesites and dacites. It is found in some of the olivine- 
basalts, e. g. specimen SD440, containing 48.9 wt. % SiO 2; but does not 
reach 1% of the mode until about 53% SiO 2 (see Fig. 5.4). The 
orthopyroxene field gradually expands to a maximum of 6% of the mode 
at 62% Sio 2, and then declines slightly in the dacites, 

Of the phenocrysts analysed, the range in composition, is from 
En 71 to En 50.6 , but the analyses tend to bunch into two groups: 
En,, _ 67 and En 57-51* The magnesium-rich group are from specimens 
containing olivine, whilst the iron-rich group are olivine free. 
Coexisting orthopyroxenes and clinopyroxenes are plotted in Fig. 5.8p 
where a-trend of iron enrichment in the hypersthenes cAn be seen. The 
tie-lines are mostly sub-parallel but a few intersect, indiCating 
contradictory. relationships. 

In the olivine-basalts,. orthopyroxene sometimes contains 
inclusions of olivine and ppinel, and occasionally of plagioclase, 
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Plate 5.12. Well-developed, clinopyroxene-rimmed orthopyroxene twins. 
Phenocryst flow alignment is also present. Pyroxeiie-basalt specimen SD, 
crossed polars, field length 1.7mm. 
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Plate 5.13. Altered hypersthene from an andesitic pyroclast-flow block. 
opaque rims and enhanced pleochroism (and a smaller 2V) are typical of 
these oxidised orthopyroxenes. This specimen, SD99, also. has a typical 
andesite-dacite, coarse--D, rained leucocratic groundmass. Polarised licyht 
field length 1.7mm. 



It often occurs itself as small inclusions in clinopyroxene. In 
the orthopyroxenes from andesites and dacites, olivine inclusions are 
rare or absent, but the spinel and plagioclase inclusions are larger 

and more abundant. Here the orthopyroxene is seldom completely 
enclosed in clinopyroxene, but often has clinopyroxene rims (Plate 

5.12). Orthopyroxene phenocrysts are usually euhedral. They may 

reach Icia parallel to z, though the most common maximum size range 
is 3 to 5mm. If one considers the maximum crystal sizes, it is 

apparent that in the basalts the orthopyroxene phenocrysts are 
distinctly smaller than augites. In andesites, the two pyroxenes S 
are of approximately equal dimensions, whereas in the dacites the 

orthopyroxenes reach their maximum size, and the clinopyroxenes their 

minimum. 
Zoning in orthopyroxenes is even more difficult to detect opticallY 

than in olivines and clinopyroxenes. In the two sections where 
analyses were made of different phenocryst cores, the results were 
identical within the limits of analytical error (see Appendix p. 84, 

analyses 12,13,17 and 18). There is probably some slight iron 
enrichment in the phenocryst rims. Orthopyroxene is present in the 
groundmass, particularly in the andesites and dacites. Two analyses 
were made, and surprising. ly in both cases the groundmass orthopyroxeine 
had a higher Mg/Fe ratio than the coexisting pheiiocryst cores. 

Although orthopyroxene is more susceptible to hydrothermal 
alteration than clinopyroxene, it is still completely fresh in most 
specimens. However, in some of the dacites the byperstbenes have 
altered rims. If slight, the alteration is a rusty colour, but when 
more intense, the rims become completely opaque. The pleochroism 



becomes more intense and 2V decreases. Fractures crossing a crystal 
may also be-affected. These features are shown in Plate 5.13. 

Discussion. 
The presence of orthopyroxene in some of the most basic 

compositions is interesting. In these lavas its composition is an 
iron-rich bronzite, though it is at best sparse and often absent. 
Inclusions indicate that orthopyroxene usually begins crystallising 
after spinel, and olivine but before clinopyroxene. As modal 
orthopyroxene increases, it b, ecomes slightly iron enriched to a 
composition of En 67' whilst the olivine decreases in abundance. It 
is tempting to suggest the operation of the reaction: 

olivine + silica-saturated liquid orthopyroxene + liquid. 

This is no doubt responsible for the orthopyroxene mantles on 
some olivines (Plate 5.5). However the orthopyroxene does occur as 
discrete phenocrysts and is probably a liquidus phase. Also as 
olivine is often removed by crystal settling, the opportunities for 
the operation of the above reaction are limited, 

182. 

In Grenada, orthopyroxene En begins to crystallise when the 75 
composition of the rock is approximately 55% Sio 2 (Arculus, 1973, 
P-215). This is considerably different from the Domiziican situation* 
Lindsley and Ifunoz (1969) have suggested that one of the principal 
factors controlling the beginning of orthopyroxpne crystallisation is 
the silica activity (a of the liquid, a higher a favouring S102 Sio 2 



0 

183. 

orthopyroxene crystallisation. Using a thermodynamic method, 
Carmichael and others (1970) have calculated ranges of silica 
activity for a number of reactions. After Tilley (1950), -they have 
taken the reaction: 

MF'2S'04 + S'02 21'P'S'03-' 

as characteristic of the tholeiitic magma series, and shown that 
a Sio 2 

is greater in the tholeiitic series (opx stable) than in the 
alkalic series (opx unstable). They have also shown that neither 
the silica percentage, nor the presence of feldspathoidal minerals 
in the norm, give an indication of the degree of silica undersaturation$ 
It is the silica content taken in c onjunction with other constituents 
which may be determinate (Carmichael et al., 1970, p. 247). 

Hence orthopyroxene crystallisation will begin when the 
necessary silica activity. has been reached. This evidently occurs 
at different stages of evolution in the Dominican and Grenadian suite-so 
In Grenada the low a Sio 2 of the alkalic parent magmas is carried over 
into the more siliceous compositions, and is not high enough to . 
stabilise orthopyroxene until the rock silica content is 55%. In 
contrastthe a Sio in some of the Dominican parent magmas is sufficient 2 for orthopyroxene to be a primary liquidus phase. However, it should 
be emphasised that in the majority of the most basic Dominican 
compositions, orthopyroxene has not been observed. This suggests 
that here the a Sio 2 was too low, and that in terms of silica activity 
the basic Dominican parent magmas are transitional between quartz 
tholeiite and olivine tholeiite. However, this transitional character 
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is soon lost during-high level fractionation, and orthopyroxene 
becomes a liquidus phase in all basalts, with a silica percentage 
greater than 53. 

It-is difficult to illustrate this transition, but an attempt 
has been made in Fig. 5.9. Fig. 5.9a is a silica versus total 
alkalis plot, where closed circles represent specimens in which only 
clinopyroxene has been observed, and open squares represent. the 

0 
specimens where clinopyroxene and orthopyroxene are present. All 

analysed Dominican specimens with less'than 54% SiO 2 have been 
plotted, and the corresponding thin sections searched thoroughly for 
discrete pyroxene phenocrysts. ý Clinopyroxene was present in all 
specimens. One cannot be so categorical about the orthopyroxene 

'lly scarce and difficult to identify. presence as. it is often moda 
Bearing this in mind, onelis hopefully looking at the appearance of 
orthopyroxeýe as a liquidus phase. 

From I. Jig. 5.9a, tVe'following observations can be made: 

1. There, is no separation into an orthopyroxene present and absent 
series as adross Japan (Kuno, 1966). 

185. 

To check this non-separation into distinct series, all the 
analytical'data for these basalts were run through the computer plotting 
program. Plots were produced of silica versus major oxides, traces, 
and norms-i, together with many other petrologic plots. On none of the resulting diagrams could the specimens be clearly differentiated. 
This'lack of separation is not surprising if the major factors controlling silica activity are not theM3elves included. For instance, temperature, 
volatile fugacities, and total pressures will also have important influences. 
2.141thincreasing silica, there is a gradual decrease in the proportion of specimens which only contain clinopyroxene. 

In the inset figure, 5.9b, silica is plotted against the percentage 
of specimens containing only clinopyroxene, in steps of 1% silica. 
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Below 50% SiO 2 there are only 5 specimens, so the method is not 
statistically valid in this range; but as the number of specimens 
increases the statistics improve, with the rec. -, ult that a similar 
conclusion is reached no matter how the trend is drawn. We may 
conclude that. as the silica percentage rises during high-level 
fractionation, there is a gradual decrease in the proportion of 
specimens which only contain clinopyroxene. This transition is most 
marked in the silica range 50.5 to 52.5%. In addition, we see that 
after this transition the silica activity remains high enough for 

orthopyroxene to crystallise throughout the observed evolution of 
the rest of the suite. 

Deer, Howie and Zussman (1963, vol. 2, 'p. 31), state that zoning 

. 
is universal in volcanic orthopyroxenes. Curran (Pers. comm., 1974)., 
has commonly found ranges of up to 10 mol% enstatite in orthopyroxene 
phenocrysts from other islands. in the Lesser Antilles. He reports 
a compositional range of En 71-54 amongst phenocrysts in one specimen 
from Montserrat. The writer has not attempted to determine the 
extent of the zoning in Dominican orthopyroxenes, but it is very 
likely to be similar to the ranges from adjacent islands. The 
origin of this zoning, as in the olivines and clinopyroxenes, is 
probably due. to disequili-brium growth during the rise to the surfaces 

0 and also after eruption by diffusion during cooling. 
Orthopyroxene resorption has not been observed, though marginal 

alteration is present. This is particularly co=on in the andesites 
and daci'tes from pyroclast flows and volcanic domes. Plate 5.13 
illustrates typical alteration which is associated with similarly altered 
clinopyroxenes and amphiboles. This assemblage suggests that 
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oxidation is responsible., probably during slow cooling inside a 
volcanic conduit or dome. 

Relationshi2s between Ca-rich and _Ca-poor I? yro_xenes-. 
Some of these relationships have already been considered, but 

there are a few points which merit further attention. In some of 
the basic lavas, orthopyroxenes are found as small irregularly 
shaped inclusions in the cores of clinopyroxenes. These cores 
occupy a small proportion of the combined volume, and no discrete 
phenocryst orthopyroxene is present. it appears that orthopyroxene 
began crystallising first, but soon became unstable and then provided 
an ideal nucleation site for continued clinopyroxene crystallisatione 

1 effect of silica A possible explanation is again offered by the 
activity. Nicholls and others (1971) have shown that in basaltic 
magmas, silica activity increases with total I pressure. it is 
therefore'possible for a magma which began crystallising orthopyroxene 
at depth, where the a Sio 2 was sufficient, to pass out of the 
orthopyroxene stability field as it risesp and continue crystallising 
only one Ca-rich pyroxene. Here one is invoking crystallisation 
b efore the magma reaches a high-level magma chamber; which, if it 
is relatively small, is wher. e any subsequent fractionation will occur 
at approximately constant total pressure. 

Rea (1970, p. 83) has described orthopyroxene rims to, 
clinopyroxenes in lavas from Montserrat, This phenomenon was 
searched for, but not found in the Dominican specimens. if two 

0 pyroxenes are in contact, the orthopyroxene either crystallised first 
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P I-e 5.14. An orthopyroxene phenocryst with a clinopyroxene rim that passes lat 
between its host and an included marginal plagioclase. This suggests 
formation of the clinopyroxene rim by diffusion-replacement of 
orthopyroxene. Andesitic specimen SD112, crossed polars, field length 1.7mm. 
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or i--ogether with, but not after, the clinopyroxene, From his 

microprobe work, Curran (pers. comm., 1974) reports that the 
Ca-rich clinopyroxenes may havc Ca-poor clinopyroxenc rims, 
this could be what Rea has observed. The most connino-a relationship, 
particularly in the intermediate members of the suite, is to find 

narrow clinopyroxene rims on orthopyroxene. In some cases these 

are very well developed, as seen in Plate 5.12. 

In Plate 5.14, one of these augiterims is seen to pass between 
its orthopyroxene host and a small, marginal-included plagioclase. 
The most obvious interpretation is that the plagioclase became 

embedded before the clinopyroxene rim formed. it is therefo! -e 
difficult to suggest the formation of the clinopyroxene rim by 

magmatic crystallisation. Rather, solid-state diffusion can be 

invoked, with an exchange between the liquid and the orthopyroxene 
such as: 

2(Fe, Mg)SiO 3+ Ca from liquid 4 Ca(Fe, Mg)Si 206+ (Fe, Mg) to liquid 

This diffusion process may lead to a retention of the host crystal 
shape and a depth of penetration limited to the thin outer zone. 

These narrow clinopyroxene rinis have been probed in five 
specimens to determine their Mg/Fe ratios for comparison with 
coexislAng discrete clinopyroxene phenocryst cores. These results 
are expreSsed as the ratio 10OMg/Mg + Fe (all Fe as Fe 2+), and 
are given in the table overleaf. 
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loo mg/mg + re 

Specimen. clinopyroxene clinopyroxene orthopyroxene 
number pheno. core rim on opx. pheno. core 

SD9 64.7 64.1 51.7 
SD46' 68.4 64.1 69.5 
SD150 68.7 67.4 66.7 
SD165 68.5 64.7 56.5 
SD174 69.1 67.1 67.1 

It can be seen that in all cases the clinopyroxene rim's are 
iron enriched relative to the coexisting clinopyroxene phenocryst 
cores. This may be because the rims have inherited a lower l0OMg/Mg + 
Fe ratio from their orthopyroxene hosts. Alternatively the rims 

may have formed at a lower temperature than the clinopyroxene 
phendcryst, cores where a relatively iron enriched composition is 

more stable, 

5.10 Amphibole. 
Amphibole has not been observed in any of the Dominican basalt 

lavas, but is present in basaltic air-fall specimen SD46, which 
contains olivine, Fo 68" This is the most magnesian amphibole 
analysed in the Dominican volcanics and has an Mg-number 
(10OMg/Mg + Mn + all Fe as Fe 2+ ) -of 59.7. Amphiboles are often 
pres'ent in the acid andesites and dacites, where they may. reach 3% 

of the mode (Fig. 5.3), and have Mg-nurribers of about 54. Even in the 
volcanic specimens where amphibole is most concentrated, it still 
forms less than 10% of the phenocrysts, which is in marked contrast 
to the concentrations)often over 30%, in the plutonics, 

The phenocryst amphiboles show a restricted range of compositions 
but individual analyses are not significantly different from analysed 
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Plate 5.15. Euhedral basal amphibole phenocryst in an andesitic pumice block 
from the Roseau pyroclast flow. The amphihole has plagioclase, ortho- 
pyroxene, and magnetite inclusions and shows no signs of instabiLity, 
Specimen SD202, ordinary light, field length 4.3mm. ' 

Plate 5.16. An originally twinned 
and euhedral amphibole phenocryst 
which has broken down to a fine- 
grained opaque-rich pseudomorph. (MacGregor's 'black' type). Some 
relic brown hornblende and 
unaltered plagioclase and spinel inclusions can also be seen. Andesitic specimen SD125, ordinary light, field len.; t-11i 4-13MILI. 

ate, S. 1, - -/. MacGrugorý, Q 'pyroxenic' type 
of amphibole breakdc',, -7n. An amphibole relic is seen at the surrounded by 
plagioclase, magnetite, aucgite and hypersthene. . Andesitic specimen SD244, 
polarised light, field length 1.7mm. 
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plutonic amphiboles (compare analysis 1, Appendix p. 78, with 
analysis 43, Appendix p. 140). The classification of these minerals 
presents some difficulties, but they all belong to the group of 
calcic amphiboles, and in the terminology of Deer and others (1963, C> 
vol. 2, p. 209) they range in composition between common hornblende 

and pargasite. Compositional variations are described in greater 
detail in Chapter 11; meanwhile the general term amphibole is 

retained to describe minerals in the group under consideration. 
Fresh green amphibole, showing oblique extinction, is present 

in some Dominican specimens, particularly those with glassy groundmasCes 

suCh as pumices and some pyroclast-flow blocksý e. g. specimen SD202, 
Plate 5.15. Here the amphibole may be green even if-breaking down 

to an anhydrous assemblage. Green amphibole was also found in the 
jasper-ceniented agglomerate (p. 103) and the Foundland peperites 
(P. 119), so was evidently stable during low-temperature hydrothermal 
activity. 

In contrast, the amphiboles from lava flows and dome rocks 
are usually some shade of brown, with nearly straighL extinction5 
and have often been marginally replaced by other minerals. There 
are all gradations from completely opaque, fine-grained breakdown 
products (Plate 5.16), to coarse assemblages of spinel, pyroxene 
and plagioclase (Plate 5.17) - either type often czhibiting a 
relict amphi-bole habit. These are equ-, -. valent to the 'black' and 
1pyroxenic, types of MacGregor (1938, p. 54), whose nomenclature 
will be follow.,! d in this work. 

Amphibole phenocrysts range up to lcm in length and are usually 
cuhedral. Although signs of solid--state breakdown are common, 
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embayed outlines attributable to resorption are not seen. Inclusions 
in amphibole are very common (Plate 5.15), particularly of plagioclase, 
but have been observed of all other phases except quartz. Slight 
zoning is detectable by small changes in extinction angle and depth 
of colour, although no oscillatory zoning has been observed. 

Discussion. 
The compositions of amphiboles from Lesser Antilles volcanics, 

have not been extensively studied. The most comprehensive-analytical 
work known to the writer is that of Arculus (1973)2 where Grenadian 
amphiboles with Mg-humbers in the range 76 to 64 are recorded from 

rocks with silica percentages from 45.9 to 64.7. Hence if the 
Dominican data are included (Appendix p. 78), the measured range of 
Mg-numbers from Lesser Antillean volcanic amphiboles iE; from 76 to 54 
this will probably be extended by future study. The range in 
Mg-numbers established for the plutonic amphiboles (Chapter 11) is 
from 79 to 38, so it appears that, like the minerals previously 
described, the ranges of composition of volcanic and plutonic 
amphiboles are broadly similar. 

The contrast in abundance between volcanic and plutonic amphibole I 
may be partially explained by crystal settling, as amphibole has a 
high density of 3.15 to 3.30 gm/cc in the range of Mg-numbers 
measured (Fig. 5.1b). However, some other factor must be involved 
as both olivine and the pyroxenes have higher densities than amphiboles 
yet do not show such a striking difference in concentration between 
volcanic phenocryst proportions and plutonic, modes. Much of the 
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plutonic amphibole is of intercumulus origin so has never been in a 
position to be erupted as lava phenocrysts. However, there are some 
plutonic specimens with adcumulus amphiboles that were probably once 
phenocrysts. If the lavas and plutonic nodules have evolved in the 
same magma chambers there are two plausible explanations: 

The volcanic amphiboles were never present. 
2. Volcanic amphiboles have failed to pass unaffected through 

the near-surface amphibole stability barrier, 

The stability of calcic -amphiboles in a natural olivine 
tholeiite composition has been determined for PH20= Is TOT by Yoder 

-and Tilley (1962), and for pargasite with a range of P 1.1 0 by HolloVay 
(1973). The results of these investigations are shown, in Fig. 5.10* 

and indicate that calcic, amphiboles are unstable at low pressures 
even when P 11 0=P TOT' or at any pressure when PH 

26 
JS very low 

2 
relative to P TOT" The work of Holloway (1973) in particular shows 
that if pargasite crystaliises at a total pressure of 7.75kb$ and then 

moves into a lower-pressure environment of P TOT = 4.5kb, then for a 
broad range of PH20 from 0.1 to 0.7 P TOT' the stability limit is 
decreased by at least 20 0 C; and some form of amphibole breakdown is 
predicted. This type of breakdown is probably equivalent to the 
pyroxenic type indicated in Fig. 5.10a and illustrated in Plate 5.17, 
This may occur as, magma rises to the surface and the breakdown is -at 
Sufficiently high PH0 to prevent the development of oxyhornblende, 
e. g. path 2 in Fig. 5.10a. 

If silica is added. from a silica-saturated . liquid, the breakdown 
reaction, 'described by Boyd (1956), is,., 
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NaCa 2 Mg 4 Al 3 Si 60 22 (OH) 2+ 4SiO 2 -+ 
pargasite silica from liquid 

CaMgSi 206+ 3MgSiO 3+ Naý. lSi 308+ CaAl 2 Si 208+ 11 20 
diopside enstatite plagioclase 

In. the natural situation the amphiboles will contain appreciable irons 
so the pyroxenes produced will be augite and hypersthene with the 
possibility of some spinel formingin addition. This type of breakdown 
is only a partial explanation for the lack of amphibole in volcanic 

. specimens. The principal reason is probably high magmatic 
temperatures, above the amphibole stability limits throughoup the 

passage to a surface-pressure environment, e. g. path I in Fig. 5.10a. 
Oxyhornblende can be produced by heating common hornblende in air 

at 800 0C (Barnes., 1930). The 'reaction is reversible. if heatina is 

continued in hydrogen. Analyses of 3 oxyhornblendes are listed by 
Deer and others (1963, vol. 2, p. 317); they Show re2 03 lFcO ratios of 
4.6,5.1, and 2.0, and H 6+ contents of 0.84,0.19 and 0.58% 2 
respectively. This compares with Fe 0 /FeO ratios of around 0.71 23 
and H20+ contents of 1.9% in fresh green, Lesser Antillean plutonic 
amphiboles (Appendix p. 114). The formation of oxyhornblende is 
therefore thought-to occur at-high temperatures under conditions of 

0 low P TOT and PH2 04P It involves a loss of water and an increase in iron 
oxidation ratio. These conditions are frequently encountered by 
magma cooling, in a near-surface or extrusive en"vironment. This type 
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of breakdown is labelled I black' in Fig. 5.10a, and will be encountered 
by magmas with a P/T path similar to 3. 

Glassy rocks with green amphiboles have cooled too quickly to 
allow oxyhornblende formation. One may also infer that they were 
erupted from depths where PH0> lkb. If under conditions of 
P 11 20=P TOT this depth would be greater than 3km, but if 
P0<P the depthwould be greater. ' Thus if partial water H2 TOT 
pressures were known, minimum depths of magma chambers could be 

estimated. 
I. The innlusion-ridden Dominican amphiboles are usually the last 

phenocryst phase to begin crystallising apart from quartz. The 

relationships between plagioclase and amphibol'e stability are of 
interest as they can define maximum pressures of crystallisation. 
Yoder and Tilley (1962) have also determined the stability of 
plagioclase in a water-saturated. olivine tholeiite; this is shown in 
Fig. 5.10a. Only if P TOT < 2kb does plagioclase crystallise before 
amphibole. If taken in conjunction with the minimum pressures 
needed for amphibole crystallisation; this would place limits on the 

I 
pressures of phenocryst formation. 

However, the absence of basaltic pyroclast-flow eruptions has 
been taken as. evidence that P<P in the basaltic magmas under H20 TOT 
consideration (p. 88). if P 11 0 is moderate relative to P TOT' say 0 

2 to 0.3% p TOT' the field of plagioclase stability will be enlarged so 
that plagioclase may crystallise before amphibole at much greater 
pressures. We know that water pressures of several kilobars are 
necessary to explain the anorthite crystallisation. Therefore the 
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o, nce-. euhedral, resorbed quartz phenocryst in the glassy groundmass Plate 5.18. .0 
of a pyroclast-flow, dacitic pumice block. The small plagioclases may have 
agitated the liquid to enhance re-solution similarly to the enlar ement of 69 
pot-holes by river boulders. Specimen SD24, crossed polars, lield length 
2.3mm. 
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total pressures best able to explain the observed features are those 

where a moderate proportion of dissolved water produces a water 
pressure of several kilobars. 

5.11 quartz. 
Quartz is present in a few of the acid andesites and is 

fairly common amongst the dacites. It reaches a modal niaximu-m of 
3.6% in specimen SD25, but usually forms less than 1% of the rock 
and commonly only one or two phenocrysts are observed in a thin 

section. The most basic specimen in which quartz has been seen, 
has a silica content of 61.9%. This is taken as the position of 

entry of quartz in Fig. 5.4, and the field gradually expands to vc 
may. Jurum of 1% at 66% SiO 2* However this is an oversimplifi. cation, 
since quartz has often not been observed in the most siliceous 
specimens. In addition, like amphibole, quartz is concentrate4 in 
the Plutonic specimens to a greater extent than can be explaiileýd 1)"T 

crystal settling. For instance the most acid plutonic nodulns 
contain between 15 and 20% modal quartz. 

Quartz has not been observed as inclusions in any other minerel, 
though in one instance was observed in contact and intergrown with 
an amphibole phenocryst.. Quartz is the only phenocryst which 
seldom shows a euhedral habit. Plate 5.18 illustrates the most 
euhe-dral phenocryst observed. Even this is reso--bed*as are all 
other quartz phenocrysts. Maximum lnng dimensions observed are 
about 3mm, but the isolated rounded phenocrystp in the majority of 
specimens are less than -21 mm. across. 
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Attention wag focussed on the relationship between quartz 
petrography and the nature of the host rock. It is clear that the 
least resorbed crystals are found in glassy unoxidised specimens 
which also contain fresh green hornblende. These are commonly pumice 
fragments from pyroclast flows. Small, rounded quartz phenocrysts i 
are present in unoxidised, but not glassy specimens such as dense 

pyroclast-flow blocks, lava flows and some dome rocks. in 
the most oxidised rocks (with coarse groundmasses, black altered 
amphiboles, and oxidised orthopyroxenes) quartz is least abundant 
to absent. 

Discussion. 
The presence of quartz in the most sillceous members of the 

suite is analogous to the situation described for similar material 
from St Lucia (Tomblin, 1964) and Montserrat (Rea, 1970). On a 
broad scale this is probably related to an*incre-ase of'silica activity 
in the magmas at depth, caused either by frac, tionation of a basic 
parent magma or by a parent magma itself of the necessary composition* 
When one considers each andesitic magma batch, it is probable that 
early separation of plagioclase and pyroxenes will lead to an increase 
in silica activity sufficient to stabilise quartz. The lack of quartz 
inclusions in other minerals suggests that quartz is frequently the 
last mineral to begin crystallising. This can explain the paucity of 
quartz in the volcanics relative to the plutonics, for quartz would 
continue to crystallise at depth until complete solidification; but in 
the volcanic environment quartz may ltdissolve in the liquids as they 
rise to the surface. .4 
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The instability of all Lesser Antilles quartz phenocrysts can,, 
be explained by a combination of the variation of silica activity 
with depth, and the effect of water fugacity on quartz stability. 
Nicholls and others-(1971, Fig. 2) have shown that for all but the 
most silica-poor magmas, a decrease of pressure at constant temperature 
and composition, leads to a decrease in silica activity. Therefore, 
when magmas rise to the surface, pre-existing quartz phenocrysts may 
be resorbed as the a Sio 2 

is depressed below the level necessary for 

quartz stability. 
Tuttle and Bowen (1958) have studied the simple granite system 

and shown that the stability field of quartz is gradually expanded as 
water pressure is increased. In the andesites under consideration, 
the effect of elevated PH0 will probably be similar even though 
normative quartz + albite + orthoclase only forms between 60 and 70% 
of the rock. The situation is different at high pressures (9-36kb), 

where Green (1972) has shown that the addition of water depresses the 
appearance of quartz. 6 

It is possible that, at the pressures under consideration 
(< lOkb), quartz, may become unstable when a magma moves into an 
environment where PH0 is considerably less than at depth. it is 
difficult to establish how PH0 will vary in a magma before and just 
af ter eruption. For instance, a magma with PH 

20=0.2. 
P TOT at 

depth, may have P 11 2 0= P TOT when pressure is reduced before 
eruption (Fig. 3.71 p. . 

86). Hence the variation in P11 
20 as a magma 

ascends to the surface, may be insufficient to produce any marked 
effect on quartz stability. However, the effect of reduced P 11 0 
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will become important when dissolved water is lost due to oversaturation 
and subsequent degassing after eruption. 

It is now possible to offer an explanation. for the differing 
degrees of resorption in glassy and . oxidised rocks. All magmas, 
will. experience quartz resorption en route to the surface as silica 
activity decreases. However the effect of decreased P 11 20 will be. 
dependent on the rate of cooling. Pumices with glassy groundmasses 
have solidified before quartz has been able to redissolve. On the. 

I 
other hand, thick lava flows or dome rocks may retain enough heat for 

complete resorption during gradual solidification. 

5.12 _S_pinel, 
Spinels (titanomagnetite), are present throughout the Doininicen 

suite (Fig. 8.3). In the most basic specimens spinel phenocrysts are 
small, rare, or absent. In specimens where SiO 2> 51%, spinel is 

more abundant and varies batween 1 and 2%. of the mode. Spinel reaches 
a modal maximum of about 5% in*some of the oxidised dacites, but much 
of this is of secondary origin after amphibole and ortliopyroxeneo 
Spinel is concentrated in the basic lava groundmasses where it forlas 
an estimated 10 to 30% of the groundinass mode. 

In reflected light. -most magnetites are seen to contain ilmenite 
lamellae, thus rqndering analytical work difficult, As large' 
unexsolved spinels are present in the plutonic noduleýj these have 
been chosen for more detailed study - this is presented in Chapter 
However, a few unexsolved spinels are present in the pyroclast-fall 
specimens, which have been erupted from depth and cooled sufficiently 
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quickly to prevent exsolution. A few partial analyses of these 
unexsolved titanomagnetites have been made for comparison with 
plutonic spinels. Some examples are given below where 
volcanic (vol. ) and plutonic, (pl. ) 'partial analyses are compared: 

-S2inel analysis Specimen number 
vol. SD46 pl. D375 vol. SD181 pl. V3.70 

TiO 2 lo. 4 10.1 9.4 7.3 
Al 2034.7 5. o 6.5 7.2 
Fe 203 44.5 43.6 44.3 47.3 
FeO 35.8 36.5 33.3 32.3 
Ego 3.5 3.1 4.6 4.4 

-Total 98.9 98.3 98.0 . 98.5 

The similarity between these pairs of analyses is considered close 
enough to apply conclusions from the study of plutonic spinplo to the 
volcanic suite. 

Several analyses of groundmass spinels were als3 made and are 
given in the Appendix p. 88. They all contain low Al and Mg when 
compared to the phenocryst. or plutonic spinel analyses. This 
suggests that higher P and P are responsible for the different TOT 0 H2 
compositions of the cumulus phases. The presence of magnetite 
throughout the Dominican volcanic suite is typical of the calc-alkaline 
series, reflecting the relatively high oxygen fugacities and helping 
towards the trend of silica enrichment (Osborn, 1959). 
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5.13 Accessories. 
Accessory minerals are volumetrically unimportant as there is no 

great concentration of rare elements, and the fresh specimens do not 
usually contain secondary diagenetic, or metamorphic minerals. The 
accessories may be divided into two groups - primary and secondary. 

PrimaEy-accessories. 
Apatite is the most abundants reflecting the small content of 

phosphorus in the rocks. It occurs as small euhedral crystals 
concentrated in plagioclase phenocrysts and in the groundmass. 
Biotite has been observed in specimen SD47. Small quantities of 
pyrite and chalcopyrite are occasionally seen in reflected light. 
Some calcite may be primary. 

Secondary accessories. 
Some specimens from the East Coast Volcanics are hydrothermally 

altered and include calcite, chlorite and pyrite, all probably 
introduced by escaping magmatic volatiles. Zeolites are present in 
the jasper-cemented agglomerate specimens SD31 and SD101. In many 
hydrothermally altered specimens the following micaccouS minerals are 
co=on: 

plagioclase sericite 
pyroxenes chlorite 
olivine serpentine 

5.14.1 -Autoliths (basic p-orph): ritic cognate inclusions) 
Basic inclusions in andesites and daci*tes have been described 
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from many other islands in the Lesser Antilles (Lacroix, 1904, p. 538). 
Tomblin (1964, p. 141) terms them hornblende dolerites; Rea (1970, 
p. 109) describe s them as cognate basaltic inclusions; Arculus 
(1973, p. 188) considers them under the heading 'variations in texture'. 
No really satisfactory theory has been suggested to account for these 
inclusions, which are apparently common in calc-alkaline suites in 
many parts of the world (Williams et al., 1958, p. 125). They are 
considered in this Chapter as petrographic evidence is thought to give 
most clues to the nature of their formation. 

Many of the most acid Dominican magmas contain these fine-grained 
basic inclusions. 'They may be. sufficiently concentrated to impart a 
patchy appearance to the field exposures, e. g. at Pointe Tanama (MR 
135-195). They may reach maximum dimensions of about 30cm; they have 
irregular rounded shapes, and are found in all types of host material, 
such as lava flows, domes, and pyroclastics. After consideration these 
bodies were termed basic cognate porphyritic inclusionsp but this terin 
is rather cumbersomd, so the term lautollithl (included cognate 
xenolith) has been adopted. This was also used by Westermann and 
Kiel (1961), in their work on St Eustatius. The common, almost 
characteristic presence of these inclusions gives them a special 
importance and demands a consideration of their origin. 

5.14.2 Distribution. 
Autolith distribution is variable, but really requires a special 

quantitative study before sound conclusions can be drawn, Howevert 
a few field observations are relevent: 
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1. Autoliths on Dominica are restricted to host rocks whose 
silica nontent is in the range 60-66%. 

2. Although present in lava flows, domes. and as pyroclast-flow 
blocks, autoliths are most abundant-in thick lava flows and domes 
where rates of extrusion are thought to be low. 

3. Autoliths, are practically absent in the Foundland centre 
only one has been found. 

4 5.14.3 Petrography. 
In thin section, autoliths may be recognised by their chara. cteristic 

texture. This is illustrated at the bottom of Plate 5.19, and 
usually consists of altered phenocrysts set in a matrix of microcrystals, 
The main variation is in the proportion of larger phenocrysts, but 

the presence of two distinct crystal-size ranges is regarded as 
characteristic. 

Distinction from their host lavas is on an absence of groundmass 
material; and from the cumulate-xenoliths by their lack of layering, 
their restricted range in composition, and the two crystal-size ranges* 
Table 5.1 lists the minerals identified in coexisting host lavas and 
autoliths. The host lava phenocryst assemblage is always similar 
and usually identical to the assemblage in the inclusion. The main 
differences are shown by olivine and tridymite, either of which may 
occur as an autolith mineral but not as a host lava-phe'nocrysto 

. Rl Pla ioclase, 

PI-agioclase is the most abundant autolith mineral forming over 
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Plate 5.19. Texture of an autolith from a Morne Patates dacitic dome block. 
Micro-crystals of plagioclase are seen at the bottow. At the top, two 
amphiboles protrude from the autolith into the host lava. They have many inclusions within the autolith, but few where they are in contact with the 
lava groundmass. This suggests a cognate origin as crystal growth probably 
occurred within the autolith and in the lava simultaneously. Specimen SD7 11 
crossed polars, field length 4.3mm. 
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50% of phenocrysts and usually over 70% of the microcrystals. The 

phenocrysts have similar sizes, shapes and zoning patterns to the 
host lava phenocrysts - this suggests a cognate origin. The 
inclusion phenocrysts may be rare, *and are always less concentrated 
than in the host lavas. In addition, they are not in mutual contact 
but are separated by the microcrystals which form the bulk of the 

autolith. 
The plagioclase margins have often continued growing past their 

euhedral magmatic shapes to meet the other crystals. Thus the 

autoliths have often solidified I S4011. before extru A. The smaller 
microcry, stals (Plate 5.19) are less twinned and normally rather than 
oscillatory zoned. Extinction angles on (010) si; ggest that the 
phenocrysts are more calcic than the microcrystals. The phenocrysts 
often show signs of alteration, such as a spongey texture and opaque 
inclusions, which may not be present in the phenocrysts of the host 
lava. 

Orthopyroxene. 

Orthopyroxene is the second most abundant autolith mineral. Again, 

two size ranges are present, where the larger plienocrysts are si. milar 
to the host-lava orthopyroxenes. orthopyroxeTLC is of ten more 
concentrated and usually more oxiddised than in the host lavas. Some 
orthopyroxenes show ophitic cryst"llisation with the small plagioclases 

another indication of pre-eruption solidification. 
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Olivine and clinopyroxene. 
These minerals are present in the autoliths, but are not 

.1 modally importan t. This indicates, in contrast to the plutonic 
nodules, that basaltic magma is not. usually involved in the origin 
of these inclusions. When present, both minerals are also found 
in the host lavas - another strong Indication of the autolith's 
cognate origin. 

Amphibole. 
Green amphibole has not been seen in the autoliths, which 

usually show some signs of amphibole -breakdown. This breakdown is 

often of the blac k type, suggesting alteration at low volatile pressures 
and high temperatures. One of the freshest amphlboles3fromý specimen 
SD71, is shown in Plate 5.19. The crystal has grown roiltilitically 
within the inclusion, but is free from included minerals where it 

projects into the host lava. Again, this strongly suggests a cognate 

. origin. 

Silica. 
Quartz phenocrysts have not been observed in the autolithsq but 

silica is present interstitially. This silica often exhibits a 
'tiled' structure and has a refractive index less than balsam, so is 
probably tridymite or cristobalite. This must have crystallised 
late, and has been prevented from redissolving in the liquid by 
isolation from the magma. The reason for the presence of low-density 
silica polymorphs is nct known, but it may be connected with the 
Volatile conditions. 
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lavas and included autoliths. * 

post Lavas- 99H 20011 22811 358H 392H 461H 

Sio 2 6-1.7 61.9 61.6 64.7 64.3 64.6 
Al 203 17.1 17.4 17.9 16.4 16.0 16.0 
Fe 2035.8 6.8 6.8 5.8 6. o 6.2 
M&O 1.4 1.5 2.2 1.3 2.0 1.2 
CaO 6. o 7.0 6.6 5.9 6. o 6.4 
Na 203.7 3.3 2.8 3.6 3.2 3.3 
K201.6 1.3 1.2 1.6 1.9 1.5 
TO 2 o. 47 0.60 0.62 0.49 o. 47 0. '. 51 

Autoliths. 99X 20OX 228X 3 58X 392X 461X 
Sio 2 57.7 -56.7 52.5 56.8 55.7 56.0 
Al 203 18.4 18.0 20.0 19.1 18.2 18.8 
Fe2038.4 9.4 9.4 7.7 8.5 8.6 
M30 2.7 2.5 4.3 3.0 3.7. 2.8 
CaO 8.0 8.4 9.8 8.3 9.0 8.8 
Na 202.9 2.7 2.2 3.0 3.0 3.1 
K201.0 1.0 0.74 1.0 1.0 0.85 
TO 2 0.68 0.92 0.92 0.75 0.69 0.78 

TABLE 5.3 
Compailson of average host lava, aitolith, and Foundland basaltic andesite. * 

Host lava. autolich. Foundlarid basaltic andesite. 
Sio 2 63.5 55.9 56.0 
Al 203 16.8 18.8 18.4 
Fe 203 6.2 8.7 8.8 
14go 1.6 3.2 2.7 
CaO -6.3 8.7 8.9 
Na 20 3.3 2.8 3.4 - K20 1.5 0.93 0.71 
TO 2 0.53 0.79 0.85 

Ba 268 167 135 
Nb 5 6 8 
Zr 110 72 80 
y 25 22 24 
Sr 265 295 278 
Rb 47 31 23 
Z" 60 77 80 
Cu 50 95 101 
NI 2 5 2 
10OFe 203 /FcO + Fe 203 43 65 34 
100', 'IgO/Fe 203+ mgo 18 27 23 
1001,; a 2 O/Na 20+K20 69 75 83 

* All Fe expresscd as Fe 20 39 
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Glass. 

A few autoliths contain interstitial glass, indicating that 
some are-caught in the process of formation before extrusion. 

5.14.4 Chemi sýry. 
In six cases, specimens of autoliths and their host lavas had 

been collected, so separate analyses were made. These are listed -in 
Table 5.2s where a striking similarity is apparent between each group. 
They are considered similar enough to justify averaging the analyses; 
these are presented, with averaged trace elements, in Table 5.3. 
The average of 8 Foundland lavas with SiO 2 between 55 and 57% is also 
given. The autoliths all contain between 6 and 9% less silica than 
-their host lavas. The following observations place important 
constraints on the possible origin of these inclusions: 

The autoliths are not simple segregations of crystcals from a 
magma, as total alkalis and incompatible trace elements are too high, 
The average autolith has 0.93% K0 and 31ppm Rb- this contrasts with 2S 
many cumulate xenoliths where even amphibole-rich varieties have K20 
Iess than 0.3% and Rb below the detection limit (see Appendix 2.3 
pages 104-107). 

2. Bearing in mind the petrographic differences, the similarities 
between the average autolith and the Foundland basaltic andesites 
is quite remarkable. This strongly suggests that the autoliths wer*e 
once in a magmatic condition and have since solidified with a limited 
exchange of material between inclusion and host lava. 
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3. FeO determinations have been made; the resulting 100 Fe 203/ 
FeO + Fe 203 ratios are listed in Table 5.3. , Both the host lavas and 
autoliths are more oxidised than the Foundland lavas, whilst the 
autoliths have some of the highest-oxidation numbers measured. 

5. i4.5__Origin, 
The lack of reaction between autoliths and their hosts, coupled 

W ith the presence of similar mineral assemblages, suggests that 
we are dealing with cognate inclusions which have formed by some type 
of magmatic differentiation. The concentration of incompatible 
elements$ contrast 'in crystal size ranges, and the absence of any fabric 

suggests that we are not dealing with normal cumulus proccsses. The 

presence of amphibole indicates an origin at a depth > 3km, whilst, 
the common signs of oxidation and amphibole breakdown suggest some 
period of alteration after solidification. 

Williams and others (1958, p. 125) have suggested that autoliths 
--represent fragments torn from the wall rocks of m agma chambers or 
volcanic conduits. However, this theory fails to explain the absence 
of autoliths in basalts and the lack of angular fragments such as the 
metasedimentary and some cumulate xenoliths. In fact, the autoliths 
are concentrated in thick lava flows and domes, which are extruded byý 
relatively non-violent eruptions and would be least likely to tear off 
fragments of wall rock. 

If these inclusions have originated by differentiation within tho 
body of an andesitic parent magma, týen there are two likely 
explanations. Firsts a separation into fractions could be the result 
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of liquidiumiscibility, followed by different solidification rates 
in each magma pocket. This could explain the inclusion's shapes, 
distribution, and incompatible element retention; but it would find 
little support from experimental studies. Second, the. inclusions 
could represent clusters of crystals which have somehow aggregated and 
retained some acidic, incompatible-element-rich liquid. This 
might happen under certain conditions best developed in static andesitic, 
magmas prior to eruption. Once formed, the viscous andesitic 
magmas would act to hold the inclusions together until solidification. 

The writer does not feel that any convincing theory for the 
formation of these enigmatic inclusions is yet available. However, 
in this section they have been described and some limiting factors 

considered. A fuller understanding must await a more detailed study. 
This should include a quantatitive field investigation of autolith 
distribution in the volcanic environment, together with a search for 

the site of formation of thcse inclusions in the core of an eroded 
volcano. 
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CHAPTER 6: VOLCANIC ROCK, CHEMISTRY 

6.1 Introduction. 
The mineralogical gradations of the Dominican suite have been 

described in Chapter 5. This Chapter investigates the chemical 
gradations of the suite as a whole and for individual centres. 
Details of analytical procedures and of presentation of the analyses 
aize given in the Appendix, pages 22-32, 

Almost all the specimens collected are very fresh and are not 
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affected by surface weathering or mild metamorphism. However, in 

view of the environment., a geochemical method of 'filtering' weathered 
rocks was devised. Some altered rocks were deliberately analysed 
(Appendix 1.3.4, p. 63), to establish how the weathering process could 
be detected. The weathered samples are depleted in silica and alkalis 

and relatively enriched in alumina - this was anticipated as the 
trend towards bauxite formation. The analyses have been plotted on 
aiAl 203 /K 20 versus Al 203 /Sio 2 diagram, given as F ig. 6.1. There is 
a clear distinction between the trend of the fresh rocks'and those 
which show signs of weathering. In this way two unsuspected, altered 
rocks were detected. Unfortunately, the few specimens which are 
hydrothermally altered in thin seption still plot on the 'fresh' trond, 
so the method is only capable of detecting surface, rather than 
hydrothermal, alteration. 

A chemical classification of the Dominican suite has been 
described in section 5.4 and is illustrated in Fig. 5.51 p. 149. Its 
essential simplicity and modal connotations are important attributess 
No aphyric lavas have been found, and all but one of the lavas are 
quartz-normative, so a normative classification is neither useful 
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nor necessary. It is of course unsatisfactory to have a different 
classification for each area, but until one system becomes generally 
accepted it is worthwhile continuing with a classification. that is 
locally useful. The calc--ýalkalic 'character of the Dominican suite 
has already been mentioned- perhaps the best way of illustrating 0 
this is with an AFM diagram. This is shown for all the Dominican 
data in Fig. 6.2, where the trend of alkali., rather than iron, 

enrichment is clear, 

6.2 -Variation with Silica. 
Various workers have emphasised the petrogenetic inadequacies 

of variation diagrams (Chayes, 1962,1964; ýearce, 1968); Yet they 
remain an objective and widely used method of visualizing Scochamical 
data. They are particularly useful in island arcs which are 
characterised by trends of silica enrichment. Accordingly$ th3 
Dominican major-oxide and Itrace-element data have been plotted on 
Harker diagrams and are presentedin Fig. §. 3. The variation of silica 
with P205 and Nb, is somewhat irregular so has not been shown. These 
graphs have been traced from the output of a computer line-printers 
hence the geometrical spacing of the points. The silica values are 
plotted to an accuracy of + 0.2 wt. 'I'o SiO This is probably less than 2* 
the analytical error and the situation is similar for the 'other 
elements.,, Three distinctions have been made in Fig. 6.3: 

1. Lavas from the Foundland centre are represented by closed circles* 
2. Lavas, dome rocks and pyroclast-flow blocks from all other centres 

are represented by open squares. 
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3. ryroclast-flow fines are represented by closed triangles. Under 
the microscope these fines are seen to be composed of glass shards. 
They are thcught, to represent the liquid fraction from the dacites 
and predict the direction of continued fractionation. 

It is of course debatable whether such porphyritic rocks can be 
regarded as magmatic liquids$ since some crystal separation has almost 
certainly occurred. Probably the best Cluc lies in #, he composition of 
the interstitial glasses which are found in the plutonic nodules. 
Analyses of these glasses are given in the Appendix, list 9B, p. 199; 
they are very similar to the composition of Dominican volcanics. As 
the plutonic and volcanic mineral chemistries are similar, they probably 
formed in the same geochemical environment. Hence the trends shown 
in Fir, 6.3 may depart little from liquid 

. 
lines of descent. 

The following important conclusions are made with respect to 
Fig. 6.3: 

1. With increasing silica and alkalis, all other major elements 
show trends of depletion. The direction of mgO depletion is thought 
to represent the direction of fractionation or falling liquidus 
temperature (Thompson, 1973). 

. Ihe trace elements Ba, Zr and Rb increase with silica enrichmentg 
vhilst Sr. Zn, Cu and Ni show depletion. Y does not vary systematically. 

The gradational character of the suite is best explained by 

processes of fractional crystallisation (Bowen, 1928). However, the 
Foundland basaits and the andesites and dacites from other centres 
do not merge in the plots for Na 20 and K20, and there is a distinct 
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increase in Ni in the andesites, to a maximum of 7 or 8 ppm. This 

cannot be explained by processes of fractional crystallisation and points 
to the presence of at least two parent magmas. 

Wo large-scale contamination is present or there would be a 
divergent trend towards the composition of the contaminants. Of 
course, assimilation of pre-existing solid or liquid members of the suite, 
cr of small volumes of non-igneous country rocks, is not ruled out*. 

There is a =rked contrast in the relative abundance of basalt 
and dacite between Foundland and the other centres. The large number 
(240) of specimens analysed, and the eroded terrain, indicate that this 

conclusion will not be altered because of biased sampling and that it 

can be confidently applied to at least the post-uplift activity. 

6. Therc is a dearth of exposed material between the 
concentrations of basalts and dacites in the Foundland and Plat Pays 

type centres. respectively. There are only 8 specimens with SiO 2 in 
the range 57-60 wt. %; this represents 3% of the material analysed and 
less than 2% of the material collected. This is similar to the 
compositional gap near the basalt-andesite transition in many 
anorogenic volcanic suites (Thompson, 1972). In Dominica this gap 
may result from parcnt magmas of different composition. 

These variations are not significantly differentfrom those 
shown by lavas from St Kitts (Baker,, 1968a), St. Lucia (Tombling 1964), 
Hontserrat (Rea, 1974), and other islands in the central and northern 
Lesser Antilles (J. G. Holland, pers. comm. p 1974). 
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6.3 Chemical Differences Between Centres. 

Despite a concentration in particular parts of the suite, both 
the Foundland and Plat Pays centres contain lavas of all compositions. 
It is therefore desirable to quantiofy these volumetric differences. 
Due to I ack of exposure it is not possible to calculate the relative 
volumes of more than the surface capping; and as was shown for the 
Horne Anglais Centre, p. 126, the subsurface may be of drastically 
di'fferent composition. instead, a method of silica distribution of 
selected samples has been used. This is unfortunately subjectivel 
but that is unavoidable. An attempt to remove the bias towards 
surface material has been made by including only one analysis from 

each deposit that, from field investigation, is thought to have 
formed from one eruption. over long periods this will hope*fully be 

proportional to the volume of material erupted. No allowance can be 

made for the material lost at pea, or for that widely dispersed as 
pyroclast fall. However, in Fig. 3.4, p. 75, there is no particular 

-compositional concentration amongst pyroclast-fall deposits. The 
effect of pyroclast-flow deposit lo6s will be to decrease the relative 
volume of andesite and dacite in Plat Pays type centres; though this 
cannot affect Foundland-type centres where no pyroclast-flow deposits 
have been found. 

Foundland, Plat Pays, and Trois Pitons are the only thice centres 
where erosion has exposed specimens in river and cliff-sections which are 
thought to be representative of the material crupted. The situation 
for other centres is not so clear as few analysed samples may be 
available, or the samples may be strongly biased towards one particular 
eruption, e. g. the Macaque centre by the Roseau pyroclast f low. 



22 4. 

r otivirie pyroxene- basaltic: - hornblendO dacite basalt basalt andesite 
jandesite I 

FA ý Morne Plat PaYs 

50 55 

c Morne Trois Pitons 
cr 

60 65 0 wt "0 Si02 
111.1 1 3_1 4 Ill 19 14 1 number of 

specimens per 
0 OSiO2 

51 55 60 615qasI above 121213E211 1111 121212121__l 
FCý Foundland 

50 55 60 65 1 
121213141111715141612111 1 -ýCls (above 1212111 1, I 

Fig. 6-4. Estimated relative volume distribution throughout 
the suite for three Dominican volcanic centres. 

hk6. 



6 

A continuous frequency distribution is preferred to a histogram 
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since the latter disguises the gradational nature of the suite. The 
distributions are shown in Fig. 6.4, where it is clear that despite 
the problems mentioned, the distin6tion between the Foundland and 
Play Pays centres is very marked. We may conclude that there are 
major differences between the relative extruded volumes of different 

sections of the suite. The situation for Morne Trois Pitons is 
intermediate between the other centres, but the compositions of the 

volumetric maxima do not coincide with those from Foundland and Plat 
Pays. 

How do we explain these differences? Bearing in mind the 
strontium isotope evidence (considered in Chapter 7), that rules out 

%. ial, there are two likely possibIlities contamination by continental mater 

1. There is a -. -elatively constant compositiongbasaltic parent 
magma from which other members of the suite are derived by fractional 

crystallisation. 
2. The parent magmas are of variable composition. 

It is the writer's conterition that, during the sampled activity, thcsc 
volume differences are best explained by the latter possibility. 

If fractional. crystallisation were responsible it would be 
difficult to explain the drastically different relativc. and absolute 
volume of andesite-dacite material in each contra. it would be 
necessary to postulate that in Plat Pays type centres, 'basaltic magmas 
are more abuDdant than in Foundland-type centres. Yet they would 
not reach the surface and wquld fractionate at depth$erupting only 
when an andesite-dacite composition has been reached. Furtbermore) 
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beneath Plat Pays type centres there would be a volume of ultrabasic 
cumulate at least as large as the erupted volume of andesite. Although 

this is all possible, it is not likely and the postulate of andesitic 

parent magmas has far less drawbacýs. 

Unfortunately, the geophysical evidence for the presence of I 
ultrabasic crystal cumulates is inconclusive (P. Kearey, pers. comm. s 
1974). The only direct evidence is the ultrabasic plutonic nodules 
that are found in the Foundland Centre (Plate 9.1), and are absent in 

the Plat Pays centre. This indicates that some fractional crystallisation 
does occur and could be responsible for the Foundland centrelvolume 
distribution shown in Fig. 6.4c. 

6.4 The Transitional Nature of the Dominican Suite. 
JakewS and White (1972) state: 
"The transitional character of all associations in island-arc 

areas must be pointed out, and thus any petrogenetic scheme is 
insufficient if it can be applied only to a single associatiun or 
group of rocks. " 

The transitional character of the Dominican suite is illustrated 
in Fig. 6.3f, where the island-arc tholaiitic and calc-alkalic series 
are 'shown as defined by JakeS' and Gill (1970). The Foundland basalts 
belong to the tholeiitic series whilst the lavas from other centres 
are transitional and may be referred to as low-K andesites, 

Kuno (1966; 1968) has pointed out the variation in mngma types 
across Japau. He classified the three series as tholeiitic, Iiipb- 
alumina, or alkalic according to the variation of silica with total 
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alkalis. A silicaversus total alkalis plot is shown for the 
Foundland and Plat Pays centres in Fig. 6.5, where Kuno's (1968) 
fields are marked. Clearly on this definition the whole Dominican 
suite is tholeiitic. However, an inspection of the Al 203 Harker 
diagram, Fig. 6.3a, reveals that the Dominican basalts contain between 
18 and 20% Al 203- more than many of Kuno's (1968) high-alumina 
basalts. Therefore a more accurate description for the Foundland 
basalts would be high-alumina tholeiites, 

Jakevs and Gill (1970) also use K/Rb ratios to assist in their 

. distinction between the island arc tholeUtic (870-1000)s calc- 
alkalic (340-500), and shoshonitic (200) series. In Fig. 6.6jRb 
is plotted against K for Fouridland and Plat Pays lavas. The K/Rb 

ratio is seen to range between 200 and 400. Therefore using this 
parameter, the Dominican suite would be transitional between the 

"xar. 'Plcls calc-alkalic'and shosonitic series. In compacison with 'Lypc f. 
of the island-arc tholeiitic series, Dominican basalts are curiched 

- in Rb by a factor of 2 or 3. 
In Fig. 6.6, there is a gradation between the K/Rb ratios of 

Foundland and Plat Pays specimens. Therefore, the derivation from one 
type of source rock by variable degrees of partial malting is more 
likely than derivation from contrasting sourcc rocks. There is 
also a decrease in the average K/Rb ratio from 300 to 250 with 
increasing evolution of the series. This is similar to other arenas 
but is too slight to allow considerable amphibole fractionations 
Measured K/Rb ratios for calc-alkalic amphiboles are usually > 1000 
and would lead to much lower K/Rb ratios if significant amphibole 
fractionation occurred (Jakes' and White, 1970). 
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2 

Another important distinction between the island arc 
tholeiitic and calc-alkalic series is the degree of iron enrichment 
shown by intermediate members. This is illustrated in Fig. 6.2, where 
the Dominican trend is intermediatq between that for Skaergaard and 
the Cascades. Miyashiro (1974) has emphasised the importance of the 

il degree of iron enrichment in disýinguishing between the two non-alkalic 
series in island arcs. In order to visualize changing Si and Fe, he 
us'es FeO * /MgO versus SiO 2' and FeO*/MgO versus Feo* diagrams. (FeO* 

represents total iron as FeO; in this work, total iron has been 

calculated as Fe 0 hence Fe 0* has been used in the diagrams. The 2 3' 23 
trends from Miyashiro's diagrams have been adjusted accordingly)@ 

Foundland and Plat Pays data have been plotted on these diagrams 

and are shown in Fig. 6.7. Miyashiro's boundary between the 
calc-alkalic and tholciitic series is slnwn, together with the extrome 
trends shown by the Skaergaard liquid and by the týMagj volcano from 
the Izu-Bonin arc, The Dominican data are again seen to be transitional 
between the tholeiitic and calc-alkalic series. Ilowever, Foundland 
basalts all plot in the tholeiitic field whilst the Plat Pays and 
Foundland andesites and dacitcs are transitional between the series. 
This is identical to the situation shown in Fig. ' 6.3f. The rate of 
silica enrichment (Fig. 6.7a) is greater in the Foundland than in tho 
Plat Pays lavas. In Fig. 6.7b, there is no suggestion of an 
initial enrichment in Fe 203*' and on this basis, the Dominican sijitO 
shows calc-alkalic, rather than tholeiitic tendencies. 

Another important conclusion to be drawn from Fig. 6.7 is that 
the Foundland and Plat Pays lavas do not grade into each other and 
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therefore are not related by processes of fractional crystallisation. 
In summary, theessential features of the Dominican suite are low-K, 
low K/Rb, and high alumina. The Foundland centre is just tholeiitic 
whilst the Plat Pays centre is transitional between the tholeiitic 
and calc-alkal. ic series. It must be emphasised that these two centres 
are only 7km apart and have both been active during the Pleistocene. 
Therefore the concept of temporal evolution from the tholeiitic, to 
the ealc-alkalic series (Baker, 1968b; Gills 1970), and the large-scale 
zonation across island arcs (Kuno, 1966), may need refinement on a 
local scale. 

6.5 Controls of Fractionation. 
From the preceding diagrams, e. g. Fig. 6.3j it is clear that the 

Foundland lavas may be related to each other by processes of fractional 
crystallisation. The whole-r6ck chemistry does suggest which phases 
have been important in thi. -O process, Pearce (1968) has explained how 
Harker diagrams and other ternary wt. % diagrams distort genetic tranda 
by changing their slopes. He suggests that molar-ratio plots should 
be used to determine the exact variation bewben components. 

In these diagrams, one of the components (the divisor D) is a 
constant which does not change its volume in the system. In cases Of 
multimineralic fractionation, as in Dominica, some amount of cvory 

I component will probably be taken out of the system. Ilowcvcrg by trial 
and error, the element which is most concentrated J. n residual liquids 
can be determined and used as the divisor. The resulting trends are 
the best approximation to the true fractionation scheme, The procedure 
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is to plot Sio 2 /D versus unknown/D (Fig. 6.8a)*. If the unknown element 
is less concentrated in residual liquids than D, a trend of positive 
slope will result (Fig. 6.8a, route 1). If the unknown is more 
concentrated in residual liquids than element D, a trend of negative 
-slope results (Fig. 6.8a, route 2). 1f the trend is horizontal, then 
both the unknown and divisor element are remaining in the'liquid as 
silica is subtracted (Fig. 6.8a, route 3), ' 

For the Foundland dataa series of plots were made with different 
divisors'to. determine which element is Most concentrated in-residual 
liquids. This was found to be Rb. - Accordinglymolar-ratio plots 
were constructed for the'major oxides using Rb as the divisor. ' The 
trends produced were very convincing, with a narrow spread of points; 
they are represented by lines in Fig. 6.8b. The trends have positivC 
slopes indicating that all the major components are fractionated from 
the parent magmas. The important features are the rates of decrease 
of slope from basaits on the right to dacites, on the left* 

The differing molar concentrations of the main magma components 
during fractionation are clearly seen in Fig. 6.8b. The minor 
components Na 2 Os TO 2 and K20 show approximately straight line trendsp * 
indicating that they are subtracted from the liquid at a constant rateo 
The near-horizontal tren4 of K20 suggests that after Rbj it is the 
element most concentrated in residual liquids. if K20 in usod as 
the divisor, only the plot for Rb as the unknown clemant has a negative 
slope. ý The major components, CaO, 'Al 20 3' 11P'O' and Fe 203* show steeper 
slopes during the early fractionation In the basalts, This is 
particularly clear in the ca. se of MgO which shows a marked change 



235. 

in its rate of depletion from basalt to andesite. This suggests 
that -olivine fractionation is important at this stage, and is supported 
by the Harker diagraia for Ni, Fig. 6.3p. Fe 203* shows an almost 
constant rate of decrease. This suggests that magnetite is an important, 
early fractionating phase. The convergence of the curves for MgO 

and Fe 203* is gradual and illustrates the rate of increasing Fe/Mg 

ratio with fractionation. 
The steep depletion of CaO and Al 0 hroughout the suite is best 23" 

explained by calcic plagioclase fractionation. This is supported by 

the Sr decrease shown in Fig. 6.3b, since Sr is concentrated in 

plagioclase. Na 20 is the only component to show a slower initial rate 
of depletion. This is related to the very low concentration of Na 20 
in anorthite of less than 1 wt. % (Appendix p. 77), and concentrations 
of about 2.2 wt. % in the most basic lavas. The slow rate of decreaso 
of K0 in the liquid rules out any large amount of amphibole 2 .4 

fractionation. Dominican amphiboles contain about 0.3 wt. % K20 
(Appendix p. 78), which is only olightly less than the K20 contents of 
the most basic lavas. Amphiboles also concentrate Y (Chapter 10), 
and there is no sign of a trend of Y depletion from basalt to andesitc 
in Fig. 6.3k. 

The gradational character of the Foundland suite can therefore 
be explained by fractionation of the phases found as phenocrysts in 
the lavas. From FiZ. 6.8b, we can also calculate'the relative 
volumes of differentiate that can be produced from the most basic 
magmas found. Using the CaO trend as an example, the most basic 
magmas have a Cao molecular proportion/Rb ratio of about 3.5, whilst 
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the andesites have a value of about 0.4. Thus about 11% by volume 
of andesite is produced by this fractionation scheme. This agrees 
well with the relative volume distribution for Foundland lavas shown 
in Fig. 6.4c. However, it also indicates that similar processes 
are unlikely to produce andesite in the Plat Pays type centres as 
such a large volume of hypothetical parent basalt would be necessary. 
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CHAPTER 7: COMPARISONS 14IT11 OTHER ISLANDS IN THE VOLCANIC ANTILLES. 

7.1 Introduction. 
In previous Chapters, some similarities and differences between 

Dominica and the other volcanic Antilles have been mentioned. Many 
workers have carried out diverse studies in the arc, so it is useful 
to place Dominica in its regional petrological setting. We can then 
see how far the conclusions from Dominica apply to other islands. 
A consideration of the reg. ional volcanicity is also important as a 
basis to the plutonic nodules study described in Part. 3. 

Comparisons along the length of island arcs have often been 

neglected at the expense of the more obvious variations across arc, 
(Kuno, 1966; Dickinson and Hatherton, 1967). In this Chapter it is 
shown that t-here are differences along the volcanic Antilles just as 
significant as those across Japan (Kuno, 1966) and Now Guinea 
(Johnson et al., 1971). Any successful petrogenetic theory must be 
able to explain both the long itudinal. and the transverse variations. 

7.2 Volcanological Variations, 
Volcanological comparisons are perhaps the most difficult to establish, 

since field geologists may disagree about the recognition of certain 
features. However, differences between centres are present, as has 
been shown for the extreme cases of the Foundland and Plat Pays centres 
in Dominica. The principal difference betwecn these centres, that 
is recognisable in the field, is the abundance of pyroclast-flow 
deposits. These have not been found in the Foundland centre and are 
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very abundant in the Plat Pays centre. Baker (1969, p. 226) has 
repoxted that pyroclast-f low deposits are absent amongst the more 
recent extrusives of Mt Misery; Rea (1970) notes a similar difference 
to that between Foundland and Plat Tays, betweein the predominantly 
basic)South Soufriere Hill centre and the dominantly andesitic, 
Soufrie're Hills centre in Montserrat. 

It is therefore clear that these extreme types of centre are 
found throughout the volcanic Antilles and it is proposed that they 
be known as basic centres, and intermediate cen*k*. res. In Table 7.1 

- some type examples and references to their descriptions are given, 
These terms are not meant to signify that only basalt or only 
andesite and dacite have been erupted from the centres listed. They 

merely rcfer to a dominance of basic or intermediate materialand a 
dearth of pyroclast-flow deposits 'in the basic centros. Pea (1970) 
has noted how'the ultrabasic nodules seem to be restricted to the 
basic centres. 

Estimation of 4the relative abundance of rock types is fraught 

with difficulties (p. 223) but Tomblin (1968) has suggested that the. 
Lesser Antilles as a whole contain 25% basalt, 67% andesite, and 7% 
dacite (rock-type boundaries as for Robson and Tomblin (1966), shown in 
Fig. 5.5, p. 149). The larger number of clearly defined intermediate 
centres is therefore a reflection of the relative dominance of 
andesite in the arc. 

From the various works quoted in Table 7.1, the following 
generalisations can be made about the distribution of plaistocene 
rock types along the arc, which may be divided into three groups: 
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1. Northern ýrou2. The smaller islands from Saba to Montserrat: 
are dominated by andesitic. centres, and dacite is of minor importance. 
Mt Misery and South Soufriere Hill are the notable exceptions. 

2. Central group. The larger central islands$from Basse Terre of 
Guadeloupe to St Lucia, are also cbaracterised by intermediate rocks, 
but dacite becomes very important in some centres, e. g. the Pitons. 

dq Carbet in Martinique and the Soufriereregion of St Lucia, where 
large quartz-biotite-dacite domes are developed. Basalts may be 

important in some centres, e. g. Foundland in Dominica, 

Southern group. The southern islands from St Vincent to 
Grenada contain volumetrically dominant basalts, but andesites and 
dacites may be most important in some centress e. g. lit St Cath,., ri",,,. 
in Grenada. 

Apart from the volumetric importance of different members of the 
suite, there are also differences in absolute abundance of erupted 
material. In Grenada, an Eocene sedimentary basement (the Tufton 
Hall formation) is exposed. This suggests that only the volunto of 
material above sea level has been erupted since the Eocene (Arculus, 
1973, p. 82). The highest point, lit St Catherinel is 910m above sea 
level. In the central islands, the basemenL, to the limestone Caribbees 
is not expos'ed, aad four'young volcanoes rise to about 1400m 
(page 42). Clearly, the total volume of extruded volcanics, is much 
greater in the centre of the arc. This volume-difference has also 
been noted by Lewis and Robinson (1974). 

It is not known if the volume extruded is-greater in the central 
than in t"he northern group, -because of the bifurcation of the 
volcanic Ant'Alles and the limestone Caribbees , p. 17. Howeverg the 
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arc reaches a near-maximum divergence at Guadeloupe, yet Basse Terre 
has more afinities with the central than with the southern islands, 
There does seem to be a greater concentration of major Pleistocene 
centres in the central group, e. g. '10 in Dominica. The evidence 
therefore weakly suggests that there has been a greater volumetric 
output in the central, than -in the northern group. 

7.3 Petrographic and Mineralogical__Com2arisons. 
Apart from the obvious differences associated with the variable 

rock types, there are some important petrographic differences between 
the same rock types along the arc. No significant differences are 
known to the writer between rocks of the same silica content from the 
central and northern islands. They are mostly porphyritic and show 
petrographic features similar to those described for Dominica (Baker 
1963; Tomblin., 1964; Robson and Tomblin, 1966; Rea, 1970). Modal 
analyses have been extracted from these works and plottcd as in 
Fig. 5.3, p. 145. When compared with the Dominican modes, there 
are a few less-porphyritic basalts from St Kitts and St Lucia, but 
the general similarities are very close, 

Modal estimates for St Vincent and Grenada lavas (Lewiss 1964; 
Arculus, 1973), indicate that there are significant differences 
between the basalts from the southern and northern groups, In 
particular, the development of basalts with phenocrystal olivine 
modally greater than plagioclase has not been reported from the central 
and northern islands. The Grenada microphyric picrites represent 
the material least affected by high-level cooling processes in the arc, 
However, these differences do not apply to Grenadian and Dominican 
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andesites and dacites, which cannot be distinguished petrographically. 
There are also important chemical differences between the minerals 

from the south arid the rest of the arc. For instance, the most 
Mq-ricL olivines that have been recorded from islands where a 
reasonable number of specimens have been analysed are: . 

island Olivine composition Analyst 

Montserrat FO 76.6 E. B. Curran 
Dominica FO 82.4 K. J. A. Wills 
St Vincent FO 88.4 E. B. Curran 
Grenada Fo 90.3 R. J. Arculus 

On this basis also, the southern-island's basalts are more primitive. 
It was noted, page 182, that on Grenada, orthopyroxene enters the sufte 
much later, and that this is probably due to a lower silica activity 
in Grenada magmas. Some Grenada pyroxenes also have higher 
Mg-numbers than any from the northern and central islands (Arculus 
and Curran, 1972). Plagioclases from Grenadian basalts have core 
compositions in the range An 80-90 (Arculus, 1973); this contrasts 

with a range of An 88-96 in Dominican basalts. As the Grenada mafic 
minerals have higher Mg-numbers, higher crystallisation temperatures are 
suggested, so it seems probable that the less calcic plagioclase 
is explainad by lower water pressures. When this is coupled 
with the dearth of pyroclast flows on Grenada, it points towards 
lower water contents in Grenada magmas. This also seems 
true for the Grenadines, and possibly for St Vincent. Pyroclast-flow 
deposits are present on St Vincent (the 1902 eruptions); but 



TABLE 7.2 
Major e lcment chemistry and normative mineralogy of the most basic average 

magmas from seven suites in the Lesser Antilles. 

St Kitts Montserrat Dominica St Lucia St Vincent Grenadines Grenada 

MaJors* 
Sio 2 43.3 52.1 49.1 51.4 48.1 45. o 44.8 
A12 03 19.6 19.3 20.0 17.8 17.8 16.8 15.3 
Fe 203 9.7 9.0 10.3 9.3 9.7 10.9 10.7 
MgO 6.2 4.8 5.4 5.5 10.0 11.3 13.8 
CaO 12.2 9.9 11.1 11.8 10.1 12.7 11.9 
Na 20 2.5 3.2 2.2 2.4 2.4 1.7 1.7 
K20 0.33 0.62 0.29 o. 45 0.45 0.44 0.50 
TO 2 o. -94 0.76 1.22 1.05 1.15 0.82 0.88 
MnO 0.16 0.19 0.20 0.18 0.23 0.18 0.17 
P205 0.07 0.13 0.19 0.12 0.07 0.16 0.25 
C IPW 
quartz 0.0 2. o 2.1 3.6 0.0 0.0 0.0 
orthoclase 2.0 3.7 1.7 2.7 2.7 2.6 3.0 
albite 21.3 27.3 18.8 2o. 4 20.5 11.7 11.0 
anorthite 41.6 36.7 44.2 36.7 36.7 37.2 32.9 
nepheline 0.0 0.0 0.0 0.0 0.0 1.51 1.9 
diopside 15.4 9.7 8.2 17.4 10.6 20.3 19.9. 
hypersthene '7,, 5 15.4 18.2 13.2 11.0 0.0 0.0 
olivine 6.6 0.0 0.0 0.0 12.4 20.6 24.9 
magnetite 3.7 3.5 4. o 3.6 3.7 4.2 4.1 
ilmenite 1.3 1.5 2.3 2.0 2.2 1.6 1.7 
apatite 0.2 0.3 0.5 0.3 0.2 0.4 0.6 

Differentiation 
index 23 33 23 27 23 16 16 

l0OMgO/MgG4-FeOf% 
(mol. props. ) 71 66 67 70 80 79 83 
100K O/K O+Na 0 222 (wt. %) 12 16 12 16 16 21 23 

Analyses recalculated to 100, 11 0 free; 2 all Fe as Fe 0 2 3" Fe 20 3/FeO + Fe 203 set at 0.29. 
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they are significantly more basic than elsewhere in the arc 
(55-56% SiO 2 ). 

7.4 ChemicalComparisons 
The-alkalic nature of Grenada parent magmas has been mentioned 

earlier (p. 18). Arculus and Curran (1972), and Sigurdsson. and 
others (1973), have provided strong evidence that these ultrabasic 
magmas are derived by partial melting of the mantle. In this work, 
geochemical datahave been gathered from various sources to try and 
establish how the alkalic nature of each island's suite varies along 
the arc. The data are taken from Baker (1963), Tomblin (1964), Lewis 
(1964), Rea (1970), Arculus (1973), and this work. Harker diagrains 
for each island have been plotted, and the average compositions of the 
most basic material from each island have been taken where the trend 
lines cross the least sili ceous composition. 

The resulting 'average' parent magmas for each island are given 

- in Table 7.2 (recalculated to 100, water free, with all Fe as Fe2 0 3)' 
This method obviously has drawbacks as the diagrams from each island 
show a range Of compositions at any silica percentage. However, it 
is considered to give a better indication than averaging analyses since 
these will not reflect the most basic magma composition. From Table 7.2, 
the nepheline-normative character of the Grenada and Grenadines 
magmas contrasts with the quartz-normative magmas from Montserratj 
Dominica and St Lucia. In terms of the molecular ratio 1001190/1,190 + 
FeO*, again the three southern areas are clearly differentiated with 
ratios of about 80, contrasting with ratios of about 70 from the 
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other islands. 
I 

In its total characteristics, the St Vincent average 
magma is transitional between Grenada-Grcnadines, and Lhe central 
and northern islands, 

To present these differences graphically, an alkalis-silica 
plot is used. Average trends are again taken f rom the Barker diagrams 
for individual islands and are represented by lines in Fig. 7.1. 
These should really be zones, but that would confuse the diagram 
even if they are plotted as fieldsq the distinction is still clear. 
Suites from the southern islands plot in Kuno's (1968) high-Alumina 
basalt field, whilst the central and northern islands plot in the 
tholeiite field. The most basic Crenada and Crenadince magmas are 
nepholine-normative, but wiLh increasing silica there is a trannition 
to olivine-and then quartz-normative compnsitiona, 

If one considers the basic ends of the trends in Fig. 7.1, tharc 
is a geographical transition in the total Alkalis content at SL)7# S'()2 
between Grenada at 3.7%, tho Grenadines 3.2%, St VincenL 2.9%, 
St Lucia 2.8%, and the other iclanda St Kitts, 1.1ontearrnt and Dominica, 
at about 2.5%. In Dickinson and flathertonle (1967) modal, this would 
imply a deeper Denioff zono in the south of tho -arc, but the geophycicAl 
evidence does not suagest this (page IS)# 

It was supgooted (p, 15-16) that the mAjor BeophyRicnl dLiforancep 
beLwcen the southern islnndR and tho central and northorn groupal 
lower earthquake energy rcleace in the. couth, and LhAt 0118 COUld be 
related to n slower rate of subduction in Lhcllc couthern iolandc* it 

therefore Guggeotcd that a slower subductioti rate in tho major 
c, aur: sC of the development of alkalic cuLtes in the southern p ,, roup,, 
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The effects of a slower subduction rate on partial-melting processes 
are considered in Chapter 12; but it is noted here that there are 
considerable difficulties in postulating mantle-derived magmas for 
the southern group-and subducted oceanic-crust derived magmas for 
the islands further north. With reference to Fig. 7.1, where 
would one place the boundary? 

7.5 Trace Elements. 
Some trace elements riot determined in this work have been reported 

by other workers. Bakcr (1968a), Rea (1970) and Lewis (1971) report 
V, Cr, and Co values from St Kitts, Montserrat and St Vincent. They 

all decrease with increasing silica, suggesting fractionation of 
mafic phases, especially early olivine and continuous magnetite 
fractionation. Donnelly and others (1971) report Th and U 
abudances, which give Th/U ratios in the range 3.7 to 5.5, for Lesser 
Antilles lavas. They conclude that the Th-U distribution suggests a 

- minimum involvement of surficial materials and a derivation from thP 
upper mantle. 

7.6 Isotopic Evidence, 
Contamination by continental material is not suspected in the 

Lesser Antilles, as the arc is developed on an oceanic crustal 
basement. However, strontium isotopic evidence provides a dire ct 
method of ruling out large-scale contamination by acidic crustal 
material. During differentiation from basalt to rhyolitc, Rb/Sr 
ratios increase from about 0.05 to 0.50; thereafter the radioactive 
decay of Rb87 to Sr 87 will lead to higher Sr 87/86 ratios in acidic 
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TABLE 7.3 

Strontium i,,,, otope ratios from the Lesser Antilles. 

Island Specinien(s) Sr 87 /Sr 86 

St Kitts dacite. 0.7046 
St Kitts average of, 9 specimens 0.7038 
Montserrat average of 7 specimens 0.7034 
Guadeloupe dacite 0.7043 
Dominica dacite 0.7066* 
Dominica plag. phenoc rysts from above 0.7045 
Dominica andesite 0.7045 
Martinique basalt 0.7037 
St Luc ia dacite 0.7084* 
St Lucia andesite 0.7035 
SE Vincent average of 8 specimens 0.7041 
Grenadines andesite 0.7049 
Carriacou average of 5 specimens 0.7053 
'Grenada range of 8 specimens 0.7043-0.7050 

Average for many specimens from northern islands 0.7038 
Average for C2 many'specimens from southern islands 0.7048 

specimens thoug^ht to be ccntaminated lay radiogenic Sr. 

References. 
1. Hedge (1966) 
2. Pushkar (1968) 
3. Rea (1970) 
4. Hedge and Lewis (1971) 
5. Arculus (1973) 
6. Stipp and Nagle (1974) 

Ref. 

2 
4 
3 
2 
2 
2 

6 
6 
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igneous rocks. Therefore if significant continental material was 
involved in the origin of Le, -, ser Antilles magmass we would expect 

87/86 Sr ratios higher than values reported for primitive oceanic 
basalts. Faure and Powell (1972)- record an average Sr 87/86 ratio 
of 0.7037 + 0.0001 for oceanic-island basalts$ and they estimate 
an average value of 0.719 for the continental crust. 

Pushkar (1968) determined an average Sr 87/86 ratio of 0.704 
on seven specimens from five islands in the Lesser Afitilles. Ile 

concluded that the lavas were derived from the mantle with no 
significant addition of continental material. He found two 
anomalously high values of 0.7068 and 0.7086 on dacites from 
Dominica and St Lucia; these he explained by contamination from 

sedimentary materials at the base of thQ island pile. Pusfikar (op. 

cit. ) separated the plagioclase phenocrysts from the Dominican dacite 

and found that they had a Sr 87/86- ratio of 0.7045 --i'much closer 
to values from the rest of the arc. This also suggested that the 

- phenocrysts had crys'tallised before the assimilation of the material 
enriched in radiogenic strontium'. Dasch (1969) has reported an 
average Sr 87/86 ratio of 0.72 from marine sediments in this part of 
the Atlantic ocean. Anomalous Sr 87/86 r- at'ios from the Tonga arc 
have been explained in the same way (Ewart et al., 1973)o 

Many other Sr 87/86 ratios 'have been reported from. the Lesser 
Antilles; ' valUes for each-area, from north to south, 'are recorded in 
Table 7.3. Values for lavas north of St Vincent range between 0.7034 

87/86 and 0.7046. Stipp and Nagle'(1974) have made 168 now Sr 
determinations' on Lesser Antilles lavas*; *they give an average value 
of 0.7038 for the northern islands. This corresponds exactly with 
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the average value reported from Mt Misery, St Kittsý by Hedge and 
Lewis (1971). It is also very close to the average for oceanic- 9 
island basalts (above), and to the mean value of 0.7037 reported by 
Dickinson (1970) for the andesitic suites from the Marianas, New 
Britain, Izu Islands, Cascades and Central America. 

St Vincent has an. average value of 0.7041 (Hedge and Lewis, 
1971). Stipp-and Nagle (1974), give an average value for the-couthern 
islands of 0.7048. This lies within the range reported from Grenada 
(Arculus, 1973). Both Hedge and Lewis (1971) and Stipp and Nagle 

- (1974) have concluded that an origin from a laterally heterogeneous 
mantle, is most likely. 

Hedge and Lewis (1971) and Stipp and Nagle (1974) both report 
an overlC--p of Sr 87/86 ratios between all geographically associated' 
basalts, andesites anddacites, This J. mplies, like the K/Rb data 
given on page,. 228, that all the material. from individual centres was 
derived from the same source. The changes in magma type and Sr 87/86 

- ratio along the arc would be difficult to reconcile with an origin 
I from relatively homogeneoussubducted oceanic tholeiite. Peterman 

and Hedge (1971) report Sr 87/86 ratios mostly between 0.7020 and 
0.7030 for oceanic-ridge tlioleiites. Hedge and Lewis (1971) suggest 
that. partial melting of oceanic tholeiite should produce lavas with 
Sr87/86 in the range 0.7015 to 0.7030. Thus there is a significant 
diflg. erence between average oceanic tholeiite, and Lesser Antilles 
island-arc Sr 87/86 ratios. These differences could be explained by 
small degrees of contamination; but this ought to produce more 
variable ratios than those obeerved at'some centres, e. g. Mt Miserys 
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St Kitts where 9 specimens with silica contents between 48.8 and 
61.6% all gave Sr 87/86 ratios between 0.7036 and 0.7040 (Hedge and 
Lewis, 1971). 

Lead isotopic data for the Lesser Antilles have been reported by 
Armstrong and Cooper (1972) and Donnelly and others (1971) - both 
papers are based upon the same samples. Contamination by radiogenic 
lead is suspected for some samples, but there is a small spread of 
va . lues (2-4% range in Pb206/204 ) hich is indicative of an origin w 3. 

from one type of source material. The above workers favour an 
origin in which oceanic sediments are dragged into the mantle and 
partially melted to form calc-alIcaline magmas. However, other 
workers(Chase and Bunce, 1969; Westbrook 1973) have suggested that 
the unconsolidated Atlantic-floor sediments are scraped off the. Plate 
before it is subducted. Therefore it seems more likely that t. be 
radiogenic lead was derived from the sediments lying on the oceanic 
basement before volcanism began in the Lesser Antilles, e. g. the 
equivalent of the Tufton Hall formation in Grenada. 

Hedge and Lewis (1971) have suggested that the ultimate source 
of the Lesser Antilles lavas was the' mantle, and that the constancy 
of Sr 87/86 values may result from simple fractional crystallisation 
or from different degrees. of'partial melting of the source. The 
evidence presented in Chapter 6, and particularly Fig. 6.7, p. 230P 
argues that the basic and intermediate centres are not-related by 
processes of fractional crystallisation. lloweverý the diversity 
within each centre, particularly in the basic centres, can be explained 
by high-level fractionation of the phenocrystL, - found in the lavas 
(section 6.5). 
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Thus the model most consistent with the field, petrographic, 
chemicalsand isotopic evidence is of variable degrees of hydrous 
partial melting in the mantle. A small degree of melting may produce 
the nearly water-saturated andesites and dacites which form the 
parent magmas of the intermediate centres. A larger degree of 
partial melting produces the low-K tholeiite magmas which contain less 
water and are parental to the basic centres. If the degree of melting 
is even greater, the compositions will begin to approach those of the 
mantlý source rocks. This we see in the Grenada ultrabasic lavas, 
which may contain even less water, and act as parent magmas for the 
Grenada suite. Before all these magmas reach high-level magma 
chambers, mantle fractionation will lead to further diversification 
of liquid compositions. 



PART 3 

PLUTONIC NODULES FROM THE LESSER ANTILLES. 
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CHAPTER 8 INTRODUCTION 

8.1 Aims of 
In Part 2, the gradation in chemical composition shown by volcan1c 

rocks and minerals from the Lesser Antillies has been explained by 
processes of high-level fractionation. Consequently a study of the 
processes operating in that environment is necessary before we can 
extrapolate further back in time and consider the activity to greater 
depths. In particular we wish to know if the geochemically more 
evolved members of the-suite could be derived by differentiation of a 
connnon basaltic parent similar to the most basic lavas erupted 
throughout the arc. A study of the minerals from this plutonic 

0 

environment can place important limits on the physical and chemical 
condition of the magmas in question. Thus the aim of Part 3 of this 

I thesis is to consider what effect the plutonic procesEes have on material 
erupted. It is. then possible to try to 'see through' this high level 
activity and gain an insight into the processes operating in the 
mantle beneatb. 

2 Previous Work. 
A fairly detailed historical outline of previous work provides a 

suitable introduction to the present study and compensates for the 
writer's lack of field. studies on the nodules. 

Fels (1903, p. 459) has described and presented analyses of an 
olivine. plagioclase- orthopyroxene -amphibole block from St Kitts* 
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However the first person to make a detailed study of xenolithic 
material from the Lesser Antilles was Lacroix who published his 
classic monograph on the eruptions, of Mt Pelee in 1904. Ile 
recognised plutonic nodules from St Kitts, Guadeloupe, Martinique 
and St Vincent. A translation of his classification into 4 main 
groups (Lacroix 1904, p. 537), and their suggested origins is given 
below: 

1. Enclaves Homoeogenes: cognate inclusions formed by crystal 
separation from the same magma; three main types: 
a. Syngenetic clusters of phenocrysts, 
b. Autoliths. 
C. Cognate noritic plutonic nodules. 

Enclaves Enallogenes: foreign inclusions such as calcareous 
metamorphic country rocks. 

3. Enclaves Pneumalogenes: pneumatolytic inclusions formed at 
depth by reaction between volatiles and the magma. 

4. Enclaves Polyge"nes: pblygenetic inclusions including, xenolithic 
anorthite-bearing plutonic nodules and sanidinites produced, fvom 
transformed trachyte. 

In a posthunious paper Lacroix, (1949) described the nodules from 
St Vincent in more detail, concluding that they were not purely of 
magmatic origin. He suggested that the remarkable textures, calcic 
plagioclase and the associated calcareous hornfels blocks favoured an origin 
by magmatic assimilation of calcareous sediments. 
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Another importAnt early contributor was Flett. (1908). Ile 
noted that several people had found anorthite-olivine blocks on the 
Soufrie%re, St Vincent before the eruptions of 1902. Nevertheless, 
a large number of blocks were extruded in 1902. Flett classified 
these blocks into two groups; abundant anorthite-bearing varieties 
and less common noritic types. Many of the fragments of, the 
anorthite-bearincy blocks which lay near each other on the ashes were 
very much alike, but their overall variety indicated a heterogeneous 

parent body. Flett recognised the ultrabasic nature of these blocks, 

- their lack of zoned minerals and the paucity of orthopyroxene. Ile 
concluded that the'blocks formed under plutonic conditions at great 

0 
depths. 

The noritic blocks, though less common, were similar to types 
from Martinique. They contained less calcic plagioclase, orthopyroxene 
and-clinopyroxene in equal abundanceptogether with occasional olivine, 
biotite and interstitial*glass. Flett's firial paragraph on the 
norites is given in full because it anticipates concluslons reached by 

other workers 50 years later: 
"These rocks approach closely in composition and in the peculiarities 
of their minerals to the effusive andesites and differ greatly from 
the anorthite-olivine nodules. The scarcity of olivine, the zonal 
structure of the feldspars and the presence of glassy base in some of 
them proves that they crystallised at inwrmediate depths and pressures. 
They represent the rocks which would have been produced had the andesitic 
magma solidified without forcing its. way to the surface. " 

Flett also describes various metamorphic xenoliths which together 
contain the minerals anorthite, albite, orthoclase, augite, aegirine- 
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augite, wollastonite, quartz and sphene. He infers that sedimentary 
beds must lie beneath the Soufriere volcano and consist of sandstones, 
limestones and impure sileceous, calcareous and argillaceous rocks. 

The spate of papers published-after the 1902 eruptions in the 
Antilles gradually became a trickle with, a lull. until the early 1960's. 
Hay (1959) calculated the volume of the 1902 St Vincent eruptions to 
be about 0.1 cubic miles (approx 0.4 Km 3 He estimated that the 
plutonic blocks formed less than 1% of this amount (though 0.1% would 
still represent more than 10 6 tonnes of material). Hay, also suggested 
that some of the blocks disintegrated in the magma chamber or conduit 
before eruption, thus supplying xenocrysts to the pyroclastic deposits. 
Plutonic xenoliths were also reported from Montserrat and St Eustatius by 
MAcgregor (1938) and Westerman and Keil (1961) respectively, 

_A significant advance was made by Wager (1962) who described 
features of the St Vincent anorthite-bearing blocks consistent with 
their origin as cumulates. Wager also noted that the earliest 

- plagioclase(An lis associated with an olivine composition Fo 95-93 80-77' 
and that this was considerably different from the situation in better 
known layered tholeiitic complexes where plagioclase An 86-77 is 0 
associated with olivine Fo 87-81# Earlier-workers had suggested that 
the, intersti. tial glass in the blocks represented injected magma, but 
Wager recognised this glass as remnants of the contemporaneous liquid 
from which the cumulates formed. FinallypWager adds that a magma 
pool of some kind must have existed below the surface, and that the 
difference in mineralogy from the erupted andesites suggested 
there were considerable differences in hydrostatic pressure within this 
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magma chamber. It may have-been small in cross-section and 
II correspondingly deep, e. g. '/4 mile diameter, 1'/2 miles deep. 

At this time. three research students were studying 
at Oxford; Baker (1963) was working on St Kitts, Tomblin (1964) on 
St Lucia and Lewis (1964) was carrying out a detailed study of the 
anorthite-bearing blocks from St Vincent. 

Baker (1963, p. 133; 1968a; 1969) had collected'approximately 
100 plutonic nodules from the flanks of Mt. Misery, St Kitts. The 
majority were found as loose boulders, but some were present in 
pyroclast-fall sequences. Blocks of a particular type are often 
concentrated together, but in general their distribution is controlled 
by the number and nature of the block bearing-horizons being eroded 
by the various streams. Baker noted that some of the St Kitts blocks 
were similar to those from St Vincent. He divided the collection 
into three groups: - the anorthite-bearing bloCkSS the 
hornblende-eucrite blockstand the quartz-gabbro blocks. In contrast 

- to the St Vincent situation, on St Kitts the orthopyroxene-bearing 
blocks are the most abundant group. Both the anorthite-bearing and 
the hornblende-eucrite types may exhibit banded or layered structures 
and may retain some interstitial glass. In specimen K715, a 2cmr 
diameter, anorthite-olivine cluster is embedded within a large 
hornblende eucrite blockindicating the earlier formation of the Ca- 
rich plagioclase type. Baker suggests that both thede types are 
cumulates. The quartz-gabbro types may contain the assemblage 
ol-cpx-op)'. These --hý-bt-pl-qtz-mag, and show many zonpd crystals. 
and other more acid types are interpreted as representatives of 
magmas which have crystallised at depth. 
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Tomblin (1964, 'p. 134) describes the plutonic nodules from the 
Soufriere region, St Lucia which occur principally as inclusions in 
the andesite and dacite lavas. Ile, collected about 40 -specimens and 
divided them into the three types: tonalite, gabbro and dolerite. The 
tonalite nodules contained a similar mineral assemblage and chemistry 
to their lava hosts and are interpreted as plutonic equivalents. The 
gabbros are more basic, containing relatively unzoned, calcic 
plagioclase, hornblende and pyroxenes - they are interpreted as cumulates. 
The hornblende dolerites are most common., but these are really autoliths 
(as described in chapter 5) rather than cumulates. Tomblin (1964, 

p 178) suggests that the apparent absence of anorthite bearing blocks 
in St Lucia indicates that there has been relatively little 
differentiation of basaltic magma by crystal accumulation. Probable 
meta-sediments have also been recognised; they contain the minerals 
quartz, biotite, magnetite, cordierites apatite, hypersthene and 
plagioclase. They'indicate that sedimentary formations exist at 

II% depth beneath the Soufriere region. 
Lewis (1964) has carried out the most thorough study of plutonic 

blocks from the Lesser Antilles. lie concentrated on the anorthite- 
bearing blocks from St Vincent and has provided convincing evidence 
(Lewi's'1973a) for the derivation of basaltic andesite by the fractional 
crystallisation of a basaltic parent magma at relatively shallow 
depths in an Island arc environment. Lewis has written widely on the 
petrology and mineralogy of the St Vincent blocks (1964,1967,1968, 
1969,1970,, 1973a, 1973b) and it is beyond the scope of this review to 
more than scratch the surface of this work. However Lewis's work 
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is so relevant to the present study that a-few of the more important 
points from recent papers will be noted. 

The larger blocks often show banding, their minerals exhibit 
wide modal variations, and they are. classified as cumulates. In 
thin section, textures are granularýand the minerals are virtually 
unzoned. Hence they are best described as adcumulates, but hateradcumulates 
and crescumulates are also present. The mineral assemblage consists 
0f 

anorthite An 96-89' olivine Fo 76-67 , aluminous salite, hastingsitic 
amphibole and MgAl-rich titanomagnetite. Lewis has separated and 
analysed the interstitial scoria, wL-A has the composition of a saturated, 
sub-alkaline aluminous basalt and is believed to represent the liquid 
with which the minerals were in equilibrium at depth. Ile has 
shown that the mineral assemblage can best be explained as resulting 
from high temperature crystallisation under high watc-r-vapour pressures 
from a fractionating basalt magma at a depth approximating 6 I(m. 
Using subtraction diagrams, Lewis shows that removal of material of the 
composition of the cumulates from a basalt of the composition of the 
interstitial scoria will produce a calc-alkalictrend of silica enrichments 
giving andesite or dacite depending on the volume of r. aterial subtracted* 
The andesitic. rocks of the 1902 eruptions may well have originated in 
this way., 

In 1969#Martin-Kaye published his sununary of the geology of the 
Les'ser Antilles and mentions many of the nodule localities previously 
described. Of some importance are his references to pro-Iliocene 
intrusives which are present on the islands of St Martin, St Bartholemewq 
Antigua.. and Canouan in the Grenadines. on Canouan the dioritic-gabbroic 
intrusives have thermally metamorphosed an area of volcanics and 
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sediments in the north of the island. - Christman (1953; 1972) 
has described these intrusives in more detail. They are mainly 
of quartz-dioritic composition and are probably of Oligocene age. 
They represent plutonic igneous activity during the evolution of the 
older arc, 25-30 my ago. Unfortunately, as a group, these older 
plutonics are very hydrotheTmally altered and weathered. 

Howeverithey do have calc-alkaline affinities and provide 
direct evidence that intrusive activity has reached high levels. 
From field observations, Christman has, calculated that on Antigua, 
between 1000 and 2000 ft of overburden lias been removed, 

Jackson (1970) has described plutonic nodules from Carriacou 
in the Grenadines; these are amphibole-rich, anorthite-bearing 
cumulate varieties. Rea (1970) notes that, ultra-basic blocks are 
quite abundant in some of the pyroclast. 4.. c sequences in Montserrat. 

I 
They are found in situ in an andesite block-fall zone which passes 
upwards without any apparent break into a series of fine grained, 
basaltic pyroclast falls. , The blocks contain the utincrals anorthite, 
amphibole, olivine and magnetite together with interstitial scoria. 
Rhythmtc layering, does not occur, but the textures are suggestive 
of a cumulate origin. They differ from many other nodules in the 
absence of a pyro-xene. Rea follows Lewis's (1964) reasoning to 
conclude that the blocks have formed at high temperatures and water- 
vapour pressures at depths between 6 and 8 I\pm. 

On Montserrat, the close association of andesitep basalt, and 
ultrabasic cumulate blocks is strongly suggestive of a genetic 
relationship whereby the andesites have been derived from basaltic , 
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magma by. removal of material of the composition of the blocks. Re a 
tests this hypothesis by using a method analogous to a subtraction 
diagram to calculate the proportions involved. Ile finds that 
removal of about 50% ultrabasic, cuffiulate from the average Montserrat 
olivine basalt would produce andesites similar to those observed. However, 
certain elements, particularly total Fe, K and Tiare anomalous so 
other processes may be involved. Rea also mentions another serious 
problem, namely that all but one of the Montserrat centres are devoid 

.I 
of observable basalt, basaltic andesite, and ultrabasic cumulate blocks. 
Therefore fractional crystallisation of basaltic magma is'a rather 
unlikely mechanism for the production of andesites at these volcanoes. 

The importance of the anorthite-amphibole-bearing blocks in the 
Lesser Antilles has been emphasised by Brown and Schairer (1971)s 
They state that the clue to the early differentiates formed at depth 
are the ultrabasic plutonic nodules, the amphibule and Fe-Ti 
oxide separation indicating higher water pressures and oxygen fugacities 
than in the tholeiitic suite. Brown and Schairer suggest that the 
Lesser Antilles suite follows a calc-alkaline trend from the beginning 
and that fractional crystallisation has led to derivative andesitic and 
dacitic liquids. 

McReath (1972) has included a study of plutonic cumulate block, "; 
from the Lesser Antilles in his research on island arc petrogenesis. 
He has subdivided the fractionation of basaltic parene magma into 3 
stages. The first stage is suggested by an olivine nodule from 
St Vincent, Where the separating minerals are olivine (Fo 87 )and 
orthopyroxene together . with a little anorthite and oxide, The second 
separating stage includes the minerals anorthite, olivine Fo 85-75' 
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salite, amphibole, magnetite and orthopyroxene. In the third stage 
the minerals bytownite, olivine, augite, orthopyroxene and 
titanomagnetite are fractionating phases. The separation into 
stages 2 and 3 is made because of ihe sharp disdontinuity in both 
bulk feldspar composition and the alumina content of the clinopyroxenes, 

McReath gives petrographic and chemical data on these assemblages. 
Ile suggests that the separation of stage 2 minerals from a basaltic parent 
magma can produce observed andesitic compositions, but only schemes 
involving amphibole as the major ferromagnesian phase are capable of 
yielding large quantities of andesite. McReath concludes that many 
of the features of the calc-alkalicsuite can be explained by magma 
genesis and evolution under conditions of low P TOT and high 

.PH2 00 
The island arc tholeiite suite is interpreted in terms of magma 
genesis and evolution at low PT OT and P 11 2 00 where I 

fractionation of 
anhydrous phases leads to a trend of Fe enrichment and a deficiency of 
andesitic products. 

Most recently, Arculus (1973) has described plutonic blocks in 
his study of the alkali basalt- andesite association of Grenada. The 
blocks are' composed of variable proportions of plagiociases amphiboles 
olivine, clinopyroxene and magnetite. The sequence of crystallisation 
inferred is olivi' no, followed by clinopyroxene and plagioclase, 
followed by amphibole. The blocks are occasionally layered, the 
minerals relatively unzoned, and interstitial scoria is present. This 
suggests an origin by cumulus processes. Arculus reports mineral 
analyses from a plagioclase-free, amphibole-boaring block; they have 
high Mg/Fe + Mg ratios, but not as high as some of the phenocrysts 
in the Grenada alkali basalts. This indicates that although the 
cumulus assemblages are important evidence for fractional cryst allisation 
processes, they do not represent the earliest phases to have crystallised 
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from Grenada parental magmas. 
Arculus concludes that the early evolution of the Grenada 

parental magmas was controlled by the high-pressure subtraction of 
olivine, clinopyroxene and spinel.. At low pressures, in the 
transitional basalts (48-50% SiO 2 ), the phases plagioclase and 
amphibole begin to crystallise. Fractionation of calcic plagioclase 
and nepheline-normative amphibole then produces a trend towards 
andesite and dacite and prevents the trend towards increasing 
alkalinity which is seen in other alkalic provinces. 

8.3 Conclusions from Previous Work. 
Although Lacroiý:. (1904) and Flett (1908) made significant 

contributions, the origin of the anorthite-bearing nodules was not 
well understood until Wager (1962) described them as cumulýtcs, 
Lewis (1964) studied the anorthite-bearing nodules from St Vincent 
in great detail, and explained how fractionation of similar material 
from a subalkaline basaltic magma could lead to the cale-alkalictrend 
of silica enrichment. Other British research students have more 
recently added further significant detail. Rea (1970) has noted 
that the absence of observable basalts and ultrabasic nodules from 
most centres on Montserrat, suggests that fractional crystallisation. 
is an unlikely mechanism for andesite production. After a detailed 
mineralogical study of the phenocrysts in Grenada lavas, Arculus'(1973) 
has shown that the anorthite-bearing ultrabasic blocks do not 
represent accumulations of the earliest phases to have crystallised from 
Grenada parent magmas. 
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TABLE 8.1 

CLASSIFICATION OF LESSER ANTILLIES PLUTONIC NODULES 

COG14 M INCLUSIONS 'A 

a. Phenocryst clusters. 
b. Autoliths. 

CUMULATE XENOLITHS 

a. High pressure (> lOKb) Mantle cumulates. 
b. Intermediate pressure (2-10Kb) crustal cumulates. 
c. Low pressure (< 2Kb) near-surface. 

3. MEMORPHIC XENOLITHS 
a. Igneous wall-rocks. 
b. Thermally metamorphosed sediments. 
c. Metasomatic. 
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Thus the majority of previou's workers have agreed that crystal 
cumulates are an important group amongst the Lesser Antilles plutonic 
nodules. In this study, for many of the blocks, a cumulate origin 
is not questioned but, rather used'as a 'launching pad' for an 
investigation of inter-island variations, and an "assessment of the 
importance of high-level fractionation in producing the suites observed 
at the surface. 

8.4 Classification 
The diverse origins of the nodules and the large number of 

previous workers 6av,, z led to some confusion of nomenclature. 
Lacroix's (1904) classification is still the most comprehensive 
available. In order to dissect the problem further, a new classification 
is proposed in table 8.1. The nodules have been divided into three 
main groups depending on their relationship to the host lava. Cognate 
inclusions have formed within the enclosing magma batch, and contain 
minerals which are similar to the phenocryst assemblage of their host. 
They have been described and their origin considered in section 5.14* 

The second, and most important group of cumulate xenoliths has 
been the subject of much previous work and likewise has received most 
attqntion in this study. Thagap is considered in the next 4 chapters, 
The third group of metamorphic xenoliths has received little attention 
in the past, but is -Linportant as it providesdirect evidence that 
sediment-ary formations are present and may be-incorporated in the 
magma at 8.5. - depth. These xenoliths are described in the next section 
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It is worth noting, here, that many rock types are absent from 

the plutonic nodule finds. As a group, the absent rocks could be 

described as continental and include such varieties as alkali granites, 

tholeiitic and undersaturated-alkali plutonics. There is also an absence 
of medium and high grade, regionally metamorphosed rocks such as 
amphibolites, schists, gneisses, granulites and eclogites. Although 
it is not proven, the widespread occurrence and diverse nature of the 
plutonic nodules does suggest that typical continental rocks are absent 
at depth. Volcanoes which are underlain by a continental basement 

-- often do contain sialic xenoliths, eg., Stromboli and Vesuvius 
(Rittman, 1962). 
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PI ate, Metc-ýisedimentay-y xeuolith included in an andesite lava. 
Relict .,. ross-straLificat. ion can be seen in the central 
bedded portion. 

rP A PT V0 r) 

Comparison of mctasediment (SD134) atid pyroclast-flow fines (SD245F) 
analyses. 

% Metasediment 134 Pyroclast flow fines 245F 
Sio 2 68.8 67.4 
Al 203 13.0 16.0 
Fe 203 4.1 4.3 
11go 1.1 0.7 
CaO 6.9 5.5 
Na 20 5.0 3.7 
K20 o. 5 1.8 
TiO 2 o. 4 o. 4 
ppm BA 65 308 
NB 5 5 
ZR 118 143 
y 27 22 
SR 330 250 RB 5 70 ZN 90 53 cu 60 92 N1 9 4 
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LI 8.5 T-Tc- t anio! 1p, ýLC xenoliths, 
8.5.1 Tia, neous wlill rocks. 

Tt is not surprising, that crupted. niajýmas, cont-d" of 

the wal Is to niaý; ma chambers and condill-t. thro'll. 2,1i which 
SlIC- 1, 11 ,. 

ale ojý, C., rvc, (. 1 p;: j -tj C, 
f 

C-, Ik blocks as f, -. )rei( 
in the violc, iit ly crupl-ed pyrocla-sC d(TO its These x" lio 11. ths 

a-ý geocheial 1y rc. lated to the -1 r t. niagmas, --o wi I no L produce re 
any effect on the erupted 'lavas larl-, C volumes of 

material are as,,; i-mj, _ate(j. It is very unlikely that ma8nms with 

sub-liquidus temperatures would contain criough theri-nal. energy to welt s 

. _j, , ac. any considcrable quantity of solidified i -ous country rocks. 

ýhoscd ,, ediments. 8.5.2 Thermally metamorl, 
le. at Canouan, Direct evidence of thermal nietamorphism is availabl 

where. lgricous rind sedimentary sequences ll,. IIVC 1)(ýCjj t-j-, jjj'-, fO)-Tncd to hortifc, ls 
by intrusives (Martin-Kaye, 1969). j\ b- 

TIIQy be suvgesLed for the occasional angular xenol i V, 17ý11111 1 ý11 

Loxl-ures Lilat are found iii oLher parts of the are. Co i- dicri I- e- he ari 

liorlifels lins been reported from Martinique and St VinceiiL (Lacroix, 

1904) and froim St Lucia (Tomblin, 19610. Some of O'C", Xenoliths 
sliový a re-lict bedding or even cross-stratificatiOll. An (-XIllll)lc. fl'O"l 
Domiril-ca i she q inte , w, a enclosed in an andesite lava- flow N), t in 8.1. 

This xenolith has been LsjS inalysed and is compared wit", all -0 
pyroclast flow fines. in Table 8.2. The pyyocla,! ý fl()w We"' 
chosen for comparison bccL-, iusc they have simi. lar Sj, Fe and 1.1g; but 

c. n1c)st t: c have Lower Na and C, -j,, -, md hiý, her Al and K. I'l, ý11 inj-, evidence 
against. an igneous ori., p)in for Lhe xenolitli is tl]C,, loýj 1(ýV(q Of t. 11C 
incoi-iipatible Lrace elemenLs, ba and 1. "1,, iii conipari.. F, (, nw-tý the VoIc. a 

analysis. 

Aa example is FII , 1)()Wll i--t 1. late 3.42, i, 80. 
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Plate 8.2. Yietasomatic xenolith V472 from St Vincent. Anorthite at 
centrelshowing albite twinning; wollastcnite (bottom left) 
forms the largest crystals; grossular isoLropic, and fassaite top right. 

TABLE 8.3 

Anal. y_ses of minerals in metasomatic xenolith V472 
anorthite wollastonite grossular fassaite 

sio 2 43.08 
3 

51.29 
0 04 

38.56 38.90 
Ti02 0.0 . 0.82 0.92 
A120 35.82 0.29 15.36 1.7.71 3 Feo 0.46 0.42 8.39 9.46 
MnO - 0.15 0.19 0.18 
mgo 0.01 0.39 0.78 7.59 
CaO 20.72 47.64 35.34 24.54 
Na 20 0.23 0.39 0.30 0.31 
Total 100.35 100.61 99.74 99.61 
END AN 98.03 CA 97.97 CA 81.95 CA 57.58 
MEMBER AB 1.97 MG 1.12 11G 2.52 MG 24.77 
COMPOSITIONS FE 0.92 FE 15.53 FE 17.66 
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8.5.3 Metasomatic xenoliths 
Minerals that have been reported from metamorphic xenoliths 

in the Lesser Antilles include the following: 

Plett (1908); anorthite, albite, orthoclase, atigite, aegirine- 
augite, wollastonite2 quartz and sp. ene. 

Tomblin ( 1964) ; biotite . magnetite, cordierite and . 3f), tit 
3. This work; grossular, fassaite and calcite. 

This diverse assemblage indicates that inetasomatis-iii has 

accompanied thermal metamorphism when magmas have intruded sedimenLary 
country rocks. 

A specimen of metasomatic origin has been snidied in t1le present 
work, This is specimen V472 from St Vincent, it contains Oie followitij, 

minerals in decreasing order of abundance: fassaite, grossular, wollastonite 
and anorthiLe. The texture is illustrated in plate 8.2 and analyses of 
each phase are presented in Table 8.3. " This assemblage is unique ir, 

ysed, With the Lesser Antilles. The anorthite is the most c, ilcic anal. 
more Na entering the other minerals. The calcium garnet is the 0111, 
garnet reported from the Lesser Antilles. The fassaite was first 
thought to be diopside, but microprobe analysis coiifirmed av excess of 
thc., CaAl 2 (Sio 3)2 molecule. Further confirmation was obtained by 
Mr ', L,. G. Hardy who took an X-ray powder photograph using CO radiation 
and an Fe f-ilter. lie obtained the call paranieLer,, --a 9.679, b 8.812, 
c 5.284. This agrees well wiLli the unit cell dimensions of synthetic 
alumiiiian diopsides determined by Sakata (1957), and suggests a content 
of 42% CaAl 2 (Sio 3)2 molecules. 
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The assemblage in this xenolith is strongly suggestive of a high 
temperature origin by reaction between a magma and calcareous sediments, 
possibly limestone. Hence it seems likely that small volumes of 
sediment are assimilated into the rhagmas at depth. This process is 
probably responsible for the occasional anomalous strontium and lead 
isotope values as indicated by Donnelly and others (1971). However, 
for two reasons it seems improbable that large volumes of material have 
been assimilated: 
1. The magmas are unlikely to contain sufficient thermal energy. 
2. Any considerable addition of calcium-rich material to the magma 

should have an effect on the major element geochamistry. Thirs 
has not been observed. 
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Plate 9.1. A layered, basalt-derived, plagioclase-clinopyroxene-olivine- 
magnetite adcuinul. ate from the Foundland centre in Dominica; specimen D250, MR151-171. There are extreme modal variations between layers. 
Tl,, -ie vein on the left traverses one of the '. ',. ayers, but is composed of the same mineralsgand shows identical textures. 

Plate 9.2. Fine-scale layering in a basalt-derivedplagioclase-oliviiie- 
clýinopyroxene-orthopyromene-magnetite-amp'aibole adcumulate from the 1902 St Vincent eruptions (IL. R. Wager's collection). 
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CHAPTER 9: PLUTONIC PETROGRAPHY 

9.1 Megascopic Considerations. 
Hand specimens supply the only large-scale evidence of the 

processes operating at the site of cumulate formation. The largest 

cumulate block seen by the writer, is from the 1902 SL Vincent eruptions. 
It measures about 50cm across and is distinctly banded due to modal 
variations in adjacent layers. Variations in grain size between 

layers are also common in this and other layered specimens from the 

Lesser Ant-1.1les. Examples have been reporLed from St Kitts (Baker, 

19680, St Vincent (Lewis, 1973), Grenada (Arculus, 1973) and are also 

present in the writer's collection from Dominica. Varieties frow 

Dominica and St Vincent are shown in Plates 9.1 and 9.2 respectively. 
These laycred specimens provide the most straightforward evidence. that 

gravitational crystal settling has occurred. 
As nodules have been found on all the major islands, it is 

apparent that this layering is by no means a characteristic feature. 
However, as a greater proportion of the larger specimci)s are layered, 
it is likely that many of the smaller (5-10cm) specimens are fragments 
from a larger layered body. It is particularly the olivilie-bearing 
nodules which exhibit layering. This probably sim? ly reflects thc 
lower viscosity of their parent magmas. Those nodules colitaining 
the most-sodic-plagioclase, quartz and biotite, are nc; t distinctly 
layered and their origin as cumulates is uncertain. it is probable 
that the parent magmas of these latter nodules. were andesitic or 
dacitic, with a much higher viscosity than the basaltic magmas. 
This would retard gravitational settling and lead to the formation of 
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Plate 9.3. A nodule within a nodule. The host is a basalt-derived, 
plagioclase-ampi-jibole-clinopyroxene-magnetite adcumulate. It contrasts with the included nodule assemblage of amphibole-clinopyroxene-olivine- 
magnetiLe and minor interstitial plagioclase, which is probably an alkali basalt derived adcumulate. Specimen X500 from Grenada. 
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orthocumulates whose cumulus phases have not moved far, relati-ve 
to their local environment, during crystallisation. 

The cumulates are described as xenoliths because, in most cases, 
their minerals are different from the phenocryst assemblage in the 
host lava or pyroclast deposit. The 1902 St Vincent deposits provide 
a good ex: imp le, where many of the cumulates connin abxadant auorthite, 

olivll. ne and hor! Iblende with little orthopyrox-ene. Tri con'Li. -ast, the 

erupted pyroclast-flow material contains a r-. iore-sodic plagioclase, 
little clivine and hornblende, and abundant orthopyroxe-, in.. Nodules 

found in lava flows often show a reaction with the lava groundmass, 
and here too nodule and host-lava mineral assemblages are frequently 
different. 

Baker (1968a)reports, that in specimen K715 an anorthite-olivine 
cluster some 2cm across is embedded within a large horriblende-eucriLe 
block. This situation is similar to that depicted iii PlaLe 9.3 

where a plagioclase-poor, hornblende-pyroxene nodule is embedded in an 
anorthite-hornblende adcumulate from Grenada. In both cases it 
appears that a higher-temperature paragenesis assemblage is embedded 
in a lower-temperature host. This could simply be the case of a 
wall-rock which has fallen into position.. ' It is Rl,,; o possible thaL 
the included nodules f'ormed at an earlier stage of h-j*g'I-,, ar temperatures 
and pressures, and have later been incorporated into a higher-level 
magma chamber. ThusIthis is tenuous evidence thaL there may be 
a S(_-ries of magma chambers at different levels within the island-arc 
crust. Magma batches may fractionate in., or by-passthese chambers 
en route to the surface. 
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Plate 9.4. Minor structures in a layered adcumulaLe from C, renada) Specim 
X521. The assemblage -L* s: aiuphi bo'Le-p lag ioc las e- c1 inopyroxene-magne t J- te 
The undolating-plagioclase concentrations within layers are probably ca 
by slumping of the crystal mush. 

01 

Plate 9.5. A crescumulate from St Vincent (U. W. J. collection). The 
assei-, ibi. agesamphibole-plagioclase-oli, iine-mag-iietite, shows adcumulus 
textures. The amphiboles are elongated. parallel to the layering seen at the base of the specimen, so did not grow vertically fcom '61--he floor 
of the intrusion. Though they may have growa in a vertical position on the walls of the magma chamber. 
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Minor structures which indicate turbulent coriditioiis are present. 
Slump structures within individual layers are shown in anoLher 
Grenada specimen in Plate 9.4. Cross-cutting veins and irregular 

patches are also often seen, e. g. Plate 9.1. They often have 

gr,?, nular textures and identical mineral assemblages to their hosts. 

They are probably minor 'Local intrusions of crystal mush which have 

subsequently solidificA by adcu-mulus growth. 
Harrisitic textures, showing elongated amphiboles uver 5cm long, 

have been reported from Montserrat (Rea, 1970), aTid are present in the 

v, riter's specii-riens, from the Grenadines, Grenada and St Vincent; the 

Ta t er exariple is illustrated in Plate 9.5. If these elongated 

amphiboles are formed by crescumulate growth, like examples from 

Skaergaard and Rhum (Wager and Brown, 1968), they indicate thaL 

tranquil conditions may also be present in Lesser Arttli. lC43 magma 

chambers. 

Inter-Crystalline glass, Interpreted as remnantu of trapped 
liquid, is present in all LypeS of cumulate xenolith throughout the 
arc. (Though ho ocrystalline examples are common too. ) In some 

specimeas a thin film of glass completely surrounds the crystals, 
imparting a very friable nature. The glass may be non-vcsicular and 
completely aphyric, and in these cases i-All be termed interstitial glass. 
Tu the ano-Athite-bearing cumulates, the term interstlLial scoria is 

UC-'L. 311Y pr, 2fori-ible, as the glass is considerably vesiculaLed and contains 
, Sior, -111 microlit-cs. The St Vincent blocks contain abundant 
interstitial scoria. Wager (1962) noted that the anorthitc. -olivine 
cumul, ates, which might be expected to be the earlier types have 
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interstitial scoria less often than the other cumulates. 
The features described above leave little doubt that many of 

these nodules, particularly those whose minerals indicate the highest- 
temperature paragenesis, formed by 'processes of crystal settling 
to the base of a magma chamber. They belong to the group of layered 
igneous rocks described by Wager and. Br6wn (1968). These cumulate 
xenoliths have a widespread geographical occurrence throughout the- 
Lesser Antilles, and have been produced in many different magma 
chambers; consequently the similarities observed are most striking. 
However, there are important differences between these nodules and 
the better known layered igneous rocks from large tholeiitic intrusions* 

Difficulties arise because of the absence of in7situ exposuress but 
it does seem that the following differences are typical of island-arc 

magma chambers: 

1. They are open systems)which act as temporary reservoirs 
for magma batches en route to the surface, 

2. They are fairly small; typical sizes are suggested by the 
volume of eruption products. These have been estimated as 1-2kr., i 3 

for the St Vincent 1902 eruptions (Ilay, 1959), 3km 3 for the Dominican, 
3 Micotrin eruptions described by S'igurdsson (1973), and 5km for the 

Dominican Iforne Trois Pitons eruptionsydescribed in section 4.9. 
3. In the Antilles nodules, igneous lamination is practically 

absent, this may be partly because of equidimensional cumulus phasess 
though this is not suggested by the habit of plagioclase and amphibole 
in the volcanic rocks. It seems more likely that the original 
deposition was more random, perhaps because of the absence of the 



TABLE 9.1, 
CUMULATE YMNOLITH MINERAL ASSEMBLAGES. 

ASS. No SPEC No OL PL MAG OPX CPX AMPII QTZ BIOT No of EXAMP4ES 
2 mineral assemblages -3 varieties 
1 D440 x x .1 2 K745 xx >5 
3 SE48B x x >5 

3 mineral assemblages -8 varieties 4 X418 (1) NOD O x x x 5 
6 

V L 
T765(2) 

xx 
xx 

x 
x 

1 
>5 7 XSGl x x x 2 

8 K740 xx x >5 9 F592 x x x >5 10 L696 x x x 3 
11 X40 7 x x x I 
4 mineral asstmýlages-- 8 varieties 12 K41 3 xx x x 1 
13 D170 xx x x >5 
14 X500 x x x x 2 
15 F593 xx x x >5 16 D214 xx x x 3 
17 L642 x x x x 2 
18 SE48A x x x x >5 
19 L757 x x x x2 
5 mineral assemblages -6 varieties 20 L861 xx x x x >5 21 K73 xx x x x 2 22 D409 xx x x x >5 23 L6 27 8c x x x x x >5 24 SA6x x x x x x >5 2.51 L313(4) x x x xx I 
6 mineral asse mblq_ges -3 varieties 26 D410 xx x x x x >5 27 M131 x x x x x x . >5 28 K678 x x x xx 1 
7 mineral assemblages -2 varieties 29 L782 xx x x x x x 2 30 L*722 x x x x x xx 2 
8 mineral assemblages -1 31 K699 xx x, .x x x xx >5 
References (1) McReath 1072, p. 5. (2) Lewis 1964, p. 161. (3) Baker 1963, p. 142. (4) Tomblin 1964, p. 135. 
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long-lived convection currents as suggested by Wager and Deer (1939) 
for the Skae-rgaard intrusion. 

Also in the Antilles, although layering is present, it does 
not appear to'be of the regular-rhy . thmic variety. Even bearing in 

mind the smAll-sized specimens, there is a lack of 'average' rocks)ard 

variations in grain size may be more frequent than in the exposed 
layered igneous intrusions. 

. 9.2 Assemblages and Modes 
Assemblages 

Eight mineral groups account for over 99% of the material present 
in the cumulate-xenolith collection. These are, in approximate order 
of decreasing abundance; plagioclase, amphibole, clinopyroxene$ 
orthopyroxene, olivine, magnetite, quartz and biotitc. No monomincralic 
nodules have been found, though bimincralic assemblages are present 
and every successive combiration up to all eight in one specimen 0 
Thirty-one distinctly different assemblages. have been recognised, and 
are given in Table 9.1. The minerals are listed in approximate 
crystaflisation ordergand each assemblage has been numbered for 
reference later in the text. Representative specimens in which the 
assemblages can be found-are. also listed, together with the number of 
examples seen by phe writer. Four of the assemblages, not in the 
writer's collection, have been taken from previous work . as indicated. 

These assemblages are objective observations, and are not meant 
to have any genetic implications. Nparticular problem with cumulus 
assemblages is that an absent phase was not necessarily absent from 
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the magma ; at the time of accumulation. There are seven examples 
where the assemblage has only been observed in one thin sectionjand 
these are regarded as the most suspect. However, for most examples, 
the assemblages are duplicatedýand'probably do represent all the 
phases which crystallised as cumulus minerals. 

The compositional ranges shown by each mineral groups and their 

maximum recorded modal percentage, are listed below: 

Mineral Compositional range Maximum modal % 

plagioclase An mol% 96.0 - 35.7 79 
amphibole Mg-number 79.1 - 37.8 78 
clinopyroxene 11 89.6 - 56.3 73 
orthopyroxene It 87.9 - 48.9 22 
olivine it 89.7 - 58.9 78 
magnetite % Usp 45.5 - 0.6 18 
ilmenite %R203 16.2 - 0.0 <1 
biotite Mg-number 70.8 - 39.9 20 
quartz 16 
scoria Sio 2 48.3 - 79.9 19 

100 Mg/Mg + Fe 2-F + Fe 3+ + Mn. (atomic) 
Recalculated to 100; H2 0 free, 

9.2.2 Modes. 
Modal analyses are listed in the Appendix, p. 97-102. 

Considerable variation can be observed - this is not surprising in 
view of layered specimens. These nodules are from 10 main islands, 
have probably crystallised in at least 20 magma chambers, and from 
over 40 magma batches of diverse composition. Clearlypto construct 
a classification of this diverse collection presents many problems 
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normative qtz+or4ob, for analysed whole. rock specimens. 
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which are unlikely to be overcome. However, despite these 
disadvantages, p a series of modal plots are presented which do show 
significant trends, and also aid in visualizing the modal variations. 
In Fig. 9.1, modal values are plotted against the differentiation 0 
index, normative qtz + or +ab, determined from XRF analyses of the 
specimens (originally selected to represent the types present in the 
collection). Specimens from different islands are indicated, and 
they most clearly illustrate the following observations: 

1. Two ranges of differentiation index are common, from, 0-10 
and 24-36, corresponding to the adcumulates, where interstitial liquid 
iwas driven off; and the orthocumulates, where it was retained. 

With increasing differentiation index, there is a tendency 
for modal plagioclase to increase and modal amphibole to decrease* 

3. Significant variations'are shown by the anhydrous ferro- 
magnesian silicates. With increasing differentiation index, olivine 
and clinopyroxene decrease., whilst orthopyroxene increases. The rate 
of olivine decrease is greater than that for clinopyroxeneo 

Magnetite is concentrated in specimens with differentiation 
indecies in the range, 0-10. 

Additional sympathetic variations can be iltustrated by othcr modal 
plots, using data from this work, Tomblin (1964), Lewis (1964) and 
Rea (1970). In Fig. 9.2a, modal plagioclase is plotted against 
modal amphibole, as these two minerals are volumetrically most important. 
Indeedjit can be seen that for many-specimens these two minerals make 
up between 80 and 90% of the rock. Of the specimens plotteds 63% have 
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more than 70% plagioclase and amphibole, whilst 84% have more than 
50% of these two minerals. Plagioclase is usually more abundant 
than amphibole, and there are 20 specimens which are amphibole-free, 
compared to only 4 specimens which-are plagioclase-free. All these 
latter plagioclase-free varieties are from Grenada. 

In Fig. 9.2b, modal magnetite is plotted against modal amphibole. 
This was done to test the idea of McReath (1972) that there is a 
positive correlation between these two mincrals. It can be seen that, 
for the arc as a whole, there is no corelation between the abundance 

- of magnetite and amphibole, and that magnetite is present in similar 
abundance in amphibole-free varieties. 

A plot with genetic significance is shown in Fig. 9.2c, Heres 
the modal proportions of olivine, clinopyroxene and orthopyroxene are 
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compared. As a triangular diagram is unaffected by absolute abundances 
the variation between pbqnocryst proportions in Lesser Antilles lavas 

can also be shown. For the cumulates, the mg-numbers of some analysed 
clinopyroxenes are shown to illustrate the direction of Mg-decrease, 
The similarities between the anhydrous ferromagnesian silicate 
distribution, with silica increase in the voicanics, and with 119-dOcrease 
in the plutonics, can be clearly seen. The absence of 
orthopyroxene in the Grenada cumulates also correlates with the late 
entry of orthopyroxene into the crystallisation sequence of Grenada 
lavas. These observations are the besL modal evidence that the 
volcanic and cumulate suites are genetically related, 
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9.2.3 Inter-island modal variations. 
Fig. 9. '3 has been -drawn to illustrate the modal differences 
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between specimens collected from different islands. The plot chosen 
has no genetic cormmations, but is -simply a device for differentiating 
between the proportions of felsic, anhydrous-mafic and hydrous-Mafic 
silicate minerals. In practice this usually Pieans the variation of 
plagioclase, pyroxenes and amphibole. In Fig. 9.3a, the restricted 
field oc&upied by the nodules as a whole is apparent; the major 
abundance of amphibole and plagioclase is again indicated. A large 

area of olivine and pyroxene-rich, mantle-type compositions is vacant, 
whilst nodules do not usually contain more than 80% of plagioclase or 
amphibole. Thus, despite their origin as cumulates, the mineral 
proportions are not random. In fact. it is evident that there are 
characteristic differences between the assemblages from different 
islands. They are illustrated in Fig. 9.3 b-g, by outlining the 
field occupied by the majority of specimens from each island. 

For Saba, St Eustatius, Martinique and the Grenadiness 
insufficient specimens were available-,, but'for 6 islands, fields have 
been drawn, and when combined with other modal data, the following 
considerable differences are apparent: 

1. St Kitts. 
The'nodules from St Kitts are the inost diverse W the collection@ 

Basically the following evolutionary groups are recognised: 
i. olivine-plagioclase. 
ii. olivine-plagioclase-orthopyroxene-magnetite, 
iii. olivine-plagioclase-orthopyroxene-clinopyroxene-magnetite-ampliibole, 
iv. p lagioc lase -orthopyroxone-c I inopyroxene -magnetite - amph ibo Ic -quar tz-biodt 
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Their characteristics as a suite are; the presenceof two 
pyroxenes, the cabundance (30-40%) of cumulus amphibole in group iii. , 
and the presence of dioritic varieties containing apparent cumulus 
quartz and biotite. The field occupied in Fig. 9.3b is regarded 
as typical of the cumulates formed in the arc from St Vincent northwards. 

Montserrat. 
These cumulates are poor in anhydrous-mafic silicates as shown 

in Fig. 9.3c. In fact, olivine has been found inAd few of the 
nodules (Rea, 1970). However, olivine-and pyroxene-free varieties 
are present from St Kitts and St Lucia, and the Montserrat cumulates 
cannot be differentiated on the basis of their mineral chemistry* 
Hence they are regarded as typical Antilles cumulates; and their 

0 restricted modal compositions are a consequence of selective samplins 
by volcanic processes. 

0) 

. ), Dominica. 
T Me Dominican samples (Fig. 9.3d), provide another nxample of 

restricted modal variations. They have been mainly recovered from t1m. * 

Foundland volcano, described in section 4.2. Most are good examples of 
olivitie-plagioclase-orthQpyroxene-clinopyroxone-magneti. to adcumulatess 
Other slightly more-evolved types contain two pyroxenes, intercumuluS 
amphibole and a more-sodic plagioclase. Olivine-plag: iocjase and 
orthopyroxene-quartz-biotite varieties are generally absent. There 
are two exceptions; D214 is a small (< 2cm3) cýzmulus olivine-plagioclase- 
dinopyroxene-amphibole variety, whilst D218 contains relatively iron- 
rich orthopyroxene and amphibole, and is from an andesitic ccntre, 
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These two. specimens were found at different localities from the 
majority of Dominican nodules, and indicate that other types may be 
present, but have either not yet been found, or have not been brought 
to the surface by volcanic processe. s. Unlike the Montserrat 
cumulates, no pyroxene-free Dominican varieties have-been found. 

4. St Lucia. 
Tomblin (1964, p. 134) notes that he did not find any anorthitc. 

bearing blocks in the Soufriere region of St Lucia. However 4 of 
the St Lucian nodules studied in this work do contain anorthite, 
Appendix p. 131-132. The St Lucian cumulates all contain at least 

of pyroxene, and have a fairly restricted range in the plot one typ, - 
shown in Fig. 9.3e, They are notcable for their lack of olivine, andl 
also in containing the most geochemically evolved varieties studied; 
with the most iron-rich pyroxenes, and concentratio . ns of quartz and 
biotite. However, there is a distinct gap in mineral compositions 
between the anorthite and quartz-bearing varieties, There are a 
number of unusual nodules which contain the, most magnesian phases 
analysed, ri'Mmed by amphibole., and set in a rhyolitic glass with 
occasional quartz xenocrysts, 

5. St Vincent. 
In Fig. 9.3f, the St Vincent blocks (Lewis, 1964),, plot in a 

very similar field to those from St Kitt%-). They contain the 
minerals 01-pl-cpx-mg-hb. In contrast with islands to the north, 
orthopyroxene is rare ih the anorthite-bearing blocks, and has only 
been reported in two specimens. Two-pyroxene-boaring noritic 
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varieties (Flett, 1908) are. less common; but indicate that 
cumulates derived from andesitic magmas are also present on St 
Vincent. 

6. Grenada. 
I Arculus (1973) has described the alkalic nature of Grenada 

parent magmas. This difference between Grenada and the northern 
is'lands is reflected in Grenada cumulates as shown in Fig. 9.3g# 
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They are composed dominantly of amphibole and clinopyroxene, whilst 
plagioclase. is generallyless. A, and ortbopyroxene absent. Grenada 
is the only island to contain amphibole-bearing, plogioclase-free 

There *Is 
varieties. A also an amphibole-plagioclase free, olivine-2pyroxene 
nodule whose mineral's have high Mg/Fe ratios. Orthopyroxene-boaring$ 

andesite-derived varieties have not been seen, but are probably presento 

7. Other Islands. 
The specimens studied from Saba and Martinique were noritic 

varieties, whilst those from St Eustatius were anorthite-amphibole- 
bearing types, similar to other examples from the north of the arc, 
The specimens from the Grenadines were similar to those from Grenada, 
but are poorer in amphiboleland richer in plagioclase. They appear 
to represent transitional types between Crenada and St Vincent. Asim 

the Grenada cumulates, orthopyroxene is rare but has been observed 
in one specimen, X534. 
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Conclusion 
From the above descriptions, it is clear that there are 

considerable differences between the available specimens from 
different islands. These differen'ces are either real, due 
largely to contrasting parent magma compositions, or apparent, due 
to sampling problems. As the samples are only made available by 
volcanic processes, we may never be able to show that certain 
cumulate varieties are present at depth beneath any particular 
volcano. Thus it is necessary to consider the collection as a 
whole to understand the potential variations of one centre. In the 
following sections, the apparent-differences will be largely ignoreds 
whilst attention will be focussed on the real differences, caused 
by variations of parent magma type. 

9.3 Classification of Cumulate Xenoliths. 
As noted previously, the classification of Lesser Antilles 

cumulate xenoliths presents many problems. However, some type of 
classification is necessary to avoid lengthy specimen descriptions. 
The main requirements of such a classification are: 

1. It should be based on objective infomation. 
2. It must be applicable to the great majority of specimens 

found - and to those which will be found in the future, 
3. It must be capable of being memorised by the reader without 

great difficulty. 
It should convey real differ ences caused by the nature of 

the parent magma, and the pressure/temperature conditions under which 
the rock formed. 
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LTST OF DESCRIPTIVE TEP21S USED IN CUMULATE 

XENOLITH CLASSIFICATION 

A. PARENT MAGMAS 
Group Type 
Alkalic Picrite 

Alkali basalt 
Sub-alkalic Olivinc basalt 

Pyroxene basalt 

Andesitic Basaltic ande'site 
Andesite 

Dacitic Dacite 
Rhyodacite 

wt. % Sio 2 subdivision 
<45 45-48 + normative nepheline 

48-52 may be transitional 
52-56 
56-60 
60-64 
64-68 
68-72 

B. CUMULATE NOMENCLATURE 

1. Mineral abreviations 
0 olivine 
c clinopyroxene 
r orthcpyroxene 
P plagioclase 
m magnetite 
a arnphibo IC 
b biotite 
q quartz 
s interstitial scoria if present 

2. Types of cumulate - definitions after Wager (1968). 

orthocumulate 
wasocumulate 
adcurrulate 
crescumulate heteradcumulatc 
viscum-alate defined in text 

C. pRl:, SSURE/TEMPERATURE CONDITIONS with reference to FiZ, 9.4. 
1. Pressure. 11P High Pressure > 10kb. 

IP Intermediate Pressure 2-10kb. 
LP Low Pressure < 2kb. 

2. Temperature 
11T High Temperature Relative to the IT Intermediate Temperature liquidus and solidus LT Low Temperature of the system, 



A genetic classification has been chosen, based on 
# al factors. These 

combination of modal, textural and mineral-chem1c 
have been linked to recent experimental studies to suggest possible 
pressure and temperature conditions of. formation. The basic 
framework of the classification is the cumulate nomenclature proposed 
by Wager, Brown and Wadsworth (1960). To this, a pref ix and a suf f ix 
have been added, * the former to indicate the type of parent magma from 
which the cumulate was derived; and the latter to give some indication 
of the pressure and temperature conditions of formation. 

A simple example is given here of the common plagioclase-oliVine 
cumulates found in many parts of the arc. They may, be classified as: 
Basalt-derived, plagioclase-olivine adcumulatest (Intermediate 

0 Pressure/High Temperature). 
This may le abreviated to: 
Basalt-derived, p-o adcumulates, (IP/HT). 

I Thus the classification is divided into three parts; A)B)Cp each of 
which may vary. The descriptive terms used in each part arc defined 
and listed in Table 9.2. Some explanations are given belows 

Parent mmmas. 
The parent-magma type indicates the composition of tho magma 

from which the cumulus phases crystallised. The types'listed in 
Table 9.2 are defined in this work, p. 149, and by Arctilus (1973, p. 96) 
for Grenada magmas. Broadly#4 main groups are recognised, alkalic 
basalts, sabalkalic basalts, andesitic and dacitic. These groups 
have been further subdivided.,, mostly by arbitary divisions of 4wt-% S'02 
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to give the eight types listed. The gradational nature of these 
types is emP'hasised, Parent-magma types for each specimen are 
deduced by a comparison of the cumulate-mineral chemistry with the 
mineral chemistry of phenocrysts iri lavas of known whole-rock composition. 
Using analyses of Lesser Antilles phenocrysts from this work, Arculus 
(1973) and E. B. Curran (pers. co=,., 1974). 

B. Cumulate nomenclature. 
Cumulate nomenclature is usedgas described by Wager (1968), with 

slight modific*ations applicable to the present situation. Many of the 
Antilles nodules contain 5 or possibly 6 cumulus phases, so it saves 

considerable space to use letters as mineral abbreviations; tlie.,. -, -c are 
li*,, -, ted in Table 9.2. In published descriptions (Wager at. al., 1960; 
Wager, 1968), cumulate types are recognised on textural grounds, and 
are prefixed by the cumulus phases in'decreasing order of abundance. 
This involves differentiating between cumulus and intercumulus phases, 
It is therefore possible to list all the phases present in a cumulate, 
using symbols to differentiate between cumulus (-) and intercumulus(+) 
minerals. This has been found particularly usefulobecause a distincti; n 
can be made between identical assemblages, where different combinations 
of cumulus and intercumulus crystals indicate contrasting crystallisation 
histories.. For instance the difference between a p-o-c--. n and a 
p-o+c+m cumulate is that in the former all four, and iri the latter only 
two minerals, are cumulus phases. Thus a distinction may be made 
between adjapent layers in the same specimenjor between different 
homogeneous varieties. 
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Alsolwith this-system it is possible to differentiate between 
contrasting cumulate types where the'same name would arise if only 
the cumulus phases, were listed. - For example, the presence of 
important amphibole. in a mesocumulate can be indicated p p-o-c-nt+a . 
whereas with the original nomenclature the extra phase would not be 
mentioned. Intercumulus minerals, particularly amphibole, may be 
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more abundant than cumulus phase3, but rather than list all the minerals 
in order cf abundance, the cumulus minerals are listed first, and the 
intercumulus minerals second, each group in decreasing order of 
abundance. Thus, p-o-c-ui+a heteradcuniulates frequently contain more 
amphibole than olivine, clinopyroxene or magnetite. Cumulus phases 
usually continue to grow with intercumulus phases; the symbols simply 
differentiate whether crystallisation began before or after deposition, 

At one stage, a method of listing the phases in tILeir 
crystallisation order was developed, as the relative position of plagiO- 
clase and amphibole in the crystallisation sequence is an important 
indicator of the depth-of crystallisation (if the water pressure is 
known). However, in many cases contrasting textural relations between 
the other phases introduced an element of subjectivity so the method 
was abandoned. 

Viscumulates. 
During the study it was found useful to introduce a now term 

for certain varieties of cumulate. The term viscumulate is suggested 
to describe cumulates formed from viscous magmas, where a local pocket 
of liquid is carried with the cumulus phases to the site of 
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solidification. This situation arises in the andesitic and dacitic, 
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magmas, where' the liquid may be too viscous to allow rapid crystal 
settling, yet not viscous enough to prevent crystal settling altogether. 
Hence viscumulates are produced in h similar way to orthocumulates; 
but the cumulus phases begin their concentration in the free-floating 
liquidjand retain their local trapped liquid when incorporated into the 
margins of the intrusion. 

It may be asked whether a viscumulate is any different from a 
rock whose crystals have not moved, relative to their local magmatic 
environment, during solidification, e. g. a granite? If the latter 
were true, the rock should represent a liquid composition. However, 
there is evidence that these nodules do not represent liquid 
compositions. Nodules with the most iron-rich pyroxenes have 
normative qtz + or + ab between 30 and 40%, yet amongst dacite lavas 
with less iron-rich pyroxenes, norinative qtz + or + ab is in the range 
60-65%. Obviously the nodules have lost a liquid component which is, 
best explained by a concentration of cumulus phases, the resulting 
rock being termed a viscumulate. Viscumulates may be recognised by 
containing: 
1. Oscillatory zoned pl, ýgioclase, 
2. A lack of mineral orientation and layering, 
3. Irregularly shaped crystals, 
4. A range of crystal sizes. 

These features are illustrated in Plate 9.11, 
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Fig, 9.4. Schpmatic pressure/ . temperature projection of the system basalt-water, 
PH20 2 0*5 PTOT based on data from Yoder and Tilley(1962) and Holloway and Burnham (1972). 

Phases are stable on the side of the line indicated. Pressure and temperature regimes 
are shown as defined in the teýxt 



Pressure /Temperature Conditions. 
1. Pressure. 

Pressure is' estimated with reference to recent experimental 
studies on rock-water systems with P <P " (Holloway and Burnham H20 LOT 
1972; Eggler and Burnham, 1973). They are considered in more detail 
in Part 4; but a schematic P/T diagram, for the system basalt 
PH20 =-- 0.5 P TOT' is given in Fig. 9.4 to assist this explanation. 

The low-pressure UP) regime, <2kb, is recognised by plagioclase 
crystallising earlyland where insufficient water pressure exists to 
stabilize amphibole. 

In the intermediate-pressure (IP) regime, 2-10kb$ plagioclase 
and amphibole are stable together. But for a given water pressurcý 
higher total pressures are indicated if amphibole crystallises before 
plagioclase. Most of the nodules in the collection "oelong to this 

pressure regime. 
The high-pressure (HP) regime, lOkb, in characterised by 

plagioclase*instability and would normally indicate sub-crustal depths 
in the arc. 

TemperatUre. 
High-lintermediate-and low-temperature (11T, IT, LT) regimes are 

described to indicate the temperature ranges through which 
solidification has occurred. These are not quantified because exact 
temperatures vary so much with water pressure. The three reSiMOS are 
defined at equal intervals between the liquidus and solidus of the 
system under consideration. It f6llows that a low-temperaturep 
basalt-derived cumulate where P 11 20 PTOV may have solidified at a 
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higher temperature than a high-temperature, dacite-derived type 
where PH20=P TOT' For petrographic purposes the three regimes 
are recognised as follows: 

1. High-temperature regime I composed df phases stable nears or 
just below, the liquidus. Adcumulus growth at high temperature 
is necessary to avoid the precipitation of intermediate temperature 
phases. 

2. Intermediate-temperature regime - may or may not include 
high-temperature phases, but'phases stable at lower temperatures will 
crystallise; often this would involve intercumulus material. These 

would still be adcumulates if all the liqu. id was driven off above the 

is-olidus . 
3. Low-temperature regime - may include high-and probably 

intermediate-teirLperature minerals, but is characterised . by the presenco 
of low-temperature miperals, which crystallised from the last rcmnonts 
of liquid, before the system reached solidus temperatures@ 

Examples of the use of this classification are given with the 
photographs illustrating texturee., Plates 9.6 to 9.111 p. 300-302. 

9.4 Cumulate Xenolith Textures_. _ 
Cumulate textures have been. doscri I bed in considerable detail 

elsewhere (Wager and Brown, 1968), 'so to avoid repetition, the five 
Plates 9.6 to 9.11 are presented to illustrate the range of cumulate 
textures found in Lesser Antilles cumulate nodules. Ilowever, the 
relative abundance and signikicance of the various types does merit 
further consideration. 
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Plate 9.6. A basalt-derived, o-p-r-c-m+b+a-1q orthocumulate (IP/H-LT). The 
olivines and pyroxenes are seen as inclusions in the ophitic amphibole. 
Plagioclase has narrow normally-zoned rims. Interstitial quartz is seen 
at top-left, and biotite at centre-left. St Kitts specimen K754, crof'sed 
polars, field length 4.3rmm. 

Plate 9.7. A basalt-derived, p-o-c-m adcumulate (IP/HT). Note the unzoned 
minerals, the granular boundaries, and the frequent 120 0 triple-point junctiolis 
between minerals. Mineral compositions; piagioclase An93, olivine Fo72, 
clinopyroxene Ca46 Mg44 Fe 13, and magnetite Usp 24%. Dominican specimen D170, crossed polars, field length 4.3mm. 
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Plate 9.8. An aridesite-derived, p-r-c-m-a mesocumulate (IP/H-IT). This specimen 
has the best developed igneous lamination that has been observed, and also the 
largest concentration of orthopyroxene. Mineral compositions; plag4oclase 
core An 78, rim An 64) orthopyroxene En 62, clinopyroxene Ca 43 lig 42 Fe 15, 
and amphibole Mg-no 66. Martinique specimen M29, crossed polars, field 
length 4.3mm. 

Plate 9.9. An alkali basalt derivedic-a-o-m+p heteradcumulatc (H-IP/b-TT). 
This is an unusual specimen, the whole rock analysis contains 44.9% SiOrz) 
9.0% Al 203 and 19.0% CaO. The cumulus clinopyroxene, Ca 48 Mg 41 Fe 11, 
is less concentrated in the poikilitic amphiboles, Mg--no 70, so the 
amphiboles are probably an inclusion-riddled cumulus phase. However, Lhe 
plagioclase, An 89, is interstiti"al, and began crystallising after accumulation. An enlarged view of plagioclase from this specimen is shown in Plate 9.13. A few small chrome-spinels are included in the clinopyroxenes. Grenada specimen X407, ordinary IiSht, field length 4.3m.. 
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Plate 9.10. A basalt-derived, a-p-c-m crescumulate (IP/HT). Elongated 
amphiboles (44 modal%), up to 2cm long undulate through the specimen, Lhey 
must have crystallised at high temperature with the OL-her minerals. 
Carriacou specimen WCAU1, ordinary light, field length 4.3nu-n. 

Plate 9.11. A dacite-derivedip-q-b-a-r-c-m viscumulate (IP/H-LT). plagi. oclase 
is most abundant, some crystals are completely oscillatory zoned; quartz 
occurs as a cumulus phase, biotite is the most abuadant mafic phase. The 
plagioclase-size distribution is less regular than in the adcumulates; but 
the specimen was derived from a viscous magma, so normal orthocumulus 
processes could not operate. St Lucian specimen L794, crossed polars, f ield length 4.3mm. 
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Most of the specimens in the collection are either adcumulates 
or heteradcumulates, composed of combinations of the minerals 
plagioclase, olivine, clinopyroxene, orthopyroxenes magnetite and 
amphibole. All the minerals may occur as cumulus phasesland may 
exhibit adcumulus growth. Orthocumulates are comparatively common in 
the St Kitts material, but are rare elsewhere in the collection. 
Viscumulates are more common than orthocumulatess especially from. 
Dominica, Martinique and St Lucia specimens. Neither ortho-nor 
viscumulates are present amongst the specimens from Grenada and the 
Grenadines. Crescumulates are present from Montserrats-St Vincent, 
Grenada and the Grenadines. 

It seems that adcumulus growth is the most co=on solidification 
mechanism of basaltic cumulates in Lesser Antilles magma chambers* 
Wager (1968, p. 616) has considered the factors which control the typC 
of cumulate'formation. He suggests. that rapid accumulation of crystals 
would tend to blanket-off layersland lead to orthocumulate. formation. 
In contrast, the slow accumulation of crystals would favour adcumulate 
formation. The rate and direction of heat loss is also important$ 
a faster rate favouring adcumulus growth; but a considerable portion 
should be lost through the floor if a continuous sýquence of adcumulates 
isý. to develop. It therefore seems likely, that-for the Antilles 
cumulates, slow accumulation of crystals, and heat loss . 01roughout 
the margins of intrusionslare partly responsible for adcumulate formation. 

For effective adcumulus growth, it is necessary that material 
diffuses between the - inVersý41ml LtitaA and the overlying liquid. 
This diffusion would be considerably enhanced in volatile-rich magmas. 
The concentration of volatiles in Lesser Antilles magmas is probably 
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a significant factor favouring the production of adcumulates. 
Low viscosity will also enhance the rate of diffusion, hence the 
concentration of adcumulates among the types derived from the most- 
basic parent magmas. 

One important effect of adcumulus growth is, to enhance 
fractionation trends, as incompatible elements are returned to the 
magma. Of the material analysed, Appendix pages 104-107, the 
contents of SiO 2, Na 203 , K20, Ba and Rb are very much lower in the 
adcumulates than in the ortho-and viscumulates. The resulting 
ultrabasic rocks, have been used in Chapter 10 as estimates for the 
composition of material removed. from. parent magmas in order to calculate 
possible fractionation products. The development of ortho-and 
viscumulates in the andesitic and dacitic magmass leads to a retmition 
of incompatible elements. Consequently it would be necessary to 
fractionate large volumes of material to derive the most-S ICCOUS types. 
The lack of rhyodaciticland more siliceous erupted volco-nicstis partially 
explained by the development of viscumulatespwhich cause very slow rates 
of fractionation. 

Some estimate of the rate of adcumulus growth may be made for the 
St Vincent cumulates. Fresh magma probably rose into the magma- 
chamber system beneath the Soufriere after the eruptions in 1812. This 
magma could have fractionated to produce the cumulates which were 
extruded during the 1902 eruptions, As Wager (1962) has noted, the 
majority of olivine-anorthite blocks are scoria-frees and on average 
they contain less interstitial scoria than the amphibole-bearing 
varieties. If the olivine-anorthite cumulates formed soon after the 
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1812 eruptions, and were nearly all solidified by 1902, then a 
period of some 100 years seems necessary to complete adcumulus growth 
in this situation. It is admitted that this argument is full of 
assumptions, nevertheless, it is p6ssiblejand could perhaps be tested 

I by a detailed study of the magmatic history of the Soufriere volcano. 

In the following sections, the petrography of individual 

minerals is described, some mineral-chemical data are given, but 

, ze considered in more detail in Chapter 11. 

9.5 Plagioclase 
Plagioclase is the most abundant mineral in the cumulate 

xenoliths, with a range of anorthite content from 96 to 36 mol%. When 

I modal cumulate plagioclase is compared with the plagioclase proportions 
of Dominican volcanic phenocrysts (Appendic es 1.2 and 2.2) a reduccd 
concentration is noticeable in the cumulate xenoliths. Values between 
70 and 85% are common in the phenocryst proportions', whilst the 
cumulates contain concentrations in the range 50 to 75 modal This 

4 
difference can be directly related to the lower density of plagioclase) 
causing a lower rate of settling relative to the mafic phases (Fig. 

In contrasttointhe volcanics, plagioclase is rarely auhedral in 
the cumulate xenoliths, thus a degree of post-depositional growth is 
suggested. A direct result of this growth is the laiger average 
sizes of the plutonic plagioclases, 1-5mm, compared with up to 3mm among 
the volcanic. phenocrysts. Volcanic plagioclases over lcm across are 
not unusual, but they have qnly been seen in a few of the big-feldspar 
basalts on Dominica. 
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Plate 9.12. Typical large plagioclase from a basalt-derived, 
p-r--c-m-o+a+q+b orthocumulate (IP/H-LT). The original-euhedral plagioclase 
core has a narrow rim of oscillatory-zoned plagioclase, in places with 
undulations, and could have formed when the crystal ceased to move relative 
to the liquid. This is surrounded by a normally-zoned rim which has grown to 
meet the other minerals, and produced an irregular outer boundary. This may 
be contrasted with the adcumulus plagioclase shown in Plate 9.7. Similar 
crystals in other specimens may have core compositions in the range An 92-88 
and rim compositions as sodic as An 36. St Kitts specimen K699, crossed 
pofa. rs, field length 4.3mm. 

Plate 9.13. Late-c-c,, Ystallising plagioclase An 89, in an alkali basalt derived 
heteradcumulate. This specimen is illustrated and described in Plate 9.9. 
The rounded crystals are clinopyroxene, the poikilitic, mineral is amphibole, and the plagioclase is at centre Showing albite twinning (slightly thick specimen). There are no cumulus plagioclases in this rock. The late crystallisation of plagioclase can be explained by high water pressures, or a greater total pressure in comparison with the other Grenada anorthite-ainphibole cumulates. Specimen X407ý crossed Polars, field length 2.3rn.. 

IMMENOMMIZIM 
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The sharp outlines in contact with scoria (Plate 9.31), indicate 
that the cumulus plagioclases were once euhedral. During adcumulus 
growth, plagioclase of a very similar composition is added, so that the 
original cumulus-crystal boundaries"are usually obscured. However, 
adcumulate examples can be found where broad-normal or reverse zoning 
indicates that the growing faces remain euhedral until they meet 
(Plate 9.21). An approximately constant growth rate for adjacent 

crystals has resulted in smooth boundaries between adjoining crystals, 
and frequent 120 0 triple-point boundaries whem three crystals meet 
(Plate 9.7). 

The situation is different for orthocumulus plagioclases, which 
have sodic rims, enabling the original eul-iedral c-. imulus-crystal outlines 
to be seen (Plate 9.12). During orthocumulus growth, the cry. stal 
faces do not remain euhedral, and the final result is that Lhe width of 
the sodic rim is very uneven, with irregular- interpenetrii-tirIg M-argins. 
The boundaries between two crystals are not smooth, and symmttri(ýal 
triple-point junctions are seldom produced. As plagioclase is present 
in nearly all the cumulates, the shape of the crystal boundaries is 
considered the best diagnostic characteristic of the type of cumulus 
growth. 

For most specimens, the only mineral commonly included in 
plagioclase is olivine, whilst plagioclase is present in all minerals 
except olivilic. Clearly, plagioclase is usually the second mineral 
to begin crystallising, after olivine. This indicates that water 
pressure is imlikely to be equal to total pressure, since under these 

conditionslamphlbole crystallises before plagioclase at pressures .0 
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greater than 2kb (Yoder and Tilley, 1962); and there is no reason 
to suppose that all the cumulates formed at depths less than 7 or 8km. 
There are a fev examples from Grenada where plagioclase was the 
last mineral to crystallise. This is illustrated in Plate 9.13, 
where the interstitial habit of plagioclase is clear. This situation 
is considered further in Chapter 11, but here it is noted, with 
reference to Fig. 9.4, that late crystallising plagioclase would be 

expected at high pressures. 
The classification of plagioclase types proposed on page 156, can 

-- be utilised when describing the plutonic plagioclases. That is, 
there are all variations from completely-unzoned type 1, to completely- 
oscillatory-zoned type 4 crystals. Extreme examples are illustrated 
in Plates 9.7 and 9.11. However, the most noteable contrast between 
the volcanic and plutonic plagioclase is the lack of oscillatory-zoned 
types in the latter. This suggests, that it is the basalt-derived 

cumulates that are most common. 
In section 5.69on volcanic plagioclase, a diffusion-supersaturation 

mechanism was suggested to explain the oscillatory zoning of plagioclases 
An essential consequence was that oscillatory zoning is only developed 
when there is little or no relative movement between the plasioclase 
phenocrysts and the liquid. Hence the dearth of oscillatory zoning in 
cumulus phases is readily explained. as they have moved relative to the 
liquid. However, oscillatory zoning is present in the viscumulatess 
which are derived from more-viscous magmas. often in orthocumulates, 
there is a narrow band of oscillatoýry zoning between the euhedral 
cumulus crystal and the irregular normally. zoned outer rim (Plate 9.12). 
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As with the volcanic plagioclaseo during microprobe work, both 
the cores and the rims of individual plagioclase crystals were 
analysed. The results have been plotted in mol % anorthite in 
Fig. 9.5, :, These-resu. lts-were-qu, ife. -Surprising, as it was discovered 
that most Of the adcumulates have less-sodic rims than cores. The 
differences are too slight to be observed opticallys but are a frequent 

occurrence in the analysed plagioclasespand cannot be caused by 

analytical error. In Fig. 9.5, a clear distinction can be made 
between those plagioclases with rims in the range An 86-961 which have 

adcumulate textures; and those with rims in the range An 8L-36 which 
are either orthocumulates, if they have more-calcic cores, or. 
viscumulates when the cores are more-, or less-calcic. 

Amongst the adcumulates, only 6 crystals analysed have rims which 
are more than I mol% An more-sodic than cores. A further examination 
of the points analysed revealed that these arp narrow rimsj often against 
scoria, which probably did not form by adcumulus growth., If this 
interpreta ion is correct, then aft the adcumulus growth takes place 
within t'ýe-ý-compositional range An, ' 90-96" 

The formation of reversed zoning during adcumulus growth is 
difficult to understand.,.. 'At first it was th. ought that associated 
amphibole, which contains between 1.7 and 2.3 wt. % Na 2 0, had 
preferentially concentrated the available sodium, as anorthite 
contains, less than 1.1 wt. % Na. 2 0. However, this procless is dubious 

as there should be a free. exchange between the growing crystals and 
the overlying liquid. Also, amphibole-free adcumulates were found 

with reverse zoning, so this. process is unlikely. Another possibility 
is either an increase in temperature or water pressure, the former could 
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result from the latent heat given off during adcumulus growth. 
Though, if the intercumulus liquid is in contact with the overlying 
magma, there should be no. considerable difference in either water 
pressure or temperature. 

I 
A more likely explanation for the formation of the reversed 

zoning is that some atomic-structural mechanism is responsible, 
and the sodium depletion may be a second-order effect resulting from 

aluminium enrichment. Amongst the high-temperature feldspars, 
the body-centred anorthite structure is unique as it retains strong 
Si-Al ordering, even at melting temperatures (Smith, 1972). It is 

possible, that during very slow adcumulus growth, atomic forces favour 

the production of the most ordered structure possible$ namely that 

of maximum Si-Al order in anorthite. Hence aluminium crystallisation 
is favoured and a trend of reversed-zoned rims is produced. In this 
theory, the absence of reversed zoning from plagioclases in the 
range An 89-39' could be explained by the stable disordered-Si-Al 
distribution. of the high-plagioclase structure, 

Two further points may be made with reference to Fig. 9.5: 

1. The field of adcumulus growth is restricted to high-temperature- 
cumulates, as there are considera'ble differences between the composition 
of the core and rim for plagioclases' with more sodic cores than An 83* 
In contrast, ortho- and viscumulates are not restricted to any 
parcicular temperature range. 

2.. Anorthite-bearing adcumulates are present from all the islands 
where more than two specimens are available. Anorthite is not 
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Plate 9.14. A cognate, picrite-derived, o-c+r heteradcumulate 
(11P/11T). This is the only olivine nodule in the collection. The olivine, 
Fo87, forms about 78% of the rock, and has an adcumulate texture with 120 0 
triple-point junctions. Clinopyroxene, Ca 48 Mg 44 Fe 8, is also present as 
cumulus crystals. Orthopyroxene, En 87, has an ophitic texture suggesting 
that it crystallised from an interstitial liquid. A cognate origin is 
suggested as the nodule is enclosed in a picrite lava with olivine and 
clinopyroxene r'lienocrysts of similar chemistry. It is postulated that this 
is an example of the assemblage subtracted from a parent magma, during a 
quiescent phasevas it rises through the mantle. Grenada specimen X418, 
crossed, polars, field length 4.3mm. 

\c. 
Plate 9.15. A basalt-derived, p-o ad6umulate (IP/HT). The olivine, Fo 77, 
and plagioclase, An 93, are euhedral against the scoria, but adcumulus growth has begun. The scoria contains skeletal-plagioclase microlites and has a pyroxene-basalt composition, analysis 7, Appendix p. 199. The specimen does 
not contain spinel. St Kitts specimen K745, ordinary light, field length 2.3mm. 
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present in the specimens from Saba and Martinique, but as there 
are only one, and two specimens, respectively from these islands, 
the absence is probably a sampling problem. 

9.6 Olivine. 
Olivine is an important constituent in the most-basic cumulates, 

rising to about 80% in the olivine nodule X418, illustrated in 
Plate 9.14. However, this is a rare example, and in plagioclase- 
bearing cumulates, modal. olivine is usually much less than 50%. It 
is most concentrated in the basalt-derived, p-o adcumulate3 (IP/HT), 
illustrated in Plate 9.15, where it commonly forms between 10 and 
30% of the rock. This is in marked contrast to the Dominican volcanic 
phenocryst proportion of olivine which is usually less than 15%, even 
in the olivine basalts. The contrast is probably caused by tl,., ý 
densi-Ly of olivine, though it should be noted that no roonomi. i! cialic. 

olivine adcumulates have been seen, so the difference in settling 
velocity is probably not extreme. Olivine rapidly decrea,., es in 
abundance as the plagioclase composition becomes less calcic, and is 
only present in the specimens probed if the plagioclase-core composition' 
is more calcic than An 89' 

Olivine crystals arý euhedral against scoria (Plate 9.15), but 
show rounded outlines in hol ocrystalline specimens due to post- 
depositional growth (Plate 9.7). Olivine crystal sizes range up to 
r 5mm, and vary sympathetically with the size of the other minerals; but 
in the anorthite-bearing cumulates there is a concentration in the size 
range 0.5 to 2. Omm. These sizes are very si-milar to the sizes of 
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olivine phenocrysts. -in the basalts, and are in contrast to the 
sizes of plagioclase and amphiboletwhich are much larger in the 
plutonics. We can conclude that olivine reaches its near-maximum 
size whilst suspended in the magma, and does not significantly 
continue crystallisation after deposition. 

Olivine composition varies from forsterite 90 to 59, with a 
general concentration in the range Po 82-64" Amongst typical 
basalt-derivedg intermediate-pressure cumulates, if orthopyroxene 
is present the most Mg-rich olivine has a composition of Fo 71' 
In contrast, in orthopyroxene-free varieties, practically all the 
olivines are more forsteritic than Fo This indicates that the magmatic 71* 
silica activity is controlling olivine composition, as well as olivine 
and orthopyroxene stability. The olivine composiLion is therefore a 
useful indicator of the alkalic parent magmas. Olivine is found 
as inclusions in all other mafic phases, though particularly in the 
other mafic silicates, and is therefore considered to unally be tila 
first mineral to crystallise. 

The two specimens with the most Mg-rich olivines are probably of 
sub-crustal origin. Forsterite 89.7 is present in the unusual 
specimens from St Lucia, where Mg-rich minerals are rimmed by amphibole, 
and set in rhyolitic glass. The other exampleocontaining Porsterite 87' 
is from a picrite-derivedqo-c+rheterada=lnta (HP/IIT) ' number X418 
from Grenada, and is shown in Plate 9.14. The nodule olivines Are 
similar in composition to the olivine microphenocrysts in the host 
lava; magnesian orthopyroxene (En 86). is also present, and plagioclase 
is absent. This nodule is probably an example of the material which 
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Plate 9.16. An orthopyroxene-rimmed olivine, Fo 66, in a basalt--derived, 
p-c-r-o-m+a orthocumulate (IP/11-LT). The orthopyroxene, En 66, is formed 
of numerous, randomly-oriented, crystals. Dendritic magnetite is found at thC 
boundary between the olivine and orthopyroxene. St Kitts specimen K532, 
crossed polars, field length 4.3mm. 

Plate 9.17. An alkali basalt derived, a-c-o-m adcumulate (11-IP/HT). This is an example of the plagioclase-free, amphibole-bearing nodules from Grenada. The olivine is almost completely iddingsitised. There is no sign of any lase reaction between the amphibole aad clinopyroxene. The absence of plagioc may be explained by a high-pressure origin, or by adcumulus solidificatioD 3t temperatures above the upper stability limit of plagioclase. Specimen XSGI, ordinary light, field length 4.3ran. 
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is subtracted from the primary magmas on their ascent through the 
mantle. 

A similar o+c heteradcumulate is present as a xenolith in 
specimen X254. The texture is identical to specimen X418, except 
that clinopyroxene is interstitially enclosing oBvine, rather than 
orthopyroxene. This second example is enclosed in an alkali basalt 
derivedia-p-c-m adcumulate (IP/HT), and is therefore evidence of 
a direct link between Grenada picrites and amphibole-anorthite-bearing 
cumulates. 

Olivine is present9showing no signs of instability, in many 
amphibole-bearing cumulates, e. g. Plate 9.23, and therefore the 

minerals can crystallise together, at least for a limited period. 
However, often the olivine is iddingsitised or rimmed by orthopyroxene 
and in many anorthite-bearing varieties is absent. In some of the 
St Kitts orthocumulates, olivine may be either rilmned by orthopyroxene, 
as shown in Plate 9.16, or included in amphibole (plate 9.23). 
However, orthopyroxene-rimmed olivines are not seen included in 
amphibole, and"in, general the orthopyroxene rims are better developed 
if amphibole is poor. These features suggest that olivine becomes 
unstable during cooling, before solidus temperatures are reached, and 
may be prevented from reacting with the liquid if it is rimmed by 
orthopyroxene or amphibole. In these cases, olivine often becomes 
included in amphibole before it reacts with the liquid to produce an 
orthopyroxene rim. This may be explained if, after amphibole 
crystallisation, the sillca activity in the remaining liquid is 
significantly increased, so that an unengulfed olivine reacts with the 
liquid to produce orthopyroxene rims. 
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Plate 9.18. A clinopyroxene-rich nodule from St Lucia. The 
clinopyroxene, Ca 43 Mg 41 Fe 16, has an adcumulus texture and is associated 
with anorthite, magnetite, and accessory calcite. Specimen L861, crossed 
polars, field length 4.3mm. 

Plate 9.19. Clinopyroxene with orthopyroxene inclusions. St Kitts Specimen K532, crossed polars, field length 1.7mm. 
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Zoning in plutonic olivines is of minor importance, and in 
many cases the analyses of different crystals from the same specimen 
are almost identical, e. g. Appendix p. 169. The main form of 
olivine alterationis iddingsitisation, which may effect whole crystals, 
and is particularly common amongst Grenada plutonic olivines as shown, 
in Plate 9.17. There is no sign of the post-iddingsitisation 
crystallisation seen in the volcanics, so the alteration is probably 
entirely a post-crystallisation effect. However, iddingsitisation does 
occur in nodules with interstitial scoria, so it probably forms in the 

. interval after crystallisation2but before solidus temperatures are 
reached. 

9.7 Clinopyroxene. 
Most of the analysed clinopyroxenes are calcium-rich augitesswith 

Mg-numbers in the range 70 to 80. Modal clinopyroxene', is very 
variable ranging from zero to 73%, hence some varieties would Justify 
the name clinopyroxenite if they were not cumulates. (Plate 9.18). In 
the fairly common varieties, which usually also contain plagioclase, 
amphibole and magnetite, modal values between 5 and 25% are most common. 
Like all the mafic phases, this is a concentrationýrelative to Dominican 
volcanic phenocryst proportions. In the adcumulates, clinopyroxene 
shows subhedral outlines-like the other phases, whilst in the 
orthocumulates euhedral or ophitic outlines may be present. 

Minerals which are frequently present as inclusions in clino- 
pyroxene are olivine, plagioclase, magnetite and orthopyroxene;, 'the 
latterýcase is illustrated in Plate 9.19, The only common mineral 
which poikilitically includes clinopyroxene is amphibole (Plate 9.9). 
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The modal relationships between clinopyroxene, orthopyroxene and olivine 
have already been describedand are illustrated in Fig. 9.2c. The 
textural relations between clinopyroxene and orthopyroxene are also 
very similar in volcanic and plutonic specimens. Two pyroxenes 
may be present in the anorthite-bearing cumulates from St Lucia 
northwards, specimens from St Vincent contain a few orthopyroxenes* 
(Lewis, 1964), whilst in specimens from Grenada and the Grenadines, 
only one pyroxene (calcic augite) is present. There is only one 
exception amongst the anorthite-bearing cumulates, namely specimen X534 
from Canouan. This contains the assemblage; amphibole, plagioclases 
olivine, magnetite, orthopyroxene and clinopyroxene. It was 
discovered late in the study, so unfortunately no time was left for 

microprobe analysis. 
When poikilitically enclosed in amphibole, clinopyroxene shows no 

signs of the instability (Plate 9.9) which has been pre. dicted between 
these two minerals from experimental studies (Holloway and Burnham, 
1972; Cawthorn et al., 1973). However, in the orthocumulates where 
amphibole has crystallised interstitially, it is seen to re place 
clinopyroxene both marginallyland in patches internally (Plate 9.20). 
This process may continue until the bulk of the crystal is replaced, 
with marginal amphibole frequently inheriting twin lamellae from the 
host pyroxene. The replacement of clinopyroxene by amphibole does 
not affect orthopyroxenes, probably because they are further removed 
from the amphibole compositionso the necessary ionic diffusion is 
more difficult. The process is so selective in attacking Ca-rich 
pyroxenes that, in specimens containing two pyroxeneslit may be used 
to differentiate between them. Thus the predicted reaction relationship 
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Plate 9.20. Amphibole reaction with clinopyroxene in a basalt-derived, 
p-c-r-m+a mesocumulate (IP/11-IT). The clinopyroxene, Ca 43, Mg 40 Fe 17, 
on the left is rimmed and internally replaced by amphibole, Mg-no 60. 
Orthopyroxenes in the same rock (centre bottom) may be included in the 
amphibole but show no sign of reaction. St Kitts specimen K642, ordinary light, field length 4.3mm. 
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Plate 9.21. A basalt derived, p-r-m-o adcumulate (IP/HT), showing ophitic 
orthopyroxene. The orthopyroxene has olivine inclusions, and has continued 
crystallising from the interstitial liquid. No clinopyroxene is present. The plagioclase shows a broad-scale oscillatory --oning, which indicates that 
the crystal faces remained eu'nedral during adcumulus growth. St Kitts 
specimen K20073, crossed polars, field length 4.3mm. 
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does occur under some conditions. These seem to be when low- 
temperature intercumulus liquid reacts with high-temperature 
cumulus pyroxene. 

Oscillatory zoning similar to'that described in section 5.8 is 
not seen in most of the plutonic clinopyroxenes. The exceptions 

are occasional Grenadian clinopyroxenes, but even these are not so 
strongly oscillatory zoned as some volcanic clinopyroxenes from the 
same island. - 

9.8 Orthopyroxene. 
Orthopyr. oxene is the one mineral. which does not show extreme 

modal variations, the maximum abundance being 27% in specimen 1129, 
illustrated in Plate 9.8. The most common modal values in 
orthopyroxene-bearing cumulates are between 5 and 20%. Like clino- 
pyroxene, the orthopyroxene may show adcumulus, euhedral or ophitic 
textures, The latter is illustrated iii Plate 9.21, which is of a 
basalt-derived, p-m-o+r hetradcumulate (IP/HT) from St Kitts. This 
specimen is interesting as it does not contain clinopyroxene and 
provides evidence of the position of orthopyroxene in the crystallisation 
sequence; that is after olivine and plagioclase in magmas where the 
silýca activity is, sufficiently high. This position is confirmed by 
inclusions, as orthopyroxene frequently contains inclusions of 
plag-loclase, olivine and magnetite; but is itself often included in 
clinopyroxene (Plate 9.19) and amphibole (Plate 9.6). 

The compositional range shown by orthopyroxene in plagioclase- 
bearing cumulates is from an Mg-number of 73 to 49, and as shown in 
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Fig. 9.2c, there is a modal increase of orthopyroxene and decrease 
of clinopyroxene accompanying-the trend of iron enrichment. 
Orthopyroxene is particularly concentrated in nodules with plagioclase- 
core compositions in the range 83-47 mol % An.; again this situation 
is identical to that in Dominican volcanics. There are a few 
specimens (particularly L722, rich in biotite, Plate 9.27) which 
contain practically all Ca-poor pyroxene. This situation has not 
been observed amongst Dominican volcanic phenocrysts and is probably 
related to a more-advanced stage of fractionation. 

The orthopyroxene which occurs in the Grenada olivine nodule 
X418 (Plate 9.14), has an interstitial habit, and probably did not 
f9rin-as a phenocryst. If this is the case, the absence of 
orthopyroxene in Grenada microphyric picrites would be explained. 

9.9 _ Amphibole. 
In these cumulates, the frequent occurence of specimens containing 

over 30% amphibole, provides direct evidence of a considerable quantity 
of water in their parent magmas. The maximum modal-amphibole content 
recorded in Appendix 2.2 is 78%, and only 20% of the representative 
specimens analysed do not contain amphibole. The range of Mg-numbers 
recorded is from 79 to 38; but amphibole is concentrated in specimens' 
with Mg-numbers greater than 50. If the amphibole is richer in iron, 
a maximum modal value of 12% is observed. Thus in the plutonics, 
amphibole is concentrAted in the specimens derived from the most 
basic parent magmas. In striking contrast, amongst Dominican 
volcanicspamphibole, or amphibole relics, are absent from the basalt 
lavas and are concentrated in the andesites and dacites. This 
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Plate 9.22. A basalt derived, a-c-p-o-m adcumulate. The specimen contains about 70% modal amphibole, Mg-no 65. The amphiboles were originally cumulus crystals, with a few clinopyroxene and spinel inclusions. Clinopyroxene and plagioclase, An 91, make up most of the remainder of the rock. This specimen contains the most Fe-rich plutonic olivine analysed, with a composition of Forsterite 59. Bequia specimen BQ14, ordinary light, field length 4.3mm. 
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Plate 9.23. A basalt derivedpa-p-in-r-o adcumulate (IP/HT). Here. poikilitic 
amphibole contains a concentration of magnetite, but the inclusions are fairly 
widely spaced, suggesting that they were incorporaLed before accumulation. 
Note also the lack of reaction between the-I-ncluded olivine and amphibole. 
St Kitts specimen K701, crossed polars, field length 4.3mm. 
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situation is only convincingly explained if the basalt lavas are 
erupted at temperatures above the amphibole stability limit. 

For most specimens, the late crystallisation of amphibole in also 
suggested by its inclusions of ali other major phases except quartz. 
However, for Grenada and the Grenadines, the situation is slightly 
different because amphibole phenocrysts are present in some bnoic 
lavas; and in some Grenada cumulates amphibole has crystallised before 
0 

plagioclase (see Plates 9.9 and 9.13). There are also a few amphibole- 
bearing, plagioclase-free cumulates (Plate 9.17), which have probably 
solidified by adcumulus growth at temperatures above the upper 
stability limit of plagioclase. This situation probably results from 
a combination of more basic parent mngmas and greater depths of 

I 
crystallisation, but is discussed further in Chapter 11, 

0 The cumulus amphiboles are cuhcdral (Plato 9.31), but for 
solidified specimens some degree of further cryntallian tion inuat havo 
taken place. During petrographic study it t; as found convenient to 
refer to the different textures of plutoniC 4MPhibOlOG . 30 the 
following types: 

Type 1: adcumulus texture, inclusion free or poor, Plate 9922 Type 2: poikilitic textures, inclusions present but (amph, Plate. 9.23 Typn 3: ophitic texturoo inclusions present but) amph, I'llato 9.6 Type 4: replacement textureo marginally replacing othor minarals, Plate 9,20. 

Types 1 and 2 havc once been phenocrytittiq but typýs 3 nnd 4 
have begun crystallisation after crystal nccumulation. Thene typo 
examples hnve bcon given the tcxtural nomes indicated, which are 
useful for descriptive purpopen, but nre not malit to be interpreted 
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too literally, as there is a great deal of gradation. 
types 2 and 3 are often present in the same specimen. 
considered below: 

1. Adcumulus texture, 

In particular, 
Each type is 

Inclusion-poor amphibole, with an adcumulus 
textui: e is shown in Plate 9.22. This type is particularly connon in 
specimens from the Grenadines and Grenada; but is also present, 0 though not so well developed, and usually containing more inclusions, in 
specimens from all islands except Saba and Martinique - where only I 
and 2 specimens are available. At some stage these types were 
relatively inclusion-free phenocrysts; but since accumulation they have 
undergone adcumulus growth to produce the smooth boundaries and triplo- 

0 point junctions described previously, 

24-3. Poikilitic andophiticam2hibole. Amphibole phenocrysto linva 
been described from Dominica, where they usually contain abundant 
inclusions (Plate 5.16). Similar phenocrysts have been deacribed from 
Grenada (Arculus, 1973), and from Kicklcm-Jenny Volcano (Sigurdeson 
and Shepherd, 1974, in press), where they are up to 2cm neroso and 
contain inclusions of olivinal clinopyroxone and ap incl. It is clear 
thatl Lhese poUilitic amphiboles may fom part of a cr-yatal cumulato 
and later extend their margins by adcumulus Crowth. Otto variety of 
the resulting rocks could be dc9cribcd an p-n-o-c-m adcumulatea, and 
these would bo difficult to distinguiah from the p-o-c-nýa hateradcumulatca, 
where the amphibole had begun crystallisation after accumulation. 
The formart poikilitic type, can Ue recognived hy the greater abundance 
of amphibole relative to the included minoralsintid in illuiftrated in 
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Plate 9.94. Pyroxenic amphibole break- 
down in a basalt Oerivedjp-a-r-o-c-m 
adcumulate. The amphibole, Mg-no 75, 
is breaking down at its external margin, 
and at its contact with inclusions. This 
suggests a diffusion-controlled 
breakdown. The dssemblage forming is; 
plagioclase, orthopyroxene, clino- 
pyroxene and magnetite. Dominican 
specimen D172, crossed polars, field 
length 4.3mn. 

Plate 9.25. A quartz xenocryst rimmed by 
an unknown mineral of rhyolitic 
composition (given below). These xenocrysts 
are found in some nodules which contain 
olivine Fo 89.7, rimmed by amphibole 
Mg-no 73, set in a rhyolitic gla--s. 
The xenocrysts are identical to those seen 
in Grenada alkali and transitional basalts, 
and are probably remnants from a high- 
pressure environment. St Lucia specimen 
L782, crossed polars, field length 
4.3mm. 
Microprobe analysis of mineral rimm., -ng quartz: 

sio 2 80.6 
Al- 0 23 11.4 
'Peo o. 5 
mgO 0.1 
CaO 3.6 
Na 20- 3.6 
K20 0.5 
MnO 0.0 
TiO 2 0.1 
Total 100.5 
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Plate 9.23. The latter, ophitic type, has less amphibole relative 
to the included crystals, which must have been in contact before the 
amphibole began crystallising, this type is illustrated in Plate 9.6. 
A further difference is that the poikilitic amphiboles will frequently 
meet each other after adcumulus growth, whilat the ophitic variety 
usually occur spasmodically throughout the rock. 

0 4. Re2lacement am2hibole. This has been described in section 9.8 
on clinopyroxene, which is the main mineral affected$ 0 and is shown in 

- Plate 9.20. In these casesothe amphibole may also be present an the 
ophitic type between other minerals. Lewis (1964, p. 149) hnn) 

I described a reaction replacement of olivine by amphLboln, but this has 
4 

no, %-. been observed in the opecimens examined by the writer, so it is 
probably rare, 

Zoning-has been ob*served in thoplutonic amphibolevo but thia is 
usually 6, broha-ScAd 'norihal variý 16 '" M6 Tw'sliglit uhtni compnred 1.1- 

fI 
it :-, I. yw I-, fý", 

to the osciýllitýoi*y"-zý'nýed, "hiýthiboles in GrAndOWIthnicti (Arculus, 
1973). to the''pyr6ladic and bInck varictics.. 
has occurre'd"iftinuný ho'd6les,. which linvoobcon hold at-high temporaturcs)nnd 
at water pressures below"tha amphibole stability limit (no 
described in section 5.10). A particularly good example of pyroxenic, 
breakdown is present in a group of Dominicnii npacir-ions wharo largo 
poikilitic amphiboles tip to 3cm across hAve broken down at externnI 
and internal margins to Lhe asscmblnga plagioclaso, orthopyroxeno, 
clinopyroxeno and magnotito - thic is illustrated in Mato 9.24. 

I 
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_9.10 Quartz., --), 
There are three main occurrences of quartz in the nodules; 

xenocrystal, cumulus and interstitial. The xenocrystal type, 
illustrated in Plate 9.25, is only'observed in the unusual St Lucian 

specimens which contain the mafic silicates with high Mg/Fe ratios, 
rimmed by amphibole, and set in a rhyolitic glass. These rounded 

quartz xenocrysts have rims of clinopyroxene . or an unknown mineral of 

rhyolitic composition, which have prevented the silica from dissolving 

in the magma at low pressures. They are texturally identical to 

quartz xenocrysts from Grenada alkalicand transitional banalts 
(Arculus, 1973). Nicholls and others (1971) have shown that silica 
activity increases with total pressure, and that quartz may be stable 
in basaltic magmas at high pressures. The exact pressure is very 
temperature dependant, but assuming an equilibration temperature of 

0 1.100 C, they calculated values-for P TOT in the range 24-27kb. A 

similar origin is suggested for the Antilles plutonic quartz 
xenocrysts. 

The second type of quartz, illustrated in Plate 9.11, is most 
common in the viscumulates. Quartz phenocrysts have been described 
from many dacite lavas in the Lesser Antilles. It is therefore not 
surprising to find nodules containing up to 16% quartz, which have 
formed from the most fractionated magmas. Though the quartz-rich 
viscumulates do not necessarily form at the base, and*may form at the 
walls and roof of magma chambers. When cumulus quartz is present it 
usually showp granular boundaries)and may occur in patches and veinsp 
indicating a degree of subsolidus mobilisation. The abundance of 
quartz in these varieties, indicates that granodiorites are 11 
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Plate 9.26. Late-crystallising, interstitial quartz in an olivine-bearing 
orthocumulate from St Kitts. Specimen K699, crossed polars, field length 
0.7mm. 

Plate 9.27. Biotite concentration in a dacite G'erived, p-a-b-r-q-m-c 
viscumulate from St Lucia. The biotites have can Mq-no of 40, and 
together with the pyroxenes, are the most Fe-riclý inafic silicates analayse 'd in this work. The plagioclase is as sodic as An 37, but there is no alkali 
feldspar in this or any other of the nodules examined. Specimen L722, 
ordinary light, field length 1.7wm. 
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produced when the most-acidic magmas solidify beneath the surface. 
The third type of quartz, besý developed in the St Kitts 

orthocumulates, is an interstitial variety as illustrated in 
Plate 9.26. In this occurrence, ihe quartz normally forms less 
than 5% of the rock, and has a skeletal habit; often with widely- 
separated grains showing optical continuity, and therefore probably 
from the same anhedral crystal. The quartz, together with the most- 
sodic plagioclases, were probably the last minerals to crystallise 
from the intercumulus liquid before solidus temperatures were reached. 

9.11 Biotite. 
Biotite has only been observed in ortho-and viscumulatcs from 

St Kitts and St Lucia. Nevertheless, the six specimens analysed 
show a range of Mg-numbers from 70.8 to 39.9. The most-magnesian 
micas are therefore more accurately described as phlogopites, but 
there is no chemical discontinuity. Biotite may reach 20% of 
the mode, but in most cases only a few grains were'observed. A 
concentrated patch is shown in Plate 9.27, from specimen L722, 'Which 
contains the most iron-rich biotite and pyroxenestanalysed. 

Amphibole often includes biotite when the two minerals are 
prepent in the same thin section, though the mica is not included in 
the oth er minerals. This suggests that the biotite crystallises 
after p. lagioclase, pyroxenes and magnetite. The restriction of 
biotite to only two islands is no doubt in part a sampling problem; 
but as quartz and biotite-rich dacites are much better developed in 
the Soufriere region of St Lucia than elsewhere in the arc (Tomblin, 
1964), there may be a fundamentally different reason, such as 
geochemically more-evolved parent magmas. 



331. 

Z. 

"ý of '%- fý 0 

I 
PlaLe 9.28. Typical Lnexsolved magnetite showing signs of some interstiLial ically crystallisation. Contrast with the rounded magnetites which are poikilit included in amphibole - Plate 9.23. Carriacou specimen WCA289, reflected light, field length 1.7mm. 

Plate 9.29. Coexisting unex9olved magnetite and ilmenite in a St Kitts 
orthocumulate. The magnetite, % Usp 379 is isotropic, whilet the ilmenites %R203 16, Is intergrown with plagioclase and shows reflection anisotropy. 
Specimen K678, reflected light, field length 0.7mm. x-polars 



9.12 Oxides. 
The polished thin sections which were used for microprobe 

analysis proved ideal for studying opaque minerals in reflected light. 
Optically, only magnetite and ilmenite were identified, but after 
probe work, it was realised that chromian magnetite and hercynite, were 
also present. However, of these minerals, titaniferous magnetite 
is by far the most common and must account for over 99.9% of the opaque 
minerals which have been observed in the cumulaten. 

The maximum-recorded modal percentage of magnetite is 18%, with 
values in the range 5-15% very common; but as stated fn section 9.2.2, 
there is no particula r corelation with*any other mineral. As modal 
opaques in Dominican volcanics are seldom more'than 3%, it is obvious 
that there has been a density-induced concentration in the plutonics, 
This must be important in increasing the trend of silica, rather than 
iron, enrichment. 
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Magnetite may occur as a cumulus phasegand exhibit adcumulus growth 
like other minerals (Plate 9.7). It may be concentrated in poikilitic 
amphibole as seen in Plate 9.23. Magnetite also often occurs witCh an 
anhadral habit, indicating some degree of interstitial growth (Plate 
9.28). This latter Plate also illustrates the lack of exsolution in 
most of the cumulate magnetites. This is related to their mode of 
origin, having been quenched relatively quickly from high temperatures. 
In the basic cumulates, none of the specimens with interstitial scoria 
contain e-, -%I-solved magnetites, though ilmenite exsolution lamellae 
are present in-specimens where the amphibole shows signs of instability, 
and are attributed to subsolidus oxidation-exsolution (Buddington and 
Lindsley, 1964). Most of the spinels in the viscumulates are also 
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exsolved, even if interstitial glass is present. It was not 
considered worthwhile analysing these exsolved varieties. - 

The position of magnetite in the crystallisation, sequence 

is variable. if only 2 or 3 phases are present, there is only 
one magnetite-bearing assemblage, Table 9.1 no. 9, together with 
plagioclaae and amphibole. On the other hands in the 4 phase 
assemblages, magnetite is nearly always present (except in nos 16 and 
19, which are rare). Magnetite is present in all, the 5,6,7 and 8 

phase assemblages. Thus it seems tbattin the basalts, magnetite is 

usually the fourth mineral to begin crystallising after olivine, plagioclase 
and a pyroxene; but the exact sequence is presumably very dependent 

on oxygen pressures. In the andesite and dacite-derived cumulates, 
magnetite is a very common inclusion in the pyroxenespso here it 

probably begins crystallising after plagioclase. 
Chrome-bearing spinels are concentrated in the olivine-bearing 

cumulates from Grenada, where they tend to occur as small cuhedral 
crystals. However, oxides in general'are much less abundant in the 
Grenada cumulates and this would seem to indicate lower oxygen 
pressures. 

Fortunately, in many of the orthocumulates from St Kittst 
coexisting-unexsolved magnetite and ilmenite are present. which enable 
estimates to be made of temperatures and oxygen fugacities. The 
magnetites are generally subhedral, whilst the ilmenitos may be 
subhedral or show intergrowth textures as seen in Plate 9.29, In 
these specimens, the oxides have usually crystallised after plagioclase 
and olivine, and before the pyroxenes; but on some occasions appear 
to have continued crystallisation with amphibole and quartz. Thus 
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Plate 9.30. An aluminium-rich spinel assemblage in a basalt-, erived 
orthocumulate from SL Kitts. The core is hercynite. containing 
51 wt. % All 20 3' This has inclusi6ns of magnetiteland is rimmed 
by a corona of magnetite-and finally plagioclase. This is 
texturally similar to t-he quartz xenocryst shown in Plate 9.2-5), and 
may be indicative of a-high-pressure origin. Specimen K532, 
reflected light, field length 1.7mm. 
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the calculated temperatures and oxygen fugacities, which are 
presented in Chapter 11, will only indicate conditions through 
which the nodules have passed somewhere between the liquidus and 
solidus; but taken together will define oxygen fugacities during 
cooling. 

Al-rich spinel has been identified in two specimens from 
St Kitts, but is clearly no', '. - stable as it is surrounded by a corona 
of*magnetite and then plagioclase. An example is shown in Plate 9.30, 
the core is hercynite, Analysis 11, Appendix p. 183, and it contains 
small inclusions of similar composition to the magnetite corona, 
analyses 8 and 9 respectively, Appendix p. 182. The corona and 
inclusions are richer in Al and Mg, and poorer in Ti than the 
other magnetites in the specimen, analyses 7 and 10, Appendfx p. 182. 

The conditions of formation of this Al-rich assemblage are 
not known; one of the following explanations seems most'likely: 

1. The hercynite is a contaminant, formed by reaction between t-be 
magma and Al-rich country rocks, such as metamorphosed bauxite which 
could be present at depth. 

2. The shape and corona are similar to the quartz xenocrysts. 
The hercynite could similarly be a relic high-pressure mineral, which 
has since reacted with the magma to form a protective-coating, o,, '. * 
magnetite and plagioclase. 

9.13 Accessories, 
Primary accessories are uncommon in the cumulates, probably because 

most incompatible and minor elements are concentrated in the final 
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liquids. Accessories recognised are: apatite, calcite and pyrite, 
but their distribution is somewhat random and of little petrogenetic 

significance. Secondary accessories, such as alteration products, 
are also uncommon as only the fresh'est specimens'were sectioned. 
Micaceous alteration of plagioclase is virtually absent, and pyroxenes 
too are fresh. Olivine is frequently iddingsitised, and amphibole 
shows signs of breakdown in some specimens. 

9.14 Interstitial Glass and Scoria. 
An important feature exhibited by these cumulates is the retention 

of intercumulus liquid9which has not solidified before e: I: truSion. This 
indicates that many of the nodules were extruded at temperatures above 
their solidi. As noted previously, the remnants of liquid are termed 
interstitial glass if microlite and vesicle free, and scoria if microlites 
and vesicles are present. Varieties containing microlites are most 
common, so the term scoria' is most frequently used - examples are shown 
in Plate 9.31 and Plate 9.15. Phases in contact with the scoria often 
have narrow rims with contrasting extinction angles to their hosts, 
These microlites and narrow rims indicate, some degree of post-extrusions 
low-temperature c, rystallisation. The microlites often exhibit 
skeletal crystals similar to those seen in silicate slags, but are 
never completely crystalline like the groundmasses of lavas. This is 
perhaps. surprising as the nodules are often contained in deposits which 
may retain heat. at least for a few days after extrusion. The reason 
may be that, as most dissolved water is given off at low pressure) 
their solidi are raised to temperatures which are not long maintained 
after extrusion. 
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Plate 9.31. Euliedral faces of plagioclase and amphibole crystals 
projecting intu the interstitial scoria of a basalt-derived, 
a-p-m-c adcumulate (IP/HT). This scoria is relatively aphyric, 
but contains a few plagioclase microlites. On the 
right, solidification is complete. St Eustatius specimen 
SE48A, ordinary light, field length 4.3mm. 
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The specimens containing scoria provide convincing evidence 
in support of the concept of adcumulus growth, and taken together 
show the process in all stages of development. In Plate 9.31, 
euhedral faces are shown, which ard parallel to the original auhedral 
faces of the cumulus crystals. Of course this would be expected as 
volcanic phenocrysts are*usually euhedral. It is also apparent thats 
during adcumulus growth, the crystals remain euhedral until they meet. 

Wager and others (1960) have shown that there is unlikely to be 
less than 35% intercumulus liquid on accumulation. As the maximum 
recorded scoria values are less than 20%, it follows that some degree 

of adcumulus growth has already. occurred. In fact, this would be 

necessary to cement the crystals together sufficiently for their 
preservation as hand specimens. The common relatively-small sizes 
of the finds, could be related to an inturstitial-liquid induced low 
strength, and subsequent breakup on extrusion. Varieties where 
the volume of intercumulus liquid was between 20 and 35% have probably 
disintegrated en route to the surface, thus supplying lavas and 
pyroclastics with occasional xenocrysts. 
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CDAPTER 10: CUMULATE AND INTERSTITIAL GLASS CHEMISTRY. 

10.1 Introduction. 
An investigation into the nodule and interstitial liquid 

chemistry can place constraints on the possible courses of 
fractionation. The remnants of interstitial liquid provide compelling 
evidence that the nodules as a group are . related to the same 
geochemical system as the lavas. It must be erLiphasised that the 
nodules are cumulates, with considerable modal variations, so any 
one analysis has a limited use. However, in Chapter 9 it has been 

shown that although there are considerable modal variations$ they are 
by no means. entirely raadom. If the nodule analyses are considered 
as a group, they suggest trends of liquid evolution; and also the 
relative volumes of cumulate and liquid residue that are produced, 

A selection of mineralogically representative nodules have been 
analysed for major and trace elements by X-ray flourescence; the 
re-sults are presented in Appendix 2.3. The interstitial scorias have 

, been searched, and glassy portions analysed with a diffused beam on 
the electron microprobe - details of this special procedure are 
given on Appendix page 117. The averaged analyses for each specimen 
are given on Appendix pages 199-201. The problem of analysis for 
water cannot at present be easily surmounted; so the analyses have 
been recalculated to 100, 'and are expressed water 'free. It is thought 
that the analyses are best expressed in this way for comparison with 
each other, and with the volcanic analyses. 

In both cases,,. the CIPW norms are also given. On a normative 
basis, the ultrabasic nodules (< 45% GiO 2) tend to be neither quartz 
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nor nepheline normative, and are usually composed largely of 
anorthite, diopside, hypersthene, olivine and magnetite, together 
totalling over 90%. A few of the ultrabasic nodules are up to 2% 
quartz normative, whilst others are up to 3% nepheline normative. 
The lack of highly nepheline-normative types is a response to the 
low concentration of alkalis., usually less than 2 wt. % Ila 20+K20. 
The lack of highly nepheline-normative varieties does not affect the 
trend towards silica enrichment in the volcanics; since subtraction 
of material similar to specimen SE31B (Appendix page 104). which is 
1% quartz normative, will still lead to the observed trends. -All (M 29) 
but one of the of the noduleSAWth silica > 45,. -4t. % are quartz 
normative. Of the interstitial glasses, all but ona from St 
Eustatius (SE48B) are quartz normative and range 1n silica content 
from 48.3 to 79.9wt. %. 

10.2 Variation with Silica. 
Major-and trace-element data are plotted againstp silica in 

Pigs 10.1 and 10.2. Tike their modes, these data occupy restricted 
fields of chemical composition. The interstitial glasses are broadly 
similar to Dominican volcanic compositions, but continue the trend 
to rhyolite. At the same silica content, the glasses contain 
slightly more Fe 203* and Na 2 0, and slightly less Al 203 and CaO than 
the volcanics. Iron enrichment in the liquid is the expected trend 
during cooling; whilst the Al 20 3' CaO and Ila 20 differences are probably 
related, to a density-induced, plagioclase-plienocryst concentration in 
the volcanics. The trends of Al 203 deple-,: ion, and Na 20 enrichment 
amongst glasses in the range 52-56% SiO 2, are both steeper than the 
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volcanic trend. They were probably formed after the interstitial 
liquids were i3olated from the overlying magmaý at an advanced stage 

. of adcumulus growth. Here, the adcumulus growth of anorthite would 
tend to rapidly deplete the liquids in Al 203, and enrich thcm in 
Na 0'. The low-K 0, and greater Fe content of the interstitial 2-2 
glasses suggest tholciftic, affinities. 

Most of the nodules' major and trace -elements plot on or near 
the back projection of volcanic compositions (Fig. 10.1). This is 

convincing evidence of their cognate origin, and can explain the 
gradation amongst volcanic compositions by subtraction of phenocrysts 
to form the cumulaten. The elements which show the most marked 
discontinuity between cumulate and volcanic trends ara Mg and Ni. This 
suggests that olivine is the mineral responsible, which may be 
concentrated in the most-basic_volcanic coinpositionsp but is not so 
well represented in the cumulate collection. Indeed, the basalt- 
derived p-o adcumulates from St Kitts, Dominica and St Vincent do plot 
nearerthe back projection of the volcanic trends shown in Figo-10.1d 

. and 10.2h. 
The andesite-derived cumulates are concentrated in the silica 

nange 52-58% Sio 2' wbilst the basalt-derived cumulates mostly have 
silica values between 39 and 46%. If the andesite and dacito lavas 
were generated from a basaltic parent by fractionation, one would 
expect a continuous gradation in cumulate compositions between the 
basalt- and andesite-derived types. In fact there is a compositional 
gap in the range 46-52% Sio - hence an indapendent origin for the 21 
andesitic and basaltic cumulate parent magm2s is predicted, 
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, nt data (Fig. 10.2) also show restricted The trace-eleme 
compositional ran-Ses. The Rb concentration (Fig. 10.2e) provides 
a clear indication of the behaviour of incompatible elements. it 
is lo,.. i in the ultrabasic, adcumulates and similar to the volcanics in 
the andesite-derived viscumulates. In most of the ultrabasic 
cumulates, Rb is below the detection limit of 3ppm. This confirms 
the hypothesis that, of the analysed elements, Rb is most 
concentrated in residual liquids. It also streDgthens the 
validity of the conclusions reached in section 6.5 (p. 232) on the 
controls of fractionation. 

The Y variation shown in Fig. 10.2 c is also important, since the 
only major mineral undur consideration that appreciably concentrates Y 
is amphibole. This is shown by the high-Y contents of the specimens 
containing over 50% modal amphibole. A plot of Y versus modal 
amphibole (not presented) suggests that amphibole Y contents are 
between 30 and 50ppm. The mQst-basic Dominican volcanics contain 
between 14 and 20 ppri Y, and show a trend of Y enrichment with increasing 
silica. Thereforeq modal, amphibole is unlikely to be important durinG 
the early fractionation. in contrast, Dominican andesites show a 
slight tre. -nd of Y depletion, which suggests that amphibole fractionation 
is important at this stage. I 

Most nodulas contain less than 25 ppm Ni (Fig. 10.2h). The 
exceptions are generally olivine bearing; but even these only have 
Ni contents-in the range 40-100 ppm. This low content of compatible 
trace elements in the cumulates, is also true of the volcanics (p. 247), 
and provides additional evidence in favour of a cognate high-level origin. 
A Three of the andc. si tc -derived cumulates have Ni contents betwcen 
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20 and 60 ppm - higher than r--, ost volcanics and ultrabasic. cumulates. 
Modal olivine, and an increase in Ni c- oncentration was noted for 
the Dominican andesites. These anomalous andesite Ni abundances 
are most easily explained by a mantle derivation and continuous 
olivine- fractionation en route to the surface. 

A further *study on mineral trace elements in thn,, nodules would 
provide important additional evidence on. the controls*of fractionation. 
If enough scoria and interstitial glass could be separated for 
trace-element analysis, then phanocryst/liquid partition coefficients 
could be directly calculated. 

10.3 Variation in the 1XM diaýram, 
In order to vizualize the important chemical, variations during 

fractionation, the cumulate and scoria analyses have, been plotted on 
an AFM diagram., which is sbown in Fig. 10.3. The'fields occupied 
by both the cumulates and the. glasses are outlined, and t1ie field 
occupied by Dominican volcanics is also shown. The following points, 

'may be noted: 

Most of the nodules are characterised by very low alkali 
concentrations, despite the modal abundance of amphibole. This is 
largely related to the driving off of iriterstitial liqulid during 
adcumulus growth. 

2. There are 5 nodules which plot within the field of Dominican 
volcanics; these nodules are relatively enriched in incompatible 
elements, and are the ortho- and viscumulates. However, it should be 
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noted that they have minerals with higher FelM. c, ratios than 
phenocrysts from lavas which are richer in alkalis. 
3. There is considerable overlap between the compositions of 
Dominica volcanics and the interstitial glasses - thus suggesting 
a genetic connection. The Fe-enrichment in the liquids is clearly 
seen; this is despite significant magnetite in the cumulates. 
4. There is a considerable field of liquid corripositions where 
Na 0 +'K 0> Fe 0*+ M80. Such liquids have also been identified 2223 
among Dominican pyroclast-flow fines coinpositions; and indicate that 
the liquids continue fractionation to rhyolite, and probably to the 
ternary minimum in the quartz-Orthoclase-Albite systcm (Tuttle and 
Bowen, 1958). However, the volumes involved are too small, nnd the 
liquids to viscous to become separated and form significant 
extrusive products. 

In order to establish the trend of liquid evolution more clearly, 
in Fig. 10-+ a, the compositions of coexisting cumulates and interstili-al 
glasses are plotted together in an AFI-I diagram. The following points 
emerge: 

1. All the interstitial liquids are relatively enriched in 
alkalis, and have higher Fe * /Mg ratios than their cumulate hosts, 

The cumulates with the lowest Fe * /Mg ratios contain 
interstitial liquids which show a tbolei3*. tic trend of iron enrichment; 
this is-related to the position of titanomagnetitel after olivine and 
plagioclase in the crystallisation sequence *(page 333). Ilowovers 
none of the trends is as marked as the Skaergaard liquid. 

.I 
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3. The cumulates with the highest Fe*/Mg ratios contain 
interstitial liquids which show trends of alkali, rather than iron 
enrichment. This trend is similar to the Cascade or calc-alkalic 
trend, where the assemblage subtracted has a similar Fe /Mg ratio 
to that of its parent magma, 

4. it is clear from the lengths of the tie-lines, that there 
is no unique interstitial liquid composition for any particular 
cumulate composition. The liquid compositions are also dependent on 
the percentage solidified. This has been shown experimentally by 
Holloway and Burnham (1972). It is shown here in Fig. 10.5, which is 
considered in the' ncxt section. 

The differentiation of a magma batch ha3bmn illustrated on an 
AFM diagram in Fig. '"-10. "4b, using coexisting liquid and glass pairs 
from Fig. 10.4a. A parent magma of composition P, may. crystallise 
the cumulate assemblage C (e. g. olivine-anorthite), andthe liquid 1 
composition will move towards L1 (e. S., pyroxene basalt). On 
further cooling, the cumulate composition moves to C (e. g. pl-an-mag-cpx)s t2 
and the liquid composition to L2 (e. g. basaltic andesite). This 
process may continue in the orthocumulates where later cumulates 
(C ) and coexisting liquids (L are further along the cumulate and 33 
liquid trends illustrated. If the cooling process is interrupted 
by a volcanic eruption then the liquids will have compositions 
intermediate between L and L that is between basalt and dacite, 1 3' 
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10.4 Evaluation of Potential Fractionation Schemes. 
As we know the composition of probable parent magmas, likely 

cumulates, and potential fractionation products, it is possible to 
calculate the relative proportions of extract and residue which would 
be produced by various fractionation schemes. Ideally, a computer 
least-squares method should be used, similar to those described by 
Bryan and others (1969), or by Wright and Doherty (1970); but 

unfortunately no such working prograra was available. This is a 
priority for future work, since the mineral-chemical data presented 
in Appendix 2.5-are a suitable basis for such a study. However; 
in the real situation, the composition of crystallising phasesq and 
their modal proportions, will change during -fractionstions so the 
problem is numerically complex. In this work a subtraction diagram 
is used to estimate the relative proportions involved. This has the I 
advantage thats as the extract composition changes, so does its 
parent-liquid composition; and the effects will tend to counterbal&nce 
each other. 

I Before any calculations, one must decide which parent liquid and 
extract compositions to use. Lewis (1964,1973)'has presented a 
subtraction diagram using the composition of interstitial scorias 
(51.2 and 53.8% SiO 2) as the parent liquids, and tho composition of 
the average St Vincent cumulate as the extract. Ile concludes that 
such a scheine will produce andesitic rocks similar to U. -iose. erupted 
in 1902. Rea (1974) has reported results from a computer least- 
squares method, using an average Ho, ntserrat basaltic composition 
(52.5% Sio 2) as a parent; and mineral compositions of the cumulate 
phasc. - mi,. -. ed in v4-6rying proportions, He finds that se tracts. 
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subtraction of 40 wt. % ctimulate (of similar mode to the oýserved- 
nodules) will give 60% of an andesite with 60.8% SiO 2" 

Both the above fractionation schemes are hypothetical because , 
the authors have not shown that their extract would form from the 
parent liquids chosen. In fact, on both St Vincent and Montserrat 
there are more-basic lavas as candidates for the composition of the 

parent liquids. These are in the range 48-49% Sio 2 and ill'Ould be 

more likely to produce cumulates similar to those observed. Lewis's 
and Rea's fractionation schemes are certainly capable of producing 
the compositions observed; but if they had chosen more basic parent 
magmas, the derivation of the an'desites by fractional. crystall-isation 
would be less likely. 

One cannot use the compositions of the interstitial glasses 
as parent liquids because they do not represent the liquids from which 
the cumulates formed. In Fig. 10.5, the mode and differentiation index 

of interstitial glasses are p. lotted against each other, for ultrabasic 
cumulates only. There is an expected sI catters since the blocks 
themselves are'of variable. mineralogy-and composition. However, thig 
diagram does convincingly show that the differentiation ipdox of 
interstitial liqu. ids increasesýas their modal volume decreases. The 
diagram predicts that, on accumulation vhan the'percentage of liquid 
will be in the range 30-40 (Wager et al., 1960), t1le. composition of the 
liquid will be similar to the bulk composition of -the most basic lavasp 
with differentiation indec, es in the range 20-25 (see Table 7.2, p. 243)o 
It was noted in'section 9.14, that nod'uies nus't have -undergone some 
adcumulus growth to be preserved as hand specimens. It therefore 
follow.,.,, that Ithee interstitial glasses. are -r. -, -, me,..: hat enriched in 
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incompatible elements relative to the ciumulate parent magmas. 
A better method of deciding which cumulates were extracted 

from which liquids, is to compare the lava-phenocryst mineral 
assemblages and compositions, with the nodule-mineral, assemblages 
and compositions. For the Fcundland and lit Misery centres, this 
means that the anorthite-olivine assemblage is subtracted from-the 
olivine basalts, and the pi-ol-cpx-opx-mag assembla'ge is subtracted 
from the pyroxene basalts.. Amphibole does not occur as a- 
phenocryst in "the basic lavas, even in varieties containing over 40% 

phenocrysts, so it should not be included in the fractionation scheme, 
(The situation is different for Grenada and the Grenadinds, whose 
basaltic lavas do cont3in amphibole phenocrysts). 

A subtraction diagram., using averag6""basic parent ma8rdar. frOln 
Table 7.2 as the parent liquids, and average ultrabasic*-'Cumulates 
as the extract-is presented in Fig. 10.6. Actually, compositions of 
amphibole-bearing and amphibo. le-free varieties both plot within the 
fields shown. Cumulate compositions are present which plot very near 
the subtraction lines in Fig. '10.6; but in view of the chemical. 
variations shown in Fig. 10.1, it is thought more objective to plot 
the'average fields. - 

Fig. 10.6 shows that an extract of 53wt. ', '4o cumulate, from Dominican 
or St Kitts parent magmas, could produce 47wt. % of a composition 
very similar to an average Foundland basaltic andesite'. . This'would 
appear to be a reasonable proportion in view of the percentage of 
phenocrysts in erupted lavas; and in vie'w of the volume distribution 
of erupted types shown in Fig. 6.4c, 'p. 224. In faci, there is a slight 
bimadal distributtion in Fig. 64c, which suggosts that thin is a comoll 
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fractionatioa scheme. The most coinmon Foundland fractionation 
scheme-N, would appear to be subtraction of less than 25wt. % average 
cumulate (or less more-basic cumulate) froin the parent inagmalto 
produce the common Foundland pyroxene basalts. 

If we retain the hypothesis of one relatively constant 
0 composition parent magma, then we see from Fig. 10.6 that, to produce 

a typical Plat Pays andesite-dacite composition, at least'72wt. % 

average ultrabasic cumulate must be extracted, and the composition 
predicted is not close to the observed composition. In particular, 
the alkali contents of the Plat Pays andesites are lower than would 
be expected from the subtraction of alkali-poor minerals in the. 
extract. The composivional differences are no doubt related to 
the greater extrapolations involved; but the value of 72% extracL is 

of the same order as the 89% suggested on the basis of the Rb 
concentration in section 6.5. Hence, we are forced to conclude that 
at least twice the weight of exposed andesitc-dacite would be present 
as cumul4te at depth; and, with reference to Fig. 6.4a, none of the. 
basic parent magma would have been erupted. This is clearly 
untenable, and the hypothesis of variable composition parent magmas 
is preferred. In fact, it is unlikely that there will be only two 
types of pareNnt magma; as mantle fractionation will produce variations 
in the composition of liquids reaching the Iiigh-lcvcl magma chambers. 

In conclusion, we see that fractionation of pl. -ol-cpx-opx-mag 
in the basic centres, can e-d, %, plain their predominantly basaltic character, 
their chemical gradations, and their compositions. Similarly, for 
the intermediate centres, andesitic parent magmas can explain the 
lack of exposed bnsalts, the ýabsence of ultrabosic cumulates and 

- the relatively-constant composition of erupted materials 
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CHAPTER ll.: PLUTCNIC MINERALOGY 

I 
Introduction. 

7 the plutonic-mineral chemistry has Electron-microprobe study of 
formed a major part of this work, and much now data have been gathered. 
The new analyses, and some from previous studies, are listed in 
Appendix 2.5. A guide to the layout of these analyses is given in 
Appendix 2.4, and it is suggested that the interested reader 
familiarises himself with this guidetas it can save considerable time 
in finding a particular mineral analysis - if one is available. With 
such "- large number (528) of analyses, this Chapter could well be the 
largest in the thesis; however, most of the argumeats have now been 
developed so this Chapter is deliberately brief, and only. attempts to 
present the most important mineralogical data from the many hundreds 
of plots which have been made. - This leaves ample scope for 

quantitative petrogenetic work in the future, 

11.2 The Plagioclase-Olivine Relationship 
On page 199, it was noted that the magmatic conditions best able 

to explain the common occurrence of anorthite. are of high temperature 
and water-pressure. Unfortunately, the igneous plagioclase 
thermometer described by Kudo and Weil (1970), and recently refined by 
Matheez (1973), gives unrealistically high crystallisation temperatures 
for anorthites, and is difficult to utilize if the water pressure is 
relatively high or unknown. Yoder and others (1957) have shown how 
an increase of water pressure considerably depresses the plagioclase 
liquidup; whilst Yoder (1965) has shown how the addition of other 
components (in this case diopside) depresses liquidus temper, atures 
,,, ve. n further. 

I In the real situation, plagioclase is unlikely to be*stable above 
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about Ab, since at great"er pressures Mg-olivine and calcic plagioclase 
react to produce two pyroxenes and a spinel (Kushiro and Yoder, 1966). 
However, it has been deduced from the late crystallisation of amphibole 
in. all but a few Grenada cumulates, and from the lack of basaltic 
pyroclast"flow eruptions, that P 11 0 is considerably less-than P TOT 2 
for the parent magmas of most Lesser Antilles ultrabasic cumulates. 
Thus the effect of water is to depress the liquidus of plagioclase 
relative to olivine, Whilst temperatures remain high enough to 
crystallise anorthite. Such conditions are pressures in'the range 
4-6kb and water pressures of 0.1 to 0.3 P TOT' 

The composition of coexisting plagioclase and olivine is of 
great significance in this respect; and when-enough data are available, 
it may be possible to relate the composition of plagioclase at a "iven 0 
olivine forsterite content, to the P Is of magmas of known composition. H20 
The plagioclase-olivine compositional relationship for Lesser Antilles 
ultrabasic cumulates is shown. in Fig. 11.1 - the S"kaerjaard trend 
for the first period of olivine crystal lisation is shown, -. for comparison. 
At an olivine composition of Fo809 Lesser Antilles tholeiite-derived 
plagioclases have compositions of An 961 whilst th .e equival. ent 
Ska ergaard plagioclase composition is An 77* This is a great difference 
between magmas of broadly similar major-clement chemistry. (Skaorgaard 

chilled gabbro has about 2% less Al 203 and 2% more MSO, but in other 
, respects is very close to St Kitts and Dominica basic parent magmas), 

The situation is different for the alkalic magmas in the 
southern islands, which contain morq-magnesian olivines at the sam. " 
plagioclase composition. It is doubtful if the greater Na 20 content 
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of Grenada magmas (3% Ila 20 at 50% SiO 2 compared with 2.6% Ha 20 at 
50% SiO 2 for Dominica) is the controlling factor. It seems more likely 
that P is less in the southern islands, since the higher Mg/Fe ratios H20 
of -the mafic silicatcs suggest higher-magmatic temperatures. However, 
the Grenada and Grenadines plagioclases are also more calcic than 
plagicclases from alkalic basalts in non-orogenic regions, e. g. a range 
of An 68 to An 43 for plagioclases from the-Black Jack Sill ýWilkinson, 
1959). We may conclude that dissolved water is an important component 
in the origin of magmas in the southern islands too. In Fig. 11.1, 
a trend line is drawn, but it is clear that there is significant real 

0 
variation amongst these cumulates, probably caused by variations in 
water pressure, 

All the data for coexisting olivine and plagioclase have been plotted 
in Fig. 11.1; it therefore also shows that, for the basalt-derived 
cumulates, olivine (Fo 64) usually ceases to crystallise when the 
plagioclase composition is about An It follow dint, the 89 
presence of Mg-olivines (from optics) in the andesites and dacites 

, from internediate centres, with plagioclase core colil. 'Positions uallally 
about An 74 (Fig. 5.7, p. 155), is strong evidence'of an independent 
origin for the intemediate magnias 0 The composition of the olivines 
in these andesites and dacites is an important subjact for future 
research. 

11.3 Pyro -,,,.. cne s0 
The study of coexisting pyroxenes has an important bcaring on 

the distinction between magma types, and on their variation during 6 
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fractionation (Brown, 1968). In sections 5.8.5.9l 9.7 and 9.8 it 
was shown that a petrographic distinction is practicable between the 
pyroxene assemblages of Lesser Antilles igneous suites. Unfortunately, 
the volcanic pyroxenes are often irregularly zoned due to disequilibrium 
during surface cooling (Boyd and Schairer, 1964). However, due to 
their xenolithic originý and their content of interstitial glass, the 

plutonic minerals have cooled quickly and'are often little affected by 
volcanic processes. (Though some of the variation shown in Fig. 11.2 
is probably caused by. re-equi'libration under nea . r-'surface. condition-S. 

Average analyses for each specimen are plotted in part of the 
pyroxene triangle in Fig. 11.2. Averages were marle in order to plot 
relationships between coexisting minerals; fortunately most analyses 
of d-Ifferent crystals in the same specimen are' quite similar, e. g. 
Appendix p. 154 specimans E2 and E3. One problein with the 
interpretation of this, and the'other mineral-cheMiical plots, is that 
the specimens are from many different magma chambers', and are derived from 

magma batches of diverse composition. Any particular cooling-magina 
batch is therefore unlikely'to show the complete ran,: ', ve-of compositions, 
However, in view of the tectonic similarities, it is felt justifiable 
to plot all the analyses together. There are s'oinL- tie-lines which 
cross (Fig. 11.2); but the majority are sub-parallel, and only a few 
are shown to avoid confusion. 
I In Fig. 11.2, the only major difference between clinopyroxene 
compositions along the arc is that those from Grenada and the 
Grenadines are richer in Diopside. The analyses can be split infko 
groups; from all-calic magmas, from sub-alkalic maginass and from inter- 
mediate magmas. I However, these groups are gradational, showing 

ý41 
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that the trend may be joined and followed by pyroxenes from magma 
batches of diverse composition. This suggests that environmental 
factors are important in controlling the pyroxene compositions. 
Arculus (1973, p. 216) has analysed coexisting ortho- and 
clinopyroxenes from Grenada intermediate volcanics, and these fall on 
the trend shown in Fig. 11.2. The orthopyroxenes have slightly higher 
Mg/Fe ratios; but the major difference is the absence of 
orthopyroxene in most Grenada basalts. 

The most-magnesiali coexisting-pyro,.,,,, ene pair isj from the 

picrite-derived o-c+r heteradcumulate shown in Plate 9.14, p. 312. 
This is thought to be a cognate cumulate which cry-stallised in the 

mantle. Ito and Kennedy (1967) have shown that both olivine and 
orthopyroxene are present in the residua of partial melting of garnet 
peridotite. Peridotite-derived magmas will also yield residual liquids 

I 
which precipitate both olivine and orthopyroxene (Olliara, 1968). 
It is probable that thermodynamic and experimental studies will be 

able to evaluate the equilibration conditions for this nodule, 
A rough estimate may be made using the data of noyd (1973), which 

is applicable to ultramafic rocks containing the assemblage 
enstatite + diopside + garnet. The method suffern in this case as no 
garnet is present; though Arculus (pars. com., 1974) reports that 
Rare Earth Element data from Grenada ultrabasic lavas show that they 
ýare buffered by c-arnet. Using the averages from the rAcroprobe #0 
analyses, equilibration conditions of about 950 0C and 27kb are 
suggested - clearly within the upper mantle. 

Although this o-c+r heteradcumulate is not a member of the 
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high-level fractionation sequence, it is important as it shows 
that fractionation begins before the magmas reach the island-arc crust. 
It also extends the trend of pyroxene compositions towards their 
sources. For different magma types, there is probably an overlap 

P in the pyroxene triangle, between the composition of pyrozenes which 
have begun crystallising at mantle depths (> 10 kb in the Lesser 
Antilles), and those which have nucleated after a magma batch has 

reached a high-level magma chamber. 
The gap in orthopyroxene compositions between En 63 and En 54 

(and the associated dearth of clinopyroxones), was found amongst 
Dgminican volcanic orthopyroxenes (p. 173), and has also been found 
in St Kitts, St Lucia and St Vincent; but not in Montserrat 
(E. B. Curran, pers. comin., 1974). It is most probabla that this 
compositional gap is related to the SiO 2 break in voltanic and 
plutonic whole-rock compositions; and is caused by parent mag. mas 
of diverse composition, with only limited transition from basic to 
intermediate compositions by fractional crystallisation. The 
Montserrat orthopyroxenes are probably from the South Soufriere 11ill 

centre and could have bridged the compositional gap during 
fractionation. 

Lesser Antilles clinopyroxenes initially follow a calcic-augito 
trend; but with fractionation, or with different parent magmas, there 
is a transition to an augite trend. The coexisting orthopyroxones 
show a hypersthenic trend of gradual iron enrichment. There is no 
major difference in the orthopyroxene Ca atomic. proportions; and 
Ca-poor clinopyroxenes have not been identified in Lasser Antilles 
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plutonics. It seems that Ca-poor clinopyroxenes only form in the 
volcanic environment where t1pey are found as, rims to clinopyroxene, 
or as a groundmass mineral as in Kuno's (1950) pigeonitic series. 
For the islands north of St Vincent, orthopyroxene its, sometimes 
present in the most basic magmas, St Vincent is trancitional, whilst 
for Grenada and the Grenadines, although orthopyr6xene is present 
during mantle fractionation, 'ft is unstable in thcýbasalts; and only 
begins to crystallise when the a Sio is cufficiently high (at about 2 
56% Sio 2 in the liquid. 4 

The Antilles plutonic-pyroxene trend is compared with some 
well-established pyroxene trends in Fig. 11.3. Thatransitional 
nature, of the Antilles trend ýs clear, suggvsting that urider hydrous 
fractionation, "the trend in' bas'altic clinopýrroxenes is' of Fe increase 
from 10 to 20 atomic %, of Ca decrease from 48 to 40 atomic %, and of 
slight Mg decrease from 42 to,. 40 atomic Antilles clinopyroxones 
pass from typically alkalic to typically sub-alkalic compositions, 
clearly cutting across the variation shown by the Shiant Isles Sill, 

The tie-lines for Antilles and Skaer"aard pyroxenes, uhich have. 
crystallised from silica saturated magmas, are sub-parallel, indicating 
a temperature-controlled MS/Fe distribution during cooling, However, 
the clinopyroxenes contain more calcium, and the orthopyroxenes less 
calcium, than the Skaergaard pyroxenes, This can be explained by the 
lower liquidus temperatures in the Antilles, caused by dissolved 
volatiles. In the Skaergaard intrusion, the clinopyroxene trend 
changes to Co+Fe'enrichment after pigeonite. ceases to crystallise 
(Brown, 1957); but in the Antilles the change to Ca+Fe enrichment 
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occurs at higher M*/Fe ratios, and orthopyroxene is unafffected. 
Lindsley and MUILOZ (1969) have suggested that the cessation of 

Ca-poor pyroxene crystallisation. and the minimum Ca content of 
clinopyroxenes in the Skaergaard and Bushveld intrusions, is controlled 
by the silica activity. In the present situation., the a Sio 2 

is 
sufficiently high for Ca-poor pyroxene to crystallise throughout, and 
cummIus quartz is an associated phase. It is therefore not clear 
why there is such a marked minimum in the Ca/(Ca + 1-Ig + Fe) ratio. It 
may be connected with the contrasting parent magmas which enable the 
activities of other components to control the pyroxene compositional 
variation. It must be noted that at this stage clinopyroxene is 
modally scarce (only a few small inclusions in orthopyroxene, for 
the most Fe-rich clinopyroxene analysed); and if fractionation 
continues, it may be predicted that the augite would be the first PY-, 

60XCLIQ 

to cease crystallisation. To verify the r-c-rich part of the Antilles 
clinopyroxene trend the proble. m needs further study, in particular of 
pyroxenes. from andesite- and dacite-derived cumulateso 

Another important aspect of pyroxene chemistry is the Al content 
of clinopyroxenes. Le Bas (1962) has shown that'this may be 
broadly correlated with the alkalinity of the parent magma. However, 
it is clear thft zoned clinopyroxenes from one magma batch may cut 
across Le Bas's fields (Arculus, 1973; Gibb, 1973). . Ne3verthe less, for 
, the Antilles plutonic clinopyroxenes there is a general decrease of 
Al 203 with the., increase of Sio 2 and Fe/Mg ratio (Appendix 2.5, List 3)* 
The decrease of tetrahedrally coordinated Al. with fractionation is 
also found in Lesser Antilles amphiboles; it is shown in Fig. 11.6ap. 372, 
and d1lscusascd in the nc-, ,t section. 
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11.4 ArrpL3. boL4jj&. 
Analyses of Lesser Antilles plutonic amphiboles; are presented 

in Appendix 2.5, lists 2A and 2B. As the cation-site distributions 
are dependent on the iron-oxidation state, a semi-direct method has 
been used to recast the probe-determined Fe into. Fe2+ -and Fe 3+ 

this is described in the Appendix, p. 114, and is considered better 
than recasting the analyses from theoretical considerations. The 
petrographic relationships'of amphibole have already been described. 
It is restated here that amphibole is always the last major-mafic 
mineral to begin crystallising; and in the islands from St Vincent 
northwards it begins crystallising before plagioclar. e, %7hilst in 
Grenada amphibole may crystallise before or after plagioclase. 
Amphibole adcumulates are also more'common in the southern island8l 
suggesting greater depths of crystallisation and lower water contents 
than elsewhere in the arc, c. f. Pigs 5.10b and 9.4. 

A major problem, with the-amphibole group is their classification - 
this is itself the subject of much current research. In this work, 
no great effort has be-; ýn inade to classify the arr-phiboles as no one 
system is generally xcepted. One of the most widely-used classifications 
is that described by Deer, Howie and Zussman (1963, p. 203), 'and is 
followed here. The recast analyses have been plotted on a non-divalent 
ions in the Y site versus tetrahedral Al dingram in Vig. 11.4. On 

, this basis, the Antilles amphiboles range in composition between 
common hornblende and tschermakitic pargasite. As their range of 
Mg-nu-iiibers is from 79 to 38, none are true pargasites, and the term 
techermakitic hastingsites is more apt, in the classification of 
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Phillips (1966), they are of pargasite-tscher-, nakite composition. 
Similar amphiboles are common members of the calc-allcalic association, 
and have been produced in hydrotherinal experimental studies on 
common basalt and andesite*compositions (Green, 1972; Holloway and I 
Burnham, 1972; Eggler and Burnham, 1973; Heltz, 1973). 

The trend of amphibole compositions in terms of the atomic 
proportions of Ca, Mg and Fe is shown in. Fig. 11.5. This is a 
convenient plot as the relationships between coexisting pyroxenes 
and amphiboles can also be shown. There are a few intersecting 
tie-lines, but these are mainly between coexisting amphiboles and 
orthopyroxenes; the tie-lines shown in Fig. 11.5 illustrate the 
general relationship. That is, the amphiboles have bigher Fe/ýfg 
ratios than either of, the coexisting pyroxenes; but there is a grileater 

. difference between coexisting clinopyroxerie and amphibolo Fe/fIg ratios, 
and this increases wit"a 'falling temperaturei; (sco Fig. - 11., 6b), , Thosse 
amphibole-pyroxene relationships are independent of the textural 
varieties*described in section 9.9. The chemical variatioý shown 
-in Fig. 11.5, is more %N. xtensive than any otber reported nuite of 
calc-alkalic amphiboles that is known to the writ er, or to 14r J. L. 
Knight (pers. coimn. , 19 74) who is studying amphibole cla-s-sif ication. 

Thus we see that in this differentiated suitc of cumulates, the 
amphibole compositions vary sympathetically with those of the otlier 
mafic silicates, but unlike the Ca-poor pyroxerie, their presence is 
unaffected by the a Sio 2 of the liquids. However, the Camphibole 
composition is affected by the aS,. O,, as is shown in Fig. 11.6a by 2 
the correlation of tetrahedrally-coordinated Al in coexisting amphiboles a- 
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and clinopyroxenes. Part of the scatter in this diagram is caused 
by the slight inaccuracies in estimation for SiO 2 .9 as It Is the 
major component and a small % error will Cffcct the calculated 

46 (Al) In all cases an excess of Al is present as (Al) in the 
Y site. 

Helz (1973) has shown, that for various basalt compositions at 
PH O= 516, (Al) 4 increases with temperature from about 1.1*atoms per 
23 oxygens at 700 0 C. to about 1.9 atoms per 23 oxygens at 1000 0 C. 
The range of (Al) 4 shown by the Antilles amphiboles is broadly similars 
but does extend to the viaximum theoretical sub-stitution of 2.0 atoms per 
formula unit. other evidence (considered below) suggests that the 

04 amphiboles equilibrated at about 950 C, so the maximum (AI) substitution 
is best explained by P TOT > 5kb. Thus the relationship shown in 
Fig. 11.6a is caused by a combination of decreasing a Sio 2 

4n the liquid 
and decreasing temperatures during fractionation. 

The Mg-numbers of coexisting amphlbolun and clinopyroxenes are 
compared in rig. 11.6b; there is a very good correlations and the 
increasing partition of M$- into clinopyroxene at lower temper atures 
is shown. Reltz (1973) has shown that tho Fe-ft'distribixtion 
coefficients for hb/cpx, calculated from the formula-, 

Kx D 
((IIS/Fe 

+ llg))hb ý(Fe/Fe + Mg)-)cl)x 
0 were the same in all charges at a given temperature. At 970 C 

values were all above 2.0, whilst valuce of 1.5 were obtained at 930 0 ce 
The values of KD for the Antilles hb/cp:: pairs range between 1.30 and 
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1.65. This suggests a maximum hornblende cryStallication temperature 
of about 950 0 C, and continued crystallisation, to much lower 
temperatures. 

Another interesting amphibole plot is shown Rs Fig. 11.7. Ilere C3 

(AI)4 is plotted against A site occupancy for all, analyses. A 
trend towards pargasitic compositions at higher temperatures is shown. 
Helz (1973) concluded that this variation is produced by internal 
crystal-chemical requirements. That is, as the (Al) 4 component from 

all tschermakite substitutions increases by 2 atoms, the edenite 
substitution is required to increase by one in order to minimise 
intracrystalline strains. 

Helz (1973) has alco, shown that the K20 contcntc.,, and Fe/lIS 'ratios 
of amphiboles, at given temperaturen and oxygen ftigacitier,, reflect 
the composItion of parent liquids. This is of' interest in -L b -e. % 

Lesser Antilles in view of the alkalic magmns In the southorn i0laildrj. 

On a plot of Fe 3+ + Fe 2+ /Mg versus atomic K per 23 oxyguim (Fig. 
these differences are shown. The analyses for each islavid tr. nd to 

, plot in distinct fields, in-some cases viith little overlnp. This iS 
in part a sampling problem, but real differences - do cxist. ror 
instance, the Grenada amphiboles are characterisr! d by low Fe/Mg ratios .0 

and high K; and there is no overlap with the St 1XIAtts amphiboles, 
which have higher Fe/Mg and lower K. Theac differences may be 
directly related to the composition of erupted lavas in these islands 
(Table 7.2). The only surprising group of amphiboles are those from 
the Foundland centre in Dominica; these nearly all have higher K 
contents than the St Kitts amphiboles, yet Dominican and St Kitts 
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parent magnias are similar in composition. 
As agroup, we' see that the amphibob2s are potentially the most 

interesting and useful minerals in these cumulates. In view of their 
highly nepheline-normative nature, if subtracted from the parent mapias, 
they -will greatly enhance the trend of silica enrichment. However, 
it has already been shown that K/Rb, Y, and Na 20 variations argue 
against significant amphibole fractionation - at least for the central 
and northern islands. The late crystallisation of, amphibole alco 
deems it unlikely that large volumes of andesite are derived frorm 
basaltic parents. As amphiboles from Grenada are modally abundant, 
and crystallise early, it seems that if this mechanism is operativo. 
anyvihere it is importart in the southern islands. The ultrabnsic 
Grenada magmas would be expected to precipitate mafic-mineral rich 
cumulates. However, whole rock analy ses (Appendix p. 107) of 
amphibo le-c linopyroxene -rich Grenada nodules contain alightly more 
sio and less Al 0 than other cumul'ates, and would have to be Gubtracted 223 
from Grenada magmas in even-greater volumes than from the northern 
islands parent magmas. 

It seems more realistic to interpret the amphibole-rich 
Grenada cumulates as products of fractionation of more-basic magmas, 
ratber than to suggest they formed as more-basic products fron. 
similar magmas. Arculus (1973, Fig. 59) presents a plot of K2 O/Rb 
versus K20,, which shows a gradual decrease in the K2 O/Rb ratio from 
0.10 to 0.04 with fractionation. As Grenada "amphibales xisually 
contain over 0.4 wt. % K 0, and as Rb is below the detection limit for 2 
the ainphibole-rich Grenada cumulates analysed here, they should have 
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F2O! Rb raLios > 0.4, and if amphibole. fractionation was a 
significant process in the production of Grenada andcsites from 
Grenada basalts, they sbould lizave mucb lower K2 O/Rb ratios than 
observed. 

11.5 Iron-Titanium Oxides. 
These cumulates are ideal for study of the iron-titanium 

oxides, as their quick cooling f rom magmatic temperatures has 

prevented the formation of the oxidation-exsolution lamellae which 
are almost univer4-1 in Lesser Antilles volcanics. Iron-titanium 
oxides are present in practically all specimens, mvocept the group 
of anorthite-olivine cumulates. From petrographic study, it WaS 
concluded 11--hat magnetite is generally the third mineral to begin 
crystalll, -Jing, after plagioclase and-olivine, and that it continuen 
to crystallise with the other minerals to solidus tcaiperatures, 

The microprobe. analyses are given in Appendix 2.4, Lists 6A and 
7A, where. the Fe 2+/Fe3+ distribution bas been computed after the 
method of Carmichael (1967). In fact thin method proved particularly 
successful, and apart from the vanadium determination, the iron- 
titanium oxides proved simple to analyse a description of the 
method is given in the Appendix, p. 116. In Appendix 2.5, lists 6B 

-and 7B, the- Fe 2+ /Fe 3-4- distribution has been inserted ond the cation 
distributions calculated. 

For most specimens, the only Fe-Ti oxide present is titanomaguetite. 
There is a range in composition from Uspl, to U8p30' with a 
progressive increase in the Usp component With the increase of Fe/llg 
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ratio of the coexisting mafic silicates. However, the correlation 
between the Usp component and silicate Mg-number is not strong, and 
suggests that oxygen fugacity (fO 2) is somewhat variable. This 
correlates with the variable PH0 suggested from the slightly-random 
plagioclase-compositional variation. 

The variation of Al 20 3' MSO and T'02, in Lesser Antilles plutonic 
titanomagnef, --ites is shown in Fig. 11.9. Along the trend, Al 203 fto 

ratios are approximately constant; but the(Al 203+ MpCI/TiO 2 ratio 
gradually decreases with the increase of ulvospinel content, suggesting 
that the Al 203+ MgO depletion is caused by falling temperatures. 
Dominican volcanic spinel analyses are also plotted in Fig. 11.9. The 
phenocrysts plot along the plutonic trend, suggesting that they 
crystallised in the same environment; but the groundmass spinels are 
very low in Al 203 and YLgO, suggesting that low water pressures are 
unfavourable for'Al and Mg substitution (this is not dependent on 
groundmass bulk chemistry as both basaltic and'da-citic groundmass spinels 
contain low Al). The plutonic titanoniagnetites may contain up to 
9 vit. % Al. 20 3" In comparison, basalts from Rhum, wh. i. ch contain a 
more-sodic plagioclase suggesting lower water pressures, havc M7-poor 
titanomagnetites with less than about 3% Al 203 (C. 11. Emclcus, pers. 
comm., 1974). 

The trend of increasing Usp in titanomagnatites with cooling, is 
in contrast to the trend of decreasing lisp with cooling if coexisting 
ilmenite is present. Fortunately, in the p-c-r-m-Fa (+ oq and b) 
orthocumulates from St Kitts, coexisting unexolved magnetite and 
ilmenite enable equilibration temperatures. and oxygen fugacities to 
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be calculated, using the experimental data of Buddington cand 
Lindsley (1964). This has been done, and the results are 
presented in Fig. 11.10, together with curves from, sialic 
volcanic rocks determined by Carmichael (1967). It is uncommon to 
be able to do this for plutonic rocks whose Fe-Ti, oxides. have usually 
exsolved and recrystallised at subsolidus temperatures. 

The most striking feature in comparison to Carmichael's data, 
is that equilibration temperatures extend down to 675 + 500C. Of 
course, this would be anticipated since volcanic rocks are not 
erupted at near-solidus -temperatures. It also provides additional 
direct evidence of the effect of dissolved. volatiles-, since magma 
systems with low P Is would have higher soliclus temperatures H20 
approxAmately 1100 0C for dry oliv. ine tholcUte below 5kb (Green 
and Ringwood, 1967). Only 6 specimens with coexisting magnetite 
and ilmenite could be found, and the range of temperatures will 
probably be extended by study. of the many other specimens, available, 

-10 7 at 940 + 50 ocs to 1000 17.2 at 675 0 oxygen fugacities range fromlOý *-C. 
These correspond closely witli those obtained with thn nickel-nickel 
oxide buffer, which would be suggested for uBa In experiments on 

-silica-saturated magmas from the Lesser Antilles. 
Some of these St Kitts specimens contain the -asseralblage o-p-r-c-m-i- 

a-b-q, so ft is difficult to make comparisons with the curves of 
Carmichael (1967). The fO 2 's are intermediate bet'ween Carmichael's 
orthopyroxene-bearing, and amphibole and biotite bearing assemblages. 
This 3uggests that the fO does not determine the inineral assamblage; 2 
though it is possible that at the temperatures of olivine crystallisation, 
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the fo 2's are lower than those suggested by the projection of the 
St Kitts T-fO 2 trend to higher temperatures. Thic would be similar 
to the trend in the Talasea calc-alkalic suite (Lowder, 1970). 

Why-is ilmenite presen'L only in the St Kitts orthocunittlates? 
This problematical, since the p-a-r-c-m. -adcumulates from St Kitts 
only contain titanomagnetite. As the St Kitts orthocumulate 
titanomagnetites have very low Al contents, it seems that the 
calculated temperatures are lower than those at which titanomagnetitcs 

normally crystallise - without independent ilmenite. It follows 
that most of the Antilles titanomagnetites crystallis-ed at temperatures 
above 940 + 50 0 C. 15cl. ximum temperatures suggested for hornblende 
crystallisation were 950 0 C. These results a're in agreemant as 
titanomagnetite has been inferred to begin crystallising before amphibole 
from petrographic study. The relatively-high calculated fO 2 Is are 
an important factor in stabilising the Fe-'J"i ox. -ides, and lendinp, 
towards a trend of silica, rather'than iron, eprichment (Osborn, 
1959; Hamilton and Anderson, 1968). 
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CONCLUSIONS 
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CHAPTER 12: "MAGM BEHAVIOUR IN ME TXSSI,, 'R Al'"I'll'ILLES 

12.1 Parent _Magmas 
The widespread distribution, and geological importance of magma 

evolution cit destructive plate margins, bas led to an abundance of 
literature and theories on the origin of the calc-alkalic suite. These 
theories have been reviewed by Green and Ringwood (19.68), O'Hara (1968) 

and Boettcher (1973). At present, in view of the lively debate (e. g. 
Mysen et al., 1974), the problem is probably the main controversy in 
terrestrial igneous petrology. Since the introduction of the Plate- 
Tectonic theory (Hess, 1962), it has been realised that, as island arcs 
are developed on oceanic crust, continental material -%.. Rnnot be involved 
in their origin. This is convincingly illustrated by the arcs of 
the western Pacific, which may be developed on oceanic crust (Kuril, es, 
Izu-Bonin), or on continental crust (Japan, Kanichatka), but show no 
major geochemical changes across occanic-continent critstal boundaries 
(Gorshkov, 1969). 

For the ultrabasic magmas in island arcs, such as thoce in the 
southern islands of the Lesser Antilles, there can be little doubt of 
their mantle origin, since they are geochemically more primitive than 
the subducted oceanic plate (Arculus and Curran, 1972; Sigurdsson et al., 
1973). A mantle origin is also generally accepted for the island-arc 
tholeiite series, since a derivation from subducted-basaltic crust would 
require complete remelting - ts-his is extremely unlikely. Remelting 
of the subducted oceanic-crustal layer 3 could be important; but most 
authors predict that the major thermal anomaly is at the Benioff zone 

0 
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(Oxburgh. and Turcotte, 1968,1970; Toksooz et al., 1971), so any 
subducted-lithospheric melting should occur there. Experimental 
evidence also supports the theory of hydrous partial rocelting of the 
mantle to produce the island-arc tholeiite series (Kushiro, 1972; 
Green, 1973; Nicholls and Ringwood, 1973), and this hypothesis is 
followed here. 

The main controversy concerns the origin of andesite. In this 
work, evidence has been presented which argues against an origin by 0 
high- or low-pressure fractionation of a tholeiitic parent. A 
similar conclusion has been reached by many other workers, particularly 
with reference to trace-element abundances (Taylor, 1969; De Long, 
1974). Hydrous fracticnation of basalt is thought to be capable of 
yielding andesite (Osborn, 1959); but is not thought to be a 
significant process in the origin of most island-arc andesites an8 dacites. 
At present there are two main theories for the origin of andesitc: 

1. Mantle-derived theory; hydrous partial malting of peridotitic 
mantle above the Benioff zone (Kushiro, 1969,1972,1974-, Yoder 1969). 

2. Plate-derived partial melting of metamorphosed basaltic 
oceanic crust at the top surface of theýsubducted plate (Gre'en and 
Ringwood, 1968; Fitton, 1971; Green, 1972; Rin. cr-vood 1974). 

It is not proposed to enter the experimental debate on this subject, at 
present there is e&lp%. -- erimental support for either theory, and it may 
well turn out that both processes are involved - would anybody claim 
that all granites originate by partial mc-Ating of sediments? 
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Tj ,, e way therefore turn to the geochemical evidence from which 
an ultimate solution, experimentally verified, will probably come. 
The most pertinent study known to the writer is that of Gill (1974) who 
has performed mass-balance calculations to test tbe plate-derived theory. 
H%-- found tliat, for variable degrees of partial melting, discrepancies 

with some of the minor, trace and rare-earth'elements areyued against 

such an origin at least for one typical calc-alkalic composition from 

Fiji. 
Proponents of the plate-derived theory suggest that the low 

abundance of compatible trace elements (Taylor, 1969) indicates that the 
andesitic magmas cannot have been in equilibrium with a peridotitic 
Mantle. However, this assumes that a magrra rises from its site of 
generation with little modification. O'Hara (1968) has emphasised that 

magmas rising through the mantle will fractionate on route; and the 
subtraction of small amounts of olivine and pyroxcne is capable of 
depleting the magmas in compatible trace elements. This will be 

particularly true of island-arc magmas, which probably rise slowly through 
the mantle - in fact a variable rate of ascent could account for much 
of the gradational character of the association. ' 

In section 7.6, it was concluded that the Sr-isotope evidence from 
the Lesser Antilles, argues for an origin of the basic and intermediate 

87/86 raagmas from the same source rocks. We cannot be spre if the Sr 
ratio of the subducted oceanic crust is similar to, that of fresh or 
altered material dredged from the ocean basins. Ilowever, if the 
tholeiites and andesites were deriv-, --d from different source rocks, we 
would anticipate some difference in Sr 87/86 ratios between the basic 
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and the intermediate centres. As this is not observed (1-ledge and 
Lewis, 1971), an origin for both parent magmas from the man, %, -le seems 
more likely. 

In the plate-derived theory, as stated by Fitton (1971) and 
Ringwood (1974), the island-arc tholeiitic series is derived by hydrous 
partial melting of the mantle wedge above the Benioff zone. The 
volatiles are released from the plate at depths of 70-100km, due to 
subsolidus dehydration of amphibolite. Intermediate magmas are 
generated by partial melting of quartz eclogite in the depth range 
100-150km. Thus the model predicts a spatial distribution at the 
surface. However, in the Lesser Antilles, both basic and intermediate 
centres are present at similar distances above the Benioff zone, and 
in some cases (Iforne Trois Pitons, Morne Anglais) one centre may have 

erupted tholeiitic basalts and calc-alkalic dacites. Therefore 
whatever processes are responsible, they must occur at depths below 

about 110km (see page 14). 
If the intermediate magmas are derived from the mantle, how can 

we explain the correlation of alkalis, at a certain silica content, 
with depth to the Benioff zone (Dickinson and Hatberton, 1967)? 
First, we must state that there is no geophysical evidence for a 
change in the depth to the Benioff zone 4long the Lesser Antilles (page 15); 
yet magmas from the southern is . lands have greater alkali contents, at 
a given silica content, than those in the north (page 245). Second, 
Nielson and Stoiber (10,73) have rigorously tested Dickinson's and 
Hatherton's (1967) observations and reached two main conc. lusions: 
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I. The comparison of the potassi. um-silica-depth-r(tla. tionsliip 
indicates that the range of potassium content is different for different 
areas. 

2. The correlation coefficients derived for various regions are 
not high enough to render the K-Si-depth hypothesis quantitatively useful. 

In any case, Dickinson's and Hatherton's observations are only an 
empirical relationship, and whatever correlation there is could just as 
easily be caused by a variable depth of origin in the inantle -- or may 
not even be related to the depth of origin. In a recent paper, Marsh 
and Carmichael (1974) have constructed a theory for the origin of andesitc-s'.. 
based upon assumed sanidine breakdown in quartz eclogite of the subducted 
plate. Until the present debate on the origin of andesite is settled, 
it would seem unwise to base a theory on such a premise. 

Of course, there are problems in proposing a mantle-derived origin 
for these intermediate mat-Mas. in particular, a large volume of water 0 
must be transferred from the plate to saturate the mantle. It is neither 

- they clear at which depths these volatiles will be released, nor if 
can migrate through the mantle to the site of magma generation. Once 
generated, these highly quartz-normative magmas must remain in equilibrium 
with mantle peridotiýe en route to the surface, and here again the role 
of volatiles is important. Also, an attraction of t. he plate-derived 
theory is that it provides a replenishable supply of source rock, and a 
constant-composition andesite could be produced over long periods. In 
contrast, with the mantle-derived theory, although 'Chere need be no 
volume problem, over long periods one might expect changes in major- 
and trace-element abtindances. Study of long-lived destructive plate. 

. margins, such as the Andes, will obviously be of great importance. 
P 



389. 

In Table 1.1, page 11, a variation is shown in the subduction rate 
under island arcs, yet most volcanoes are sited between 90 and 120km 
above ts. -Le Benioff zone. A major affect of the subduction rate will be 
to control the temperature distribution in the subducted lithosphere; 
since the'dool slab takes time to equilibrate with mantle temperatures. 
It therefore appears that the dehydration is largely a pressure-sensitive 
reaction, and that most plates become dehydrated when they-, reach this 
depth. This depth also coincides with the low-velocity zone - which is 
thought to be composed of peridotite with a small-liquid fraction 
(Wyllie, 1971, p. 134). In fact, there is a much larger than normal 
area of anomalous upper mantle beneath island arcs (Sugimura and Uyeda, 
1973). If volatiles are added to this anomalous mantle, the solidus will 
be depressed (thus no thermal anonialy is necessary), and larger volumes 
of melt will be produced. 

It seems to the writer that the balance of evidence in the Lesser 

.. S in favour of a mantle origin for the andesitic magmas, and Antilles 4 

such an origin can also explain the distribution of the various magma 
types along the arc. The pomposiLion of these melts will depend upon 
the degree of partial melting. A small volume (5-10%) would concentrate 
the incompatible elements and be andesitic in composition. Depending 
on the ease of segregation, this liquid could either begin its rise 
to the surface., to be erupted as an andesite; or remain in situ whilst 
a greater volume (15-20%) of partial melt is produced. This would tend 
towards a toleiitic composition. Magmas Could become segregated at ' 
variable proportions of melting, thus parent'magmas ranging in composition 
between dacite and tholeiite will be generated. 



39 Cl . 

One of the most-significant factors affecting the ease of C5 
segregation could be seismic agitation. A greater seismic-energy release 
would favour the production of parent magmas from small percentages 
of melting. In the Lesser Antilles, a lack of agitation will be most 
important in the southern islands, where the subduction rate is thought 
to be less (page 16). Thus a greater volume of partial malt 
(25-30%) necds to be produced before it can become segregat6d; and in 
consequence its composition trends towards the composition of the 
source rocks, i. e. the ultrabasic magmas of Grenada and the Grenadine-,;,. 
However, if Grenada magmas result from a greater proportion of partial 
melting, why is the total volumetric output less than for the central 
and northern islands. Again, the slower-subduction rate could be the 
controlling factor, for the slower volumetric transfer of volatf. IC-s 
into the mantle could restrict the partial-melting process to a much- 
smaller volume of mantle. 

Thus, at least quantitatively, we have a model which can explain 
the distribution of magma types along the arc. Their gradational 
nature, from picrites tc dacites, is emphasised; and this avoids any 
'volume' problems at the-stage of high-level fractionation. In addition, 

I 
a magmas pasage to the surface is induced mainly by its lowcr density 
than the surrounding mantle. This contrastE; with the situation at 
construetive plate margins, where a conduit is created by plate 
separation. Thus in the island-arc environment, crystal fractionation 

-he surface is highly probable', en route to +. and the absence of aphyric 
lavas is explained. 
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12.2 iligh-Level Magmas Chambens 

Questions about the origin of parent magmas require the greatect 
extrapolations of our data; hence they are most difficult to study, 
and most controversial. However, from the situation at the end of 

f magma behaviour before the last section, the remaining stages o., _ 
preservation at the surface, may be summ. arised briefly, and with more 

confidence. The evidence from cumulate xenoliths, especially the 

layered varieties, indicates that high-level magma chambers are present, 

where magmas may fractionate during pauses on their route to the surface. 
Evidence from the volume of recent Morne Trois Pitons eruptions, suggests 

that the chambers may be at least 5km 3 in volume; though this is small 

in comparison to exposed! plutonic bodies on the continents. 
It has been deduced, that the nature of the cumulates produced in 

these magma chambers depends largely on the composition of their parent 
magmas. The ultrabasic magmas from Grenada soon cease to precipitate 
their high-pressure assemblage of olivine-clinopyroxcne + orthopyro=nc; 
and instead produce clinopyroxene-amphibole adcumulates, they are 
plagioclase free in the deepest magma chamýers at the base of the 
island-arc crust (8-10kb); but contain curaulus plagioclase and less 

amphibole at lower pressures. Subtraction of these cumulates leads 
towards the calc-alkalic trend of silica enrichment, breaching the 
low-pressure thermal divide (Cawthorn at al., 1973), but is only capable 
of producing small volumes of andesite and dacite. It is thought that-t 
even in Grenada, a separate origin for the andesited (e. g. the Mt 
St Catherine centr,. -) is more likely than an origin by fractional 
crystallisation. 
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For the basic cc-ntres (see Table 7.1, p. 233), a hinh-alumina, 0 
low-K tholeiite magma is proposed. The fir.,, -; t cunailates produced, 
probably at depths of 10-20km and temperatures of 1100-11.50 0C 

(see Fig. 9.4, p. 297), are olivine-anorthite adcumulates, and subsequent 
eruption produces the common pyroxene basalts. If cooling is more 
prolonged, an assemblage clinopyroxene-orthopyro. -,,. cne-inagnetite + 

A. olivine + amphibole will separate; and the resulting magmas, after 
about 40-60 wt A has been subtracted, will have a composition of basaltic 

andesite. Occasionally, more siliceous products are formed; but 
these are of relatively-small total volume, and could have been derived 
from less-basic parent magmas. If the magma is no4.. -. extruded, it will. 
eventually pass into the amphibole stability-field; ond once cAMphibole 
begins to crystallise, the proportion of liquid remaining is rapidly 
depleted (Holloway and Burnham, 1972), leaving a small volume of 
viscous siliceous residue which is not likely to be crupted. In this .4 
situation, basalt-derived orthocumulates are produced, which may 
contain the assemblage o-p-m-r-c-a-b-q, and have solidus temperatures 

as low as 675 + 50 0 C. 
For the intermediate tentres, low-K andesite'or low-K dacite 

parent magmas reach-tbe high-level magma chambers-, and as they cool, 
form ortho- and viscumulates. However, the rate of accumulation is 

very slow in these viscous magmas, and fractionation only produces 
minor chemical. changes. The absence of rhycdacitie and rbyolitic, 
extrusiver. is directly related to this 'slow dmanl of the fractionation 
-mechariism. 
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12.3 EruRtions,. 

Unfortunately, the initial eruptions in island arcs are not 
usually in a position to be observed, so the initial development is 
speculative. However, it would seem that at the early stage, the 
islan'd-arc tlloleiite series is most important (Baker, 1968b; 
Cill; 1970; Ewart et al., 1973). It is not clear what control*s 
the initial site of the arc-it injay be related to stresses-'-transferred 
across the trench; or more probably, is related to site of production Airect; oAof tte 
of the first parent wagmas, which rise radially from theAeartbIs centre. 0 

In any case, initial-submarine eruptions are likely; and magma 
chambers are probably small or non-existent. Thus the lavas cxtruded 
will be more unifom in composition and less porphyritic than those 
observed in the Lesser Antilles today. Also, if most of the parent 
magma is added at the crust-hydrosphere interface, the build up of 
islands may take place more rapidly than at prer;, ent, when a significant 
proportion (20-60%) is added into the island-arc crust as cumulate 
(illustrated in Fig. 1.3, page 7). Gradually, as subsurface magma 
chambers develop, individual centres will build tip, and form the 
nucleus to the modern islands. 

The stages of island growth, described in Chcnpter 3, may occur 
concurrently depending on the site of cruption. However, for the basic 
centres, the magmas are' seldom saturated with volatiles, and lava f low 
eruptions are predominant. These may produce pillow-lavas, lava breccias 
or lava flows, depending on the viscosity of the lava and the 
environments of eruption and deposition. Pyroclaot-fall activity will 
disperse material over a wide area, and only the thick deposits 
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on the flanks of volcanic centres will be recognisably preserved. 
The main cause of eruptions is likely to be displacement by more magma 
rising from below. 

For the intermediate centres, a similar cause of eruptions is 
likely; but the andesitic magmas have remained nearly-saturated with 
volatiles since their origin in the mantle. If they are relatively- 
suddenly displaced to a higher level, they may become oversaturated 
with volatiles, and produce magmatic pressures which cannot be withstood 
by their conduits. In this case, explosive pyroclast-flow eruptions 
are likely, producing either pumiceous or dense blocks depending upon 
the magma temperatures at the time of displacement -a higher 
temperature favours pumiceous deposits. In the Lesser Antilles, pyroclast- 
flow deposits are not normally welded; but if the topography is 
favourable and a large volume of material is extruded relatively quickly, 
welding may occur. If the magma cha-i-iiber can withstand the pressures, 
or if the magma still remainsundersaturated with volatiles, eruption 
as thick andesitic or dacitic. lava f lows is likely. ' Volcanic domes 
represent the volatile-depleted remains after climactic a6tivity, and 
are either displaced by magma from below, or squeozed out by 
'deflation' of the overburden. 

The abundant rainfall in the Lesser Antilles leads to a high rate 
of erosion, and conglomerates are interbedded with primary-marine 
deposits on the islands' submarine flanks. These-deposits may now be 
found at altitudes well above those possible if a glacially-included, 
sea-level change was responsible for their relative uplift. Thus the 
arc as a whole, together with the limestone Caribbees, has been 



.3 

. Od 

tectonically uplifted, and this considezably anhances . island growth. 
If subduction were to cease it may be predicted that, like the Aves 
Ridge, the arc would isostatically readjust by sinking bt-:; Lck into 
the mantle, The uplift, which is related to subduction, may be 
induced by phase changes in the iLiantle beneath the arc. For instance, 
hydration of the mantle to an amphibole peridotite would result in a 
density decrease, and a corresponding volume increase. An alternative 
is the widespread presence of an andesitic pore-fluid, whicbwould have 

a similar effect. 
As these processes are likely to continue, great importance must 

be placed on early d, -. ýtection of the inevitable volcanic eruptions; 
and if possible governments should be persuaded not to develop projects 
in sensitive areas. This would involve delineation of the high-risk 
areas, and contingency plaris for evacuations if they become necessary. 

12.4 Application of work to Other Destructive Plate Margins. 
Without undertaking similar work on otber island arcs, it is 

dangerous to extrapolate one's conclusions to the global situation. 
Obviously, one would hope that the conclusions reached have more than 
local significance. In terms of local geology, each area is unique; 
it is the processes that are operative which. may be of widespread 
importance. The Caribbean environment will have an influence on the 
preserved geological record, and a tropical arc must have many differences 
from a preserved arc which formed at higher latitudues, e. g. the 
Aleutians. - However, the nature of. volcanic eruptions will probably be 
Similar, and the subsurface processes 1, jill almost certainly have 
wid.. . A. %- " %- count- rpar4%-., -;, 4too. 
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Apart from the undersaturated-ultrabasic magmas'in the southern 
Lesser Antilles, the geochemistry of the rest of the arc seems fair1y 
typical, and the results should therefore be applicable to other 
areas. One major difference is the slower subduction rate beneath 
the Lesser Antilles. This has probably led to a smaller volumetric 
rate of extrusion than in other areas. Despite this, the chemistry 
of the lavas and minerals is similar to that of other island arcs.,, 
and it may be confidently predicted that the processes operating at 
depth in the Lesser Antilles are not unique. 
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