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Carriacou iﬁ/g’;mall'iéland located in the
- southern..part of- the Lesser Antilles, West Indies. The

5

field relations, petrography -and geochemistry of the

lavas found on the gouthern'half of the island.werg#
e#aminéd in" order té Qetérminé their petrogenesis and
.rélatidnship to the rest-of the volcaniec arc.

It was found thét'theré are six main voleanic
ﬁniés,=whi¢h;;from the oldest fo youngest, include the
'diinopyr&iépe;phyrié'bgsalt kaB) sequence, thé,
amphibole-phyric aﬁdesité (éFA)7s?quence, the -  ‘
clinopyroxene-megaphyric basalt €CMB) sequence, the
olivine-microphyric basalt (OMB) seguence, the
clinopyroxene-ﬁhyric andesite (CPA) sequence and the
amphibole-megaphyric andesite (AMA) sequence.
Volcaniclasfic_;§p9§its are associated with the. APA,
CMB’, aqﬁ—AﬂA §quences, Thé APA sequence is
calc-alkaline, wheyeas tlie other five sequehées are
“tholeiitic. = S - :

Sr isotope and REE Aata suggest that these rocks
were derived from a partial melt(s) of a garnet
pefidotite deeb within the mantle. The OMB lavasr

represent the closest composition to the primary

melt(s). Variation diagrams, petrography, and REE

LS
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" variations further suggest that the compositional

20% ocldivine (plus smaller amounts‘of magnetite,

. _ !

+

*
variation in the volcanic rocks are due tc low pressure

fractional crystallization of the OMB magmas. The

fractionation of approximately 17% clinopyroxene and

picotite and later plagioclase) is responsible for the ° “
evolution df the basaltic sequences:. The subsequent
- ' .

fractionation of clinopyroxene and magnetite (plus .
& ! e ) ’ .
smaller amounts of plagioclase and later amphibole) is

£ ki % . ‘
responsible for tHe evolution of the andesitic

T

sequences.
. Compared to the islands which lie to the north,

the basalts on the southern half of Carriacou. contain

< “

high Ni, Cr and V, and all the lavas contain high Sr*

e

isotope ratxbs‘ In addltlon, the OMB lavas contaln
high MgO and low Al203 These variations may be
accounted for in a model where slover Qates of
suéduction in the southern part of the arc lead to | .
greater degrees of botﬁ partial melting and, |

-~ . ;
contamination. In addition, there are no alkali

,basalts on Carriacou, and in spite of the relative

prox1m1ty to Gnenada, and the parallel evolutlonary

mechanlsms for the volcanlc rocks on both islands, the
lavas on Carriacou contain much 1ower ranges. in Rb, Ba,
K, and Sf contents thén those lavas on Grenada, and are

V.



therefore thought to have been

parental melts.

VI

derived from tholeiitic

‘ .

N
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CHAPTER 1
. INTRODUCTION

1.1 GEOGRAPHY
Carriacou (Lat. 12°MN, Long. 61°W) is a small
island lying in the southern part of %he Lesser

Antilles volcanic-arc in the West Indies. It is thé

largest island of the Grenadines, and lies Between St,

Vincent and Grenada (Figu?e 1.1). Carriacou,
i apbroximately‘thirty—four square kilqmétefs in area, is
roughly boomerang-shaped, with its apex pointiﬁg .
southeast. A series of high ridges and hills is found.
througﬁout the islahd. The highest summits, which are
over 313 m in height, are locafed in the north (High -
North) and southwest (Chapeau Carre). An east—dippiné
. escarpment, which represents the western edgé of the
Miocene limestone beds, runs through the central aréé,
-and reaches over 270 m in height. Large
‘al;uvium-filled coastal flats are present along Tyrrel,
Watering, Bretache.and Hillsborough Bays (Plate 1). -
‘ﬁisewhere, fhe coast is very rugged, and often contaiﬁs
steep'cliffs. The island contains manv small

settlements, of which Hillsborough is the largest. A
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nunber of narrow roads and paths make‘predominéntly all
areas, of the is}dnd accessible. for study (F?gqre,l;Z).

-

1.2 PREVIOUS WORK ) .

..

K}

The entire island's statigraphy was‘examined‘by
Martin—Kayé (1¢58) and’'Robinson and Jung (1972), Howéver,
these autﬁors concentrated on the study of tre age‘
relagibnships and thre lithologies of the marine
sedimentary srocks. Later,kJackson (197C, 1980) mapped
the island, concentrating on the geology of the
volcanic rocks. Briden et al. (1878) dated some of

these volcanic rocks using the K-Ar method. ~

1.3 GEOLOGICAL SETTING

Miocene marine sedimentary recks, which are over
350 m in total tﬁickness, and which are predominant;y
composed of fossiliferous calcarecus deposits, aré
expésed?mainiy din the eaétern part of the island. .They
fofm an open syncline,‘the eastern flank of ﬁﬁich‘is
cut off by the coast. In addition,.a few scattered
dhfcropg of limestone and tuffs in the northern part of
the island contain fossils of Oligocene-~Eocene age
(Martin-Kaye, 1958, Robinson and Jung, 1272). The

1
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remaining two;thirdS'of the island is composed of lava
flows, voicaniclastics,,and'sup-voldénic‘dykes and
plugs that range from Mioceﬁe'té Pliogcene in age-
(Briden et al., 1978, Jackson, 1970, 1980).

Jackson (1970, 1980) and Briden gt al. (1978) - .
established a volcanic sequence involving three main
volcanic units, which has since been shown to be
incomplete. They are, in order of oldest to youngest,
the clinoﬁyr;xene-regaphgric basalt lavas and
assbciat¥d voleaniclastics (CMB sequence), the
oliviﬁe—microphyric basalt layas (0OMB sequence) and the
andesite iavaé and associated volecaniclastic seque@cef ws
The Miccene marine sedimentary sequences, which e
include, from oldest to*yogngesf,'the Belmont Formation
(compésed,predominantly of conglomerates and arenites),
and the Carriacou and Grand Bay Limés%one Formations
(Plates 2 and 3), are strafigraphically above the CMB
volcanic seqﬁence and below the dMB and andesite
sequences (Figure 1.3). '

7: ) l_ . ;.4

1.4 TﬁE'AREA OF STUDY AND THE METHOD AND PURPOSE OF
INVESTIGATION .

The volcanic deposits in the‘southern”half of t%ﬁl _(J-k

island were chosen for study. ‘Thege déposits represent :



e
6
F . LEGEND | -
RE@T[E Alluvial ¢nd litoral depomiés .
BASALTIC ANDESITE and ANDESITE
't:;."f Doms lava and lava flows .
mmw .Volcaniclastics of Harvey Vole ond Windward .
) .. 12°32'N 1 -
r MICROPHYRIC BASALT ' . .
E Lava flow
e GRAND BAY and CARRIACOU FORMATIONS
* Limestone, sandstons, mari s Tk
-

1 BELMONT. FORMATION ' ,; )
MIOCENE | [ ] Conglomerats , sdndatens p'n. 7 1

MEGAPHYRIC BASALT

) Lava ﬂmunI

Vol¢cgmcigeiics of Belle Vue

South and Bele Vue North

. WINDWARD FORMATION
kmzm& Limestone, tuft

MIQCENE: | - 2 “
F ANSE LA ROCHE FORMATION
EOCENE Congl o merate, limastons, “m 7'l
L mudgiene { AL .
M — —D

'f‘l.' Y 1 - Oip
' pupSy— . 111§
— —— G#uiggical Soundery

5 & 12°26
8130w 61°28° §1° 26"

iy

ja
a4

1.3 feolegy of Carriacou (After Jackson,
-19e70, 1980)



a complete and complex succession of all the volcanic

-

material. found on the island.
Thé study bega?:&ith a thorough examination of the

volcanic deposits invthe field. Th¥aguas followed

by a study of their petrography and geochemistry in the

laboratory. Using the above information, .a comblete and

integrafed deéeription,_classification, and

petrogenesis was derived for the.volcanic rocks on

Carriacou. This information was subsequently compared

with the overall treﬁds and characteristics of the Lesser

-

Antilles volcanic-arc system.

*



CHAPTER 2

GEOLOGY OF THE VOLCANIC ROCKS IN THE SOUTHERN

- HALF OF CARRIACOU
2.1.FIELD OBSERVATIONS

New observations Lave -established that there are
six main volcanic units in the southern half of
Carriacou. The oldest volcanic sequence, wh;ch was not
mapped by Jackson (1¢7C, 1980); is a small basaltic
unit ouférbpping at Southwest foint (Figure 2.1).
Additionally, stratigraphic relationships and
ﬁetrography.show that the andesite sequence‘mapped by
Jackson (1970; 198C) can be separated into three unitsl.,
These_fhpee gnits are the amphibole-thyric andesite
lavas and ASsociated volcaniclastics (APA_sequence),

which are older than the CMB and OMB volcanic

sequences,vand the amphi?ﬁle—megaphyric andesite lavas
and associated volcanicléstics, and
c1inopyr§kene-phyric andesite lavas (AMA and CPA
sequencéé'respectively) which are youﬁger than the CMB
" and OMB volcanic sequences. All of the andesites
contain abﬁndant.plagioclése phencerysts (up to-éS%),

however, the andesites can be divided into three groups

A S
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. according to their mafic phenocryst assemhlage.' The
APA 1avas'predominaﬂtly contain small amphibole
phgﬁocrysts, while fhe AMA lavasupredominantly contain
.large amphibole phenocrysts, and %he CPA‘lavaévcéntain
small amounts of predominantly cliﬁdpyroxene
ﬁhenocrysts. In'additién, weathered-surfaces of the

. APA and AMA 1adés are iight‘gre& in coléur,‘while those
of the CPA lavas ane'réh—brown in colour.

"The stratigraphic sequence, occurrence and
lithologies of the volcanic and marine sedimenfary

.. units exposed on the southern half of Carriacou are

“ summarized iﬁ Table 2.1

2.1.1 THE CLINOPYROXENE-PEYRIC BASALT SEQUENCE

'

The CPB'sequence outcrops at SouThwest Point

{Figure 2.1) and occurs as a . lava fldw which is

-

brecciated in most places. The unit is over 10 m in

thickness; and underlies APA volcaniclastics. The
lavas are weathered to a light red colour and contain

‘small (2 pm) clinopvroxene and plagioclase

- phenocrysts. N

(‘ .
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TABLE 2.1 - GEOLOGICAL FORMATIONS
(Modified after Jackson, 1270, 1980)

, UNIT

Amphibole-megaphy-
ric (AMA) and
Clinopyroxene-
phyric (CPA)

andesite sequences

Olivine-microphy-
riec basalt (OMB)
sequence-

Grand Béy and

‘ Carriacou Forma-

tions

Belmont Forma-
tion !

Clinopyroxene-
megaphyric basalt
(CMB} sequence

Amphibole-phyric
desite (APA)
sgquence

CYinopyroxene-
phyric basalt .
(CPB) sequence

OCCURRENCE"

=lava flows, plugs,
dykes and volcani-

clastics
r

—d&kes and scat-
tered boulders

-marine sedimen-

. tary beds

-marine sedimen-

" tary beds

=lava flows,
dykes .and
volcaniclastics

-lava flows and
volecaniclastics

-lava flow (part-

ly brecciated)

'ROCK TYPE

-mainly andesite;
minor amounts of
leucocratic
basalts

-basalt

~limestone, sand-
stone, marl

u.é
-conglomerate,
sandstone
-basalt
-andesite
. =basalt
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"2.1.2 THE AMPHIBOLE-PHYRIC ANDESITE SEQUENCE

The APA lava sequence outcrdps on the southWest

peninsula and west of Six Roads (Figur'e 2.1). These

fflows reach ovér 80 m in thicknecss.

-  On the north skgre of Limekiln Baf (Figqre 2(1),
volecaniclastic material, which containsg fragments,
gimilar in lithology to the adjacent andesite flows,

conformably-underlies CMB voleaniclastics. These

andesites, togetber with the b’ocks found w1th1n the

volcanlclastlcs, contain abundant dnd large plagioclasge

. J
‘phenocrysts (up tc 5 mm and 20 % by volumg). The

amphitkole and clinopyreoxene phenocrjsts are Very small

-(2 mm) and generally make up less than § % 9f the rock

by’volume.

The volcanlclastlc dép031ts a55001ated viith the
ande51tes above, generallv form tbe base .for most of .
the voleanic de;031ts on the southern half of the
island (Flgure ?.1).-:Accumulat10ns of threse

volcaniclastics reach over 70 m in thickneg§. They

include airfall material, which generally contains

accretionary lapilli (Plates Y4 and 5), and cold

£

avalanche deposits.[ The cold avalanche dep051ts are
made up of a framework of predomlnantly mOHOlltth and

angulan\poulders set in a finer rudaceous matrix of

.

¥



unit are primarily andesitic in composition. The
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similar material ‘(Plates 6). However, massive to well g

bedded, often faulted and brokeﬁqup epiclastic matertal

is pfedominant (Platés 7 and~8). The epiclasﬁic.
N [ l,“"

material weathers to light greén, yellow or red
. z -

] -

colours and generally contains %ragménts‘bf andesite’

and mudstone, as{ well as small crystals of amphi®bole

. . . ~ +
and clinoPyyoxene. These deposits include mudflows.

paraconglomerates, pebbly greywaékes_ana‘érenités. Tﬁe
mudflows contain a 1arge'range, inuﬁoth size aﬁd .
composition, of afidesitic clasts.sef in a mﬁdéy'matrix
(Plate 9). . ' | .-f'{; 2

In a steep shoreline section onltherﬁéstern‘ghorg
of -the nqrthwést peninsﬁla-(Section A in Fiéufe_?;i)w

approximately 10 m of & massive, pebbly arkoéié

greywacke, at fhe base of the cliff is overlain by over

15 m of horizontally bedded crystal tuffs and/or

o - . .
arkgsic greywackes. Rudaceous fragments in the lower

Lo

crystal tuffs and/or arkosic greywackes are made up of
predominantly weathered plégioclase (10 % by volume) -
and.clinopyro§ene (approximately 5 % by volumg) )

crystals set in a marly matrix. The beds continue

"north along the shore and,éegiﬁ‘to dip teowards the

northeast at.about 25° , where they are unconformably

overlain by a thick CMB lava flow (approximately 80 m
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thick). . . S -

»2.1.3 THE CLINOPYROXENE—MEGAPHYRIC BASALTTSEQUENCE

- " - AR

The next major volcanlc unlt 1ncludes CMB lava

flows, dykes.and volcanlclastlcs. The maln CMB lava

flows outcrop to the west of Chapeau-Carre and ,orn the - ‘

northwest penlnsula (Flgure 2.1). The latter éeposit

(whlch is over 80 m tHﬂck) wasg.- emplaced in'a ba51n, and-

nc0nformab1y overlles APA volcanlclastlc depos:ts

- . L °

The lavas characterlstlcally weather to a blaek colour
and contain large, stubby prlsmatlc cllnopyroxene (3 to ’

5 mm in dlameter) and abundant plagloclase (generally

3 1

less than 1'mm.1n-d1ameter) ph nocryets. 011v1ne ) S
phenocrysts are often readily uis{ble.

 CMB dykes, ranéing from 4 to‘4 h in thickness,

-

" were intruded along the Belmont and APA contact =t -Six Roads,

into ‘the volaniclastics on the north shore of leeklln Bay,
and into the APA volcaniclastics ap Southwesth01nt (Figure
}.l)i ?hese observations help show-that the CMB
sequenee is‘yonnger than the Be}mdnt and APA deposits.-

+  The CMB volcaniclastics, wgzoh generally occupy
the highest regiona in the scuthern half pf the island,
are most abundant at Chapeau Carre and the.north shore

of Lﬁmekiln-Bay (Rlate 10), on the southwest peninsula

(Figure 2.1). These deposits are generally



15

sub-horizontally bedded (Pla{e 11} and reach over 100 m
“in thickress. The volcan%clestic materiai'is generally
composed of a ﬁud-eupported framework of crystals
and/or lithic clasts. ~The mud charaeteristically
we;%hefs to a_dark gfeen colour, and the lithic clasts,
which range from sand to boulder Size, are -
predominantly CMB fregments. The crystals, which are
‘generally most abundant‘towards.fhe bottom of the beds,
include clinopyroxene (3 to 5 mm in'diameter) and .
plagioclase (1 mm in-diameter) cryetals (Plate 12).

- The large SECthﬂS are either too poorly exposed, or.
too steep for a-detailed study of their
‘ strafigraphy. .

2.1.4 THE OLIVINE-MICROPHYRIC .BASALT SEQUENCE - (\

-

! .
v

A

.

The OMB'sequenée is observed in place as dykes

intruding the APA volcaniclastics on the eastern shore
of Manchioneal ﬁa& and the Miocene limestone beds west
. of Mount P'Or (Figures 1.3 end 2.1 respectively). The
’presenEe of these- dykes epows that the OMB seqeence is
younger than the APA aﬁd'MiOCene limestone depesits.
OMB boulders, Sfound sc;ttered toth south and

northeast of Belmont (Figure 2. 1), maj have once

represented lava flows. There are noc volcanlclastlc



" phenocrysts of olivine.
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unlts a531gned to thls sequence.

The OMB lavas weather te a black colour, and

contain abundant, and predominantly small (1 mm)

2.1.5 THE CLINOPYROXENE-PHYRIC ANDESITE SEQUENCE

The CPA sequence exists-as a volcanic plug at
Belmont ¢Plate 13) and 1ava flows between Belmont and
Six Roads, and on the western shorellne at Point
Cistern. In addltlon, a large block of CPA lava,

approximately 10 m ih diameter, is present in the scree'

on the western shore of the southwest Denlnsula (Figure -

N

2.1). There are no volcanlclastlc dep051ts assoc1ate3

with this secuence. ' . :

. At Point Cistern, partly brecciated CPA iava beds,
whieh.aip to the northeast, are believed to overlie ‘
layered CﬂB crystal tuffs, which coﬁtinue to .the
eoutheast. The;efore, this section shows that the CPA

lavas are younger than the CMB deposits. However,

large amounts of scree cover obscure the boundary with

‘the adjacent'AMA volcaniclastic sequence, so that their
stratigraphic relationship is not clear.
The CPA lavas characteristicaily contain

aporoximately § % clinopyroxene (less than 3 mm in

~
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‘diameter) with trace amounts of amphibole (less than 1

mm in diameter) phenocrysts.

2.1.6 THE AMPHIBOLE-MEGAPHYRIC AMDESITE SEQUENCE

The AMA lavas, which characteristically contain
large (between 5 and 10 ﬁm) amphibéle phenocrysts,
outcrop north and south of Six Roads and on fhe egstern
shore‘of Manchioneal Bay (Figure 2.1). These flows
reach more than 7 m in thicknéss. AMA basalts, which
contain abundanf (up to 20 by volume) and large
amphibole and clinopyroxene phenocrsyts set in a
leucoc;atic groundmass, outcrop on the southwest
peninsula (Figure 2.1). Here tgey occur gs'both a i m
wiqe, sub—vertical dyke intruding the CMB layered
voleaniclastic sequence on the north shﬁre of Limeliln
Bay, and as a flow on the westIshore'of.Manchionea;
Bay. In addition, AMA lavas uncénformabiy overlie the
Belmont Formation on the eastern shore of Manchionegal
Bay (Figure 2.1). The Belmont Formation continues
eastward along the shore where it inclddes abundant CMB
basalt cobbles. These observatibns show that the AMA

sequence is younger than the Belmont and CMB deposits.

The AMA volcaniclastic deposits prgdominantly

occur as small, scattered exposurés that include cold

-
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avalanche and airfall depogits, mudflows (Plate 14) and
other epiclastic material (Figure 2.1). These deposits
commonly contain andesitic clasts with large amphibole

Phenocrysts, while a few deposits contain minor amounts

_of sub-rounded CMB blocks. In &ddition, large

“amphibolé .crystals and/or mafic to ultramafic plutonic

blocks are. generally- found within these deposits.
A good exposure of the volcaniclastic sequence is
found at Peint Cistern (Figure 2.1), where it reaches

more than 70 m in thickness. This sequence overlies

CMB mudflows and bedded crystal tuffs. The AMA

. volcaniclastics weather from a light brown to a white

colour. Where they have been extensively
hvdrothermally altered, the rocks weather to a dark
red-brown colour due to the presenée of abundant
hematite Qeins. Where tpey'haqe not been brecciatgd
(Plate 15), the sequence exists as massive to laminated
crystal tuffs o§§r 12 m in thickness. The crystals
include abundant plagioclase and amphibole |
approximately 1 mm.in size. Larger crystals of )
amphibole exist in places, and may reach 3 cm in
length. This sequence continues upwards into
sub-horizontally bedded layers of predominantly
oligomictic brecc;a and epiclastic arkose and

mudstone.
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Throﬁghout tﬁe sequence, mafiqrto ultramafic
plutonic' blocks are incorpgrated within the fragmental
material.f! Similar plutonic blocks can also be_foﬁnd in
thick andesite dykes-exposed'along the shoreline north

of Hillsborough (Plate 1£) and in andesitic

volcaniclastic material exposed along the-shoreline at

the southern end of Tyrrel Bay (Figures 1.3 and 2.1

+

respectivelyl.
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CHAPTER 3

THIN-SECTION PETROGRAPEY

3.1 GENERAL OBSERVATIONS

N i . |

Representative lavas (and a few plutonic blocks)
from the six maiﬁ volecanic sequenceé exposed on fhe
southern half of Carriacdu, were chosen for
thin-sectibn Study. The lavas were éorphyritié, with
an éphanitic, holocrystalliné groundmass, having an
intergranular texture (Piate 19). However, a few of
the CPA samples had a hypohyalline to hypocrystalline
groundmass, Glomerophenocrysts vere presént in most cf
the volcanic thin-sections.‘ All of the intratelluric
and groundmass pyroxenes were moncdlinic, with a light
gfeen colour in plane polarized lighf. Intratelluric
clinopyroxenes commonly showed a high d;spersion in
cross polars, and most showed oscillatory or
non-oscillatory zoning (Plate 21). The intratelluric
olivines, which only occurred in the basalts, were
optically unzoned. In contrast, all of the
*intréfeiluric plagioclase phenocrysts showed normal
and/or oscillatory zoning (Plate:21);. Amphibole

phenocrysts were pleochroic green in plane light, and
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commonly exhibited patchy zoning in cross polars. The
mineralogical abundances (along with their dimensions)
for the intratelluric phases of the volcanic lavas are
given in Table 3.1.

N

3.1.1 The CLINQPYROXENE-PHYRIC BASALT LAVAS

!

The groundmaés of the CPB saﬁples is prgdominantly
made upjof plagioclase, clinopyroxene and magnetite.
Small amounts of olivine, which are pseudomorphed by
iddingsite, are also present. |

The intratelluric phases make up approximately 33%
of the rock, and comprise less than 1% magnetife, 3%
oiiyine; 10% clinppyroxene and 20% plagioclase (Table
3.0, |

'Magnetite erystals are euhédral to subhedral, ipd
are generally less than (.5 mm in diameter. -

‘0livines occur as.mostly euhedral crystals which
are generally less than 0.5 mm in.didmeter. The
phenocrysts aré either partially or completely
pseudomorphed by iddingéite. Euhedral magnetite is

commonly found within the olivine crystals.

Clinopyrexenes are present'as mostly euhedral

‘crystals which are generally less than 2 mm in

diameter. The phenocrysts commonly show fritted
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TABLE 3.1 - The volume percentages and dimensions for the
intratelluric minerals of the main lava sequences that are
exposed in the southern half of Carriacou.

- Volecanic Lava CPB APA CMB OMB CPA AMA
Sequence . :
% Intratelluric 33 20-25 35-70 .20-4C 15-30 30-35
Phases (Total) ‘ . :
% jPicotite - - r-1 <i - -
(Diameter in mm) - o= <0.02 «<«0.02 - -
% Magnetite <1 <1 <3 <2 <2 <1
(Diameter in mm) <0.5 <1 <1 <1 <1 <G6.5
% 0livine 3 - 5-10 10-20 - -
(Diameter in mm) <0.5 - <3 - <Y - -
% Clinopyroxene = 10 1-2  5-20 . 0-25 3-5  3-10
(Diameter in mm) <2 <0.5 <5 <1 - <3 <5
% Plagioclase . 20 15-20 10-50 <1 10-25 15-25
(Diameter in mm) <2 <5 <y <1 <4 <3
(% An content) 70 55-60 B5-75 - 50-65 55-65
% Amphibole - 3 - - - <2 5-10
(Diameter in mm)} - <2 - - <M <10
% Quartz - <1 - - - <1
(Hiameter in mm) - <1 - - - <1
% Apatite - - - - - <1

{Diameter in mm) - - R - - <0.5

S S ey S e A . S S e} v M S A S W v ey ey e ek ek ey e S S et ——
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.marginai overgrowths. Euhedral magnetite, and a few
euhedral plégioclase crystals, are generally found [
within the clinopyrofg;;‘phenocrysts.

lPlagioclase.phenocryts occur as mostly euhedral

crystals which are generally less than 2 mm in

"diameter. The composition of the plagioclase is

approximately An70. Most phenocrysts show variable
qegrees of internal melt channel cérrosion. A few of
the crystals surround euvhedral clinopyroxene.

The inclusion of smailer, euhedral minerals in
larger phenocrysts, as observed above, indicates a
crystallization seqﬁence beginning.with magnetite,
followed by olivine (?), and clinopyroxene and
plagioclase. -

-

3.1.2 THE AMPHIBOLE-PHYRIC ANDESITF LAVAS

B
The groundmass of the APA samples is mgde up of
;lagioclase and magnetite, with small amounts of
clinopyroxene.
The intr&télluric Phases make up between 20 and
25% of the rock, and comprise less than 1% mégnétite, 1
to 2% clinoproxene, 15 to 20% plagioclase, and 3%

amphibole. One.sample contained less than 1% quartz

phenocrysts (Table 3.1).
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Magnetite crystals are subhedral to euhedral, and
are generally less than 1 mm in diameter. Many of

these crystals exhibit dendritic quench overgrowths.

Clincpyroxenes are present as mostly euhedral
crystals which are generaily less than 0.5 mm in

diameter. Euhedral magnetite is commonly found within

1
the clinopyroxenes.

Plagioclase phenocrysts are present as mostly

euhedral crystals which are generally less than 5 mm in

"diameter. The plagioclase composition lies An the

gg to Anso). Most of the

plagioclase phenocrysts contain extensive internal melt

labradorite range (An

channel corros&on with marginal ovengrowthg (Plate
21),

Amphiboie bhenocrystg are present as predbminantly‘
euhedral crystals which are generally'}eé% than 2 mm in
length.. The prismatic phenocrysts are marginally or
entirely pseudomorphed by fine épaques (Plate 21).
Euhedral clinqpyrdkene and plagioclase crysfals are
commoﬁly‘found within the amphibdles;

Quartz phénocrysté‘are present as subhedfal to’
anhedral crystals which are less than 1 mm in diametér.
The margins are generally reéorbed to rounded edges.

* The inclusion of smalier,'euhedral minerals -in

larger phenocrysts, as observed above, indicates a

*
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crystallization sequence beginning with magnetite,
followed by clinopyroxene and plagiocase (?) , and

. amphibole {(+ gquartz). o

3.1.3 THE CLINOPYROXENE-MEGAPHYRIC BASALT LAVAS

The groundmass of'tﬁe CMB samples is made up of
plaéioclase, clinopyroxene, and magnetite (+
intergrowths of larger phlogopite (Plate 22) and re&
amphibole; t olivine, altering to a éreen micaceous

‘mineral). .
'The intrateiluric phases male up between 35Aand
70% ‘of thé rock, and comprise 0 to 1% picotite, less
“than 3% magnetite; 5 to 10% olivine, 5 to 20% '
clinopyroxene, and 10 to 50% plagioclase (Table 3.i}n
Picotite occurs as small (.0.02 mm in diameter),
euhedrallcrystals found'bnly within somé of the olivine’
phenocrysts. |
’Magnefite crystals -are subhedral to euhedfa}, and
‘are genérally‘less than i mm in diameter. .-Most of
these magnetife crystals exhibit a dendritic quench
overgrowth (Plate 23), while some show marginal
. reéorption;

Olivines are present as subhedral euhedral

crystals which. are generally less,than -3 in

< s ]

nY
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5iaﬁeter. Many contain euhedral magnefite and/or
picotite. A few of th;'oiivine phen0cryéts show
marginal resorption, whlle ali generally éxhlblt some
degree of alteration to 1dd1ng51te or a green micaceous”
mineral along internel fractures.

Clinopyroxenes are present as predominantly
euhedral crystals which are'éenerally less than 5 mm inl
diameter. These phenocrysts commonly exhibit fritted -
overgrowths alcong their margiﬁs (Piate 24), and a few
contain internal melt channel eorroeionv Euhedral
olivine, plegioclase and magnetite are somefimes found
within the clinopyroxenes (Plates 25 and 26).

. Plagloclase phenocrjsts occur as predominantly
euhedral crystals which are generally less than 4 mm in
dlameter. The plagioclase composition lies in the
upper labradorite - lower‘bytownite'rapge.(An65 to
AnJS). They éenerally show iﬁtefnal melt chanqer:
corrosion, and a few of the phenocrysts contain
euhedral magnetite.

The inclusion of smaller, euhedral minerals in

larger phenccrysts, as observed above, indicates a

- erystallization sequencé beginning with picotite and

magnetite, fOIIOWSi,Ey olivine, and clinopyroxene and

plagioclase.' ‘
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. 3.1.4 THE OLIVINE-MICROPHYRIC BASALT LAVAS.

-

' The groundmass of the OMB samples (Plate 19) is

predominantly made up of piagioclsse, clinopyroxene, . T,

-

and magnetite (£ phlogopité). _ ' '

The intratelluric phases make up between 20 and 40%
of the rock, and comprise less than 1% picotite, less

than 2% magnetlte, 10 to 20% olivine and 0 to 25%
cllnopyroxene.-‘Trace amounts of plagloclase‘megacrysts
.ére present in ssmé of the samples (Table 3.1).
° Picotite occurs as small (0.02 mm in diameter),

euhedral crystals, and are generally very abundant
» within the olivine phsnocrysts (Plate 27):

Magnetite crystals are euhédral to subhedral, and .
hg .
are generally less than 1 mm in diameter. A few of the
‘erystals skhibit'either a dendritic quench overgrowth,

;- - . . “ P
////’fﬂ -or internal and marginal corrosion.

) OllVlneS are present as predomlnantly euhedral
phenocrysts whlch are geperallv less than 4 mm in
diameter. The- crystals commonly contaln euhredal
magnetite ‘and/or picofiteu‘ A few of the olivine
phenocrysts display sope_degree of alteration to
iddingsite of a gfeen micaceous mineral along internal
fractures. .,’ o o ' °

Clinopyroxenes are present as euhedral to
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‘subhedral phenocrysts which are'geﬁeréy;y less than. 1. =

mm.in diaméter. These qlinopyroxeneS'génEpélly‘cdnfain
fritted marginal overgrowths and/or internal melf' 
ébannei corroéion (Plate 28}. Euhedral magnetite is f
commonly found within the clinopyroxenes.

Plagioclase megacrysts are_present'as-euhedral to
subhedral prystals'which are less than 1 mm in diameter
(Plate 29). Thé‘plagioclase.is generally inte?nélia
altefed to a fine opaque*dust.

.The inclusion of smaller, euhedral minera}s in
- larger ?henocrysts, as observed above, indicates a
crystallization sequence beginning with picotite and
magnetite, followed by olivine and clinopyroxene.” In
addition, the absence of infrateiluric clinopyroxéne in
one 6f the OMB samples (Plate 30) indicates thgt-- |
olivine crystallized beforerclinopyroxene.

Holocryééalline, fine-grained cognate xenoiiths,
with a dunite.cgﬁégfitiqn, are oftFﬁ prgsent inlthé OﬂB
samples (Plate 31). -These xenolithg range up to 1 cm
in diameter, and contain up to 5% corroaed magnetite.
Botk the oiiviné and magnetite crystals are béliéved to

represent cumulate phases, Cy

LI
1
\— . . ’
. .
[l ) . s

P



3.1.5 THE CLINQPYROXEME—PHYRIC ANDESITE LAYAS

4 'The groundmass of the CPA_samples is made.up of
piggiociase ahd'magnetite ( clinbpyroxene, which is
commonly replacedlpy calcite).

The intra?glluricxphésés maﬁe up.between 15 and
'.+.30% of the rdck, and includ; less than 2% magnetite, 3
to 5%ﬂclinopyroxene, and 18 EO_QS%.pi3giobiase£' A few
of the sémpleé-cbntained less than-2%“§mphibole
phenocrysts (Table 3.1) R

Magnetite crystals as subhedral to euhedral, and -
are generally less than 1 mm in diameter. A few-of the
phenocfysts exhibit dendritic quench avergrowths.

Cl}ﬁopyroxénes occur as predominantly euhedral
crystals, w%ich are generally 1e§s“than 3 mm in o
“diametef. They commonly exhibit fritted marginél
ovebgréwths. Euhedral mignetite is commonly found
within the clinopyroxené phenocrysts.

Plagioclase phenocrysté occur as mostly euhedral
crystals which are less than 4 mm in diamefer- " The
composition lies in the labradorite range (An_.. to

50

AnES)' Many of these phenocrysts exhibit intérnal'melt
channel. corros:on (Plate 32). Edhedral magnétite is

sometlmes found w1tb1n the plagloclase

Amphibole phenocrysts are euhedral to subhedal
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phenoecrysts which are generally less than 1 mm in
length. The maggzns are commonly altered to fine

opagues. Euhedral plagioélase and clinopyroxene

crystals are commonly found within the amphibole

phenocrysts.

The inclusion of smaller, euhedral minerals in
larger phenocrysts, as observed above, indicates a
crystallization sequence beginning with magnetite,

followed by clinopyroxene and plagioclase (4 later

amphibole).

3.1.6 THE AMPHIBOLE-MEGAPHYRIC ANDESITE LAVAS

The groundmass of the AMA samples is made up of |
plagioclase and magnetite (t clinopyroxene,*which is
commonly replaced by calcite).
The intratelluric phases make up between 30 and

35% of the rock, and include less than 1% magnetite, 3

to 10% clinopyroxene (being most abundant in the

o

 leucocratic basaits), 15 to 25% plagioclase and 5 to

10% amphibole. - One of the sémples contains trace
amounts of quartz and apatite (Table 3.1).
Magnetite crystals are ‘subhedral to euhedral, and

are generally less than 0.5 mm in diameter.. .A feuw of

the crystals exhibit dendritic quénch overgrowths.

L
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Clinopyroxenes are present as mostly euhedral

phénocrysts which are generally less than 5 mm in
[}

diameter. Euhedral magnetite is commonly fcund within
the clanpvroxenes
Plagloclase pbenocrysts are present as

2

predomlnantly euhedral crystals whlch are generally

less than 3 mm in diameter. The plagioclase

composition lies in .the labradorite range (An55 to .

AnSS) The cpiéfals commonly, show internal melt
channel corrosion, and a few of the”phenoérysts eontain
-

euhedral magnetite.

Amphibole phenoerysts are present as mostly

.euhedral crystals which are generally less than 10 mm

in length. The amphiboles are commonly altered to fine -

dpaques around their margins. Euhedral mégnetité and
plagioclase; and anhedral clinopyroxene are often found
within the amphibole pheﬁocrysté‘(?laté 33). The |
latter relatlonshlp seems to be the result of reactlonA
between the cllnopyroxene and amphibole pbases

Quartz and apatlte are present as anhedral to

sukthedral crysfals which “are less than 1, and 5 mm in

'diame%er, respebtivelyv Both phases are generally

marginally altered. . ° .

L3

The inclusion of smaller, euhedral minerals in

.

larger phenocrysts, as observed above, indicates a

v
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crystalllzatlon sequence beglnnlng w1th magnetite,
followed by plagloclase and clinopyroxene, and

amphlbole (z quartz and apatite).

3.1.7 MAFIC PLUTONIC BLOCKS" -

The mafic plutonic blocks 'are all medium-grained,
wifh holocrystalliﬁe, hypidiomorphic-granular textureé.
.According to the gabbroicrclqssification by the IUGS
Subcoﬁmis;ion (1973), the rocks fail igto the
.pyroxene;hobnblende éahbronorite field. The miﬁerélogy
inclu@es less than 5% magnetite, 5 to éc% . |
clinopyroxene, 10 to 25% amphibole and 60 to 70%
plagioclase. - e

Magnetiﬁe oceurs as predomihantly anhedral,
interprecipitate crystals. A few éubbedraf
preC1p1tate crystals of magnetite are 1ncluded 1n all
of the other Phases present. .

CllnopyPOXenes are present as subhedral to
‘anhedral precipit&te erystals, and some displéyu
compositional zoning (non—oscillatory), internal mélt
channel corrosion and/or exsolutién laméllae. .Many of
“the clinopyroxenes aré mantled by amphibole.

Amphibéle is geﬁerally.pleochroic green‘in plane'

polarized light, except for one sample, where the

-
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\
- amphibole is pleochroic red-brown. The red-krown
amphibole has been identified as an oxyhornblende
(Ujike, 1974) which has a high Fe3+/Fe2+ ratiq.. All of
thé”amphibqles display subhedral to anhedral *shapes
thaf représent both intgrprécipitate aﬁd;precipitafe
crystalsf Theée amphiboles commonly include euhedral
to subhedral plagioclase, clinopyroxene and magnetite.
Plagioclase crystals are present as precipitate
Phases with euhedral to subhedral shapes. The
‘ plagioclase.éoposition lies in the ldwer bytowgite )
range (An70 td An75). A few of the plagioclase.
| crystals display’ faint n6rﬁél idning.
| The inclﬁéion of smaller, euhedral crystals in
larger precipitate crystals indicétes‘a cr&stallization
* sequence beginning with magnetite, followed by
plagioclase and clinopyroxene, and amphibole.- In
additicn, the presence of'interprecipitate amphibole

and magnetité indicate that these crystals were the

last to crystallize.

5 2

3.2 THIN-SECTION PETROGRAPHY - A SUMMARY

The order of crystallization of the intratelluric

phases for each of the three basaltic sequences (CPB,
: ' »

.CMB, and OMB) is given in the following list:

-4
-
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.
1. Magnetite, fbllowed.by olivine (?), and
clinopyroxene and plagjoclase fof the
CPB lavas. -
2. Picotite and mégnetite, followed by olivine,
and clinopyroxene and plagioclase for the
CMB lavas.
3. Picotite and méghetite, followed by olivine”
(+ later clinopyroxene) for the OMB lavas. .
The CPB and CMB lavas both contain abundant
plagioclasé pﬂenocryété, and picotite crystals are
either_abseﬁf or present in veryv small amounts (i,e.'in
a few.of the CMB lavgs).. However, the clinopy?oxene
phenocrysts‘aré genefally ﬁuch larger in the CMB -
lavas. |
THe OMB lavas generall§ contain abundant plcotite

crystals, and the clinopyroxene phenoorysts are very

small (and may be,absént). Flagioclase phenocrysts aré_

very rare, while dunite xenoliths are common (Table

3.1). '

The order of.crys%allization for each of the three
andesitic sequences (APA, CPA and AMA) is given in the

-

following list:
y 1. Hagnetite,}foliowed by clinopyroxene and
plagioclase (?), and amphibole (+ quartz)

. for the APA lavas.
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2. Magnetite, followed bv élinopyroxene and
plagioclase (g iater amphiboleﬁ for the.

CPA lavas.
3, Méghétite, followed by clinopyroxene and.

!

plagiocldse, and amphibole (i quartz and

af

apatite) for the‘AMA lavas. =~ 7 ~

In addition, the crystallization sequence for the

‘mafic plutonic blocks Lbegins with magnetite, which is

followed by clinopyroxene and plagioclase, and
amphibole. The occurrence of interprecipitate

amphibole and magnetite indicates that:these are the

- last minerals to crystallize.

The APA lavas contain large plagioclase ’
Phenocrysts, small'amphibble phenocrysts, and minor
amounts of small clinopyroxene phenocrysts. The CPA\
iavas predominantly contain plagioclase and
clinopyroxené phenocrysts; with minor amounts of smalf
amphibole phenocry;ts, while the AMA iavas contain
significant amounts of large amphilkole phenocrysfs.
(Table 3.1). )

However, there are many similar mineralogical
characteristiés between the main lava sequences.

Picotites are only found within the olivine phenocrysts

of both the CMB and OMB lavas. All of the plagioclase

‘pPhenoerysts of the CPB, CMB, and andesitic sequences

-
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show normal and/or oscillatory zoning, ,and many exhibit
internal melt ‘channel corrosion. The plagioclase
compositions for the andesitic sequences all lie in the

range An to An while those for the CPB and CMB

50 65°
sequences lie in the range An65 to An75 All of the

intratelluric clinopyroxenes are light green in plane

4

'polarlzed light, with a hlgh dispersion in cross

polars, while all of the .amphibole phenocrysts (for the
lavas) are pleochroic green in plane;polarized light,
and show some degree of margingl altergtion to opaque

minerals. Special textures (i.e. dendritic quench

overgrowths on intratelluric magnetite, and fritted

overgrowths on clinopyroxenes) are present in most of
the lavas. Groundmass phlogopite is ?resent"in many of
the bashlfic lavas. In addition,'the 1éva sequences
show identical to overlapping mine?aiogies;.w;th
similar cr&stallization evolutions. In view of all

these common characteristics, and the spacial and

temporal association of these volcanic sequences, there

is good reason to belleve that the rocks on the
southern half of Carrlacou are genetically related.

"

3
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CHAPTER 4
GEOCHEMISTRY ‘
4.1 METHOD

) The'chémicql analyses were carried out on glass l
discs and fock powder pellets using a Phillips PW 1410*
Universal Vacuum X-ray Spectnometér._ The contents of
10 major ox;des (SiOQ, A1203, TiOz, Fe203, Mn0O, MgoO,
Cad, Na,0, Kéo and P,0:), plus 10 trace elements (V,
Cr,.Co, Ni, RL, Sr, Y, Zr,'ﬁb and Ba) were determined
on QB pepresehtaﬁive iava samﬁles, using glass di;c and

| rock powder pellets respectively. The majof oxides weren
. also determined dn both a clinopyroxene and amphibole
_mineral:
Lanthanum oxide was used in the fusion mixture for

the glass discs to lower the background to a;uniform

' level-for the analysis of major elements. However, the
use of rock powder pellets'waé hecessary for the trace
element analysis because of overlapping backgrouﬁd .
effec?s produced by the lanthanum oxide over smaller
trace element peaks.  The rock ﬁowder pellets were dlso

-

‘used to.keeﬁ the coﬁﬁt,rates at a reasonably high
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level, since the concentration of any given element is
greater than in gigss dises. Loss On.ignition wg; also
determined on é;ch sample (1050%C for 1 hour).

The- rock powder for both, the glass discs and
powder‘pelléts was.prepared in a shatter box after
being crushed by both the jaw ‘crusher and
micro-crusher. The samples were dried at 105°C for 12
hours, and then .stored in a dessicator.
 ?ﬂor the preparation of rock powder pelleis, 2.5 g

of rock powder was thoroughly mixed with % drops of a

2% solution of polyvinyl. alcohol. This mixture was

. encased in 4 g of boric acid by applying 9 tons of

T N

pressure for 15 seconds in a 32 mm die. " The pellets
were allowed to dry for 24 hours,

| For'the preparation of glass discs, 1.875 g of
fusion mixture (28,5 g Li tetraborate - anhydrous,
22:2 g Li carbohatg,.and 9.§ g lénthanum oxide) was
melted douw.wjth Q.3§D g dof rock powder in a plétinum
crucible. Thefdiscs were formed in brass rings on a

polished brass plate.that was heated to H50°C. The'l

glass was then annealed between two asbestos ma on'a

. . "
" second hotplate that was heated to 250°C. The discs

were allowed to sl%wly cool to room “temperature, and

" then stored individually in labelled plastic bags.

Regression lines, produced from the count rates

LY
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for the standards GSP-1, pure quartz, G-2, BCR—},
AGV-1, BR, GA, and DTS-1 (U.S.G.S. and C.P.R.G) were

used to derive the'éoncentrqtion'of the major oxides

and trace elements of the samples. Dead time

corrections were carried out for all of -the analyses.
Backéroﬁnd corrections on fixed time*calcuiations, wefe
carried qut on éll but a0, K,0, Fe, 05 and TiOé
(becausge of their”high ﬁeék/béckground intensity
ratios) and mass absorption corrections were caiculated
fqr all the trace elements, using valﬁes derived from
various Compton séattgr‘peaks. Matrix effects were‘

uniform for the major element analyses- since the glass

" discs contained lanthanum oxide, and since the

concentrations of theioxides were relatively diluted.
The basic operating conditions for the X-ray
Spectrometer and the precisibn for each of the major

oxides and trace elements are given in Table 4.1.

4.2 GEOCHEMICAL RESULTS - .

-

" Table 4.2 lists the results of the major oxide and
trace elemept analyses of 43 representative lavas found
predominantly in. thé southern half of Carriacou. The.

locations of the samples and their normative mineralogy

is also given in Table 4.2. The rocks are divided into
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TABLE 4.1 - Basic operating conditions and precisicn for the
major oxide and trace element analyses on the X-tay

spectrometer , : ~ -
Major Oxide or  X-ray Tube - Crystal Counter *Precision
~Trace Element :
S3i09g- Cr ’ TLAP FC500 +0.2013
Als03 . Cr " TLAP FC500 | +0,5303
TiO» ‘Cr LiF200 rcucsg +0.4461
Fes03 . Cr LiF200 FCSCC . +3.1829
MnoO , W . LiF200 . FC500 +1.1307
MgO. Cr ADP FC518 +1.3183
.Cao Cr LiFz0¢C - FC500 . x0.0136
Nas0 Cr TLAP © FC520 £10,0146
K20 Cr -, TLAP . FC500 +0.2275
Py05 . Cr”’ - GERM FC500 +1.1242
v . o 2] * LiF220 FCu80 +1,3211
Cr : W LiF200 FC500 +3.3459
. Co Cr _ Lir220 FC500 +8.1338
“Ni ' Ag LiF220 sCc230 To+W, 4046
Rb ' Mo : LiF220 8C225 +1.9211
Sr : Mo LiF220 sc225 +0.6030
LY . Ag LiF220 5C220 +1.5652
Zr Ag . , LiF220 - SC220 +0.85u42
Nb g Ag .- LiFZ20 SC21€ , . £2.8678 .
Ba ) ' Cr LiFr200 .FCuss . +0.8762

. M |
% Precision is given as the % standard deviation of the count
rates for a repeated standard. ‘
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5 groups, the APFA, CMB,(MQ&, CPA} and. AMA respectively

-{there were no unweathered CPé.samples available for

geqchemiCal analysis), énd ordefed within each group
from lowest to highésf.Siozcont;nts. Each analysis is
recalrulated to 10C % using. ankydrous major oxides.
JFive é%a}yses give rather high L.O.I.-(>3.00 wt. %)
'values'(CU—ue, Cﬁ-S, CU-44, CU-11, and éU-?%); which is

due to extensive secondary and/or deuteric alteration

effects as seen in thin-section study. Therefore,

. these rocks were not used in the study and

interpretdtion of the‘géééhemistrynof volcanic lavas
found on Carriacou. In ;déitién, the ﬁajor oxides and
corresponding normative mineraiogies for both a
cliﬁopyroxene (taken from CMB volcaniclastics) and

amphibole (taken from AMA volcaniclastics) are given in

Table 4.3."

4.3 GEOCHEMICAL VARIATION WITHIN THE VOLCANIC SEQUENCES
. . ¢

ON THE SOUTHERN HALF OF CARRIACOU

The ranges and avérages of the major oxide‘and
“trace element geochemistry'for the lavas in 'Table 4.2
are gMen in Table L.4. o

Together, the CMB and OMB }évas contain the lowest

Na

20., Si02, K20, Rb, Ba,.ﬁb, and Zr compositions and
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TABLE %.2 - GeocﬁemiStrﬁ of volecanic lavas on Carriacou

Sample #:Cu=8E Cu-85
Hame: Andesite Andesite
(APA) (APS)

Long. (W):61°2¢.9¢" 61°30; 007
Lat. (N): 1292¢".20" 1222630

Major Eléments in Dry Weight % (Pecalculated to 100 %)

SiDyp: 58.28 50.¢28
Al}Q3: 18.03 17.18
Ti0g: 0.51 0.55
#Feq03: 7,52 6.85
Hno: £.15 0.13
MgOo: ) 3.82 2.30
Cal; v 7.93 *7.34
Nag0:* T 2.85 u,68
K20: n.81 0.88:
Ps0g: 0.12 0.1:3
L.0.I.: 1,u9 2.23
#FeQ/Mg0: . 1.87, ,2.87
Trace Eleménts in ppm -
v 1€ .133
Cr: 53, 49
Co:’ 17 13
hi: 10 2
Rb: 23 28
Sr: 302 '312

v * 34 23
iri 33 88
BT Y 4
Ba: 230 270
K/Rb: 298 282
Rb/Sr: 0,075 0.099
Y/ 8.7u - 8,30
+ Mormative Mineralogy

0:- .19 ¢.95
Or: u,86 §.23
Ab: 26,88 42.23
Ani u. Co. 23.30
He: ¢.00 c. 00
Di: 4,1€ 10.01
Wo: o.00 0.00
Hy: 13,5 6.11
01: 0.00 . 0.0C
My 2,24 2,15
Il: 0.87 C.78&
Ap: n.23 012€

*FeQ=Total Xron as Fed
*Fa@203=Total Iren as Feq03
+ For the weight % in the normative calculacion,
Fe203=1.5+Ti07 and FeQ=0.8398(*Fe03-Fe20d3)

¢

Cu=lE€
Andesite
(APA)
§1%2¢° 757
12927, 00"

0.5l
17.5¢

, 0usg -

7.11 .,
0.08

"2.53
§.96
3.50
0.86
0.13

NNT]
= m

Gy
[T S I ol S L

Wt aimrat

~d1m o

£ o m s

Cu-33
Andesite
(APA)
§1°39, 0o’
12226, 40"

§1.01

17.77
.52

6.61
n.18

[
| Sl SN )

[
@ F
ORI 00 L VD

270

272
0.-086
11.7u

17.24

5.2¢9
29,03
31.9¢

-

Cu-82
Andesite
(APA)
519238’ 20%
12926 50% -

£2.58
17.u0
n.s1
§.62
‘e 0,13
© 1,85
. 8,20
3,uu
1.05 .
n.in

1.58
3.21

™
wn =
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.. .o TABLE %.2 (Cont'd)’
: "Sgmple #:Cu-18-  Cu-75  Cu-53  Cu-100  Cu-is3.
. - Name: Cpx.Mega. Cpx.Mega. Cpk.Mega. Cpx.Mega. Cpx.Mega.

Bagalr Basalt Basalt Basalr Basalt:

Long.(W):61°28.50” 61°2¢’e0”

o 28,507 61°20l00" 51228707 §1°28, 20" §1°28% 257"
Lat. (N): 12°27%00%.12°2¢% gy

12°2749e0% 12°2780” 12°27.85"

_______________ pmmm—de. mmeee—e——-  esemmo s mem , mm—e————

. Major Flements in Dry Weight % (Recalculated to 100 %)

- 8i0.: 45,15 46.06 YE,20 46.§9 47.0u .
- ' Al 83: 17.53 15,10 -. 15.86 17.10 ’17.14
Tiaz: . 1.00 :0.82 , 0:91 1.00 1.02
EFe, 0, ¢ 13,25, - I2.43 11.77 11.23 11.2u
Mno% 0.21" # 0.7 . 0.17 0.17 0.17
Mg0: 6.63 9,257 9,57 7.74 8.05 _ _
. Cag: 13.70 14.554  13.42 ., 13.17 ~--I3.24 ™
" Ma,0: 1.€0 0. 88 1.58 1,95 1.30
. K91 0,75 0.51 0.2¢ 0-60 0.6y
. P30g: 0.18 0.12 0.15 0.15 017
~:L.0.1.: 1.73 1.09 1,41 1.76 ' 2.03
- %FeQ/Mg0:  1.8p 1.21 1.1t . 1.31 1,26
Trace Elements in ppm . )
v: 386 353 © 33¢- 372 370
Cr: 116 452 5an 377 . 351
‘ Co: 36 4l - 49 36 39
Ni: 22 121 14 29, 111
Rb: 1y 1g B 13 .13
. So: 836 u57 . 390 u37 HED
Y: 31 20 25 2¢ 28
‘Zp:- u7 37 42 49 .50
< Nb: 3 1 ) 4 7
.- Ba: 208 1u8 15y 183 188"
K/Rb: us7 ule 365 301 u17
. Rb/Sr: 0.016 0.022 0.015 0.02¢ -+ 0.027
° . Y/NEs 6.50 38.%58 5.58 7.46 1,89
. + Normative Mineralogy .
: 9.09 0.480 0.00 0.00 0.00
Or: Y. 5E 3.10 1.87 1,61 3.88
. Ab: 12.11 8.03 15,27 17.58 11.83
An: 39.33 36.45 38.28 36.58 3o.be
Ne: 1.57 G.00 - 0.00 ¢.00 0.00
] Di: 23.32 20.17 24.81 22,90 20,83
, o 0.00 0.00 0.00 0.00 0.co
Hy: g.00" 7.87 1.55 0.76 12.72 .
ol: 14,65 11.47 17.40 14,13 6.61
Mt 2.67 2.58 2.54 2.64 2.68
Il; 1.42 1.31 1.28 1.41 1.u45
5" Ap: 0.37 0.2t c.31 0.31 0,33
: : #Fe0=Total Iron as Fed *
f e © %Fe203=Total Iron as Fe,03 :
\( ® + For the weight 3 in the normative calculation, !

~ : ' ' Fe0371.5+Ti0, "and Fe0=0.3008(%Fe203-Fez03) |

-
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TABLE u.2 (Cont'd). , .
Sample #:Cu-52 Cu-59 Cu-23 Cu-1u Cu-78
Name: Cpx.Mega. Cpx.Mega. Cpx.M=2ga. Cpx.Mega. Cpx.Mega.
Basalt Basalt Basalt . Basalt y , Basalt
Lorig. (W): 51°zs 0% §192¢% 00? 61230, 007 619294207 61°250 357
Lat. (N) 12%27.75% 12 28’60’ 12°2d,10" 12°27.20 12 v, 38”
Major Elements in Dry Welght.%~(Reca1culated to 100 %) .
510 47.33 47,458 47.46 ug,u2 48,56
Al 53‘ 17.03 17.495 16.73 10,74 18,02
2t . 1.92 0.92 . 0.81 0.86 . 0.97

*Fe.203. 10.71 12.30 11.40- 1.08 10.¢7
MnO: R 10,17 0.24 £.18 0.18 0.17
Mg0: 7.82 5.46 7.78 4.77 5.62
Ca0: 13,70 12.76 13.24 11.862 11.33
Ma40: 1,27 2,38 1.70 2.61 3.80
'(28 a.el Q.43 Q.48 0.64" 0.49
P205 0.15' 0.12 0.13 g.11 0.12
L.0.I.: 2.28 1.56 1.22 -1.28 1.27
*reQ/MgO: 1,22 2.02 1.33 2.09 1.78

- . LY =
Trace Elements in ppm .t R
'H 375 ©3uy 323 319 318
Cr: 350 128 244 58 106
Co: 30 35 3E 31 a8
Mi: g2 27 57 u 18
Rb: 12 * 7 e lu 8
Sr; uly 383 45k - 408 333
Y 26 26 .25 28 30
Zr: 4e 42 4y 47 60
MNb: & 3 2 2 4
3a: 180 14l 144 154 151
K/Rb: L EL] 53¢ 418 371 193
Rb/Sr: " 0.028 ¢.017 0.021 0,035 0.02u4
%/ Mb: 4,19 8.2L 13.1u 12.81 8.36
+ Normative Mineralogy .

H 7,00 0.00 0.00 0.00 0.00
Or: . 3.68 2.59 2,90 ~ 3.88 2.88
Ab: 11.58 21.77 18,51 23.78 26.u3
An: 39,86 37.80 37.14 kQ.88 .30%81
Ne: 0.00 .00 g.00 0.00 4,72

T D1 23.22 ~20.83 22.¢99 13.6u8 19.95
Wo: 0.n0 0.00 - 0.00 0.00 -g.Cc0
Hy: 12.44 2.36 8.07 6.89 £.00
01¢ 5.11 10.53 .93 7.03 11.1i6
ML 2.€7 v 2.58 2.45 2.50 2.58
I1: I.ku 1.30 1.15 1.21 1.28
EYEN 0.30 0.25 0.26 g.21 0.24
%“FeQ=Total Iron as teC -

T

%“Fen04=Total Iron as Tes0j
+ For the weight % in the normative calculation,
Fe203=1.5+Ti02 and Fe0=0.8328(*Fez03- -Feq03)
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TABLE 4.2 {(Cont'd}
Sample #:Cu-13 Cu=-22
llame: Cpx.Mega. Cpx.Jega.
. Bas 1t Basalt
Long. (W);61%27%10" 61°29. 30"
Lat.(H): 12°28%.80% 12°2a‘1s‘
Major alements in Dry
SiQ 48,61 48.70
Alzaa 15.3¢4 le.38
TiCaq: 0.89 0.93
#Fes03: 11,38 11.u2
HnQ: 0.18 0.19
Mgo: 9,904 4,87
caQ: 11.20 11.17
Maq0: 1.75 2.78
KoC: 0.€EL 0.58 ,
Po05: 6.12 g.1¢
L.0.I.: 0.85 1.74
#FeQ/Mg0: 1.03 2.20
Trace Elements in ppm
v 28¢ e
Cor: 862 59
Co: ug 0
Mi: 258 7
b1 15 T
Sr: ZE3 ' 513
Y 25 31
Zr: 53 51
Mb: 3 ) 3
3a: 162 185
X/Rb: 329 683
Rb/Sr: 0.059 0.0l
Y/b: 7.58 1n0.869
+ Normative ‘Mineralogy
Q: c.00 .00
or: 3.%54 3,46
Ab: 15,80 25.3¢
An: .- 32.67 39,37
He: 0.900 ¢.00
Di: 18.27 12.89
Yo .00 .00
Hy: 17.84 9.18
0l: 7000 5.8¢
Mt 2.82 2.58
Il 1.28 1.32
Ap: L 2h 0. 37
#FaQ=Total Ircn as Tel
"FenG2=Teowal Irep as Feaj

+ Tor the weight } in the normative calculation,
2 03s1,5+Ti0oand Fel= o_aanacfre203-=egcgg

Cu=by

Basalt

=l°27 8o’

Cu-6 -

Qasalt }
61°26 50" 51°2a on
12°28% 10" 12°3Y.6¢", 42%°27.,75"

Cy~-20
Cpx.Mega. Cpx.Mega. Ol. Miero.

Basal“

Uezght % (eralculated to 100 %)

50.77
15.41
0.74%
lg.u8
3.19
2,35
9.99

i.e7

0.¢
0.1¢9

"u.85

1.0l

198
837

W
216

Yy

2

uy
48
22
ap

8
58

72
0. U
2.

0.G0

7’

§.35,

17.81
3N, 78
‘0.00
1s.39

0.00

27.6¢-

0.2¢
2.36
1,08
2,38

51.56
13.18
0.38
10.90
0.29
4.E1l
10,15
2.78
0.55

.2l

250
.72
30

396
36
84

4
175

553
0.020
9.67

31.03
3,3
25.27
36.24
0.00
11.02
0.00
16.92
8.00
.54
1.25
9,42

161

46.195
13.582
0.78

- 12.586
g.18
12,16
12.00
1.26
3.48
r.12

us2
0.021
7.986

0.0
2.85
11.38
30.03
p.o0
23,61
9.00
12.04

16.56 ,

2.u0
1.10
9.23



TABLE 4.2 (Cont'd)”

Sample #:Cu-1¢ Cu-28 Cu~111 Cu-23 Cu-310

Vame: 0l.Micro. Q0l.Micro. Ql.Micre. 0l.Mcere. Ol.Micro.
Basaly Basa‘t Basalt Basalt Basalt

: Long (W):61°28.25" 61°287107 61°26' 507 €1°28. usi §1°28%. 65"
Lat. () 12°27,00" 12°27.85" 12°2¢%85 12°2¢.75" 12°26.80°

Major, Elements in Dry Weight % (Recalculated to 100 %)

S5i0,: - u7.08 u7.08 4710 47.25 47.36 -
Al 83 13.66 13.49 is, 10 13.861 13.59
JTi 2t ) c.7¢9 0.91 0.78 T0.77
"Faa0y: 12,59 12.34 11.88 12,587 12.u48
Mno: 0.19 0.18 0.17 0.18 0.19
MgO: 11.85 12.18 "11.03 11.87 11.3%4
cao: 11,92 12.00 12.85 11.93 11,98
Nan,0: . 1.30 1.34 o 1.37 ‘1.17 l.1¢€
KqoU: 0.51 G.51 0.5¢ . 0.52 o.u9
Palg: 0.13 0.11 0.10 ~© 0,12-~ 0.1
L.0.I.: 9.35 0.34 1.31 0.61 0.4
#FeQ/Mg0: 0.96 0.0l 0.97 0.95 0.28%
Trace Elements in ppm \
Vs 260 266 297 . 25u 266
Cr: 1813 1794 58 1657 1712 )
Co: g4 5¢ 50 63 56, °
Mi:-- 382 430 271 391 - 395
Rb: - 10 .11 8 1e . 10
Sr: k40 4ol 353 412 uuQ
v: 25 21 T 18 23 . .23
ir: ug - 43 ug ug ua
Nb: 3 4 4 b, 2
Ba: 176 . 183 180 E 1858 21u
K/Rb: Lyg 377 507 429 39
Rb/Sr: 0.022 0.024 0.023 0.02u4 0.023
¥/ib: 7.81 5.48 u.26 6.26 10.3¢€
+ Hormat;ve Mzneralogy

B 0.00 0.00 0.00 0.00 g.00
Or: 3.06 . . 3.02 2.99 3.08 2.9l
Ab: 11.76¢ - 1l2.07 12.37 10.56 10,54
An: 30.16 29.47 31.12 30.87 30.71
Ne: 0.¢0 2.00 0.c0 0.00 2.00
Di: 22,98 23.79 26.10 22.6¢€ 22.77
Wo: 0.00 . 0.00 0.00 0.00 5.C0
Hy: 12,41 l0.92 8.90 15,71 16.5%
0l: 15.92 17.00 14,50 13.58 12.74
Mt: 2.39 2,41 2.55 2,40 2.40
Il: - 1.08 1.11 1,29 1.10 1.00
Ap: 0.25 0.2 .19 9.25 2.27
#Feb=Total Iron as Fed’ o
*Fep03=Total Iron as Fej0j c )

+ For the weight % in the normative calculation, )
Fe203=1.5+TiQ2 4nd Fe0=0.8298("Fep03-Fep03} e



TABLE 4.2 (CoQt'd)

Sample #;:Cu-8¢ Tu=-28% Cu-11 Cu-1(C8 Cu-1lp0¢

Hame: 0l.Micro. Ql.Miero. 0l.Micro. 0l.Micro. Ol.Micre.
Basalt Basalt Basalt Basalt Basalt

Long. {1):61°28 607 61%27.00 §1°26.385) 61°28.80) 61227007
Lat.(N): 12926.75" 12°28.25Y 12°2¢.u4s" 12°2¢.35" 12°28" 90"

lajor Elements in Dry Weight % (Recalculated to 100 %)

8§i0,: . 47.69 47.80 48,31 48,47 49,46
Albs: 13,55 13.36 14.13 14,03 14.95
Ti0n: 0.82 0.36 0.78 .79 0.82
*Fey03: , 12.42 11.59 11.c0 11.74 11.05
MnO: 0.18 0.17 0.17 0.17 0.16
Mg0: 11.36 11.¢2 12.€5 12.€9 10.20
ca0:" 11.85 12.20 10.27 10.44 .10.76
Nap0: 1.13 1.37 *1.17 1.12 1.58
Ko0: - 0.32 0.50 0.us b3 0.8
© P50 g.08 0.13 0. 0.08 0.17
L.0.I.: 1.39 1.84 4, 3 2.88 2.5¢
tFe0/MgC:  0.93 0.87 0. 0.83 0.97

Trace Zlements in ppm
v: 257 273 . 257 * 216 241

Cr: 1192 1292- , 1289 13ch 918
Co: 65 62 57 55 ug
Ni: 371 17 ug8 4792 252
Rb: 5 14 ; 10 10 , 2.4
Sr: 567 . LOE . ' 2I4 213 480

¥: 22 - 19 ° 21 18 24
Zr: 5 52 43 b2 74
Nb: 2 Y- 2 3 5
Ba: 100 157 - 115 W12 . 237
X/Rb: 532 385 77 7388 379 293
Rb/Sr: 0.008 0.033 0.045 2.046 0.0409
L/ 13.78 §.20 13.40 §.93 4,77
+ dormative Hineralogy '

a: 0.00 0.0 0.00 0.00 0.00
or: 1,92 3.55 2,67 2.68: 4,98
Ab: 10.23 12.35 10.55 . 19.11 14,31
Ang . 3l.25 28.70  32.1u 32.06 31,48
Ne: 0.00 0.00 p.oC 0.00 - 0.00
Di: 22.10 25,11 14.90 15.51 17.07
Wo: 0.00 0.08 0.00 c.oc 0.00
Hy: . 20.97 12.83 28,07 28.92 24,18
0l: . 9,78 ,13.53 8.03 5.95 4,05
Mt 2.8 2.48 2.40 2,40 2Ll
Il: 1.158 1.21 1.10 1,10 . 1.15
Ap: C.18 0.25 c.18 £.15 .33

*Fa@=Total Iron as rel

*Fas03=Total Iron as Fey03

+ For the weight % in the normative palculation,
Fey0321.5+Ti07 and FTe0=0.3298(*Fez03-Fez03}

2,



TABLE 4.2

Sample #:Cu-l-

Name;

Long.(W):61°27.10Y 61°20, 70" &1°28%10"
Lat. (¥): 12%2¢,40% 129270587 12927.900"

T -

L8
(Cont'd)
" Qu-73 Cu-27
Basalt Ancesite Andesite
(C2A) (2Pa) (CPa)

Cu

-28

Cu-E8

Andesite Andesite

(c

PA)

- (CPA)

§1° 284 00" 51°30C00#
12°27%. 20 12%28.50

- Major Elements in Dry Weight % (Recalculated to 100 %)

Si0g: 52.67 53.19
AlsQ3: 18.1u l9.42
Ti0g: - 0.89 0.79
*Faqy03: 9,72 8,27
MnQ: 0.22 0.23
Mg0« 3.70 2,42
caqQ: 9.28 1C.54
Nan0: 4.59 43011
K,0: 0.59 9.77
250g: 0.22 - 3.26
L.0.L.: 2,25 2.96
#Fe0/Mg0:  2.37 3,45
Trace Elements in pem

Y ‘228 221
Cr: 50 63
Co: 25 17
Ni: o 12 a
2b: 21 7
Sr: uc2. 49c¢

b 32 34
P g3 73
HNb: 5 U
Ba: . 135 222
K/RbY 235 38y
Rb/Sr: . 0.051 0.033
Y/Nb: B.ES 0,19
+ Normative Mineralogy

Q. 0.00 _ " 5.3%
Qr: 3, u8 4,583
Ab: ul,37 28,15
An: 27.31 17,486
Me: ' 9.00 0.00
Di: 1u,04 1l.u0
Wo: 0.00 ¢.00
Hy:. 5.65 8,55
01: 3.97 0.0a0
Mt 2.51 2,85
I1: 1.25 1.12
Ap: 0,472 ‘0,52

#FeQ=Total Irongas Fel

*Fao03=Totral Iron 32 Taoel3

+ For the weight %
Fe203=1.5+Ti02 and

53.31
17.76
n.77
.52
9.21
3,54
9,43
4,73
0.53
0.17
2.4y
2.42

387

£.038

2.40

0.090
3.15
u2,83
25.6¢
c.ac

15.23

0.0C
. 4,84
3.k
.28
1.ng
0.3u

54.88
13,70
0.83
8.88
0.1¢
3,57
9,286

© 3,04

[

<

[¥%]
~ e
~l WO W - 1TW 0

—
w

»
o]
[+]

c.u7
£.18

0.5%
2.24

~1 (D
QF

=]

-

o4

8.50
2.28u4
.71
36.58

0.00

7

0.00
3.1€
.00
2,83
1,13
.18

in the normative calculation,
Fe0=0,83%8(*FepN3-Te203)

0.053
1

55,12
20.36
1.0l
8.80
0.0§
C.8u
g.19
4.23
n.93
0.28

1.58
%,37

268
45
11

L
15
51c
2w
10b
[
254

uks
c.03

3.85%

7.07
4,98
38.54
34, 6E
0,70
o= 3,97
. 0.00
.18
0.00
2,68
1,42

7.58

L4

o



" TABLE 4.2 (Cont'd) °

Sample #:Cu-Uf Cu-2A
Mame: Andesite Andesite
: (cPa), , (CPa),
Long. (W) :51° 28, 50" 51°28%, 7%
Lat. (;): 12°27.70" 12°29%35"
___________________ [ e
HMajor Zlements in Dry Weight
SiCs: 57.68 57.75
Aly0y: 17.51 19,50
Tidg: " 0.€8 0.53
*Feq03: 3.u3 7.08
Mno; to9.23 0.12
Hg0: 2,31 1.96
Cal: 8.72 8.52
Hag0: 3,50 ° 3,38
K90t .65 0.80
Palg: 0.21 0.29
L.O0.I.: 3.7¢9 1.92
fFe0/Mg0:  3.29 3,24

Trace Zlements in ppm
v 139 79
e 4] 23
Co: ig 10
Nin 4 Ty
EA-H 14 Le
Sr 4Q3 sLo
v 37 ug
Ir: 12l 173
" Mb: 5 . 5 .
fa: 20u 225
K/Rb: 'oun2 362
Kb/ Sr: 0.034 3.03%
L Y/E: 5.80 £.78
+ Normative Mineralogy
‘q: 11.10 . i2.08
or: . 3.23 L, 79
'ab: 32,84 3n.78
" An: 30.22 3§.20
Hle: , .00 ¢.con
Di: 10.02 3.97
Wo: 0.00 0.00
Hy: 3.20 8.75
0l; g:0n ‘n.ae
bl ] ' 2.3 2.15
Il: '0,9¢ 0,75
Ap: 2,42 0458

“Fe(=Total Iron as Fel
rTa203=Total Iron as Fa2G3

¢ Tor =he weight % in the normative cahculationt

Cu-3
Dacite
(CPA)

61°29,75¢ g1°20%335"
12°27235% 12%26%70"

§6.901
is5.¢92
0.58
4,89
0.12
l.18
g.17
3.25
.76
0.12

3.11
3.72

0.051
45.60.

28.02

4,58 -

30.67
26.70
c.oo
3.08
0.00
3.69
.00

noA
P

0.82
2.23

Cu~87
8asalt
(AMA)

48,12
18,43
, n.ge
11.95
‘9.0
4,30
12.77
2.ul
0.59
0.18

2.19
2.45

275
26
27
13
12

519
29
58

3
186

20
0.023
10,07

0.00.
3.58
22.u1
g, uu
¢.00
20,34
0.00
4. 64
§.51
2,55
1.27
9.38

T2203:1.5+Ti07? and Ffe0s0.5998(*Fe203-Fe203)

Cu-78
Basalt
(AMa)
61929, 95”
12°2¢6". 80"

5 (Pecalculated to 100 %)

49,51
17.97
0.86
11,45
.21
6.77
19,11

A n ——

L ]

5.¢0
9,21
3.11
1.52

273
111
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TABLE 4.2 (Ceont'd)

Samples 4:Cu=-33 Cu-21 Cu-128

Name: Andesite Andesite Andesite
(AMAY, (aMa) . (AMA)

Long. (W): 61°28 45 =1°27 75 61°27% 75

Lat.(M): 12° 25 25" 12°27,00° 12927907 -

Major rlements in Dry Weight % (Recalculated to 100 “)

Si0g: 59.58 60,89 gL,

Alp03 12,76 18.186 18.€5

Ti02: 0.57 0.u43 Q.45

*Fan03: 5,93 5.82 5.85

Mn0: 0.11 0.27 0.19, .

MgO: L.45 - 1.33 1,08

Cao: 7.78 7,97 7.21

Wao0: 3.63 4.200 4,02

Ka0: £.95 0.96 0.95

Pa0sg: 0.4 0.19 0.20

L.0.L.: 1.12 1.55 0.61

“FeQ/Mg0: 1,87 3.81 4,8€ ,

Trade Elements in ppm ‘ .

V: 121 63 7u

Cr: . 4y 5L Lo

Co: : 8 3 3

Mi: ’ 3 1 1

Rb: 23 29 3C

Sr: 587 slu 525

' 41 ul I

Ir: 119 131 138

Hb: 8 s [

Ba: 243 288 278

K/Rb: lug 277 265

2p/Sr: 0.0“0 0.0u7 g.0u8

Y/Nb: b,el 7.74 §.27

+"Normative Mineralogy

Q: 14,35 13.61 158,71

Or: 5.68 5.70 5.69

Ab: 32.95 38.00 36.50

An: 3s8.21 28.10 30,35 .

He: 0.0C 3.00 0.00

Di: 1,90 §.51 3.72

Wo: 0.00 0.00 0.00

Hy: 5.45 3.07 u.g6

0l: J.00C g9.00 0.00

gt 2.17 2.0u 2,06

I1l: . n,80 0.81 .53

Ap: 1,.8 0.37 0.3¢9

2FeGaTotal Ircn as FTel
*Fe203-Total Iron as Feg03"
in the ﬂﬂrmatxvn ﬁalrulatﬂon,
Feq03=1.5+Ti02 and Fe0=0. 8998(*Fe203-:e203)

+ Tor the weight %

-,
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’

“TABLE 4.3 - Geochemistry of an amphibole'(taken from AMA

vocaniclastics) ,and a clinopyroxene {taken from CMB
volcaniclastics) » ) B

+Mineral: -~ Amphibole. Clinopyroxene
Major-Elements in Weight & = - X
$i0,: ' ' ‘43,21 50.13
ISUCINE - 16.00 7.32
1i6,? 1.5¢ 0.7¢€
*Fe203f 12.55 8.02
MnO: ’ 0.12 : 0.12
MgO: . g9.71 " 10.49
cao: « 7 : 10.95 21.29
Na,0: : ' 2:11 0.25
K0 0.40 0.00
P205: 0.C5 0.00
L507I.: 1,85 . ' 1.11
TOTAL: S 98. 02 : 90.88 -,
* Normative linerdlogy '
Q: 000 _ 2.72
or: - 2.9 0.56
Ab: . 15.92 2.34
 An: ., 34,28 . .. 19.18
" Ne: 2.25 0.00
Di: .o . 17.46 71.36
Wo: ~ - .00 10,29
Hy: _ _ 0.00 ' 0.00
. 01; ' 21.36 0.00
Mt: s 3.35 2.45
Il: : 2,29 . 1.10°
Ap: . 0.10 , ~0.00

+ The amphibole is classified as tschermakitic hornblende
(using the classification of amphiboles by Leake, 1378) while
the clinopyroxene plots as having a salite composition (using
the system Mg-Ca-FetMn by Poldervaart and Hess, 1951) '
*Fen03=Total Iron as Fe,04

% For the weight % in t%e normative calculation,
Fe,03=1.5+T10, and-FeO=O.8998(*Fe203-Fe203)

. Iy

<
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8
highest K/Rb-and Fe,0; compositions of all the lavas

found on the southern half of the island. In additien,
the CMB lavas contain the highesf TiOz, ca0 and-V
compositions while the-OﬁB lavas contain the highest
mgo;-cO, Ni, Cr compositions and the lowest P,0¢, Al,0,
and Y compositions. |
In contrast, the andesific lava seéuences (APA,
CPA and AﬁA sequeqces) shoy the lowest TiO2, Fe, 0

273?
ca0, Co, V, Cr, K/Rb and Ni éompositiohs and highesf‘

SiOz, A12 3,“Na20,.K20, Zf, Ba; Rb and Nb compositions

v .

of all the léva,sequences found on the sguthern half of
the island. 'in addition, except for a few outlying
'compositions,-thé AMA and.CPA lavas contain the Highest
MnO, PZOS’ Sr and Y compositiﬁns‘while thg APA lgvas
contain the lowest MnOAconcentratipns and highest Rb/Sr
ratios (0.075 - 0.098).
Finally, relative toc the AMA and CPA lava

sequences, the APRA._lavas contéin lower‘MnO? A1205, CaO,

»

PQO , Y and Sr compositions, and highe? SiO2 and Mg0

o

compositions.

-
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TABLE 4.4 - THE RANGES, AVERAGES AND STANDARD DEVIATIONS OF THE
MAJOR OXIDE AND TRACE ELENENT GEOCHEMISTRY. FOR THE LAVAS ON THE
SOUTHERN HALF OF CARRIACOU -
SEQUENCE: AMPHIBOLE-PHYRIC ANDESITE LAVAS

St . . T ) S S A} T - T —— ———— . " =

RANGE AVERAGE ST. DEV
MAJOR OXIDES S .
IN WT. % \ |
Si0, : 58.26-62.58 ©  60.47 - 1.57
A1,6,: 17.16-18.03 17.61 0.32
Ti82: 0.51-0.61 0.56 0.04
Fe20, : 5.61-7.55 6.o4 ~ 0.38
Mno? 0.08-0.15 6.13 - .0.03
MgO: 1.85-3.62 ' 2.53 0.66
ca0: - 6.20-7.93 7.06 0.64
Na,0: 2.95-4.68 3.57 0.67 _
K, 8 0.81-1.05 0.90 0.09 .
P20, 0.12-0.14 0.13 0.01 ‘
“Fe0/Mg0:  1.87-3.21 2:48 0.52
TRACE ELEMENTS
IN PPM
V: 119175 . W 1 24, 80
Cr: . 45-38 ‘ 50 71.53
Co: §-21 1y 5.57
Ni: . I-12 7 4.97
Rb: 23-30 Y 2.77
Sr 302-31¢@ 312 6. 96
Y: 23-42 31 7.64
70 . 82-92 86 4. 06
Nb: 3-5 . u 0.71
Ba: 230-290 ‘261 23,01
K/Rb: 262-298 281 . 1s.28
Rb/Sr: 0.075-0.098 0.085 0. 01

~ Y/Nb: 4,98-11.74 8.37 2.75 -

“Fegp03 = Total iron as Fe,03.
*Fe0 = Total iron as FeQ.
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. o
TABLE 4.4 - (Cont'd)

T ——— o —— o ——— T ————— - —_. S N M MR S S e e ———

' RANGE AVERAGE ST. DEV
MAJOR OXIDES
IN WP, % _
8104 ' 45.15-51,56 47.87 Z/z> 1.75
Aly0;: 15.10-19.74 17.10 1.46
Tilp: - 0:81-1.02 0.93 £ 0.06
“Fep0g 1 10.71-13.25 11,47 0.75
MnQ:, 0.17-0.24 0.19 . 0.02
MgO: 4.61-9,94 7.24 ° 1.94
Ca0: . 10.15-13.79 - 12,38 - 1.4
Nap0: 0.88~3.80 2.03 . 0.77
K0 0.26-0.75 0.55 0.21
P, Og : 0.11-0.21 0.15 : 0.03
*Fe0/Mg0O: ~  1.03-2.20 : 1.53 0.t
TRACE ELEMENTS
IN PPM S ' P ,
Vi 250-386 33y 38.62
Cr: 56-862 ; 329 275
Co: . 30-48 37 5,42
Ni: 4-258 . 87 81.85
Rb: 6-15 11 ' 3.13

" Sr: . . 263-836 . uu3 128.78"

Y : 25-36 ' 28 .3.18

TTITTTN 37-84 ¢ . 52 . 11.869

q Nb: -~V 1-7 oy 1.65

! Ba: ] 141-208 167 , 20.49 \

I

K/Rb: . 329-683 | 453 96.61
Rb/Sr:-  0.014-0.097 0.025 0.012

Y/Nb: 3.89-38,68 - 10.50 . 8.83

“Fey O3 = Total iron as Fe,05.
*Fe0 = Total iron as FeO.
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TABLE 4.4 - (Cont'd)

SEQUENCE: OLIVINE-MICROPHYRTE BASALT LAVAS -

__.—__.-__.——____...___.—__—___.-_—__—_.-__.-..—__.-..__..__._—_.—__...--.——____

'RANGE AVERAGE ST. DEV
MAJOR OXIDES . : B
IN WT. % : _ ‘ . !
510 46.95-49.46 47.69 0.78, '
Al,d: 113,48-14.96 13,82 . 0.46
Tl02 0.77-0.91 . 0.81 . 0,04

“Fey0g: 11.05-12, 59 12.11 +0.50
MnQ' 0.16-0.19 -~ 0.18 0.01

MgO: © 10.20-12.68 11,85 c.70

Ca0: 10.44-12,85 S 11.7¢ 0.69
NagO: . 1.12-1.58 1.27 0.14

K0 0.32-0.84 0.52 " 0.13

POg: .  0.08-0.17 0.11 0.03
#Fe0/Mgd:  0.83-0.97 0.92 0.95
TRACE ELEMENTS -

N PPM ‘

Vi 241-297 " 262 . 15.06

Cr: . 918-1734 © 105! 315 . .

Co: 4§65 53 18 36
Ni: 't 252-472 388 . 70.31 .
Rb: - . . 5-24 o1 4,82

Sr: 218567 420 90.32

Y: oo 18-25 20 5.58

Zr: 35-74 48 9.84
Nbs 2-5 3 _ 1.01

Ba: 109-214% 64 ° 41,15

\
K/Rb: 203-582 418 - 77.38
Rb/Sr: .0.008-0.04¢ . 0.027 ° ,0.01

Y/Nb: 4,26-13.78 7.85 3.348

*Fe203 = Total iron as Fe,05.
*Fe0 = Total iren as FeO.
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TABLE 4.4 - (Cont'n)

SEOUENCE CLINOPYROXENE PHYRIC

- 56

h:

ANDESITES

...____-.---.—.-.—___——_.___-._-._—_-_.-—_____.._____...__--.-—..-.—___..____-..—

RANGE ,
'MAJOR OXIDES )
IN WT. & - _—
$Si0 52.67-57.58
AlZ% 18.14-20.36
Tilp: . 0.53-1.01
“Fey0q = 7.06-2.72
Mno: T 0.05-0.23
MgO:- 0.84-3.70
cao’: 8.19-10.54
. Naj0: $.04-4.75
K0 0.47-0.83
P205 0.17-0.29
*Fe0/Mg0: 2,24-9.37
'TRACE ELEMENTS
IN PPN
v: ‘ ve-zps
Cr: , 23-70 o
Co: 11-25 "
Ni: 0-11
Rb: 11-21
Sr: 303-5ug
Y- T 2k-_4Q
Zr: 76-104
Nb: 3-G
Ba: 157-254
K/Rb: 229-U455
Rb/Sr: 0.030-0.053
Y/Nb:— . 3.65~11 04

Fe203 = Total irom as Fe,03.

*Fe@

Total iron as Fe0.

54, 5

‘18.98

0.80
8.88
0.18

2,87

9.20
3.85 -
0.67

0.23 ° %

3.85 -

8 -

17
430

89
200
3309

0.0u40
7.78

194 .y

B4.58 . .

18.03

-
6.12, ‘f ’

417 :

3.uy - .
104 .
5.47 W
12.70 ‘ .
1.38 © .. =
39,87 -’ o

90.23;

0.01
2.63

.l
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 TABLE 4.4 - (Cont'n) B
- SEQUENCE: AMPHIBOLE- MEGAPHYRIC ANDESITE LAVAS
- RANGE T AVERAGE’ ST. DEV
MAJOR OXIDES - "
IN WT. % ’
Sio 48.12-61.40 57.50 6.30
A1253 .18.16-13.76 - 18.75 . 0.70
TiO»: . 0v43-0,8¢ . 0.59- 0.21
*Fep03; 5.62-11.95¢ 7.34 3.08
¥no:. . . 0.11-0.27° 0.20 .0.07
MgO: .. 1.08-4,39 ' 2.086" . 1,58
cao: 7 - . 7.21-12,77 ' 8.03 2.58
Nap0: . 2.u44-4,20= 3.57 .- 0.7¢
Kp0: ! . i,0.59-0.96. 0.86 0,18
PpOg5: o 0718-0.24° 0.20 .. - 0.03
%*FeO/MgQ: = 2.45-4.B86 " 3.70 0.99
TRACE ELEMENTS . . . ~
IN PPM : : - ‘ -
v 63-275 o, 133 97.79
LCry 44-96 : -~ 60 2418
CR L 3=27 10 1l.41
Ni: 1-13 5 _ 5.74
‘Rb: - 12-3D Lo 24 -t 8,26
- Sr:. T 519-625 581 . uB,53.
Y 29-41 : 37 5.69 .
Zr: 58-13¢ 111 - 36.05 -
. Nb: 3-8 _ 6 . 2.08 .
CBar e 186-288 . 2.9 46.07 |
K/Rb: 277-420 T . 328 71.72 ’
Rb/ Sr: " 0.023-0.0u48 . 0.040 0.012
Y/Nb: - 14,91-10.07" - 7.25 2.21

*Fep03 = Total iron as Fep O3 .
‘ .FeO = Total iron as Fe0.
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4.4 THE GEOCHEMISTRY OF THE LAVAS ON THE SOUTHERN. HALF

OF .CARRIACOU IN COMPARISON TO THOSE FOUND TEROUGHOUT

THE LESSER ANTTILES "VOLCANIC-ARC

!
H
W

- .
-

The geochemistfy of the Lesser Antilles volcanic
lavas is discussed and summarized by Brown et al.
(1977) and Smith et al. (1980). The chemical

variations of the lavas on the southern half of

L] -

Carriacou were plotted aéaihst SiO2 (Figure 4.1) and

- -

compared to'this_datam” The major elements of the

basalts and andesites afe similar to thre rest of the

arc with respect to their high Al,0, (16 to 20 wt. %),

‘and low K.0 (less than 1 wt. %), total alkalis (less

2

thari 6 wt. % ;shown in Figure 4.2a). and TiQ, -(less than

2

1 wt..%). However, the high Mg0 (11 to .13 wt. %) and
low A1,0,

characteristic of only a few of the basalts found on

(13 to 1€ wt. %) of the OMB lavas are

-

Grenada. -

The trace element geochemistry of the.basalts and

andesites (Figure 4.1b) is similar to the,rest of the

arc with respect to their'Zr contents, which lie
betweeﬁ 30 and 140 pph and incfeaéeiwith Siqz, and Sr
contents, which stay fairly'10WAaﬁH cénstant (200 to
600 ppm). Additibnally, Ba comp&éitioné'(lﬂo.to 300 .

ppm) and K/Rb ratios (200 to Bob,ppm)'are fairly low.
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Hoﬁever, high Cr and Ni contents in the basalts (up to
1794 ppm and 472 ppm respectively in the OME lavas), ‘
which rapidiy drops to very low values in the andesitic
sequences, is chapracteristic of only those lavas found
in the southern islands (especially Grenéda).

Althcough, it should be noteq that the K; Rb, Ba and Sr
coﬁpositipns of all the lavas found in Carriécou, are

mich lower than those found in Grenada, the latter of

which contdains alkali basalts and is often used as a

type examﬁle for the southern islands (the geochemicgl

ranges for K20? Rb, Ba and Sr for lavas found in -~
Grenada are 0.5-2.5 wt. %, 15~100 ppmy SD;QOU,ppm,
400-1600 ppm respectively; Arculus, 1976).

The trace element geochemistry of the lavas found

ioq the socuthern half 6f Carriacou also differs from the

.geochemistry of the rest of the arc with respect to

higher Y contents in the andesites (30 to 40 ppm) and

- the higher V contents in the -basalts (25C to 400 ppm).

Additionally, the APA lavas all contain.high Rb/Sr
) . [
ratios (0.075 and 0.09°28), and the Cr contents in the
L %

OMB lavas (1000 to 1800 ppm) are even higher than those

concentrations found in the basaltic lavas on Grenada,

. and therefore represent the highest in the Lesser

Antilles (the highest Y, 'V, Rb/Sr, and Cr contents for

the rest of the arc generally lie in the range of 30
R
s

0
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" ppm, 300 ppm, 0.080, and 850 ppm réspectiyély; Smith et

al., 1¢80, Brown gt al., 1977).

e

44,5 REE COMPOSITIONS AND INITIAL Sr ISOTOPE RATIOS® FOR

THE LAVAS ON THE SOUTHERMN HALF OF CARRIACOU

REE data (Table %.5) were detefmined tv T.A. Vogel
(1981; pers. comm.) on 4 lava sampies,ﬁsupplied by
Jackséhm'(1270f 1980),‘by the M.A.A. mefhod. ChOnd?itg
normalised values.are relétively HREE depleted compared
to the LREE values.

Initial $r isotbpes'gTébI% 4.5) were determined on
five voleanic sgmpleq\iﬁedge aﬁd Lewis, 1971) which
were supplied by Jackson (1970, 1980). The major oxide
and trace elemenﬁ dafa for these lavas are also given’r
in Table 4.5 (Jackson; 1970, 1389%). The initial Sr
iéotope ratios for Carriacou lie in the range‘of n,7051

to 0.705L.

4.6 CLASSIFICATION OF THE VOLCANIC LAVAS IN THE
SOUTHERN HALF OF CARRIACOU- : .

The classification of the lavas on Carriacou was
carried out in order to define tshe magma series to

. . ¥
which they belong. Because of chemical variations along

.
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TABLE 4.5 = The geochemistry of voleanic lavas found on -
: Carriacou (after Jackson, 1270, 1980)

Sample #: WCA097 WCA252 - WCAluy WCA117
Name: 0l.Micro. 0l.Micro. 0l.Micro. 01l:.Micro.
Basalt - Basalt °  Basalt Basalt
Long. (W): 61°29.0" 61°28", 3" 61928 3" 61° 29°, 0
Lat.(N) : 12°2¢.2" 12925, 9” 12927, 8" 12°26.8% - _
Major Elements in Weight %
810 45.70 46.65 46 85 L8.75
Al 63 1€.21 13.90 1741 18.87
T;S "1.01 0.76 . .86 - 0.20
83 © 2.53 S 2.26 2.36 2.40
Fea: 6.77 6.52 6.36 6.83
MnO: - 0.11 0.15 0.15 . 0.20
 Mg0: 9,70 14,68 6.78 " 5.13
CaO S0 12,33 9.78 11.71 10.9¢9
S .2.24 1,902 2.06 3.08
K 3% 0.53 0.54 0.92 - 0. 84
P 0 : 0.08 0.09 0.13 0.17
13081 1:95 1.78 2.13 1.59
Total: €9,18 - 99.03 39.75 29,85
Trace Elements in ppm -
v: 277 228 345 244
Cr: 507 . 1185 292 ‘ 59 AN
Co: 17 ° 19 16 16
Ni: . 169 385 126 , 21
Cu: 89 79 . 109 a1
Zn: 57 - 63 87 . -68
Rb: 5 9 .20 14
Sr: . . u428 _ 360 583 461
Y: - 29 24 : 31 36
Zr: 60 . 62 . 63 79
Ba: 117 113 160 150
Nb: 13 10 15 12
K/Rb: 880 ‘498 382 498
RL/Sr: 0.012 - 0.025 " 0.036 0.030
7Sr/355r 0.7052 - 0.7051 °  0.7053 = -
Chondrite Normalized REE(after T.A. Vogel 1981, pers. comm. )
La: - _ 30.30 39.3¢
Ce: ' - 25.00 - 30.68
" Sm: - - 17.13 - X 24,31
Eu: - 14.35 - "23.48
Thb: ' - 10.21 - 13.83
Lu: - 8.53 - 13.53

“Hedge and Lewis (1971)
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TABLE 4.5 (Cont'd)
Sample #: WCA223 WCAl 09
Name: Andesite Andesite
. (CPA) " (CPA)
Long.{W): £€1°29°7" 61°28°,u”
Lat.(N) : 129270 - 12°27.27
Major Elements in Weight % :
Si0 53.63 56.91
Al 83 . 19,72 19.59
Ti0,: 0.61 0.57
Fe 83; 2.11 2.07 -
Feb: 6.10 4,40
MnQ: 0.20 0.17
Mg0: 1.40 1.34
ca0;: 67 8.50.
Na,0: 3\35 4.00
K23 0.92 0.¢S6
0.22 0.17
O?T) 1.88 1.40
Total 99.01 100.17
Trace Elements in ppm
V: 180 ils
Cr: = 25 29
Co: ' 16 12
Ni: 1¢ 1
"Cu: 5¢ 32°
Zn: 287 .77
Rb: 33 21
Sr: 742 40¢
Y: 3y 27
Zr: 67 104
- Ba: 213 201
Nb: 11 13
K/Rb: 231 380
Rb/Sr: 0.0u4 0.051
*875p/86gn: - - 0.7053

WCACS0
Andesite
(CPA)

61°27, 9

12927, ¢%

——

61.71
18.26
0.37
1.87
2.40
0.13
0.71
B.u7
4,51
1.27
0.15
1.22
99.07

63
3€
7
1

53
33
576
L U6 -
151
369
12

320
0.057

0,705u

Chondrite Normalized REE(after T.A. Vogel

La:.
Ce:

. Sm:

Eu:
Th:
Luy

45.45

32.95

28,17
22,75
17.66
15.5¢

*Hedge and Lewis (1971)

63.64
43.18
31.49
24,93
"15.53
17.35

»

1081,

pers. comm.)
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the abci(and even within single islaads) there exists a
large degree of contrdversy‘over which magma series-tae
lavas Lelong to in'certain sections of-theiarc.‘

The vqlcanEC'laQas were first plotted on the si0,
vs.,Na20+K20‘and OfLQtNe(dlagramé_(Irvine and Barager,
1971) to determiﬁe if they are alkaline or subalkaline
in nature (Figura 4,2a and b). “Four rocks (two CME
lavas,. CU-lB and Cu-7; and two CPA lavas, CU 1 and
cu- 27), which contained high Na O comp051/%ons, plotted
in the alkaline fields., As a‘consequence, the two CMB

lavas contained nepheline in tHeir normative mineralogy

‘(Table 4.2). However, alteration affects, which do not

show up in high L.C.I. conténts (»3.00 wt. %), may have -

been responsible for high Nazb contents, since Na is a

"mobile elemént, and sinece the remainder of the rocks

(which show similar petrological. characteristics)
plotted in the subalkallne field. In addition, all of:
the remaining basalts contained .normative hypersthene
(Table 4.2); all of the basalts (including CU—lSAand.
CU-7) contained Y/Nb ratios (Pearce and Cann, 1973)
greater than 2 (Table 4,2); and the normatlve
mineralogy of the CMB clinopyroxene did not 1nclude'
nepheline (Table 4.3), These characteristics all
1nd1cate that the basalts do not have alkallne

affinities.

Voa el
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The volcanic ‘lavas were then plotted on;theg o
Sio dlagram (Mlﬁaﬁhtro l974) to determine
2 E]
s ' 2

. ‘ if the rocks belong to the oalc-alkallne or trolelltlc'

. FeO/MgO vs.

' .magma ‘series (Pq_pre Y, 3a) 'The majorlty of the APA.

samples plotted as calc-alkallne, whlch was also

"

reflected in thelr relatlvely lower P205
‘ 1

1071)

contents

(Anderson and Gottfrled,
ot , ® .

remalnlng ande81tes,

However,:all of the
includlng~some of the '

hypersthene-normatlve CMB basalts whlch fell 1nto the
cr:tlcal field of classmflcatlon (PeO/MgO greater than

The °

2 ‘and less than ), plotted as tholeiitic “lavas.

: relatlvely shallow slope of tbe plot was also

'
-

'charaoterlstlc of tholealtlc lavas. . In addltlong,using'
. i . the stable element tr¥angle diagram (Ti/1N@-Zr-Sr/2)
PR ' . . ) ! o ’

for fresh basalts;(?earoe'anddCann, 1973), the'majorit§-
. . BN Y J ) . .

1

'~1n the‘andes1tlc seguence(s) are

¢

,concluslon dlffers

contents from 53 to 63 wt.

ahdesites (Gill, 1981;

" of the CMB and OMB lavas plotted

(island-arc) thdleiiteg ( Figure

3

k -
from fhat of

" who belleves that the CMB 1avas‘

‘All of the andesites on .the

oo 4 . \ o

Carriacou (hypersthene-normative

h, Bb)

‘as.IOWﬁpotassium e

Thls IR

Jackson (1970, 1980)

and all of'the rocks

.cale- alkallne

southenn half of

‘rocks with 8;02

%, calculateéd on. an

- . . : R S
anhydrous basis) can be classified.as true orogemic::

. .
- L

where wt.

% Kj0.is less than
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0.145(wt. %Si0; - 5.135) and Ti0p is less than 1.75
wt. '%).‘ Ther-gf'oxje, tﬁe_se r_'oc}r:s c'l_o' not belong 'te'._t'he' )
shc;.shéniftic .se‘r'ies (6ill, ‘1981)'. Tl;lese én‘ci-ésites were
plotte§ on tpe‘S‘iO2 VS bi andeséte classification by
_G.ill (1981). All of the samples pl_étfe'd ar'bjund'*the .
low-K/medium-K dividing line. The 'CPA‘ lgvas;:p_ILottéd as
' predominantly ba_sic andegiteé, while the APA and AMA
lavas'plotted.as acid andesites‘(Figure 4.45.1
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CEAPTER §
PETROGENESIS

In the following sectiogs, a model for the
pétrogenesis of the volecanic rocks, found on the
. ; - southern half of Carriacdu, will be constructed. The
Sr isotope and REE data will first,Be examined to
determine the source(s) of the-primary m;lt(s) which
gave rise.to these rocks. Ip view of these
conclusions, the possibie mechanisms forlthe variation
in Fhe compesition. of thé volecanic rocks will be listed
and individually discusg@d. Finaily, the resultant
model for the'pe%rogenésis of the_volcahic.rocks will -

be further discussed‘using>information from both

petrological and geochemical observations.

5.1 INITIAL Sr ISOTOPE RATIOS

The initial °'sp/B®

Sr valueé for the 5 sampies:.
. found on the ;outherﬁ ﬁalf of Carriaco&.lie'in the
e range 0.7051 and 0.7054 (Table 4.5). These ratios,

.which iqclude those for tofh the tasalts and andesites,
and which are fairly uniform, fall within the range of
ratios found in ocegﬁ island %asalfs (0.7025 to

BT
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.0.7055), and therefore represenf a mantle origin (Hedge

and Lewis, 1971)}.

One of the geochemical trends of the Lesser,

. Antilles is the general increase in the Sr isotope ratios

toward the south (Table 5.1). This charactepiétic may
be explained by one of the following reasons:
1. Sr.contamination from continental detritus
. Jin the.subducted erdst | |
2. Long-term variatioh in the Rb/Sr ratiés‘
fﬁetween respective'hantle sources
. 3EHedge.and Lewis, 1971)f
3. Sr contamination from occluded seawater .
and seawater affected material‘in the
\subdgcted'crust (Havkesworth et al., 1979)

In view of the felative proximity to Sbuth
America, Sr contamination from continental sedi;entary
material is an attractive mechanism for the incredse in
the initial Sr. isotope ratiog'for the ro?ks produced in.
the southern part of the .arc. IRS fluids (fluids.rich‘
in incompatible trace elements, radiogeﬁic isotopes,

and silica), which are derived frem the subducted crust

ahd sedimentary material (Gill, 1981), -would mix with

those melts derived from the mantle, causing an %

increase in the Sr isotope values. Dasch (10F9) folnd

-

_that the marine sediments in this part of the Atlantic

.- L
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TABLE 5.1 - Initial Sr iso%ope ratios

£ Antilles _ T
ISLAND _ RANGE .
. . . Saba ~0.7036-0.70424
- Statia 0.7034~-0.7042a
St. Kitts 0.7036-0.7046b,c
4 Nevis 0.7036-0.7041a -
. Montserrat 0.7034-0.703Ld
*-, Guadeloupe 0.70381-0.7043a,c
’ Dominica 0.7045-0,7068¢c,e
Martinique 0.7034-0.%08u4a,f
St. Lucia . 0.7037-0.7092e, §
" 8t. Vincent : £.703¢-0.7043Db
Carriacou . 0.7051-0.705u4b
Grenada ' 0.7039-0.7058¢g
a) Nagle .and Stipp (unpublished: data)
b} Hedge and Lewis (1971)
c) Donnelly et al, (1971) a
d) Rea (1974) . L
-e) Pushkar (1268)
f) Pushkar gt al. (1973)
g) Hawkesworth et al. (1979)
+
L] . .K .
- W
; / ! ®
- -’ .

»

1

_from the Lesser

 AVERAGE VALUE

0.7039
0.7039
0.7039

0.7034
0.7037

0.7048
0.7067

. 0.7041

0,7052
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»

Qcean have'878r/868r values of approximately 0.72. At

the present rate of convergencd® (1.4 em/yr; which was
calculated by Chase, 1978, using euier vectors), and
given that the southern segment of the Atlantic
lithosphere subducts approximately.150 km east'ef the
arc at about a 30 degree dip to the, weet (Tomblin,
1975), it would take approximately 12 Ma to subduct
these seglments beneath the arb.' Therefore,
‘substantial amounts of sedimentary material must have

£
. 'been at the site of subduction over 30 Ma ago since the

" oldest volca;ic recke on CarriaEOU, that were dated by
Briden gi,_;. (1978), were approximately 18.1 Ma old..
Tpese sediments may haye been clays which were
transported northeard ﬁ; 1on§—shore currents along the
l’nor’cheas‘cern coast of South America. At present the
Ibulk cf. the sedlments transported by longshore currents :
are derlvec from-the Amazon River (Van Andel, 1267).
t N - “The Amazon-rlver (and possibly the Orinoco Rlver)J:e
| rhought to have been Orxglnated as a regult of a
' - mid-Tertiary (30 Ma) uplift of the Andes (Grabert,
“1971). Therefore, it is quite possiblefto.derive.
igher initial Sr isotepe retios from the eentaminatiOn'.
. - by continental detritus inffge subducted‘crust. '
Hedge aﬁd_Lewis (1971), who studied geochemical/”

. . analyses from various lavas found on three islands in

s 7

.1IF$,- | a'
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ocean- 1sland basalts, while the
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»

the Lesser-Antilles.(St, Kitts, St. Vincent, and
Carriacou) alsco fourd a general increase ih the initial
Sr isotope ratios tgwards the south. However, the
authors noted that the Rb/Sr ratios from the
corresponding rocks did not increase towards the south,

as might be expected due to-higher initial Sr igotope
. S

" patios (Table 5.2). Thev corcluded that the sedimentdry

component in the downgoing slab dfd not play a major
role 1n cau51ng hlgher :nltlal Sr lsotope ratios, and
instead was caused Ly long~term mantle heterogenelty.
They believed that the respective mantle sourees are so
old that the isotcpic differences could have been
generated by small differences in the Rb/Sr ratios
(which were Oobscured by tre volcanism).

The final explanatlon deals with the pOSSlbllty
that hlgher 1n1t1a1 Sr isotope ratics were caused by
contamlnatlon from ocd@uded sdawater and seawater
affected material in'the-subducted crust: Hawkesworth

t al. (1979), who carried out Nd and Sr isotope

geochemistry for the lavas on Grenada, show that the Sr

igsotopes are displaced to higher values compared to

those valdes.derived'froh'mid-oceanic ridge and
, 1
1H3Nd/14}

remain the same. They p01nt out that continental crust

Nd ratios

contains higher initial Sr 1sotope‘retlos.and lower Nd'

&
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contents and initjal 87Sr/86Srfatios of rocks belonging to .
three volcanic suites from the*hesser Antilles (After Eedge and
Lewis, 1971) ‘

(Each suite listed in order of increasing $i02 content)

TABLE 5.2 - Siliéa, potassium,rgubidium, strontiumn, and nickel

e i b T = A =y - v . —

Sample 3iQ2 X Rb  Sr - Ni Rb/Sr Sr87/Sr86
No. . (%) - (% (ppm} (ppm) {ppm) \ :
Mt. Misery, St. Kitts »
14842 L8.8 0.3y 6.2 235 23 n.026 0.703¢
l4bug 50.3 0.32 7.7 270 2 0.028 0.7036
14368~ "50.9 0.u43 8.7 295 - 0.029 0.7037
14377 53.3 0.38 10.7 2€9 L - o.cuQ . 0.70u4C
14401 56.86 0.54 1uy.,2 312 2 C.04€ 0.7037
lu4697 ~ 58.8 0.E1 1.4 3190 - 0.053 T0.7038
14416 59.1 o0.48 15.6 278 2 {0.0586 0.7040
l478¢ 59.7 0.55 18.8 288 1 0.065" 0.7037
14759 61.6 0.7 16.2 291 1 0.056 0.7039 °
Soufriere, St. Vincent ’
37311 47.7- 0.51 7.9 228 200 0.035 0.70u0
37080 51.3 0.726 8.7 178 82 0.04¢ 0.70u3
37076 . 51.9 o0.u41 11.5 212 66 0.G54 0.70u42
37139 52,3 0.38 13.7 225 10 0.061 0.70u0
37333 52.3 O.up 11.8 224 20 "0.053 0.7040
37254 - "83.6 0.56° 15.9 224 1d 0.071 *'0.70u41

- .. 37240 . b5 0.48 1uy,1 217 10 0.065 0.7039
37317 55.4 0.57 16.3 217 1o 0.075 , 0.7039
Carriacou
WCAQ97 5.7 0.44 5.4 412 169 .- 0.013 . 0.7052
WCA252 46.7 0.45 9.1 339 385 0.027 ‘0.7051
WCAluy 46.2 0.76 .18.6 455 ,126 0.039 0.7053

WCA108 56.9 0.80. 21' - 383 1 0.085 - 0.7053
WCAO0S0 61.7 1.05 35 628 1, 0.056 0.7054
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:
isotope ratios than the mantle, and that altered ocean
floor basalt contains some Sr of confinental origin
derived from seawater, but apparently no Nd (O'Nlons et -
al., 177, 0'Nions et al., 1278). Therefore,
contamination from seawater affected material in the
subducted crust may iargely account for the higher
initial Sr isotope ratios, with no change ih Nd
isotoﬁes. However, the relative contributon from
sedimentary material is not easily regognized since the #

.«

oceanic Sediments are not well-characterised as yet and
A
they are llkely to be mixtures of both contlnental

detrltus and authlgenlc material. *

In addition, these authors also noted higher
initial Sr. isotope ratlos in the Si0y-undersaturated
rocks which were unlikely to have been derived by

melting of the subducted crust. Thev suggest that the

‘higher alralic.elements can also be accounted for in a

model whereby these elements are preferentially

-

released during dehydration of the subtducted

lithoéphere and contaminate the dberlying mantle source

region of the arc magmas.

5.2 REE.VALUES

. . ) -~
The REE data for U volecanic lavas found on the

[ v
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soutﬁern half of Cafriaéou (Tah}e'u.S and’ Figure 5.1)
whows HREE'dePletion (7 to @ timé; chondrite) relative
to the .LREE values (17 to 1@ times chondrité}.;‘Thié‘

P

suggests that the primary ma@h@(s) was derived- by.

. X ; . . . ; 8
partial melting of a garnet-peridotite in the mantle

(Gast, 19€8) since garnet has a relatively higher

compatibility with the HRFE (i.e. K§8=0.01 while K&

* .=y4,04 Shimizu and Kushiro, 1975).- At a &gpth of over

100 km, gapnet and clinopyroxene are iﬁportant residual |

phases after small degrees (15 to 20 %) of melting .and

would therefore produce the patterns of normalised REE
values shown by the volcanic rocks on the southern half

. of Carriacou in Figure 5.1 (Cox é; al., 1979),

5.3 POSSIBLE MECHANISMS FOR COMPOSITIONAL VARIATIONS OF
THE VOLCANIC ROCKS ON THE SOUTKERN HALF OF CARRIACOU
In view of the conclusion that the lavas on the

southern half of Carriacou Qere'initially‘derivad from -

L4

-a.partial melt of a garqft—pg 'dotite,yithin the
mantle, the composifional variations of volecanic“rocks
may‘be accounted for by one of the tthe following
possiblé mechanisms:f' ' . |
‘1;‘Mixing of a mantle derived baé&itic.magma-
with a mantle defibed infermediate oy acid

&

‘
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magma, .
-

2. Su00e351ve partlal meltlng of the mantle at
hlgh pressures (where garnet is ;nvolved)

<L ' 3. Low pressure (where garnet and/or orthopy-

. N A\
‘roXene are not'involved) fractional

kY . crystalllzatlon of a mantle derlved partlal
- melt(s)
. These mechanlsms are all eon31stent ‘with those

models that are presently cons1dered-to ‘be operatlge in

L4

the gene51s of island-arc magmas (G111 1981).
-, ll ‘. ' . . to ' ) N A

2 7 5,3,1 MIXING 'M'OD_EL o S '

P - o 1' N

Petfogﬁaphlc observatzons show that substantlal

m1x1ng of two end—member magmas did not take place
r -

There are no observed amphlbole xenocrysts in the'

basaltlc magmas, or ollv1ne xenocrysts 'in the ande51t1c-

‘w magmas. Addltlonally, 1ntratellurlc Dlagloclase

o dlsplays only normal zoﬁlng However, a few altered

-

: plagloclase megacrysts (which magy have been xenocrysts)

are found in the OMB lavas In addltlon, samples

- #

- both 1nte n d melt channel corr051on, and np lnrernal

melt channel ‘eorrosion. However, all of these

L)

phenocrysts have 51m11ar;An comp051t10ns.'.' -

[P I -

_ commonly contaln 1ntratellur1c plagloclase that dlsplay o
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8y.

. R Purthefﬁdrer expef&ment&l evidence suggests that
/ . . .
., an andesitic end-member could not have been produced

. . from the mantle for those lavas that\are found on.

;
[

Carrlacou“ sIn the presence of H20 *whlch markedly
E -

.lowers melting temperatures, ande31te magmas.can only

-

" be generated from" a maz}le perldotlte under exceptlonal

condifions (i.e. at depths less than-40 km where the

-

temperature exceeds 1000¢C)(. This pgepth.of partial
meltlng is 1ncon51stent with the REiQEats,'which .
. _ suggests that a partlal melt from a ‘garnet- perldotlte
| qwas derlved approxlmately 100 km down in the m atle
"(garnet ;s\not stable at'40 lm). Additionally, if the.
i—snde51tes were produced 1n the upper lithosphere (since
,_fﬁe crust is at least 30 km thick in the Lesser
.Antllles, Tomblln,§1975), the H20 contents would be so
high that the andesites could not rsach'the surfsée
without extensive fractiongtion or solidifisation
(Wyllie, 1982)..
. oL
.5.3.2 PARTIAL MELTING AND FRACTIONAL CRYSTALLIZATION

) ‘Compatible or non-residual element (i.e. Ni and
") . . N L

*  Cr) vs. incompatible or residual element (i.e., Zr and
"K) variation diagrems are plotted in Figure 5.2 using

the compositions of the volcanic lavas on the southern
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. elements are depleted more rapiﬁly than the residual

L
- 86

. R

- half of Carrlacou. These diagrams show large

variations in compatible or non-residual element
, P o . : R
compositions relatlse to small variations in

incompatibe or re Bual element compositions. This

feature is indicative of fractional crystallization

.

rather,tﬁan_partial melting, since non-residual *-
P2
elementa are concentrated durimg fractionadl
crystallizatidén (Hanson, 1878).

GreZh}g; al. (1967) show that crystallization

experiments carried out ‘on an olivine tholeiite with a

sim¥lar cHemistry to the OMB lavas (i.e. high Mg0, and

low Al,0 and-¥,0) wil} only crystallize olivine,
A NG

followed by clinopyroxene and plagioclase, &t pressures

LA 4

between appfoximatelyhs and 9 kb. Therefore,
fractional crystallization must have, taken place in a
.reservoir which was formed %ithin the lower crust,

since selsmlc data show that the crust beneath the

Lesser Antilles is at least 30 km 'in ‘thickness

_(Tomblin, 1975Y.

Parallel REE variations (Figure 5.1) are also
consistant with agcrystal fractionationemodel; Shimuzu
and Arehlus (1975), who studied REE pafterhs of .,

basan1t01d and alkall ollv1ne basalts on Grenada, have

argued that REE variations of their volcanic rocks,



whlch show variations with rapid enrlchment .in tbe

. the 1ack of an Eu anomaly,

!\
LREE, are best explained by batch partlél meltlng of a

~garnet-per1dot1te However they point out tbat

ipactlonal crystalllzatlon at low pressures (where

garnet and orthopyroxene are- not involved) would

produce parallel* fracteonatlon varlatlons in basaltlc

_ liquids (Zlellnskﬂ and Frey, 1“70, Zlellnsk1 1°7H).
This latter var:atlon trend is similar to the QEF

-pattern shown by the lavas on the ‘soutrern kalf of

Carriacou (Figure 5.1). Because the pattition
coefficients of REE for the méin phenocrysts of fhe"
basaltic lavas cn Carrieccu are small (i.e. Schnetzler
and Phii‘pctts, 1e7¢; K§F=0.009, K}',P:—'O.O%B,'KE,‘}K;O.UQG,A K&,

=0.227), the fractional crystallizatioh of these Phases

would result in an increase of REE concentrations in

‘the residual liquid. The partition coefficients for
light and heavy REE only differ by e factor of about .
two for both olivine and clinopyroxene, s0 tbat fbe
relative fractlonatlon of REE in the re51dual llqu1d
would be lwmlted Aeﬁa-result, the separatlon of:
olivine and cllnopyrc;ene would result in an -
.essentially parallel upwafd shift of the REFE patterp in

the reeidual melts. Furthermore, Significant

plagioclase. fractionatibn can be ruled out because of
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5.4 FRACTIONAL'CRYSTALLIZATION AS A MODEL FOR THE

VARIA IOHS IN COMPOSITION "OF THE VGLCANIC ROCKS ON THE
SOUTHERN HALF OF CARRIACOU

Petrographic observations support a -

crystallizatioq sequence of picotite and magnetite,
followed by olivine (% clinoﬁyroxene) for the OMB

sequence; a crvstalllzatnon seouence of plcotlte and.

magnetlte, followed by ollv1ne, cllnopyroxene -and

. plagioclase "for the CMB sequence; and a crystallization .

sequence of magnetite, followed by plagioclase and *

clinopyroxene, and amphibole (tx gquartz and apatite) for

the andesitic sequences. Variation diagrams for the

-major oxide and trace element chemistry, using Mg0 as

.an abscissa (Figure 5.3), confirm +the above

crysfallization sequences along with their
fréétibnéfion.. Liquid'line(s) of descent show a
complete evolutlon from the most prlmatlve OMBilavas,
through the CMB and andesitic lavas.

" 'The initial fractional crystallization sequence,

-

which.inclddés that for the OMB and CMB sequences, is

" largely dominated by olivine and clinonyroxene (blus

smaller amounts of magnetite, picotite and later
¥ -~

plagiotlase). This seqguence chdnges when olivine stops

‘erystallizing from the melt, and the fractional
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the. REE data, the laék of fgcreasing Al.C

v gy

. o o

'-crystallizdflon_trende,'which give rise to the

& . R . .
andesitic sequences,.are dominated by the ‘removal of

-magnetlte and cllnopvroxene (plus smaller amounts of

plagloclase and later amphlbole)

3

The 1n1t1al removal of ol1v1ne, whlch is verj

forsterltlc (F°o2’ determlned by X- pay dlffractlon)

accounts: for the rapid depletlon of MgO and Ni, whlle

“the 1n1t3a1 removal of cllnopyroxepe acgounts for the

rapid removal ‘'of Cr. The fractlonatlon of both

cllnopyroxene and 011v1ne, Wthh ‘have low A1203

: contents is a pOSSlble mechanism for the observed

decrease in the A1203. Major oxide analysis shows high -
Ca0 contents for the clinopyroxenes (Tahle H;B),

however, Cal depletion is masked by ce—fracfionatinéi;
olivine, until olivine becomes less abundant in thé%;-;l

fractionating -sequence (Figure §.3).

The contribution of fractionating magnetite must

2

‘be-relatively small since the bulk distribution

coefficient is low enoughr to allow V to increase in the
basalﬁic compositions. The lack of an Eu anomaly in

20% and the

'unlform Sr levels (except for the APA lavas) 1ndlcaxe a

- rather small'contribution by plagloclase to the

fractionating assemblage throughout the evolutlon of

-

the lavas (Figure 5.3). Furthermore, as observed in

. .
. s /
' *
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thiﬁ—gect%on, the picotites abe very small, and
therefore only frectionate in the olivines. As a °
results the fractionation of very minor amcunts of’
small plcotltes can only have negllglble affects .on” the
overall chemlcal evolition,
. Therefore, by calculating baséitic bulk

v ‘distribution coefficients for eon-residual Ce,_ﬁi and
Cr, where KEp=1.22, KEP =44y, KEpe=2- 11, KBl =18.54 (pale
and Heﬁderéon, 19723, KcM—IB (hager and Mitehell‘
1951), and K§ =0.2 (Cox et al., le70), and u31ng the

L ,qRaylelgh equation (glven below),,approx1matelv 17 %

clinopyroxene and 20 % olivine must be removed to
con51stently,account for the observed drope in C?t Ni

and Cr.

.Rayleigh Equation

Al

-1)} '

‘e

b.

LY
bl PR

Where: C_= Concentration of the element 1n
.the residual- liquid
Co=‘Concentration of the element in
- original melt

F = Proportion of the orlglnal liquid :
LY _ remain lng .
D = Bul¥K distribution coefficient for

: ’ "a spec1f1c element

hw Kp where wj = The weight pro-

portion of each mineral in the

‘ fractlonatlng assemblage .and Ku=
The distribution COefflClent-fOP E
specific element .



46

« g ' . -

’

" This caleulation is cdnsistEnt with uniform

re51dua1 element'concentratlons (Rb, Ba, Nb Zr, Y and
3r} in the CMR and OHB basalt trends’ (Plgure 5.3). For
trace elemgnts with very low dlstrlbutlon.coeff1c1ents,
there is generally an 1ncrease by onlv a factor of 1.5

for 37 % crystal. fractlonatlon (where F 0. 63) of a

given.magma body. | , C T

The second main fractlonatlng sequence of‘l!nerals

beglns when olivine takes a subordlnate role in both

erystallization and fractlonatlon Thls occurs at

approximately 6.wt. % MgO0, where 1nflectlon 901nts are

apparent on the majorlty of the varwaffbn dlagrams

5(F1gure 5.2). Infleection points are characterlstlc of

crystal- 11qu1d fractionation’ process ses, and represent a

~change in the fractlonatlon assemblage (Cox et al.

©

1079)

. »
+ At the inflection peint, the rapid drdép in'V and

-

Cal can only be accounted for -by the removal ofj’_’

‘magnetite (Ky,430; Gill, 1981) and clinopyroxene
respectively (Figure 5.2). Additionally, thelremeval,
of signifieant amounts.of‘magnetite would account for
the drops in T102 and Fe0, and the increase in SlO
(6ill, 1Q81) However, a small drop in the K/Rb ratios
may 1ndlcate contrlbutlons from later amphlbole (KAmp

=32; Glll 1081) fractlonatlon in the andesitic lavas

(when” there is at least 3 wt. % HQO in the'liquid\

h¥

2ol

o



phase; Burnham, 197§).

5.5 PETROGENESIS - A SUMMARY AND DISCUSSIOM .
~ The OMB lavas, which are the most prlmltlwe magmas;
found on the ‘southern ‘half of Carrlacou (contalnlng the .-

\
lowest *Fe0/Mg0 ratlos),‘represent the closest

: compositidn.to the prinary-melt(s).: REE and initial Sr
isotope ratiOS indicate that'this’primary melt(s) was‘-u
derived threugh partial melting of a garnet—peridotite
deep within the mantle Residyal element vs.
.non—re51dual element garlatlon dlagrams, and ‘REE
varlatlons are con51stent with a ??actlonal
crystallization model to account for the comp051tnonal
varlatlons found within the volecanic rocks in the
southern half of, Carrlacou. yanlatlon dlagrams, using
MgO as an’ abscissa, show liquid lines of descent which
represent a_conplete.evolution through the CMB‘and
andesitic sequences. Both the petregraphy and
'@eochemical.trenda (i.e.;the drops in Ni, Cr, and MgO
and the. 1ncréase in A1903 contents) suggest the early
fractlonatlon of cllnopyroxene and ollv1ne (plus
:smaller amounts of picotite, magnetite and later

' plagioélase). The lack of sutstantial plagidclase_'w
.ﬁractionation,lin spite o? its high abundance, is.

-

Y
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supported by the lack of 'Sr and Al,03 dép;etion, and by

™, '

" the lack of an Eu anomaly. By using the Rayleigh

equation, approximately 17 % clinopyroxene and- 20 %
olivine must fractionéte to yield the observed: drops in
the Cf, Co, an? Ni contents of the basaltic sequences.,
These yalues are c?néistant with fairly uniform

residual element concentrations.

The subsequent ‘disappearance of olivine causes

inflection points“to apﬁear‘at approximately 6 wt. %

Mg0 on most of the variation diagrams, and maqks the
beginning of a ﬁew crystallizaidh and fractionation
sqquénce which eveptpally give rise to the andesitic
sequences. Liquia lines of.éescent show an early-and.

rapid depletion in V and Ca0, which can only be

accounted .for by the fractionation of magnetite and

., L}

-clinopyroxene respectively. However, smaller amouhts// '

/
of plagioclase and later amphibole may also hav%”//'

-

contribufed to the evolution of the andesitic(

\

sequences. \
The above model is similar to that invoked\;;;r?ﬁmk
. ) . ‘ ~
evolution of the lavas on Grenada. The 'suite of . N ,

basanitoid and alkali basalts on Grenada are believed U

. /

to be the result of batch partial melting of a ‘ {
garnet-peridotite (Shimizu and Arculus, 1975). These ' .

undersaturated basalts are thodght'to evolve through

..
-
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the fractional crystallization of:olivine,
clinopyroxene and spinel (and joined by later B
plagioclasg-and‘amphibole? to producﬁ‘fﬁe'associated
subalkaline lavas (Sigurdsson.et al., 1973, Arculus,
1976). "

A fréctional cr&stallizafiqn model was also used
to explain thé_evolution of the lavas on Carriacou by
Jackson (1970, 1960). However, Jackson (1870, 1980)
believed that, because the most,primifive basalts on
éarriacou (the OMB sequence) only show similar
geochemical characteristics fo the‘subqlkaline_basalts
found on Grenada (i,e. high MgO, Ni and Cr, anfi.iow AL,0,),

the volcanic suite on Carriacou was also derived from a

'parental basanitoid or alkalic magma. However, because

there are no alkali basalts exposed on Carriacou (a
characteristic also noted by Jackson, 1970, 1980), and

because all the lavas on Carriacou show a much lower

" range in Rb, Sr, Ba and K compositions then those found

on Grenada, it is believed in this paper that the .

parental melt(s) is not the same as that for the

volecanic rocks on Grenada. ) .

REE variations, and experimental work on the

crystalliza%ion of an olivine tholeiitic basalt (Qreen'.

et _;.; 1967) indicate that the-crystallization and

-

fractionation of the lavas on the southern half of

[
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Carriecou dccurred at pressures which are indicetive of
those in'the lower crust (i.e. approximately S.tc 8 . |
kb). It should be stressed however, that all the

magmas were not derived {rcm-one perental melt. It is
more likely, given the timessﬁan, and the variable .
stratigraphic seeuence, that different batcﬁes of

)

magmas were ‘tapped at various times throughcut their’
fractionation history. i
The plutonic blocks, which are found in theu

younger ande51t1c dep051ts, are thought to represent
blocks brought up %rom.older crustal intrusions of
ande51t1c magmas. These plocks did not show any
obvious cumulate textures and struc%ures,”ahd the
presence'of abundant subhecral plagioclase, which was
‘shdwn not to fractionate in substantial aﬁounts,
supports an intrusive history. |

. The andesmtlc sequence which was mapped by Jackson
(1¢70, 1980} was shown to be made up of two younger
tholeéiitic sequences (CPA and AMA sequences) and one
older calcalkaline sequencé (APA sequence). The .~
observed variations in tte Rb?Sr ratios and Alp03, Cao0,
Sr and Si0p contents in the APA lavas might all be .
accounred for by relatively larger amounts of. .
plagicclase fractionation. This is supported by the
model offered by Gill (1981), who believes that through

J
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POAM fractlonailon (the fractlonatlon of plagloclase +
orthopyroxene or 011V1ne + augite + magnetlte) 1t 1s

p0551b1e to derive calcalkaline magmas from tholelltlc

[4

—
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CHAPTER 6

THE LESSER ANTILLES VOLCANIC-ARC SYSTEM-

In order to bring the volecanic rocks on Carrlacou

into a meanlngful context w1th all those found in the

Lesser Antilles, a.summary of the arc's regional,

tectonic and geochemical characteristics is given.

-

‘This summary will also 1nclude various explanations

used to model the akove characterlstlcs.

A
- A

. ‘ " v "
6.1 REGIONAL AND TECTONIC CHARACTERISTICS OF THE LESSER
. ANTILLES VOLCANIC ARC-SYSTEM

The Lesser Antilles volcanic Erc is approximately
70P km long and streches from Grenada -in the south, to
Saba in the north (Figure 1.1). To the northwest lies
the Greater Antilles, which consists of deformed and
metamorphosed sediments and volcanics of Jurassic to
Eocene age. To the west of the Lesser Antilles 1ies

the north to south striking Aves Ridge. The rocks from

this ridge are thought to have calc-alkaline affinities

(Fox and Heezen, 19275) and Keary (19¢74) favours an

island arc origin in the Upper Cretaceous. The site of

subduction has since moved 300 km eastward. 'Approximately
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150 km east‘of the Lesser Antilles, the Atlantic

lithosphere, which has a westward convergence rate of"

approximately 1.4 em/year (Chase, 1978); begins t6
subduct beneath fhe.Caribbean plate. The axis of
negative isostatic anomoly (Figure 6.1), which sﬁlitg
in the south, is associated with a depression of the
igneous crust and an oceanic trench filled with ébout
20 km of deformgd sedimenté {Chase apd.Bunce, 1969;
Westbrook et al., 1973)." Seismic evidence shows that
tﬁe‘Atlanfic lithosphere is about 30 to 50 km in
thickness,land_fhat it dips approximately 20%west,
north of Guadaloupe (reéching a depth of 80 to IOQ km
beiow the arc), 40%west, in the céntral pérts (reaching
a depth of 120 km.below the arc) and 30°wesf, between
St. Luqia and G?enada (reéching a depth of 160 km below
the arc). The southern segment of the arc. is
characterized by a low level of recent’ seismicitity.
Beneath the Lesser Antiilés, the minimum crustal root
depth is about 30 Kw(Tomblin, 1972, 1¢75), which is quite
thick relative to other island.arc systems (Gill, 1981).
North of Dominicq, two arcs can pe recognized., To
the east lie islands composed of pre-Miocene volcanics
and sﬁallow level intrusives, which are capped by
Miocene and younger iimestone, while to the west lie-

islands_ composed of Pliocene to recent volcanics
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(Martin-XKaye, 1869). The two arcs merge and

superimpose in the south (Figure E.1). Bowen (1972)

* and Nagle et al. (1¢76) have shown that the shift in

the northern arc segment occurred between 20 Ma and 7,

-

Ma.

6.2 QEOCHEMICAﬁ\CHARACTERISTICS OF THE LESSER ANTILLES
VOLCANIC ARC~SYSTEM |
'y . : -
The most noteworthy characteristic.of'the'Lesser
Antilles islé%dﬁarc system is the reguiar compositional
dif ferences of the lavas along the arc without any

significant change in the depth to the .dipping seizmic

zone or in crustal thickness.” In many other volcanic

arc systems, where moqeét_widths are availatle,
across—thé-;rc increéses ih incompatiﬁle'elements
(especially KQO contents).awaylfrom tﬁe'plate margin
are well documented (i.e. Tomita, 1935, was the fivst
to'identify a .compositional polarity in the‘basalts of
Japén). However, aloﬁg with‘the Lesser Antilles,
longitudinal compésitional'polarity,‘which is not as
consistent as §cross-the-arc ﬁgriabion, is present in
many other volcanié‘arc systeﬁs. Because of this
inconsistency, Gili (1981) has subdivided these systems
into four types: .

-
-r
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1. Those that show:random variations.

2, Those that are’ regular, but apparently
unrelated to crustal thlckness (i.e. the
Lesser Antllles). |

3,’Those'nelated to the_thioknees of the
crust traversed., | .

L, Those.that show edge affects (i.e. where
convergent plate boundaries terminate at
tear ‘faults). ‘ |

Volecanic arcs which also ehow regular
comp051twonal varlatlons like that of the Lesser
Antilles include the Banda arc; Indonesia (Jesek and

Hutchison, 1978; Magaritz et al., 1978; Whitford and

Uesek, 1979) and the western Bismark arc, Papua New

Guinea (Johnson, 1978).

- Brown et.al. (1977), who.studied major oxide and
1] - )
trace element variations of 1,518 lavas, from various

islands' in the Lesser Antilles, have drv1ded the arc

into the -northern thOlellth suite (represented by St.

Kltts);‘the ‘central calo~alka11ne sulte (represented by
Dominica) and the soutbern alkalie sulte (represented
by Grenada). These authors found that the }avas on
Grenada contained high Rb, Ba, and K, while Dominica

and St. Kitts, whick lie to the north, contained lavas

that respectively showed lower concentrations. In

-
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additioh, Grénada contained lavas with the highest Sr;
Ni and Cr cohtents. Grenada was -also found to be the
only island which contained alkali basalts, and the_Sf-
isotope ratios bf the sguthern isiands as a wﬁole

contained higher values relative to the northern

islands. However, Brown et al. (1977) mixed the data

from different centers on each island, and then further

- smoothed the data by averaging on 2 wt. % SiO2

intervals. This technique was later criticized (Smith
et gl;, 1980) because o%’vef& lafge intra-volcano
variation observed on single islands. In addition,
authors who studieg and compared lavas on more gf'the
main islands (Smith et al., 19¢80; Rea and Baker, 1980),
noted the lack of iron enrichmeﬁf in the northern

tholeiitic suites, and therefore claimed that both the

central and northern islands contain lavas that belong

" to the low-K, island arc, calc-alkaline series. It

should also be stressed that only some of the basalts
on - tenada are alkali basalts, and that subalkaline
basalts, andesites and dacites'are also present'

(Sigurdséon et g;.,'1972; Brown et al., 1977; Arculus,

A976) ..

However, authors who have studied the

compositions of lavas from all of the main islands in

the Lesser Antilles have generally agreed that Grenada

e
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and the southern Grenadlnes contaln relatlvely hlgher
Rb, Ba, K, Sr, Nl, and Cr contents in their volcanlc
prodqcts compared to, the rest of the arc. In addition,”
Grenada is the only island that contains alkall .-
basalts, and that’ the southern islands contain higher
(but more variable) Sy isotopes (Smith et al., 1950):
Rea .and Baker "(1980) point out that.in terms of the
total volume of'eruétéd volcanic material, the northern
islands contaln higher proportlons of andesitic lavas,
the central 1slands contain hlgher proportions of acid
layas, while the sou hern islands contain higher
4{fic lavas. .

proportions of bas

* L4

6 3 MODELS FOR THE GEOCHEMICAL VARIATION ALONG THE
LESSER" ANTILLES VOLCANIC ARC- SYSTEM

»

.

There is no éatisfactory model for fhegeochemical_'
variation along the Lesser Anﬁillés volcanie are, ‘
although various -authors Rentatively attribute this
pnfngmenon to mantle heterogeneities (Brown et al.,

1977), variation in subducted materials (Whitfora and

‘Jesik, 18789) or varying rates of.subduction (Johnson et

al:, 1976). This last theory is enhanced by Smith et -
al. (1980), who draw attention to strwectural evidence

for pivoting of thejAtlantie lithosphgre'in the south
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(the northern split of the arc; the absence of clear
. 7

evidence for the presence of a transform fault

.

separating the Caribbean plate from the South.

“ American-Atlantic plate in the south; the presence of

thé Barbados Ridge, which may be due to a crumpling of
the Atlantic lithosphére) and suggests the lower rate

of subduction accounts .for the compositional

differences in the southern part of the arc. Slower

rates of subduction would cause an increase in the
amounts of escéping volatiles from the.shbducted slab.
These volatiles would cause greater degrees of melting,

Il

which would account fdr-ﬁigher concentrations pf

compatible eiéménts (i.e. Ni and Cr). Longer periods
of'heatiﬁg_and melting would also cause incompatible -
elements to be'liberated from the subducted slaby,
anq70r séavengedifrom fhe ovqplying mantle wedgé;

Rea and Baker (1980) believe that, because of the

relatively’ larger volumes of andesitic lavas (along’

with their low concentrations of Cr and Ni), the

northern Lesser An%il}es suite of volcanic rocks is
produced by partial melting of the subducting oceigiéf '

crust, while those produced in the south are derived

from partial'melting of the mantle. -~

Einali’i Gill (198b) malkes the observat}pn'that,~

like other islands in Qolcgnic arcs which contain’
N 7 .

i
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alkali baéélts (i.é. at Samoa; Hawkins and Natland,

- 1975),

related to it being 1ocated at the lateral edge’ of a

subductlng lithosphere. . e

The alkali suite on Grenada may be dlrectly
-
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- basalt (CPB) sequence, the amphlbole ~phyric ande51te"

CHAPTER 7 ~ - . 0 -

CONCLUSIONS  : . .,  ..:

There are six main voleanic sequénces exposéd on

the soutbern half of Carriacdu. These sequences are,

from oldest. to youngest the cllnopvroxene-phyrlc

(APA) sequence, the cllnopyroxene—megaphyrlc basalt

(CNB) sequence, the olivine-microphyric’ basalt (OMB) ‘

sequence, the cllnopyroxene phyrlc ande51te (CPA) S
"sequence, and the amphibole- megaphyrlc andeslte (AMA)

sequence Volcanlclastlc deposits: are assoC1ated with .

o

the APA, CMB"and AMA.seouences The srnatlwraphlc S
relatlonshlp between the AMA and CPA sequences is
unclear . ! '

All of the lavas ‘dre tholelltlc, except for the
APA lavas, which are calcalkallne. All of the.

ande31tes_are‘classified_as true orogenlc-andesites,

- with medium to low-K compositions (Gill 1981).

Inltlal Sr isotope ratios-and REE data ﬁygvest
that the volcanlc rocks in the southern half of
Carriacou were derived by partlal melting of a

garnet-peridotite deep within the mantle. &,

(]

.

REE variations, petrographic obseruations,_
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experimental work-on the erystallization of an olivine

- tholeiite, and residuel element vs..non-residﬁal.

element variation diagrams all suggest that the ~

- compositional varlatlons of the rocks on the southern

UL . half of Carrlacou were caused by low-pressure
.fractlonel\erystalllzatlon in the lower crust.
Geochemical %fends, and calculations based on the roles

' ef‘both residual and non—residual elements.indicate
that, starting from a composition which is similar to ..
that of the OMB lavas, approx;mately 17 % cllnopyroxene
and 20 % olivine (plus smaller amounts of plcotlte,
magnet;te and later plagloelase) fract;onated to
produce_the variations in composition of the basaltic N
'sequences: The'subseqeent change in the fractionation
sequence to cilnopyroxene and magnetite (plus smallern

. amounts of plagloclase and later amphibole) gave rlse //\

.to the ande51t1c sequences. : o -

The.model for the evolution of the lavas on

Carriacou is similar- to that prépo&ed by various
:
authors who have studied the volganic rocks on Grenada

(Sigurdsson et al., 1972, Arculus, 1976). In addition,

. _fréctionel crystallization is believed‘towbe'the
dominant_aifferentiating process fer those rocks found

-

- - 1in volcanic-arc settings (Gill, 1981) ) '

Flnally, the compositional dlfferences between
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Grenada and Carriacou, along with that between the
southern, central and northern portions of the arc, may
be due to eone of many possible ~mechanisms, however, due
to abundant st¥uctural evidence for the_ﬁivoting of the
Atlant}c lithosphere in the south?-theee‘chemical t
'Qariations are thought to be largely due to variation
in, rates of subduction. A lower rate of aubduction in
the southern portion of fhe arc, which is supported by
relatively. low levels of recent seismicity-(Tomblin,

. 1875), would allow materlal escaping from the_
subductlng'slab to play a greater role in the melting
'.of the - overlylng mantle wedge (Smith et al., 1989). An

increase in escaping-volatiles would lead to:greatep
amounts of basaltic magmé formed and these magmas
would contaln/ﬁuch hlgher concentratlons of compatible
elements (i,e. Cr,‘N;,and V). Larger amounts of.
escaping volatiles, which contain higher Sr }sotope_ .
ratios derived from occludea seaﬁater and'seawater

>

affected material® in the subducted crust, may cause

- sufficient contamination to account for higher Sr.

-

— isotope ratios in the lavae formed in the southern part
of thé arc (Hawéesworth,g; al,, 1¢79), Ié addition,
longer pefiods of heating an cme}ting may cause higher
concentrations of incompatible elements (i.e. K, .Rb,

Ba, and Sr) to be incorporated in the lavas (as with

, - | ¢
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those lavas found on Grenada). These elements may Have

either been scavenged from the mantle hedge, or taken

from thefsubducting slab.

Y
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PLATE 1 Hillsboroush Bav, with Hillshorourk in the
. foreground and the air-strip and Point Cistern
in the backsround.
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FLATE 2 Laminated to thiclkly bedded arenites, pebbly
sreywackes and mudstones of the Belmont Formation
) . exposed on the eastern shore of Hanchioneal Bay.
. )
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PLATE 3 Clastic marine sedimentar‘fr beds of the Belmont
Formation (note a large coral fragment included in
ot the s§diment5).' _ , '
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]
. FLATL 4  An APA lapilli-tufft, showing accre{ionary lapills
(exposed along the shere north of MHillsborough)
. ’ . *
-
.“-
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PLATE 5 Bedded”APA air-fall tuffs and lapilli-tuffs
(exposed along the shore north of Hillsborough)
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PLATE 6

An APA cold avalanche deposit showing sukapsgular
and monolithic andesitic clasts set in a finer
rudaceous matrix of similar material {exposed
alonp the shore .north of Hillsboroush)



PLATE 7 Laminated, crosé-lamingred to thinly beddéed
APA epiclastic volecaniclastic material
exposed alony the southern shore of Tyrrel Bay.

"N



PLATE 8 Fragmented APA epiclastic voleaniclastic beds h |
’ exposed alonf the southern shore of Tyrrel Bay.

.
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. PLATE 9 Poorly sorted APA epiclastic mudflow deposit

‘ exposed alopg the shoreline north.of Hillsborough
\.oe
. 2



PLATE 10 Sut-horizontally bedded CME volca
' (center) exposed hlony the: northe

Limekiln Bay. ' . we

&clastic unit
shoreline of

e



PLATE 11 Sub-horizontally bedded CMB crystal tuffs which
include larger blocks of CUB lava (exposed along
the northern shoreline of Limekiln Bay)

Il
.

“n
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PLATE 12* Graded beds of CMB crystal- tuffs with clinoproxene
and‘p]ar1oclase erystals (plus CMB lava fragments)

v set in a fmuddy green matrix (exposed alohg tre .
. shore at Point Cistern).
o
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PLATE 13

CPA volcanié pluy exposed at Belmont (180 m in
height) . , _ .



PLATE 14 AW\ epiclastic mudflow overlying Belmont oedq
. . on the eastern shore of “Manchioneal Bay-.

.-
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PLATED 15 Brecciated AMA tuffs exposed on the shoreline
at Point Cisterth. -

* : -
N
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A mafic plutonic block incorporated in an
andesite dyke exposed on the shoreline north
of Hillsbhorouph.-
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PLATE 17 Hipper posing on the beach at Hillsborough
Bay (Jack Adam.Island im the background).

.
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PLATE 18

Wilcox posing in front of
nucdflow deposit on the sho
Cistern.

a CHB epiclastic
reline at Point

e



CRE lava (I15,000) under cross polars showins

ceroundmacs plapiockase, elinopvroxone and

marnetite, which dismlav an interrwaaular
texture. :
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FLATE 270 CPA lava (X2,407) under cross polars showinp
zoned clinopyroxene phenocrysts.

“a

n\
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APA lava (X¥2,400) under cross‘polars showinp
d plapioclase phencceryst with .both internal
melt channel corrosion and oscillatory zoning
(also note the amphibole phenccryst showing

. margifnal alteration to opaque minerals).
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CMB lava (XN30,001) under plane volar17cd ]1w

showing proundmass Phloropite udjﬂC@ﬂ& to.
cllnowyrovene phenocrvct 5
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CHB lava (X30, Onﬂ) under’ nlanc pOlaTW?Cd 11phr
showing dcndrntxc cuench overgrowths on -

'1ntrdtellur3cumdﬂnetﬁte crystals (also note -

alteration of the ,olivine phenocrvst along .-

Jinternal fractures . to a freen micaceous

mineral).
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PLATL 2% CMB lava (X30,000) under’ cross polars showing
a fritted marginal overgrowth-on a - .
clinopyroxene phenocryst. ‘
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&
Ve ’
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2B J_.avav (X2,400) under cross p‘ol'ar‘s showing
a cligopyroxene phenocryst (center) which
envelopes a-subhedral clivine phenocryst..

’

X



PLATE 2f CHMB lava (X2,400) under cross polars showinp
a clinopyroxene phenocryst which envelopes
an euhedral plagioclase, phenocryst.
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PLATE 27 OMB lava (37,800) undér rlane pdélarized lirkt
' showing euhedral picotiten within an olivine
phenocryst., )

3 &
1 " .



&~

\ o 143

PLATE 28  OM3 lava (X2,unn) under cross polars showinp
a clinopyroxene phenocryst (center) with
internal melt channel corrosion.
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PLATE 2¢  OMB lava (X2,4Q00) under cross polars showinp
an altered p¥apioclase megacryst.
‘ .
- . 5
-



PLATL 37 OMB lava (X2,400) under cross polars showing
N . - - )

: . olivine phenocrvsts set in a {ine grained
sroundmans. : —~

’
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LATE 31 OMB rava (2,400) under cross polars showing
@ fine grained dunite, cognate xenclith.
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CPA lava (¥2,u00) ‘under

a plarioclase phencerysy

internal melt.channel

0SS

with

polarsy
crxtensi

1 corrosion.

showing
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AMA lava (X2,400) under cross polars showing
an anhedral cllnopjroxﬁnc which is mantled

by an amphitole {(note the mdrplnal alteratlon
to opaques or the amphibole).

) - . '
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