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Introduction

Fractionation of subsiliceous amphibole in basalt magma to enrich residual-
melts in silica and generate andesite magmas has long remained an attractive mech-
anism to petrologists (Brown and Schairer, 1971; Allen et al., 1972; Boettcher,
1973; Cawthorn et al., 1973.) The mechanism is supported by experiments on nat-
ural basalts under water-saturated conditions up to 10 kb (Yoder and Tilley, 1962)

and 13 to 15 kb (Hay god, 1971) as well as water--saturated pyrolite up to 30 kb
(Green, 1973), which have shown the stability limits of amphibole in hydrous basalt
liquids and in near-solidus melts of model upper-mantle composition. In spite of
the abundant experimental evidence and frequent occurrence of amphibole in ejected
plutonic blocks (Lewis, 1973), amphibole is rarely reported as a phenocryst phase
in basalts, presumably due to its breakdown at about 1 kb as magma ascends to the
surface. This paper describes the occurrence of amphibole megacrysts in olivine
basalt pyroclast deposits and discusses the geology and petrology of the active
Kick'em-Jenny submarine volcano in the southern Grenadines of the Lesser Antilles

island Arc.

Geolog :

A survey of the submarine volcano Kick'em-Jenny was carried out in May 1972
from the Royal Navy oceanographic research vessel H.M.S. Hecla, including350 km of
PDR bathymetric soundings, gravity and magnetic profiles, dredging and bottom grab-
sampling. Kick'em-Jenny is the only known active submarine volcano in the Lesser
Antilles arc, situated 8 kmnorth of Grenada, on the western margin of the submarine
platform of Isle de Ronde (Fig. 1). Also due east of Kick'em-Jenny is Isle de
Caille, possessing two very youthful craters and small lava fields forming the
youngest olivine basalt lavas in the Lesser Antilles.

l.ll.t'.‘l/?
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Historic voleanic and seismic activity in Kick'em-Jenny after the 1939 erup-

tion is summarized in Table 1. The 1939 eruption was preceded by heavy earthquake

shocks before the appearance of a black eruption cloud on 24 July (Robson and

Tomblin, 1966),

but explosions and associated earth tremors lasted for one day.

Téphase tremors recorded in October 1943 probably originated from an eruption in

Kick'em-Jenny, although no surface manifestations were observed. Similar events

took place in October 1953, October 1965 and May and August 1966, when earth tremors

of the type corresponding to a large submarine explosion were recirded by seismo-

graph stations in the Eastern Caribbean and felt locally on Islé de Ronde and

Grenada. Although these phenomena, detected at distant seismograph stations, are

attributed to voleanic activity in Kick'em-Jenny (Shepherd and Robson, 1967), n

evidence of activity at the surface was reported.

" TABLE 1:

24/ 7/1939

5/10/1943

30/10/1953
24/10/1965
5/ 5/1966
3/ 8/1966

5/ 7/1972

ACTIVITY 1IN KICK'EM-JENNY  VOLCANO

submarine eruption, local earthquakes, eruption cloud up to 270
meters above sea level.

submarine eruption, T-phases recorded in Martinique.

submarine eruptlon T-phases recorded throughout Eastern Carlbbean,
shocks felt in Grenada.

submarine eruption, shocks of intensity V felt on Isle de Ronde,
recorded as far as Puerto Rico.

submarine eruption, T-phases recorded generally in Eastern Caribbean,
up to 7 May.

submarine eruption, 168 events recorded, shocks with 1ntenalty up to
IV felt in Grenada, T-phases recorded up to August 6.

submarine eruption, T-phases recorded in Eastern Caribbean, duration
5 hours, :
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A_bathynetr_*ig .t §upvey.was.ca;’ried out over K:Lck'em-JennybyH,MS Vlda.l in
October, 1962 and a bathymetric map based on this survey is reproduced by Robscn and
Tomblin (1966) which located a probablé centre of eruption 232 m below sea level.:
Soundings by H.M.S. Lynx carried out in VJ;Jne 1966, after the October 1965 and May
1966,exupti<_>n_s recorded a minimum dep'th of 192m be}ow sea leyelf These dif_ferences -
in minimum ;_d,ept:l} may be attributed either to inadequate density of soundings or that
the vqlcgnic events of October 1965 and May 1966 had added material to the volecanie
cone, _ _ thiog
The results of the 1972 cruise of H_.M.S‘,_ Hecla :Lndicaf:e_ that the volcanc has
the form Qf a cone, symne’trlcal in the north-south section (f‘ig..,Z).but_ asymmetrical
in the east-west section, due to abutment of the Isle de Ronde shelf. Slopes on the
smooth cone vary from 15° to 20°, but the north-south diameter is6 km, the east-west
diameter about 4 kmand overall height of the volcanic cone above sea floor is 130(m
Four shallow radial valleys were located on the cone, running W, WNW and SW from fhe
crater, The south—wastérn ”vaileu'y ‘temﬁ.rj.at'e-s ddm-—slope in a sedimentary fan. A
distinct crater was located on several PDR runs across the cone, at 12°17.96'N and
61°38,25'W. The crater is circular, with a diameter of 180 m and a minimum depth of
15'm  Minimum water depth over the crater rim was recorded 190 m. There is no |
evidence at hand for a breach in the crater rim and the smooth bathymetry around
the crater suggests that explosive volecanic depos:c.ts (tephra) predominates and that
“lava flows are absent on the volcanc.
An é;cuate tongue of volcanic deposits extends from the south flank of the cone
ggfthe west., The tongue is sllghtly elevated above the reg:.onal morphology and
extmds frem 700 m below sea 1evel to depths of 1300 rreters. Thls feature is mter-
preted as a series of pyroclast flows or mud flows from the crater and cone region,
deposited in the valley bétween the Grenada shelf to the south and the Kick'em-Jenny

cone to the north, N
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The flank region of fhe arc, with its characteristic irregular, hummocky bathy-
metry, is terminated to the east by well-defined scarps, ranging from the flank to
the shallow wave cut ﬁlatfom of the Grenadines and Grenada. The latter area is the
shelf region, ranging between depths of 100 and 400 meters. Sharp scarps, peaks and
irregular topography characterize the shelf region and the central part of the shelf
area investigated, adjacent to and east of Kick'em-Jenny volcano, exhibits two dis-
tinctive scarp series and inspection of a number of close-spaced PDR profiles has
led to the reconstruction of two major normal faults in this area (Fig.1l). The
western fault can be traced for a distance of over? km in a north-southerly direct-
ion. It is a normal fault, with a down-throw on the western side ranging from 70 to
150 meters. This fault marks the eastern boundry of the Kick'em-Jenny volcanics,
which have probably been p:Lled up against the fault-scarp. The southern and north-
ern traces of this fault are oblrterated by the overlapping volcanic deposits. This
fault reappears however, south of the recent volcanics on the shelf region north of
Grenada, where the strike and throw are comparable. The eastern fault system is a
complex of branching faults (Fig. 1), mappable over 3 km in a north-south direction.
These faults form a series of scarps with a down-throw of 150 meters to the west,
continued on the Grenada shelf to the south. Bottom grab-sampling on the shelf east
of the volcano indicate the predominance of unconsolidated calcareous mud deposits
on the leeward shelf, probably derived from the coral reefs near and to windward of
Isle de Ronde.

Most PDR profiles of the shelf region show a well-defined terrace at 72 meters
depth in the area investigated. The terrace varies in width up to 1 i~ od et
likely represents a fo%ner low sea level stand from the Pleistocene (Fig. 1). Eust-
atic changes in séa lex?ei durlng the Wurm-Wisconsin interglacial resulted in a

world-wide drop in sea level of about 100 meters below present level (Fairbridge,
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1961). Based on data from Barbados, Mesolella et al. (1969) postulate a low level
stand 125 to 170 thousand years before present and boreholes in Barbados have recen-
tly authenticated such a level (Steinen et al., 1971), where a sea level at 75% 10
meters below present level was dated as ranging from 105-125 thousand years ago.
This compares well with the terrace on the shelf near Kick'em-Jenny, and we conclude
that this dates from a period of low sea level during the Pleistocene.

Attempts were made to collect bottom sediment cores on the flanks of the vol-
cano but this proved impractical due to the coarse grain of the pyroclast deposits.
Coring inside the crater proved successful, however, 2nd 20 cm of unsorted black
tephra was collected, with a 1 em thick t-p layer of red-orange mud. Chemical anal-
ysis of the mud (KEJ021B, Table 3) shows a high ferric oxide content but otherwise
a roughly basaltic composition. A comparable mud layer was deposited in the crater
lake of the Soufriere volcano during the 1971-1972 eruption (Aspinall et al., 1973),
due to fragmentation of hot lava and transport of silt-grade particles of glass
and minerals by convective currents in the lake. The red-orange mud in the Kick'em-

originated
Jenny crater probablyAsimilarly by interaction between hot pyroclastics and sea-
water, resulting in spalling and fragmentation of volcanic glass which would be.
suspended around and above the crater until turbulen‘%caeiga\c];ty Leaching of the mud
by hot sea water and volcanic gases may account for the deviation from a bssaltic
composition, but the extremely high ferric content was also observed in the Sou-
friere crater mud, where it has been suggested that iron was brought in by the vol-
canic gases as ferric chloride, but precipitated as a ferric oxide or hydroxide on
entering the crater lake. A similar origin may be invoked for the high _ferric iron
in the Kick'em-Jenny mud. The presence of red-orange mud of possible hydrothermal
origin inside the crater lead¢ to the lowering of a temperature-salinity-probe to
the crater floor to test the possible presence of fumarolic activity, but both tem-
perature (14.55°C) and salinity were normal for this water depth.

cesessesss/b
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Dredglng and bottom. grab-sampllng ylelded 257ku}

1 eolcanlc "bombs“, scorla
and lapllll fr0m various parts of the cone and crater ‘uflng the H H S Hecla
cruise. In addltlon we have access to a small collectlon of scmewhat ox1dlzed and
altered dredge samples collected by the yacht Insula in August 1966 in the v1c1n1ty
of Kick'em-Jenny. In contrase, a strlklng feature of all the Kick' emrJenny samples
collected in 1972 1s their freshness and lack of associated organic materlal or cal—
caceous detritus, whlch must be v1ewed as a strong indication of erqptlons w1th1n -
the last few years or. 1n the 1nterval between 1966 and 1972 -

The pwlnolpal rock type recovered from chk'em~Jenny is black scorla, bombs
and lapilli of ollv1ne basalt comp051tlon, but in addltlon e few small blocks of
non-ve81cular ande51tlc basalt were alao recovered They oontaln phenocrysts of
zoned plagloolase, cllnopyroxene and subhedral to euhedral amphlbole and probably
represent xenollths from the basement or older chk'emrJenny volcanlos.

A dredge near the crater included chips of a10 mm thick pdle grey and semi-
consolidated andesitic ash layer, consistiﬁg principally of very fine glass shards
(0.10-0.01 mm) and fragments of plagloclase clinopyroxene and anphlbole.

The olivine basalt pyroclastic ejecta of Kick' em—Jenny are all hlghly porphy-
ritic rocks with from 25 to 50% phenocrysts of amphibole, plagloclase, cllnopyroxene
and ollv1ne Plagloo;ase phenocrysts (An70 80) are invariably present as zoned sub-
hedral crystals, w1th rare 1nclu510ns of the other three phenocryst mlnerals Plag-
icclase is a subordinate phenocryst phase 1n the most magnesian basalt samples (46)
and. enrlched in the MgO—poor sarples, but thlS rpdal variatlon is not reflected 1n
_-the .calcium and alumina peroentagee Cllnopyroxene phenocrysts are. subordlnate but
alweys present as large, euhedral ind1v1duals with ollv1ne 1nclu51ons OllVlne phen-

ocrysts are very varlable in abundance, but from large inclusion-fre~ and euhedral
; ~TE l..-.cc.!/?
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crystals in the more magnesian samples. Olivine is also a groundmass constituent

in the Kick'em-Jenny basalts.

e e
LT

The most notable petrogrephlc feature Of the basalts 1s the presence of euhed—
ral to subhedral amphlbole megacrysts, up to 2 cm in length whlch make up to 169
of the rock They are pleochr01c fr. nmollve green to yellow—brown and generally
.' surrtmnded by an ox1dlzed rim. Incluszons of plagloclase cllnopyroxene and ollvlne
-are very common 1n the amphlboles. Amphlboles were hand—plcked from six tephra sam-
'ples chemlcally analyzed but four analyses were rejected because of suspected :
plagloclase 1nclusmons in view of the hlgh A1203 content Two chemlcal analyses
and two mlcroprobe analyses are presented 1n Table 2 along w1th structural formula;
of the amphlboles which all contaln tetrahedral Al in the ha1f~un1t cell due to the
1ow 8111ca content They are all SUb—SlllClc amphlboles, w1th 5 to 7.5% normatlve
nephellne Accordlng to the nomenclature of Leake (1968) the chk'emrJenny amphl—
boles would be c1a851f1ed in the ferroan pargaSLte to Tschermaklte range. They are
1dent1cal to emphlboles from the 1gneous comulate blocks of Soufriere volcano,
S Vlncent except for double the KQG content 1n the Kick'em-Jenny amphlboles (Lew;
femar) .

Exoerlmental l ltlng runs on.basalt comp051tlons at 5 to 10 kb under hydrous
conditions have produced caiclcnamphlboles similar to those from.chk'emrJenny.
Helz (1973) has demonstrated the temperature dependance of Al and Tl varﬂatlone and
the effect of bulk comp081tlon in amphlbole chemlstry, crysta11121ng ferroan pargas-
ite ffontHhelallal alkali basalt at 5 kb, closely compareble to Kxck'eneJenny amphl—
boles except for silghtly hlgher Al content of the 1atter, reflectlng the hlgher ‘
overall A1203 content of the chk'emeenny ollv1ne basalt. In an experlmental _
study of calc-alkallne ollv1ne basalts from Grenada, pawthorn et al. (1973) report
‘the crystalllzatlon et amphlbole below 1050 C under hydrous pressure of 5 kb.' Altho~
ugh similar to chk’eneJenny amphlboles the experlnentally produced Grenada amphl-
boles are 51gntf1cantly lower in Ti0; and higher in 8102, probably reflecting

different

-'(o’i‘-’rtc.fg
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conditions of preésure and temperature of crystallization. Similarly, the Tscherm-
akitic amphiboles produced by hydrous melting experiments at 5 .and 8 kb‘frgm oliv-
ine tholeiite by Holldway and Burnham (1972) are comparable but differing in FeO +
Fe,0; Mg0 ratio from the Kick'em-Jenny amphiboles, in keeping with differing-bulk
compositions, as this ratio is less than unity in-the Kick'em-Jenny basalts and
amphiboles, but greater than unity in the Hawaiian olivine tholeiite and amphiboles.
On the other hand, hydrous melting experiments carried out at 10 kb on high-alumina
olivine tholeiite (Green and Ringwood, 1968) crystallized amphiboles nearly identi-
cal to those from Kick'em-Jenny. Although no exact anologies exist, the available
expgrimeﬂtal data indicates that the pressure. and temperature conditions at the
time of crystallization of the Kick'em-Jenny amphiboles were between 5 and 10 kb at
about 1000°C in a hydrous or water-undersaturated magma.

A single plutonic xenolith of biotite-bearing gabbro with a cumulate texture
was.dredged from Kiqkjem—Jenny. The 3 cm-diameter fragment consists principally of
equidimensional_plagigc;ase (Angg._gg)s with clinopyroxene occurring as euhedral cry-
stals or poikilitic with plagioclase. Rare euhedral grains of olivine are enclosed
by plagioclaée. The xenolith contains patches of slightly vesicular yellow-brown
glass which contains remnants of amphibole and seems largely a fusion product of
this mineral. Yellowish to pale-brown, pleochroic and corroded crystals of mica,
up to 1 mm in diameter, are also present in association with the interstitial glass,
The mica is uniaxial, opficaliy negative and érobably of biotite composition. Both
amphibole and biotite show advanced reaction, but appear to have been poikilitic |
phases in the:cumulafe-texture. | |

Petrochemistry:

The chemical composition of the Kick'em-Jenny olivine basalts is shown in
Table 3, along with analyses of a basaltic andesite xenolith, andesitic ash, and the

hydrothermal red-orange mud from the crater. The basalts range from alkali olivine
o-n............/g | . ]
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basalt (018) to olivine basalts and olivine tholeiites in normative classification
but the more basic samples lie in or near the critical plane of silica undersatura-
tion (Yeder and Tilley, 1962). The non-committal term olivine basalt is preferred
for these rocks, as well as many similar basalts from the southern part of the
Lesser Antilles arc. They are similar to typical alkali olivine basalts in having
a low silica content, high alkalis ang magnesia, but are much higher in A1203 and
lower in total iron, P205 and TiUQ. Again the Kick'em-Jenny basalts differ from
high-alumina basalts in having higher alkalis and lower silica than the latter. A
suite of undersaturated lavas, ranging from picrites and basanites to alkali olivine
basalts and sub-alkaline basalts has been recently described from neighbouring Gre“
nada, (Sigurdsson et al., 1973) showing strong affinities with the Kick'em-
Jenny basalts. These alkalic and variably underséturated rocks from Kick'emrJenny,
Grenada and the southern Grenadines are not compafable to the high-potash basaltic
suites (shoshonites) described from some circum-Pacific island arcs (Jakes and
White, 1-72), but can be regarded as an alkali olivine basalt to allali picrite
suite, on the basic end of the calc-alkaline rock.association as previously sugges-
ted by Sigurdsson et al (1973). -

Discussion:
Fractionation and origin of the magma:

The chemical variation among the Kick'em-Jenny basalts (Fig. 3) is principally
dominated by Mg0 decrease, increase in Na,0 and K20, minor increase in A1203 and
decrease in total iron, T102 and Ca0. Assuming that the observed variations is due
to extraction of one or more of the phenocryst phases present in the basalts, the
generation of the observed differentiation trends has been attempted by use of'sub—
traction diagrams;r The principal constraints on any extraction model are, of
course,‘the_observed chemical variation stated above and the composition of the ext-

racted phases. Thus the alumina trend excludes the extraction of large amounts of
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calcic plagioclase, but agrees well with amphibole extraction. Amphibole alcne,
however, cannot account for the observed MgO-depletion and some extraction of oliv-
ine is needed. Subtraction of ferrcan pargasitic amphibole, olivine (Fogy) and
plagicclase (Ango) in the proportion 2:1:1 from the olivine basalts (46.5% SiDz)
will reproduce closely the observed chemical variation. The theoretical crystal
extract, with a silica content of 42%, differs significantlyAfrom the ejected cum-
.ulate blocks of the Soufriere, St. Vincent, which are similarly con81dered a crystal
extract‘from a differentiating hydrous basalt magma (LeW1s, 1973). The latter are
much hlgher in Al,05 and Ca0, but lower in Mg0 and Na,0, reflecting a lower.amfhibole
/plagloclase ratio than the ‘hypothetical extract, probably due to both dlfferent
bulk composition of Kick'em-Jenny (alkalic) and Soufriere (sub-,lkallne) magmas, as
well as dlrferlngAchd;tlons at time of crystalllzatlon.. 2 Fe

( The_credibility_of-any extract or crystal fractionation model diminishes with
fhé increasing volume of crystal cumulate required to account for the observed var-
iation and in the Kick'em-Jenny magma chamber the removalzof 45% of the original
llquld as cumulate phases of amphibcle and plagioclase, is requlred to produce the
comp081tlonal change from 46.5% to 50% 8102. Extrapolation of thls process of ext-
raction to the genesis of andesitic melts of the Lesser Antillean volcanoes, would
clearly demand the accumulation of large gabbroic masséé, as.mﬁch largéf percentages
of liquid are removed. . Tre evidence from Kick'em-Jenny shows that-amﬁﬁibole fract-
ionation does take place within the basaltic range, but the questioﬁ.whether this
efficient mechaniem of silica enrichment is responsibie for genéfation of andesitic
melts must be further examined in view of the geélogical constraints; particularly
the problems of large cumulate masses required by the amphibole fractionation

hypothesis.
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The Kick'em-Jenny megaphenocryst and phenocryst assemblage suggests that the
minerals amphibole, olivine, clinopyroxene and plagioclase were more or less stable
together. Olivine is invariably inclusion-free and interpreted as the first min-
eral to crystallize, whereas clinopyroxene phenocrysts contain olivine inclusions
in some cases. Plagioclase phenocrysts contain rare inclusions of amphibole,
clinopyroxene and olivine, whereas amphibole Hegaphenocrysts:éontain abundant
inclusions of the three other phases. The order of crystallization of the pheno-
cryst phases is probably the following: olivine-clinopyroxene-plagioclase-amphibole.
Experimental studies on hydrous (H,0-saturated) or anhydrous basaltic compositions
do not provide us with this assemblage or order of crystallization of major pheno-
cryst phases at any pressure. At water-saturated conditions plagioclase, for exam-
ple, appears much later than indicated in the Kick'em-Jenny magma and probably
after the disappearance of clinopyroxene (Helz, 1973). A more satisfactory analo-
gue to the Kick'em-Jenny mineral assemblage may be found in the phase relations of
water-undersaturated basaltic melts as deduced from interpolation between the exper-
imentally determined phase relationships for dry and water-saturated basaltic
liquid$ (Green and Ringwood, 19673 Haygood, 1971; Yoder and Tilley, 1962; Helz,
1973). Fig. 4 is a schematic isobaric section at 5 kb for an alkali basalt-water
system interpolated from the dry and water-saturated results. This diagram can
only serve as a rough guide to the phase relations due to lack of experimental data
in the water-undersaturated region, but it does, however, serve to indicate that
the stability fields of amphibole and plagioclase are expanded with respect to
water-saturated conditions and that the mineral assemblage olivine, clinopyroxene,
amphibole and-plagioclase is probably stable in alkali basalt melts with 1% H,0 at
5 kb pressure. The presence of 28 to 48 modal % megaphenocrysts and phenocrysts,

together with the observed chemical variation in the Kick'em-Jenny olivine basalts
......... G
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testifiés éo.séme cf§stéllization at depth prior to eruption. The depth‘of crysta-
llization;‘as inférréd from the nﬁnéralogy, can only be stated in very general
terms.“.The presénce of plagioclase restricts the crystallization range to less
han 10 kb in a hydrous melt of alkali olivine basalt composition and similarly the
coexisfénce of amphibole with olivine (and pyroxene) requires crystallization at
depths in excess of 2 kb and probably'3'kﬁ(deér and Tilley, 1962.) In view of
these restrictions we feel justified-in comparing the phase relations at$5 kb in-
experimenfal-systems of alkali olivine basalt com@osition to those of Kick'em-Jenny
magma just prior to its eruption. |

The alkali olivine basalt and sﬁb;alkali basalt series of Grenada have pre-
viously‘been shown to be very closely aésdciated with, and probably the fractiona-
tion prpduét of primary alkali picrités:fSigurdSSon et él., 1873). It is proposed
that thé comparable olivine basalts:of néighbouring Kick'em-Jenny are similarly
deriQed from alkali picrite magma which, during ascent to a reservoir at 15 to 20 km
depth has acquired olivine basalt composition principally by crystallization of
olivine during ascent. The main episode of crystallization occurred in the Kick'em-
Jenny magma reservoir, where partial éduilibrarion of the assemblage olivine-pyro-
xene-amphibole-plagioclase-liquid oceurred before eruption.

The occurreanée of a biotite-bearing cumulate gabbro block in the ejecta has
an important bearing on the petrogenesis in Kick'em-Jenny. Phlogopite or biotite
are a common near-solidus phase in hydrous melting siudies of alkali basalt (Helz,
1973; Yoder and Tilley, 1962). Due to the eariy breakdown of trioctahedral micas
aboﬁe the solidus , they normally only coexist with amphibole and plagioclase plus
liquid in the water-saturated melt, but our interpretation of possible phase rela-
tions at Hp0-undersaturated conditions suggest that the cumulate assemblage biotite-

plagioclase-amphibole can coexist with olivine or clinopyroxene and liquid (Fig. u4).
.l...l.'.‘/la
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The biotite-bearing xenolith may represent either total crystallization of Kick'em-
Jenny olivine basalt magma under near-equilibrium conditicns; or alternatively, a
cumulate extract. In the case of the latter, the possible extraction of a potash-
rich mica from the alkali picrite and alkali olivine baéalt magmas of the Lesser
~Antilles could be important, along with amphibole fractionation, in accounting for=
the sharp fall in "incompatible"‘ele@ent contents observed between the strcngly._
undersaturated lavas and the olivine basalts of Grenada (Sigupdséon et al;,ii973)rl
Green (1970) has proposed that-alkali.picrite magma may be the,partial‘méit
of upper mantle pyrolite with about D.S%EHZO:at 25km. depthi While tﬁe origin of the
Grenada alkali picrites is not under review in this paper, ﬁe feel that in view of
their possible. significance to the petrogenesis of the Kick'emeenny melt, the pos-
- sible alternative of the formation of alkali picrites by breakdown of_sub—silicié
amphibole should be pointed out: Experimentallresults indicate that amphibole is
stable up to 15-25 kb (Essene et al., 1970) or even up to 29 kb (Green 1973), sup?ort-
- ing Oxburgh's (1964) hypothesis that amphibole may exist in lower crust and upper
mantle. The formation of island arc magmas by reaptions involving breakdown of amp-
hibole has been proposed (Fitton, 1971), as an underthrust slab of amphibolite of
amphibole-rich metabasalt undergoes partial melting during descent. The recent
experimental data of Holloway and Burnham (1972) are especially pertinent iﬁ fhis
context, as regards melting at low presurres (5 and 8 kb), and demonstrate the ease
of formation of basaltic and andesitic liquid from a hydrous basalt sourcé, involv-
ing essentially the incongruent breakdown of amphibeole to iiquid and clinopyroxene
where the calculated composition of the liquid produéed by extensive amphiboie melt-

ing is closely comparable to alkali picrite or basanite (op. cit. p. 21)

..... =
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The breakdown of amphibole and other dehydration reactions will remove most of

the water from an underthrust slab at presurres of 25 to 33 kb or about 100 km depth,
apart from minor amounts of water contained in the more stable accessory phlogopite,
aﬁd it seems reasonable to assume that magma generation will be enhanced by these
reactiéns and occur preferentially at this depth. The liquid composition of a part-
ial melt from amphibolite at this depth is unkown, but is dependent on the near-
solidus phases, most likely amphibole, phlogopite and pyroxene. Unfortunately, the
available high-pressure experimental studies on synthetic systems (Kushiro, 1972)
and hypothetical mantle composition in the presence of water (Green, 1373) are not
directly applicable to amphibolite melting, as well as being still somewhat contra-
dictory as regards composition of the first liquid formed.

The data of Hart and Aldrich (1967) on the K/Rb ratios of amphiboles from var-
ious environments put certain limitations on a magma genesis model involving the
melting of amphibolite. Ratios ranging from 100 to 5000 and averaging 1120 were
reported for 50 amphiboles, whereas K/Rb ratios in the Grenada alkali picrites range
from 300 to 500 (Sigurdsson et al., 1973). The medel of extensive amphibolite melt-
ing to give rise to the alkali picrite is therefore not favoured by the bulk of the
K/Rb data.

While the question of the origin of the basaltic "primary" magma in the Lesser
Antilles is still wide open, it is clear that the presence of water and hydrous min-
erals plays a major role. It is hoped that present studies on trace element distri-
bution will provide discrimination between the hypotheses of partial melting of
upper mantle "pyrolite" on one hand and melting of amphibolite in the underthrust

slab on the other.

/1E



-15-

Acknowledgements:

" We thank the Hydrographer of the Royal Navy for providing.a ship for the
cruise, Commander R.A.G. Nesbitt and the entire crew of H.M.S. Hecla for excellent
and enthusiastic co-cperation, and Richard Arculus for two probe analyses of

amphiboles.



REFERENCES:

Allen, I.C., Modreski, P.J., Haygood, C. and Boettcher, A.L., 1972. The role of
water in the mantle of the Earth. The stability of amphiboles and micas.
Proc. 24th. Int. Geol. Congr, Sec. 2:231-2u0

Aspinall, W.P., Sigurdsson, H. and Shepherd, J.B., 1973. Eruption of Soufriere
voleano on St. Vincent Island, 1971-1372. Science, 181, 117-124.

Boettcher, A.L., 1973. Volcanism and orogenic belts - the origin of andesites.

: Tectohophysics,*17, 223-240,

Brown, G.M. and Schairer, J.F., 1971. Chemical and melting relations of some
calc-alkaline volcanic rocks. Geol. Soc., Amer. Memoir 130, 139-157.

Cawthorn, R. Grant, Curran, E.B. and Arculus, R.J., 1973. A petrogenetic model
for the origin of the calc-alkaline suite of Grenada, Lesser Antilles.

.J. Petrol. 1%, 327-337.

Essene, E;, Henson, B.J. and Green, D.H., 1970. Exyerimental study of amphibolite
and eclogite stability. Phys. Earth Planet. Inter., 3.375-384,

Fairbridge. R.W., 1961. Eustatic changes in sea level. In. Physics and Chemistry
of the Earth. 4., 99-185.

Fitton. J.G., 1971. The generation of magmas in island arcs. Earth and Planet.
Sei. Letters, 11, 63-67.

Green, D.H., 1970. The origin of basaltic and nephelinitic magmas. Trans.
Leicester Lit. Phil. Soc. 64. 28-54,

Green D.H., 1973. Experimental melting studies on a model upper mantle composit-
ion at high pressure under water-saturated and water-undersaturated conditions.
Earth Planet Sci. Letters, 19, 37-53.

Green, D.H. and Ringwood, A.E., 1967. The genesis of basaltic magmas. Contrib.

. Mineral. Petrol., 15, 103-190.



Green, T.H. and Ringwood, A.E., 1968. Genesis of the calc-alkaline igneous
rock suite. Contrib. Mineral. Petrol. 18, 105-162; . o

Hart, S. and Aldrich, L.T., 1967. Fractionation of édtaésium/Rubidium.by
amphiboles: Implicatiﬁﬁs regarding mantle cdmposition. nSéiénce, 155,
325-327. | i

Haygood, C., Allen, J.C. and Boettcher, A.L., 1971. Phase relationships and
the stability of amphiboles in the Hualailai alkaline basalt at high pre-
ssures. Progr. Am. Meet. Geol. Soc. Am. 594-585.

Holloway, J.R. and Burrham, C.W., 1972.° Melting relations of basalt with equi-
librum'water pressure less than total pressure. J. Petrol., 13, 1-29.

'Jakéé, P. and White, A.J.R:, 1972. Major and trace eiemeht abundances in vol-
canic rocks of orogenic areas. Geol. Soc. Am.Bull., 83. 29-40.

Kushiro, I., 1973. Effect of water pressure on composition of magmas formed
at high pressures. J. Petrol. 13. 311-33%.

Leake, B.E., 1968. A catalogue of analyzed calciferous and subcalciferous amph-
iboles together with their nomenclature and associated minerals. Geol.
Soc. Amer. Spec. Pap. 98, 210,

Lewis, J;F., 1973. Pefrology of éjected plutonic blocks of the Soufriére-§ol—
cano, St. Vincent, West Indies. J. Petrol. 14. 81-i12.

Mesolella, K.J., Matthews, R.K., Broecker, W.S. and Thurber, D.L., 1969. The
astronomical theory of climati¢ change: Barbados data. J. Geol. 77. |
250-274. | |

 Oxburgh, E.R. 1964, Petrological evidence for the presence of amphibole in
the upper mantle and its petrogenetic and geophysical implications. Geol.
Mag. 101. 1-19. i ': | o i

Robson, G.R. and Tomblin, J.F., 1966. Catalogue of the active volcanoes of
the world. Part 20. West Indies. Int. Assoc. Volcanology.

St itseaes «eees.dref, cont'd



Shepherd, J.B. and Robson, G.R., 1967. The source of the T-phase recorded in the
Eastern Caribbean on October 24, 1965. Bull. Seism. Soc. Amer. 57. 227-234,

Sigurdsson, H., Torblin, J.F., Brown, G.M., Holland, J.6. and Arculus, R.J., 1973,
Strongly undersaturated magmas in the Lesser Antilles island arc. Earth Planet.
Sci. Letters. 18. 285-295.

Steihén,-R.P;,'Harrisbn, R.S. and Matthéws, R.K., 1971. Eustatic low standrof sea

| level bétﬁeén 105,000 and 125,000 B.P.: Evidence from the subSﬁrface of Bar-

bados, W.I. Geol. Soc. Amer. Abstr. 3, 720-721. '

Yoder, H.S. and Tilley, C.E., 1962. Origin of basalt nagmas: an experimental study

of natural and synthefic rock systems. J. Petrol. 3. 342-532.



Text to figUrés:

Fig. 1
-Fig. 2
Fig. 3
Fig. 4

Geological map of Kick'em-Jenny volcano -and sufféundings, as deduced
from PDR profiles and bottom sampling.

A bafhymefric profile in a north-south direction across the cone and
crater of Kick'em-Jenny. : '

Chemical variation in Kick'em-Jenny basalts on the basis of silica con-
tent. The diagram also illustrates the extraction of amphibole, oliv-
ine and plagioclase required to generate the observed trend. The heavy
lines show the possible silica range of extract material required to
produce the trend. . -

A Schematic iscbaric section through the system alkali basalt - water
at 5 kb pressure, based on data from Yoder and Tilley (1962), Green and
Ringwood (1967), Wylie (1971), Helz (1973), and Cawthorn et al. (1973).
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EXPLANATION TO TABLE 2

Chemical analyses marked KEJ018A and 020A were carried out by "rapid" methods
on hand-picked phenocrysts from pyroclast dredge samples. Analyses KEJ017(1) and
017(2) are electron microprobe determinations by R. Arculus on phenocrysts in a

single pyroclast fragment.  Total in KEJ017(1) includes 0.02% Cr20 Structural

3.
formulas in number of ions on the basis of 24 oxygens and 23 oxygens for chemical

and micro-probe analyses, respectively. Mg values are calculated from the amounts

Mg/Fe® + Fe? + Mn + Mg in the half-unit cell.
TABLE 2
Amphibole analyses and structural formulas
KEJO18A - KEJ020A KEJO17(1) KEJ017(2)

8i0, 41.45 41.86 42.05 42.06
Ti0y . 2.01 : 20 - . 2,46 - 3,19
Al,05 15.75 ; s [ 14,27 12.97
Fe,03 eI 5.07 = .
Fel 5.3u 5.89 3.25 11.82
MnO 0.13 0.14 . 0.26 -
Mg0 14,12 o 14.52 13.94
Ca0 10.38 o 11.98 ~11.09
Na,0 2.20 200 2.45 2.860
K23 0.71 0.67 0.53 0.60
Hpot 2.70 2.88 - -
Ho0~ 0.0u 0.06 - -
P50 0.01 0.01 - -
Total 99.78 99,70 97.79% 97.67

. Table 2 cont'd
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EXPLANATION TO TABLE 3:

Black scoria from dredge across crater at 12917'50" W and 61938'14" N and
depth of 200 m. Basalt with euhedral phenocrysts of olivine (11.7 vol. %),
clinopyroxene (8.5%), plagioclase (4.4%) and megacrysts of amphibole (3.9%).
Groundmass olivine.

Groundmass of scoria 017.

Black lapilli and sand recovered with a Shipek grab sampler from 220 m at
12017'55" N and 61°38'17" W. Basalt with phenocrysts of olivine (4.0%),
clinopyroxene (4.5%) and plagioclase (24.7%) and megacrysts of amphibole
(16.2%). Olivine is present in groundmass. Mean diameter of the pcorly
sorted sample is 4 mm.

Grab samples of black lapilli and sand from 220 m at 12°17'50" N and 61°
38'19" W. Mean diameter 5 mm.

Black olivine basalt lapilli and sand from 760 m at 12°17'05" N and 61°38'
52" W. Mean diameter 1 mm. Poor sorting. -

Groundmass of lapilli 01u.

Grab sample from 1140 m at 12°18'05" N and 61°39'42" W, consisting of well
sorted, black olivine basalt sand, mean diameter 0.4 mm.

Black lapilli from dredge in crater. Basalt with phenocrysts ofeuhedral
olivine (5.5%), clinopyroxene (2.3%), plagioclase (24.9%) and megacrysts of
amphibole (2.5%).

Grab sample of black 1lapilli (mean diameter 1 mm.) from 560 m at 12©17'58"
N and 61°38'47" W. Basalt with phenoccrysts of olivine (3.3%), clinopyroxe-
ne (5.1%), plagioclase (26.6%) and megacrysts of amphibole (2.6%).

Grab sample of black lapilli and sand (mean diameter 2 mm.) from 1030 m at
12°18130" N and 61°39'27" W. Glassy basalt with phenocrysts of euhedral
olivine (3.5%, clinopyroxene (1.3%), plagioclase (22.9%) and rare amphi-
bole (0.2%). ‘

Xenolith from dredge in crater. Andesitic basalt with phenocrysts of cli-
nopyroxene (2.7%), plagioclase (24.1%) and amphibole (4.1%).

Grey, semi-consolidated andesitic ash layer (8-10 mm thick) from grab sam-
ple near crater. Principally colourless glass, R.I. 1.53, 0.01 to 0.05 mm.
in diameter, and fragments of plagioclase clinopyroxene and amphibole.

Red-orange mud 1ayerd 10 mm. thick, overlying tephra in piston core from
crater at 200 m. 12°17'50" N and 61°38'16" W. Total includes: 1.75% S,
0.25% C1 and 2.68% other volatiles. :



TABLE 3

CHEMICAL ANALYSES OF KICK'EM-JENNY DREDGE SAMPLES

il 2 3 b 5 6 7 8 9 10 11 12 13

017 017G 0ls 11(2) 014 014G 009 020 010 005 017E 017B 021B
810, 46,40  47.49 46,58 U46.92 :q.Qm‘ 48.44 49,25 49,66 50.14 50,20 53,19  59.29  30.35
HMDM 1.03 0.96 1.20 1.00 H.om o.mw 1.01 0.93 0.90 0.90 0.81 0.82 0.51
bwmow 19.56 18.53 19.76 17.87 Hm.wq 18.23 18.94  19.61  20.79 20.00 19.35 14.96  10.29
wmmow 2.48 2.40 2.87 2.6h 2,91 2.79 2.55 2.52 1.95 2.34 2.72 0.98 27.10
Fel 6.12 5.98 6.04 6.69 5.95 5.76 5.86 5.88 6.0u 6.00 4,91 4.uh 1.21
MnO 0.14 0..5 J.mv7 0.16 0.16 0.15 0.16 0.18 0.17 0.16 0.15 0.07 0.06
Mg0 9.86 @.mm 8.06 10.u¢ 9.53 9.22 6.66 5.64 3.79 4,89 4.23 3.26 4,88
Ca0 10,42 10.67 11.37 10,74 Howwm 10.52 9.71 9.67 10.74  10.49 8.83 8.63 4.61
Na,0 2.23 2.25 2.47 2,18 2.35 2,22 2.66 2.92 3.15 3.17 3.03 3.35 5.06
K50 0.06 0.65 0.68 0.52 0.65 0.78 0.96 0.96. 1.15 H.oo 1.08 0.71 0.76
mmo+ 0.54 0.52 J.P2 0.50 1.01 0.60 1.36 1.55 0.61 0.52 0.65 2.95 7.06
mmor ouww 0.1.2 0.12 0.20 0.32 0.15 0.29 0.30 0.15 0.20 0.20 0.26 2.99
Py0g 0.05 0.U5 0.08 0.06 0.08 0.09° 0.10 0.10 0.10 0.10 0.09 0.05 0.41
TOTAL 99,62 100.11 99.92 99.96  99.58 99.81 99.49 99,91  99.95 99.97 99.25 99,77  99.97%




TABLE 3, Continued

Qz

&

NORMS

1 2 3 m 5 6 7 8 g 10 11 12
017 0176 018 11(2) 014 014G 009 020 010 005 017E 0178

- - - - - - - - - - 5.3 14,5
3.5 4.0 .0 3.0 4.0 4.5 6.0 6.0 7.0 6.0 6.5 4.5
20,0 20.0 20.4 19.5 21.0 21.0 20.0 24.5 26.5 28.5 27.5 31.5
41,5 38.2 41.0 37.3 37.8 37.5 37.3 38.0 39.2 37.5 36.7 M, 5

- - 1.2 - - - - - - - - -
°.0 11.5 10.4 12.6 10.3 11.6 9.4 8.0 11.0 11.2 5.4 16.0
16.€ 17.1 17.5 19.5 15.1 10.5 4.2 3.0 4.2 5.7 - -
4.0 5.C - .0 7.2 11.8 T 1.2 6.1 7.2 1.2 6.7
2.5 2.9 3.0 2.7 3.0 2.9 2.7 2.7 2.1 2.4 2.9 1.1
1.4 1.4 1.5 1.4 1.4 1.2 1.4 1.4 1.2 1.2 1.2 1.2

- - 0.3 - - - - 0.3 0.3 0.3 0.3 -



