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Abstract. Bransfield Strait is a narrow basin separat-
ing the South Shetland Islands from the Antarctic
Peninsula and is attributed to recent back-arc exten-
sion behind the South Shetland volcanic arc. The
volcanic islands of Deception and Bridgeman are situ-
ated close to the axis of spreading, wherecas Penguin
Island lies slightly to the north of this axis. The miner-
alogy, petrology and geochemistry of the lavas of
the three volcanoes have been studied in order to
provide information on the nature of magmatism as-
sociated with the initial stages of back-arc spreading.

Deception Island lavas range from olivine basalt
to dacite, and all are highly sodic, with high Na/K,
K/Rb, Ba/Rb and Zr/Nb ratios and with Cey/Yby=
2. Incompatible elements increase systematically be-
tween basalt and rhyodacite, while Sr decreases, sug-
gesting that fractional crystallisation is the dominant
process relating lava compositions. The rhyodacites
have high concentrations of Zr, Y and the REE and
negative Eu anomalies and are compositionally simi-
lar to oceanic plagiogranite. Bridgeman Island lavas
are mostly basaltic andesites, but the levels of many
incompatible elements, including REE, are signifi-
cantly lower than those of Deception lavas, although
Cen/Yby ratios and 87Sr/25Sr ratios (0.7035) are the
same. Penguin Island lavas are magnesian, mildly al-
kaline olivine basalts with a small range of composi-
tion that can be accommodated by fractional crystal-
lisation of olivine, clinopyroxene and/or chromite.
Penguin lavas have higher 87Sr/®6Sr (0.7039) and Cey/
Yby (4) ratios than Deception and Bridgeman lavas.
The Rb/Sr ratios of Deception and Penguin basalts
(ca. 0.01) are much too low to account for their pre-
sent 87Sr/®®Sr ratios.

Modelling suggests that the source regions of the
lavas of the three volcanoes share many geochemical
features, but there are also some significant differ-
ences, which probably reflects the complex nature
of the mantle under an active island arc combined
with complex melting relationships attending the ini-

tial stages of back-arc spreading. Favoured models
suggest that Bridgeman lavas represent 10-20% melt-
ing and the more primitive Deception lavas 5-10%
melting of spinel-peridotite, whereas Penguin lavas
represent less then 5% melting of a garnet-peridotite
source. The mantle source for Bridgeman lavas seems
to have undergone short-term enrichment in K, Rb
and Ba, possibly resulting from dewatering of the
subducted slab. Hydrous melting conditions may also
account for the more siliceous, high-alumina nature
and low trace element contents of Bridgeman lavas.

1. Introduction

The magmatic record of Pacific ocean crust subduc-
tion along the west coast of the Antarctic Peninsula
extends at least as far back as the lower Jurassic.
Magmatism persisted until mid-Tertiary times when,
following consumption of the Aluk Ridge (Herron
and Tucholke, 1976), subduction ceased along most
of the Peninsula as the south-east Pacific and the
Antarctic became coupled to form a single Antarctic
plate (Hayes and Ewing, 1970). Only ocean crust
north-west of the South Shetland Islands continued
to subduct throughout the late-Tertiary (Barker and
Griffiths, 1972) and this consumption has now ceased.
Volcanic activity still persists however behind the
South Shetland island arc and the active and recently
active volcanoes of Deception, Bridgeman and Pen-
guin Islands appear to represent the surface expres-
sion of back-arc extension which has produced the
narrow marginal basin of Bransfield Strait.

1.1. Tectonics and Structure of Bransfield Strait

The opening of the Scotia Sea (Fig. 1) is considered
to be an essentially Tertiary event (Barker and Grif-
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fiths, 1972; Barker, 1976) and involved spreading in
Drake Passage from about 29 Ma ago (Barker and
Burrell, 1977). West of the Shackleton Fracture Zone,
late-Tertiary magnetic lineations parallel the line of
the South Shetland Islands block, which lies off the
tip of the Antarctic Peninsula at the western extremity
of the South Scotia Ridge.

The South Shetland Islands from King George
to Livingston Island constitute a narrow sialic crustal
block bounded to the north-west by the South Shet-
land trench and to the south-east by Bransfield Strait
(Fig. 1). Three spreading sections of ocean crust with
ages ranging from at least 20 to 4 Ma have been
identified north-west of the South Shetlands. Mag-
netic lineations give a full spreading rate of about
54 mm/year but about 4 Ma ago the rate slowed to
only 5 mm/year (Barker, 1976). The South Shetland
trench is now partially buried and appears to be seis-
mically inactive.

The 65 km-wide Bransfield Strait has an asymmet-
ric graben-like structure, bounded by normal faults
(Ashcroft, 1972). Tt contains a narrow trough 2 km
deep along which runs a line of scamounts from De-
ception Island to Bridgeman Island and beyond. The
recent volcano of Penguin Island lies off this axis
and is situated on the north-west, fault-controlled
edge of the trough (Fig. 1). The crustal structure of
Bransfield Strait, determined from seismic refraction
studies (Ashcroft, 1972) shows high velocity
(6.5-6.9 km/s) crustal material occurring only 5-6 km
below the trough and the presence of anomalous
mantle (7.6-7.7 km/s) at a depth of only 14 km. The
seismic section resembles that of an oceanic axial

zone, but with a thicker main crustal layer (Barker,
1976).

Bransfield Strait therefore appears to have been
formed by crustal extension behind the South Shet-
land Islands, and the volcanic activity along the axis
of Bransfield Strait suggests that some form of spread-
ing is currently taking place. In spite of the fact that
subduction at the South Shetlands trench may have
reduced significantly 4 Ma ago, it is likely that the
back-arc extension is causally related to subduction.
Magnetic lineation data indicate that extension began
between 1 and 2 Ma ago (Roach and Griffiths, pers.
comm.) There is thus no doubt that Bransfield Strait
is geologically very young and currently active and
it has been likened (Barker and Griffiths, 1972;
Davey, 1972) to the marginal basins of the Western
Pacific (Karig, 1971). The volcanoes of Deception,
Bridgeman and Penguin Islands should therefore pro-
vide an opportunity to study the geochemistry of
magmas produced at the inception of back-arc
spreading.

2. Geology of the Volcanic Islands

2.1. Deception Island

Deception (62°57’S, 60°38'W) is the best known of the South Shet-
land Islands and has received considerable attention from geolo-
gists following the eruptions of 1967, 1969 and 1970. It is a compo-
site stratovolcano 13.5 km in diameter and reaching a maximum
height of 542 m (Fig. 2).

The geology of Deception Island is described by Hawkes (1961)
and Gonzalez-Ferran and Katsui (1970). A comprehensive account
of the volcanic evolution of the island is given by Baker etal
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Fig. 2. Geological map of Deception Island, simplified
after Baker et al. (1975)

Fig. 3. Geological map of Bridgeman Island, with
minor modifications after Gonzalez-Ferran and Katsui
(1970)
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(1975). The volcanic deposits may be ascribed to pre- and post-
caldera events but some pyroclastic-flow deposits are regarded as
syn-caldera (Baker et al., 1975), just preceding collapse. Pyroclastic
deposits predominate and lavas account for 10-20% of the exposed
portion of the volcano. The pre-caldera pyroclastic rocks and lavas
are mainly basaltic. Post-caldera eruptive products are distinctly
more silicic and include dacites. Although there appears to be
a general trend towards more evolved, acid compositions with
time, it is notable that basaltic magma was available throughout
the history of the volcano.

2.2 Bridgeman Island

Bridgeman Island (62°03'S, 56°45'W) measures 900 m by 600 m
and reaches a maximum height of 240 m (Fig. 3). The island is
the remnant of a much larger volcanic edifice, eroded and now
submerged beneath the sea. Bridgeman Island is geologically recent
and its geomorphology and state of erosion are reminiscent of
the Neptunes Bellows Group of Deception Island. Most of the
pyroclastic deposits on Bridgeman are a bright brick-red colour
owing to intense hydrothermal activity. Active fumaroles were
reported on the island between 1821 and 1850 (Gonzalez-Ferran
and Katsui, 1970).

The volcanic rocks may be divided into an upper series consist-
ing predominantly of lavas and mantling an older series of lavas
and pyroclastic deposits. The older series volcanics probably repre-
sent the deposits of a small scoria cone, disrupted and capped
by lava flows. The younger volcanics were deposited on a very
irregular surface with marked unconformity. Coarse pyroclasts
filled in surface irregularities to some extent before the extrusion
of a number of thick flows of basaltic andesite.

2.3. Penguin Island

Penguin Island (62°06’S, 57°56'W), located on the south side of
King George Island, is about 1.7 km in diameter and is dominated
by the regular uneroded slopes of a basalt scoria cone rising to
180 m above sea level and situated upon a 20 m-high platform
composed of basaltic lava flows (Fig. 4). The lavas are dark to
light grey microvesicular rocks containing abundant fresh, green
olivine and dark, irridescent, pyroxene phenocrysts.

The volcanic morphology and unconsolidated nature of the
pyroclastic deposits suggest that Penguin Island was active in his-
torical times. Contained within the main crater is a secondary
cone about 90 m across, breached on its east side by a flow of
scoriaceous basalt, while on the west side of the main cone half
of another explosion crater is preserved. Petrel Crater, on the
cast side of the island, is a neat circular crater surrounded by
coarse blocks of basaltic lava thrown out in the explosion which
formed it.

3. Petrography of the Lavas

3.1. Deception Island

Deception lavas range from olivine-basalts, basaltic andesites and
andesites to dacites. The basaltic rocks are rich in modal plagioclase
and usually contain 5-10% phenocrysts, but aphyric varieties do
occur. Zoned bytownite phenocrysts predominate over olivine and
diopsidic augite. The presence of Ca-poor clinopyroxene pheno-
crysts, identified optically by Hawkes (1961) and Baker et al.
(1975), has not been confirmed by microprobe. Orthopyroxene
is notably absent from the basaltic lavas. Basalts have intergranular
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or intersertal textures and groundmasses composed of intermediate
plagioclase, clinopyroxene (augite and pigeonite), olivine and tita-
nomagnetite. Basaltic andesites have phenocrysts of labradorite,
augite and minor orthopyroxene but olivine is either very sparse
or absent from these rocks. Andesites and Jow-silica dacites are
moderately porphyritic and have intersertal or intergranular tex-
tures. Phenocrysts are of andesine, augite and olivine together
with rare microphenocrysts of hypersthene. The high-silica dacites
and rhyodacites are strongly porphyritic rocks containing up to
20% phenocrysts and having trachytic and hyaline textures. Plagio-
clase of oligoclase composition predominates but phenocrysts and
microphenocrysts of hypersthene, augite, fayalitic olivine and
opaque ore are common.

3.2. Bridgeman Island

The lavas of Bridgeman Island are highly porphyritic basalts and
basaltic andesites, containing 20-35% phenocrysts by volume. Typ-
ically, 15-25% are zoned calcic plagioclase phenocrysts, 5-10%
are diopside and 0-10% are rounded or embayed olivine crystals.
Rare bronzite cores in diopside phenocrysts have been identified
by microprobe analysis. The groundmasses are highly feldspathic,
have intergranular textures and are composed of plagioclase, clino-
pyroxene, little or no olivine, and opaque ore.

3.3. Penguin Island

Penguin Island lavas are all porphyritic olivine-basalts. Olivine
phenocrysts comprise 5-15% and clinopyroxenes of diopsidic au-
gite-salite composition 0-10%. Chromite occurs both as small crys-
tals contained in olivine phenocrysts and as microphenocrysts. In
the more chemically evolved rocks (Mg-poor), calcic plagioclase
is present as microphenocrysts which have a seriate gradation into
the groundmass.

4. Phenocryst Mineral Chemistry

The chemical mineralogy of the phenocrysts present in the Decep-
tion, Bridgeman and Penguin lavas was investigated using the
Microscan 5 electron microprobe at Leicester University.

4.1. Olivine

(a) Deception Island. Small olivine phenocrysts occur in Deception
Island basalts. Those in B138.2, a high-magnesian variety, have
compositions in the range Fo g3.50. Optical determinations suggest
that less forsteritic olivine of composition approaching Fo,4 occurs
in some of the basalts and, more rarely, in basaltic andesites.
Andesite lavas have small olivine phenocrysts and compositions
in the range Fose.s; have been determined in a typical sample
(B184.2). Microphenocrysts of distinctly fayalitic olivine occur in
the dacites. Olivines in dacite B111.3 are of composition Fozy_36.
Optical determinations suggest that olivines as iron-rich as Fo,,
are present in some of the dacites and rhyolites. More forsteritic
olivine (Fog,) than that identified in the lavas has been reported
from gabbroic cumulate blocks by Baker et al. (1975).

(b) Bridgeman Island. A total range of composition of Fog; ;g
has been measured on olivine phenocrysts in a single sample
(P640.1b) of basalt from Bridgeman Island.

(¢) Penguin Island. The total range of olivine phenocryst composi-
tions measured is Fogg 49. Individual phenocrysts are chemically
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zoned having Mg-rich cores and slightly more Fe-rich rims. The
maximum range of composition encountered in a single crystal
was Fogg.7o in a low-magnesian basalt (P810.4). Within the range
Fogg g4, Olivine phenocrysts show a limited but distinct trend
of Ca enrichment from 0.17 wt% to 0.24 wt%. This may be inter-
preted as a response to decreasing pressure during crystallization
(Stormer, 1973). There is no increase in Ca content in the range
Fog4 7o presumably reflecting crystallization under stable pressure
conditions.

4.2. Pyroxenes

(a) Deception Island. Deception basalts contain a single, pheno-
cryst pyroxene of average composition Ca,, Mg,s Fe;,. The aver-
age clinopyroxene composition in the low-silica andesites is Cayy
Mg,, Fe,o. In dacites, a clinopyroxene of composition Cay, Mgsg
Fe,, is typical and is accompanied by separate phenocrysts of
hypersthene of composition Ens,. Olivine microphenocrysts of
composition Fosz4.36 have notably higher Fe/Mg ratios than coex-
isting hypersthenes and augites (Fig. 5). The microprobe data cou-
pled with optical observation on Deception I[sland clinopyroxenes
suggest that they form a continuous chemical series augite to fer-
roaugite in the range Cay; Mgy Feyy to Cazeo Mgss Feys. This
trend (Fig. 5) is similar to that for clinopyroxenes from Santorini
(Nicholls, 1971) and not unlike the magnesian portion of the Thing-
muli trend (Carmichael, 1964).

(b) Bridgeman Island. Basaltic lavas on Bridgeman Island contain
phenocrysts of diopside of average composition Cayy Mg,, Feq.
The pyroxenes exhibit only limited chemical zoning, crystal rims
attaining the composition Ca,; Mg, Feq;. Rarely, orthopyroxene
cores in diopside can be identified; a single analysed core was
bronzite of composition En,.

(c) Penguin Island. Clinopyroxene phenocrysts in Penguin Island
basalts range from diopsidic augite of composition Ca,; Mgy,
Fe,, to salite of composition Ca,, Mg, Fe,,. Chemically zoned
pyroxenes in the Mg-rich basalts have cores of diopsidic augite
and rims of salite. Mg-poor basalts have phenocrysts of salite
which have little zoning. The pyroxenes contain appreciable
amounts of Ti and Al and have high Al, contents reflecting the
relatively low Si activity (undersaturation) of the Penguin magmas
compared with those of Deception and Bridgeman Islands. The
trend shown by the Penguin Island clinopyroxenes is unusual in
that there is a marked initial enrichment in Ca (together with
Al, Ti and Na) with increasing Fe/Mg ratio (Fig. 5). Although
limited in extent, the trend appears to continue at constant Ca
content corresponding to the crystallization of salitic pyroxenes.
Moderate to high-Al salites are characteristic of alkaline suites
but also occur in some calc-alkaline rocks. The Penguin Island
pyroxenes are very similar to those described from Soufriére, St.
Vincent, by Lewis (1973a and b).

4.3. Plagioclase Feldspars

(a) Deception Island. Plagioclase phenocryst compositions in the
range Angs.¢s have been determined in an Mg-rich Deception
Island basalt (B138.2). Thin sodic rims on these phenocrysts are
of composition An,, Or; and correspond to the composition of
the groundmass crystals. Phenocrysts in a typical andesite (B184.2)
have the compositional range Ang, 35 with Or 1-2 wt%. Those
in the dacites are An,gz ;o with 2% Or. Optical determinations
suggest that there is a continuous chemical series in the Deception
Island feldspars from Angs to about An,s. Slightly more calcic
plagioclase (Angg) has been reported by Baker etal. (1975) in
gabbroic cumulate blocks.
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(b) Bridgeman Island. The total range of plagioclase phenocryst
compositions measured in the single basalt specimen investigated
using the microprobe is Angg_4,4. In the more sodic compositions,
Or reaches 2%.

(¢) Penguin Island. The total range of plagioclase compositions
measured is Angy.gg. Most crystals are normally zoned having
calcic cores progréssing to more sodic rims. Up to 1 wt% iron
oxide is present in the feldspars and the Or content is always
less than 1%.

4.4 Oxide Minerals

(a) Deception Island. Microphenocrysts of magnetite and ilmenite
coexist in Deception Island basalts. Andesites contain a single
titanomagnetite phase whereas dacites have microphenocrysts of
ilmenite containing lamellae of titanomagnetite.

(b) Penguin Island. Small microphenocrysts of chromite are present
as intergranular crystals or as inclusions in olivine phenocrysts
in the more Mg-rich varieties of Penguin Island basalt. These min-
erals are magnesiochromites and ferroan chrome-spinels and range
in composition as follows: Cr,0; 49.3-29.2%, total FeO
20.2-31.9% and MgO 12.5-14.7%.

5. Geochemistry

A total of 50 samples from Deception Island has
been analysed. Of these 30 were collected in 1957-58
by D.D. Hawkes and are described in Hawkes (1961).
A further 14 were collected by P.E. Baker and co-
workers in 1968-70 and are described in Baker et al.
(1975). The remainder were collected by ADS and
SDW during a brief landing on the island in 1975.
A total of 24 samples from Bridgeman Island and
21 samples from Penguin Island, collected in 1975
by ADS and SDW, has been analysed.

5.1. Analytical Methods

Samples were analysed for major and trace elements using the
University of Birmingham, Philips PW1450 automatic X-ray fluo-

Fa

rescence spectrometer. All elements were determined on 46 mm
pressed powder pellets using Cr, W, and Mo tubes. Calibrations
were based on international and laboratory standard rocks and
spiked rock powders. Trace element results were corrected for mass
absorption effects using WL 8 and MoK, Compton scatter lines. The
rare-carth element analyses were determined by mass spectrometric
isotope dilution using methods similar to those described by
Hooker et al. (1975). Strontium isotopes were measured using
methods described by Pankhurst and O’Nions (1973). Values for
FeO, CO,, and H,0 have not been determined, but representative
analyses covering the range of rock types studied can be found
in Gonzalez-Ferran and Katsui (1970) and Baker etal. (1975).
A simple arbitrary classification of the subalkaline volcanic
rocks of Bransfield Strait, based on silica content, is used in this
paper, as follows: basalt (< 53%), basaltic andesite (53-56%), an-
desite (56-62%), dacite (62-68%) and rhyodacite (68-72%).

5.2. Major Element Chemistry

Chemical analyses of representative lavas from the
three volcanoes of Bransfield Strait are given in Ta-
bles 1 and 2. The lavas of Deception and Bridgeman
Islands are subalkaline according to the definition
of Irvine and Barager (1971) whereas compositions
of Penguin Island basalts fall across the division be-
tween the alkaline and subalkaline groups (Fig. 6).
Basaltic rocks of Deception and Bridgeman plot
within, or close to, Kuno’s (1966) high-alumina basalt
(calc-alkaline) series.

On the A(Na,0+K,0) — F(FeOp) - M(MgO)
diagram (Fig. 7), the trend of the Deception Island
compositions is one of moderate Fe-enrichment lying
close to the line proposed by Irvine and Barager
(1971) which divides calc-alkaline from tholeiitic
rocks. The Bransfield Strait lavas do not exhibit the
pronounced Fe-enrichment trends characteristic of
abyssal tholeiites and island arc tholeiites (Ringwood,
1974).

The Deception suite forms a compositional series
from basalt to rhyodacite but only basalts and basaltic
andesites occur on Bridgeman and Penguin Islands.
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Table 1. Representative analyses of Deception Island lavas
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1 2 3 4 S 6 7 8 9 10 11 12
Sample
No. B.138.2 B.103.3 B.213.2 B.119.1 B.311.1 B.202.1 B.428.1 B.18.1 B.107.8 B.111.3 P.870.1 B.317.1
Si0, 51.89 52.33 52.71 52.46 54.60 54.79 57.50 61.91 62.57 67.39 68.02 76.10
TiO, 1.49 1.56 1.68 2.44 2.46 2.10 2.16 1.26 1.21 0.63 0.55 0.50
ALO; 1620 16.64 16.12 15.12 14.27 16.00 14.83 15.32 15.26 14.73 14.99 14.31
Fe,05° 9.46 9.33 9.96 12.16 11.81 9.06 8.66 7.25 7.17 5.27 4.97 4.32
MnO 0.18 0.17 0.18 0.21 0.21 0.21 0.21 0.21 0.22 0.19 0.18 0.13
MgO 6.11 5.19 4.92 4.08 3.89 4.05 3.19 1.35 1.24 0.49 0.33 0.90
Ca0O 10.07 9.97 9.09 8.37 6.92 7.24 5.94 3.57 3.63 1.87 1.69 3.46
Na,O 4.07 4.57 4.90 5.09 5.08 5.38 5.71 6.70 6.44 7.35 745 4.88
K,0 0.28 0.40 0.45 0.48 0.60 0.66 0.78 1.21 1.21 1.58 1.69 0.65
P,0;5 0.21 0.26 0.29 0.33 0.30 0.27 0.29 0.41 0.30 0.11 0.10 0.08
Total  99.96 100.42  100.30 100.74 100.14 99.76 99.27 99.19 99.23 99.61 99.97 99.33
qz® — — — 1.9 2.4 0.5 5.4 8.8 10.7 13.4 13.5 29.6
or 1.7 24 2.7 2.8 3.6 3.9 47 7.2 7.2 9.4 10.0 3.9
ab 34.6 38.7 41.6 43.0 433 459 48.9 57.4 55.1 62.6 63.2 41.7
an 25.3 23.8 20.7 17.0 14.4 17.7 12.7 8.3 9.3 2.6 2.5 154
di 19.3 19.8 18.6 17.7 15.1 13.8 12.6 6.0 6.0 5.3 4.7 1.2
hy 7.9 14 1.9 3.6 12.1 10.7 7.5 6.0 5.8 3.1 2.8 5.4
ol 49 7.5 7.4 — - — — - - — — -
mt 3.0 2.9 3.1 3.8 3.7 2.8 3.4 2.8 2.8 2.0 1.9 1.7
il 28 3.0 3.2 4.6 4.7 4.0 4.1 2.4 23 1.2 1.0 1.0
ap 0.5 0.6 0.7 0.8 0.7 0.6 0.7 1.0 0.7 0.3 0.2 0.2
Cr 141 101 52 20 28 20 13 9 9 6 7 20
Ni 35 19 15 9 10 7 4 3 4 3 2 6
Rb 3.0 5.0 5.2 5.6 9.2 10 13 20 21 31 32 14
Ba 88 102 99 89 138 133 161 199 205 230 242 68
Sr 340 427 383 357 380 369 337 255 260 141 134 117
La 8 8 10 12 12 15 21 25 28 30 28 i0
Ce 21 24 29 31 33 39 40 61 61 68 64 22
Y 26 27 33 38 39 43 45 66 66 72 71 36
Zr 144 172 190 214 252 270 325 457 496 632 665 178
Nb 2 3 7 6 6 7 11 13 14 14 17 3
Pb 4 5 2 5 5 5 8 12 8 12 12 9
Th 2 3 1 1 1 1 4 4 4 7 7 2
Ga 16 20 22 24 24 24 20 24 25 26 27 6
Zn 76 73 80 87 100 96 103 123 123 134 124 101

* Total iron oxide as Fe,04

® For CIPW norm, Fe,03/Fe0=0.3 for lavas with < 55% SiO,, Fe,04/FeO=0.4 for lavas with> 55% SiO,

Key: 1=B.138.2, Deception basalt, plag (3), oliv (2), oliv (2), cpyx (1). 2=B.103.3, Deception basalt, plag (2), oliv (1). 3=B.213.2,
Deception basalt, aphyric. 4=B.119.1, Deception basali. 5=B.311.1, Deception basaltic andesite. 6=B.202.1, Deception basaltic andesite,
plag (3), cpyx (1). 7=B.428.1, Deception andesite. 8=B.184.1, Deception andesite, plag (10), cpyx (2), oliv (1), ore. 9=B.107.8, Deception
dacite, plag (7), cpyx (1), oliv (1), ore. 10=B.111.3, Deception dacite, plag (12), oliv (2), cpyx (1), opyx (1), ore (1). 11=P.870.1,
Deception rhyodacite, plag (10), cpyx (1), oliv (1), opyx (1), ore (1). 12=B.317.1, Deception rhyodacite, aphyric

Note: Figures in brackets indicate phenocryst modal percentages

The normative characteristics of. the lava groups are
llustrated in the Ne-Di-O1-Qz diagram (Fig. 8). Ba-
salts from Deception and Penguin plot close to the
Di-Ol join. Penguin basalts are slightly undersatu-
rated containing up to 4% ne whereas Deception ba-
salts are olivine- and quartz-tholeiites. All of the
Bridgeman lavas are quartz-tholeiites. Compared with
the alkaline, calc-alkaline and tholeiitic suites of the
Lesser Antilles island arc (Brown et al., 1977), the

Bransfield Strait lavas contain significantly lower pro-
portions of normative olivine (Fig. 8) and have higher
Di/Ol ratios. The Bransfield Strait lavas are less alu-
minous than the Lesser Antilles suites so that the
former contain less normative anorthite and conse-
quently more normative diopside than equivalent
rocks from the Caribbean. Compositions of some
abyssal basalts plotted on the Di-O1-Qz diagram
(Fig. 8) are similar to the quartz-tholeiites from De-
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Table 2. Representative analyses of Penguin Island and Bridgeman Island lavas

1 2 3 4 5 6 7 8 9 10
Sample
No. P.721.3 P.802.1 P.808.1 P.807.2 P.810.4 P.640.1b  P.642.4 P.642.2¢ P.640.3a  P.646.1
Si0, 49.02 49.25 49.30 49.57 49.28 52.88 53.04 54.72 54.06 53.96
TiO, 1.08 1.22 1.22 1.19 1.26 0.64 0.58 0.60 0.75 0.64
Al O, 15.81 15.34 16.58 16.64 17.23 17.68 18.26 18.83 19.04 18.17
Fe,05* 9.95 10.39 9.62 9.54 9.81 7.43 7.39 6.87 7.51 7.38
MnO 0.18 0.18 0.18 0.17 0.18 0.13 0.13 0.13 0.13 0.13
MgO 8.95 8.84 7.74 7.79 6.78 6.14 5.94 5.04 4.39 5.10
Ca0O 10.08 10.46 10.03 10.15 9.71 10.30 10.37 9.85 9.33 9.50
Na,O 3.95 3.70 4.13 4.18 4.30 3.54 311 3.49 3.86 3.61
K,0 0.48 0.47 0.58 0.60 0.60 0.47 0.53 0.57 0.57 0.67
P,0; 0.28 0.26 0.32 0.42 0.30 0.06 0.06 0.07 0.06 0.07
Total 99.78 100.11 99.70 100.25 99.45 99.27 99.41 100.17 99.70 99.23
gz — - - - — 0.2 2.1 3.7 2.4 2.5
ne® 35 22 3.6 3.7 37 - - - — -
or 2.9 2.8 3.5 3.6 3.6 2.8 32 34 34 4.0
ab 27.2 27.4 28.6 28.7 30.0 30.3 26.6 29.6 32.9 30.9
an 24.2 24.0 25.2 24.9 26.2 313 34.7 34.1 332 31.8
di 19.8 21.5 18.7 18.6 16.9 16.3 13.8 11.8 10.8 12.7
hy — - - - - 153 16.0 13.9 13.3 14.3
ol 16.5 15.8 14.3 14.2 13.3 - — — — -
mt 3.1 3.2 3.0 3.0 3.1 23 2.3 2.1 23 23
il 2.1 23 2.3 23 2.4 1.2 1.1 1.1 1.4 1.2
ap 0.7 0.6 0.8 1.0 0.7 0.1 0.1 0.2 0.1 0.2
Cr 494 447 307 306 192 130 87 67 40 59
Ni 159 137 107 107 78 40 28 22 20 30
Rb 5.2 5.7 4.9 5.7 7.3 11 12 11 14 18
Ba 148 132 146 157 173 70 86 80 84 101
Sr 534 536 612 615 657 332 311 319 346 283
La 10 7 9 10 12 2 4 3 2 3
Ce 20 19 22 24 23 10 8 8 9 8
Y 12 10 11 13 10 10 11 9 11 13
Zr 80 g0 85 89 92 58 69 76 76 86
Nb 2 4 4 4 4 1 1 1 1 1
Pb 7 6 7 6 10 5 5 4 7 6
Th 1 1 1 1 1 2 1 1 1 4
Ga 21 22 25 29 26 19 19 21 22 20
Zn 69 78 73 76 77 62 62 64 65 67

? Total iron oxide, as Fe,O3

® For CIPW norm, Fe,0;/FeQ=0.2 for Penguin lavas and Fe,0;/FeO=0.3 for Bridgeman lavas

Key: 1=P.721.3, Penguin basalt, oliv (15), cpyx (5). 2=P.802.1, Penguin basalt, oliv (12), cpyx (5). 3=P.808.1, Penguin basalt, cpyx
(10), oliv (5). 4=P.807.2, Penguin basalt, oliv (7), cpyx (5), plag (3). 5=P.810.4, Penguin basalt, cpyx (10), oliv (7), plag (5). 6=P.640.
1b, Bridgeman basalt, plag (20), oliv (7), cpyx (1). 7=P.642.4, Bridgeman basaltic andesite, plag (25), cpyx (5), oliv (3). 8=P.642.2¢,
Bridgeman basaltic andesite, plag (25), cpyx (10), oliv (2). 9=P.640.3a, Bridgeman basaltic andesite, plag (30), cpyx (5), oliv (2). 10=P.646.1,

Bridgeman basaltic andesite, plag (25), cpyx (7), oliv (2)

Note: Figures in brackets indicate phenocryst modal percentages

ception and Bridgeman Islands but of course the latter
are considerably more feldspathic than ocean-floor
basalts.

One of the main characteristics of the Bransfield
Strait lavas, illustrated in the K,0-Si0O, plot (Fig. 9)
is their low-K nature. On this diagram, the Bridgeman
samples fall on the pronounced linear trend produced
by the Deception rocks. The Deception trend coin-

cides with those for the calc-alkaline rocks of Domi-
nica (Brown et al., 1977) and the high-K,0O lavas of
the South Sandwich Islands (Thule, Cook, Leskov
and Visokoi) (Baker, 1978). Penguin basalts have hig-
her K,0/Si0, ratios than those from Deception and
Bridgeman. Extrapolation of the Deception trend to
slightly Tower SiO, levels leads into a field occupied
by abyssal basalts and island arc tholeiites from the
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Fig. 6. Alkalis-silica plot for Bransfield Strait lavas. IB is the line
dividing alkaline and subalkaline fields of Irvine and Baragar (1971).
K’s denote the field boundaries of the high-alumina basalt series
of Xuno (1966)

A M

Fig. 7. A(Na,0+K,0)-F(FeOT)-M(MgO) diagram for Bransfield
Strait lavas. 1B divides tholeiitic and calc-alkaline fields of Irvine
and Baragar (1971). K’s denote the limits of Kuno’s (1968) hyper-
sthenic (calc-alkaline) series

Lesser Antilles and the South Sandwich Islands
(Fig. 9).

Andesites and dacites of Deception Island are
characterized by very high levels of Na,O (Table 1);
up to 7.5%, although the peralkaline condition is
never achieved. Even the basalts from Deception are
unusually sodic, with over 4% Na,O. All of the
Bransfield Strait lavas have high Na/K ratios, the
ratios in basaltic rocks from Deception Island being
matched only by those in ocean-floor basalts
(Fig. 10). Bridgeman Island basalts and basaltic ande-
sites are very similar to those from Deception Island,

ot

Fig. 8. Normative Di-O1-Qz-Ne plot for Bransfield Strait lavas.
Fields for Penguin, Bridgeman and Deception (points plotted) sam-
ples are indicated. The dashed field is that of DSDP Leg 34 basalts
(Kempe, 1976). Lesser Antilles trends from Brown etal. (1977)
are plotted as follows: solid line: St. Kitts (tholeiitic); long dashed
line: Dominica (calc-alkaline); short dashed line: Grenada (calc-
alkaline)

but have higher Al and Ca, consistent with a higher
content of modal plagioclase. There are also some
significant trace element differences.

5.3. Trace Elements

Trace element data on representative lavas from De-
ception, Penguin and Bridgeman Islands are
presented in Tables 1 and 2. There are some system-
atic within-island variations, but also some significant
differences between the basaltic rocks of the three
islands. In general terms the concentrations of some
incompatible elements (K, Rb, and Ba) are at the
lower ends of the ranges observed in calc-alkaline
suites and overlap those for island arc tholeiites and
even mid-ocean ridge basalts, although Ba is signifi-
cantly higher than in most ridge basalts. Variations
within, and differences between, the three islands are
best illustrated by plotting elements and oxides
against an incompatible element (Fig. 11). Zirconium
is chosen here because it is abundant and can be
determined with high precision by XRF techniques.
Although perhaps not the most incompatible trace
element (Wood et al.,, in press) it does have a very
low bulk distribution coefficient in basaltic systems
(Weaver et al.,, 1972; Tarney et al,, 1977; Saunders
and Tarney, in press).

A feature of all the trace clement plots is the
smooth and extensive trends shown by the Deception
Island lavas, whereas Penguin and especially Bridge-
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Fig. 9. K,0-SiO, plot for Bransfield Strait lavas —
fields indicated. Trends for Lesser Antilles volcanics
after Brown et al. (1977) are shown as in Figure 8.
Dashed-dotted line is the low-K,O trend for the South
Sandwich Islands (Baker, 1978)
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Fig. 10. K,0-Na,O plot for Bransfield Strait lavas. Trends for
the Lesser Antilles suites (Brown et al., 1977) are indicated. The
field OFB contains points for 150 ocean floor basalt analyses taken
from the literature

man lavas show much more limited ranges. SiO, en-
richment within the Deception suite is proportional
to that of Zr, and Na,O systematically increases until
limited by separation of sodic plagiocalse in the more
sodic magma compositions. The behaviour of Sr also
reflects plagioclase separation in that there is a nega-
tive correlation with Zr, especially in the more sodic
magmas where St enters more easily into sodic plagio-
clase. It is likely that Ba is also entering sodic plagio-
clases to a limited extent because, although Ba in-
creases progressively throughout the compositional
range, Ba/Zr ratios decrease. On the other hand K,O
and Rb increase colinearly with Zr showing that no
potassic mineral phase was crystallising. A sympa-
thetic relationship with Zr is exhibited by Nb, Ce
and Y, although Ce/Zr and Y/Zr ratios tend to de-
crease at higher Zr and SiO, levels, suggesting that
Ce and Y are partitioning increasingly into the major
mineral phases as the magma with which they are
in equilibrium becomes more silicic (as suggested by
Watson, 1976). Apatite separation occurs in the inter-

mediate magmas and is marked by a sharp fall in
P,O,. However, Ce/Zr and Y/Zr ratios show only
a slight inflexion at this point, indicating that, al-
though the rare-earth elements partition strongly into
apatite, the amount of apatite separating is too smalil
to affect the overall levels of rare earth elements in
the magma.

A plot of TiO, against Zr shows an initial enrich-
ment up to about 2.5% TiO, at 200-350 ppm Zr.
However, in the more evolved andesitic lavas TiO,
rapidly decreases owing to separation of titanomagne-
tite. FeO shows a similar pattern of behaviour. It
is interesting that it is at this point that SiO, begins
to rise with increasing Zr, suggesting that titanomag-
netite separation has triggered the trend towards sil-
iceous magma compositions. A similar feature is seen
in the Sarmiento marginal basin ophiolite complex
in S. Chile (Saunders et al., 1979) where titanomagne-
tite separation from titanium- and iron-rich tholeiitic
differentiates yielded plagiogranites rich in Zr and Y.

The moderately low contents of MgO (6%), Cr
(114 ppm) and Ni (35 ppm) in the most basic Decep-
tion lavas suggests they are not primary mantle melts,
but have undergone considerable pre-eruptive frac-
tional crystallisation involving olivine and clinopyrox-
ene and/or chrome spinel. The relatively high Zr con-
tents of these lavas also suggests this, although the
levels of Zr and other incompatible elements are more
dependent on the degree of partial melting. MgO,
Cr, and Ni rapidly become further depleted in the
Deception suite, again probably because of pyroxene
and olivine fractionation (KBt > K> > KiPe > 1;
Leeman, 1976).

The very high Cr (500 ppm) and Ni (170 ppm)
contents of the most magnesian Penguin Island ba-
salts indicates that they are closer to primary mantle
melts. Although the range of Zr abundances is much
less then that of Deception lavas, significant fractio-
nation has taken place, as demonstrated by the rapid
fall in Cr and Ni values as Zr and the other incompat-
ible elements increase. These systematic variations can
be explained almost completely by fractional crystal-
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Fig. 11. Plots of selected major oxides and trace-elements against Zr.

points are plotted for Deception Island

lisation of olivine, clinopyroxene and/or chromite.
Thus Penguin basalts are characterised by steep,
sharply defined colinear trends on Figure 11, and
they generally have higher abundances of K, Rb, Ba,
Sr, Ti, P, Na, Ni, and Cr at equivalent Zr levels
than the Deception basalts. The high incompatible-ele-
ment/Zr ratios are clearly a characteristic of the pri-
mary Penguin magmas. This could be accounted for
by retention of some Zr in the mantle source by a
mineral such as garnet, which would also be expected
to retain Y and the heavy REE. Note that Y/Zr ratios
are lower in Penguin basalts than in the lavas of
Deception and Bridgeman Islands.

Penguin Island basalts show a marked increase
in Sr with increasing Zr, and Sr is clearly behaving
as an incompatible element. Of course plagioclase
phenocrysts occur only in the most evolved Penguin
basalts, whereas plagioclase was a fractionating phase
in most of the Deception magmas and caused deple-
tion of Sr. Note that the most primitive Deception

Zr ppm

Fields for Penguin and Bridgeman Islands are shown and individual

basalts (i.e., those with the lowest Zr) have lower
Sr than in the other basalts of the Deception suite,
suggesting that Sr may have been acting incompatibly
in Deception magmas too until plagioclase separation
occurred.

Bridgeman Island lavas plot in tight clusters on
the trace element versus Zr plots in Figure 11, con-
trasting with the strong trends shown by the Decep-
tion and Penguin lavas. An interesting feature is that,
although they appear more evolved in terms of major
elements (e.g., SiO,, K,0) than the Penguin and De-
ception basalts, they have distinctly lower absolute
abundances of incompatible elements such as Ti, P,
Sr, Zr, Nb, Y, Ce, and La, coupled with low values
for Cr and Ni. This feature is typical of island arc
tholeiite suites and also some back-arc basalts from
the spreading centre in the East Scotia Sea (Saunders
and Tarney, in press). Many of these elements when
plotted against Zr lie on similar trends to the Decep-
tion lavas. However, Ba, and especially K and Rb
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Table 3. Mass-spectrometric data on selected Bransfield Strait samples
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Sample No. Ba Ce Nd Sm Eu Gd Dy Er Yb 87Sr/%%Sr
Penguin I.
P.721.3 161 22.6 13.1 3.04 1.06 3.06 2.84 1.59 1.49 0.70387+6
P.808.1 — - - - - - — - — 0.70386 = 5
P.810.4 — - - - - — — — - 0.70386 £ 5
P.807.2 178 26.6 15.6 3.51 1.25 3.45 3.18 1.79 1.65 0.70396 +4
Bridgeman 1.
P.640.1b 77 7.92 5.47 1.56 0.65 1.90 2.02 1.25 1.15 0.70349+5
P.640.3a — - - - - — - — - 0.70346 +4
P.642.2¢ 79 9.27 6.12 1.75 0.61 2.16 2.28 1.48 1.33 0.70344 +5
P.646.1 - - - - - - - — — 0.70359 £ 4
0.70356 £ 5
Deception I.
B.138.2 80 21.9 14.4 3.94 1.46 4.83 4.92 3.21 2.99 0.70336 +4
B.103.4 76 23.7 16.1 4.21 1.48 4.76 5.04 3.06 2.74 -
B.103.3 79 24.1 16.3 426 1.50 488 5.05 3.06 2.78 0.70346 +5
B.202.1 126 39.6 22.5 5.51 1.81 6.29 6.48 4.10 3.84 0.70342+5
B.107.8 200 61.5 34.7 8.64 2.36 9.16 9.74 6.43 6.12 0.70347+5
P.870.1 251 70.6 33.6 8.02 1.75 8.44 9.32 6.22 6.20 0.70342 +4

Concentrations in ppm, +2% for most rare earth elements, +5% for Ba
878r/36Sr ratios normalised to 0.70800 for Eimer and Amend standard, errors are 2 S.E.M.

Bransfield Strait Volcanics

. N =~ S
=) S = 3

L1
e N
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i

+ Penguin Island

o Bridgeman Island
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Ce Nd Sm Eu Gd Dy Er Yb

Fig. 12. Mass-spectrographic REE data of Table 3 displayed on
a chondrite-normalised plot. Numbered patterns are as follows:
1-P.870.1, 2-B.107.8, 3-B.202.1, 4-B.138.2, 5-B.103.3 and B.103.4,
6-P.807.2, 7-P.721.3, 8-P.642.2¢, 9-P.640.1b

are notable exceptions and are enriched in Bridgeman
lavas, which have markedly higher K/Zr, Rb/Zr and
Ba/Zr ratios (Table 4) than equivalent basaltic ande-
sites on Deception.

It is interesting in comparing these three vol-
canoes, to note not only the decoupling of trace cle-
ment behaviour from that of the major elements, and

of K, Rb and Ba from the other incompatible ele-
ments, but also Ba from K and Rb. Thus Ba/Zr ratios
are higher in Penguin basalts than in Bridgeman and
Deception lavas (Fig. 11, Table 4) but Bridgeman has
the highest K/Zr and especially Rb/Zr ratios. K/Ba
ratios of Penguin lavas are lower than those of Decep-
tion and much lower than those of Bridgeman. K/Rb
ratios in Deception and Penguin basalts arc high,
and approach those in typical “depleted” MORB.
Rb/Sr ratios are likewise very low and analogous to
the ratios in MORB. With regard to K/Ba and K/Sr
ratios however, it is the Bridgeman lavas which have
the higher MORB-like values, whereas Rb/Sr ratios
of Bridgeman lavas are high and comparable to those
of island arc and calc-alkaline basalts.

These decoupled relationships contrast with the
much more coherent behaviour of incompatible trace
elments in North Atlantic Ridge basalts (Tarney
et al., in press; Wood et al., in press). Thus criteria
which are normally used to indicate “enriched” and
“depleted” geochemical characteristics are here con-
flicting. Zr/Nb ratios are high in all the Bransfield
Strait lavas (even the alkalic Penguin basalts) and
are comparable with those in the most depleted
MORB samples (Erlank and Kable, 1976). Yet Cey/
Yy ratios, Ba and Sr are markedly higher than in
MORB and more typical of transitional basalts from
Iceland and the Reykjanes Ridge and MAR 45° N
(Tarney et al., in press).
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Fig. 13. X-ray fluorescence Ce-Y data for Bransfield Strait lavas.
Chondritenormalized Ce/Y ratios are indicated

5.4. Rare Earth Elements

Rare earth element data for 6 Deception samples,
2 Bridgeman samples and 2 Penguin samples are given
i Table 3 and the chondrite-normalised REE pat-
terns are shown in Fig. 12. These samples were chosen
as representative of the range of lava compositions
from the three volcanoes. To confirm that this is
s0, a Ce versus Y plot (XRF data) for all the samples
is shown in Fig. 13. Both plots demonstrate appar-
ently simple rare earth characteristics. Bridgeman
lavas have the lowest REE abundances (less than 10

Table 4. Trace-element ratios for selected Bransfield Strait lavas

times chondrites) and Cey/Y by ratios of 1.8. The most
magnesian Deception Javas have similar Cey/Yby ra-
tios but much higher REE abundances (ca. 20 times
chondrites). Penguin Island basalts have similar heavy
REE abundances to Bridgeman lavas whereas their
light REE abundances are the same as in the more
primitive Deception lavas; Cey/Yby ratios are much
higher at 4.0, reflecting the more alkaline characteris-
tics of the lavas. Basalts from all three volcanoes
show small positive Eu anomalies, most marked in
sample P.640.1b from Bridgeman Island.

Crystal fractionation processes within the Decep-
tion volcano have given rise to successively higher
REE levels in the more silicic magmas, but there
is only slight change in Ce/Yb ratio. That Y does
not precisely behave like Yb but acts rather more
like an intermediate REE is indicated by the smaller
systematic increase in Cey/Yy (1.7 to 2.0) compared
with Cey/Yby (1.9 to 2.9). The dacites and rhyodacites
have prominent negative Eu anomalies and more
“concave-upwards” rare-earth patterns. The similarity
between the rare-earth patterns of the Bridgeman and
Deception lavas and those from the Sarmiento mar-
ginal basin ophiolite complex in S. Chile (Saunders
et al., 1979) is striking.

5.5. Strontium Isotopes

High precision ®7Sr/®¢Sr ratios for 13 Bransfield
Strait lavas are listed in Table 3. There is a clear
distinction between Penguin Island (average 0.70389)
and the other two islands, most of the samples from
which overlap in the range 0.70340 to 0.70350. This
range 1s extended well beyond analytical error by
values of 0.70336 + 4 for the most magnesian Decep-
tion Island basalt and 0.70358 +4 for one of the
Bridgeman Island samples.

Penguin I. Bridgeman I. Deception .

Sample No. P.721.3 P.807.2 P.640.1b P.642.2¢ B.138.2 B.103.3 B.202.1 B.107.8 P.870.1
K/Rb 770 870 350 430 770 660 550 480 440
K/Ba 25 28 51 60 29 42 43 50 56
K/Sr 7.7 7.9 12 15 6.8 7.9 15 39 110
Rb/Sr 0.010 0.009 0.033 0.034 0.009 0.012 0.027 0.081 0.24
Sr/Ba 33 3.5 4.3 4.0 43 5.4 2.9 1.3 0.5
Cey/Smy 1.7 1.8 1.2 1.2 1.3 1.3 1.7 1.7 2.1
Cen/Yby 3.9 4.1 1.8 1.8 1.9 22 2.6 2.6 2.9
Cen/Yn 3.9 4.2 1.6 2.1 1.7 1.8 1.9 1.9 2.0
Eu/Eu* 1.06 1.09 1.16 0.96 1.03 1.01 0.94 0.81 0.65
Zr/NDb 47 23 58 76 85 54 36 35 39
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6. Petrogenesis

Discussion of the genetic relationships between the
various volcanic rocks of Bransfield Strait depends
largely on the interpretation of the trace element and
isotopic data. Of particular significance are the differ-
ences in the concentrations of elements and the values
of certain trace element ratios. In principle the
observed variations may result from any of three ma-
jor causes or combinations thereof: compositional
and/or mineralogical differences in the source mate-
rial, differing degrees of partial melting under differ-
ent P; T, Py,o, fo, conditions, and modifications of
the primary magma chemistry by processes domi-
nated by crystal fractionation.

Closed-system crystal fractionation has little effect
on incompatible trace element ratios until extreme
degrees of solidification are reached. O’Hara (1977)
has devised an open-system process which can ac-
count for rather more variation in the trace element
chemistry of co-magmatic lavas, but this mechanism
is by no means as effective as differential partial melt-
ing for producing large changes in, for example, Ce/
Sm and Ce/YDb ratios (Pankhurst, 1977). High-level
crystal fractionation may account for much of the
within-island variation, and this process appears to
have been primarily responsible for the production
of large volumes of intermediate and silicic magma
on Deception. However, we believe that the incom-
patible element ratios of the basalts of the three Brans-
field Strait volcanoes, listed in Table 4, may be used
to assess source material compositions and the nature
of the melting events.

6.1. Penguin Island

Of all the Bransfield Strait lavas, the olivine-basalts
of Penguin Island have the most primitive chemistry
(low SiO,, high MgO) and are therefore likely to
represent the least modified mantle melts. The lack
of significant crystal fractionation is reflected in mod-
erately high concentrations of Ni (up to 170 ppm),
Cr (up to 510 ppm) and Sr (530-690 ppm). The ab-
sence of plagioclase phenocrysts from Mg-rich Pen-
guin basalts indicates that this mineral was not on
the liquidi for these compositions and is therefore
unlikely to have been present in the source material,
a suggestion which is confirmed by the lack of large
positive Eu anomalies in the Penguin basalt REE
patterns. As plagioclase-free mantle is unlikely to
have a Sr content in excess of 50 ppm relatively small
degrees of partial melting (< 10%) are indicated. High
Ce/Sm, Ce/Yb and Ce/Y ratios also suggest small
degrees of melting with heavy-REE and Y being re-

tained in garnet in the refractory residue. In this re-
spect Penguin Island basalts resemble the mildly alka-
line basalts of the Eastern Neovolcanic Zone in Ice-
land (Jakobsson, 1972; O’Nions et al., 1973).

A distinctive feature of their chemistry is the low
content of large-ion alkali metals, K and especially
Rb. Moreover, the Rb/Sr ratios of the Penguin basalts
(ca. 0.01) are much too low to account for their
observed ®7Sr/®6Sr ratios, i.e., they plot to the left
of a 4,600 Ma isochron drawn through the composi-
tion of primordial Sr, as do typical abyssal tholeiites.
For the latter rocks, two alternative hypotheses have
been proposed to account for very low lithophile cle-
ment contents: either that these clements were
depleted in the source region as a result of previous
melt extraction (Gast, 1968) or that they are retained
during partial melting in a refractory phase such as
phlogopite (Flower et al., 1975).

In order to elucidate the petrogenesis of the Brans-
field Strait volcanics, and in particular, to test the
above hypotheses, we have evaluated semi-quantita-
tive melting models relating trace element concentra-
tions in the source to those in extracted basaltic li-
quids based on partition coefficients compiled by Lee-
man (1976) and Hanson (1977). The problem is a
complex one in that both the starting composition
(mineralogical and chemical) and the degree of melt-
ing are unknown so that an infinite variety of solu-
tions are calculable. We have restricted our models
by making the reasonable, though not necessarily cor-
rect, assumption that chondrite-normalised REE pat-
terns in the mantle should be essentially flat. Various
degrees of melting of mode! mantle with possible min-
eralogical compositions were considered, using the
same approach as Leeman (1976). The predicted en-
richment factors were applied to the analytical data
for primitive Bransfield Strait basalts in order to de-
rive an inferred trace element composition for possible
source regions. Representative solutions are shown
in Table 5.

Example A investigates the refractory phlogopite
model for Penguin basalt P.721.3 (it is generally sup-
posed that other possible hydrous phases in the man-
tle, such as amphibole, would retain K but not Rb).
It shows that such a magma could be derived from
a source with a more “normal” Rb/Sr ratio of 0.03
only if phlogopite were present at about 5% in the
mode and the degree of melting was as low as 3%.
There is, however, an inherent contradiction in that
the inferred K, Rb, and Ba concentrations of the
source are at least five times too low for a peridotite
with 5% phlogopite. Increasing the proportion of
phlogopite or decreasing the degree of melting makes
this problem worse, whereas altering them in the op-
posite sense makes it very difficult to retain significant
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Table 5. Inferred source chemistry for selected melting models

Penguin Island (P.721.3)

Bridgeman Island (P.640.1b)

Deception Is. (B.138.2)

Model A B C D E F G H
Source Gnt-Phlog Garnet Garnet Spinel Spinel Spinel Spinel Spinel
mineralogy peridotite peridotite peridotite peridotite peridotite peridotite peridotite peridotite
% Melt 3 3 10 10 15 20 S 10
Cey 1.4 1.3 3.1 0.9 1.3 1.6 1.5 2.4
Smy 1.4 1.4 2.2 0.9 1.2 1.4 1.7 2.3
Yoy 1.9 1.7 1.6 0.7 0.8 1.0 1.3 1.7
K 540 129 401 316 471 627 95 188

Rb 0.7 0.2 0.5 0.9 1.3 1.8 0.1 0.2
Sr 26 24 60 30 43 56 18 31

Ba 6 5 16 6 9 12 3 6

Zr 5 5 11 6 8 11 7 14
Cen/Yby 0.7 0.8 1.9 1.3 1.5 1.6 1.2 1.4
Cen/Smy 1.0 0.9 1.4 ) 1.0 1.1 1.1 0.9 1.1
Rb/Sr 0.03 0.006 0.008 0.03 0.03 0.03 0.007 0.008
K/Rb 771 819 799 355 355 354 781 7717
K/Ba 90 25 25 50 50 50 29 29
K/Zr 108 26 36 53 59 57 14 27

REE concentrations are chondrite-normalised, remainder all ppm Bold type indicates the most favoured models. Partition coefficients
were taken from the compilation of Hanson (1977) supplemented from Leeman (1976) where necessary. Zr was assumed to be incompatible

(D<0.01) for all minerals except garnet, where a DS/

of 0.6 was used. Batch melting equations were used for the computation

Source mineralogy (modal %) was as follows, with relative melting rates in parentheses: 4=Olivine 50 (5), Opx 20 (10), Cpx
20 (20), Garnet 5 (15), Phlogopite 5 (50); B and C=Olivine 55 (10), Opx 20 (20), Cpx 20 (40), Garnet 5 (30); D-H=0Olivine 51

(10), Opx 21 (20), Cpx 23 (60), Spinel 5 (10)

20% fractional crystallization of olivine and pyroxene from the Bridgeman and Deception Island primary melts has been accommodated

in the modelling (see text)

phlogopite in the residue after melting. On this basis
we feel that this model can be excluded.

Examples B and C for phlogopite-free garnet-peri-
dotite show the effects of varying the degree of melt-
ing, those around 10% requiring a significantly light-
enriched REE pattern in the source. We favour the
smaller degree of melting illustrated in example B
which predicts low K and Rb contents but reasonable
REE, Sr, and Ba abundances in the source. It is inter-
esting to note that ca. 20% melting of the same type
of source would yield the trace element contents of
a “hot-spot” or “fertile” basalt (light-enriched REE
about 10 times chondrite, ca. 0.1% K, 1 ppm Rb,
150 ppm Sr, and 25 ppm Ba). The only further diffi-
culty encountered in explaining the Penguin Island
basalts is their relatively high 87Sr/®¢Sr ratios com-
pared with oceanic tholeiites. In fact the values of
ca. 0.7039 reported here are close to those of island
arc tholeiites from the South Sandwich Islands where
contamination with radiogenic Sr derived from the
subducted lithosphere is suggested (Hawkesworth
et al., 1977).

Finally, modelling was attempted to test whether
the chemical variation within the Penguin Island ba-
salts could be explained by crystal fractionation of
the observed phenocryst phases. Results confirm that
the major element differences between basalts P.721.3

(most Mg-rich) and P.810.4 (least Mg-rich) could be
accounted for by about 12% solidification comprising
4.6%  olivine (Fogy), 6.0%  clinopyroxene
(CagaMg,cFe ) and 1.4% plagioclase (An,q). The
enrichments of incompatible elements such as Ba,
Ce, and Zr suggest a concordant figure of about 14%
solidification. The bulk distribution coefficients
predicted by 14% Rayleigh type fractional crystalliza-
tion are 6.1 for Ni and 7.8 for Cr, suggesting that
clinopyroxene and possibly chrome-spinel form a ma-
jor proportion of the crystallizing phases (KCD‘;?“« at
1200° C is 4.9, and K5P**at 1200° C is 7.1; Leeman,
1973), with minor olivine fractionation (Kp!* is 13
at 9% MgO, and 17 at 6.8% MgO; Hart and Davis,
1978). The significant fall in Ni and Cr contents rules
out the possibility of chemical variation within Pen-
guin Island basalts being due solely to differing
degrees of partial melting.

6.2. Bridgeman Island

The basaltic lavas of Bridgeman Island are dis-
tinguished from those of the other two islands by
their low Ba, Zr, Nb, P, light REE and K/Rb and
their high Rb, Rb/Sr and K/Ba. Their REE patterns
are essentially flat and have less than 10 times chon-
dritic abundance. Thus they appear to be rather exten-
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sive partial melts with a garnet-free residuum. A suit-
able melting model would involve 10-20% melting
of spinel-peridotite, but the initial presence of small
amounts of garnet, amphibole or plagiocalse cannot
be excluded since these would all be consumed after
a relatively small degree of melting. Another major
difficulty is the low Cr and Ni content of any solid
residue with which the basalt would be in equilibrium.
The Ni content is a factor of about 10 too low for
a truly “primary” mantle melt, presumably reflecting
its removal in crystallised cumulates. This can be ac-
counted for, with very considerable uncertainty, by
about 20% removal of olivine, pyroxenes and Cr-
spinel (assuming Dy;~ 10; Leeman, 1973; Hart and
Davis, 1978). This would cause, to a fair approxima-
tion, a 20% increase in the incompatible trace ele-
ments listed in Table 5, a factor which has therefore
been taken into account in inferring source composi-
tion. The model for the Bridgeman parental magma
is thus much less definitive than that for Penguin
Island considered above, but it should be stressed
that regardless of the uncertainity in lithophile ele-
ment concentrations, their relative amounts and inter-
element ratios are hardly affected by this adjustment.
Nevertheless, it seems likely that the source region
of the Bridgeman Island volcanics is richer in Ba,
Sr and especially K and Rb than that of the Penguin
and, of the Deception Island basalts.

As for Penguin Island, it seems that much of the
variation within the volcanics on Bridgeman Island
can be explained by crystallization of the observed
phenocryst phases which in this case comprise a high
proportion of plagioclase felspar. This can account
for the fall in Sr contents but not the positive Eu
anomaly shown by the most Mg-rich basalt analysed
(P.640.1b). The latter can hardly be due to cumulus
plagioclase since sample P.642.2¢, which has a higher
proportion of plagioclase in its mode, shows no such
anomaly. It seems more likely that this is a primary
feature of the parent magma, caused by the exclusion
of Eu** from residual clinopyroxene in the source
(cf Leeman, 1976). The partitioning of Eu between
clinopyroxene and basaltic liquid is dependant on
oxygen fugacity (Grutzeck et al., 1974; Weill et al.,
1974) and a reasonable fit with the present models
would be obtained with log fo,~ —12 for P.640.1b
(Bridgeman Is.) andx — 10 for P.721.3 (Penguin Is.).
This in turn may simply reflect lower P and T in
the source region of the Bridgeman Island basalts
during melting compared with that of Penguin ba-
salts.

6.3. Deception Island

Samples from Deception Island show a great range
in major and trace-element geochemistry. The devel-

opment of large negative Eu-anomalies (Fig. 12)
shows that separation of plagioclase is a prime
cause of this variability. There is evidence to suggest
that this must involve low-temperature, low-pressure
crystal fractionation rather than variable partial melt-
ing of a plagioclase-peridotite. Firstly, the rapid de-
crease in Cr and Ni contents in the andesites from
the already low values in the basalts is more marked
than predicted for equilibrium partial melting, except
for very small degrees of melting (<1%) but is com-
patible with Rayleigh crystallisation. Secondly, the
continued enrichment of the incompatible elements
such as Zr and Rb with increasing SiO, (Fig. 11)
shows that there is considerable geochemical evolu-
tion between samples such as B.107.8 and P.870.1.
On the other hand, these samples have much closer
total REE contents (except for Eu) which may only
be reconciled if REE crystal-liquid partition coeffi-
cients were high at this stage (at least 0.3-0.5). Drake
and Weill (1975) have demonstrated that partition
coefficients for plagioclase are strongly temperature
dependent and extrapolation of their data suggests
that D¢, would reach 0.3 at about 950° C. Likewise
Watson (1976) has shown that REE partition coeffi-
cients increase as the liquid becomes more silicic.
The essential trace element characteristics of the
Deception Island volcanics can be ascribed to the
separation of plagioclase and clinopyroxene (plus
olivine) from a primary magma corresponding to the
most magnesian basalt (B.138.2). At least 80% solidi-
fication is necessary to account for the enrichment
of the more incompatible elements (K, Rb, Zr) in
the dacites, and it seems likely that this could also
account for the magnitude of the Sr depletion and
the Eu/Eu* ratio. Detailed calculations cannot be
made because of the above reservations over the rapid
increase of partition coefficients in the more evolved
silicic liquids. The phenocryst assemblages are domi-
nated by plagioclase which cannot account for the
increase in Ce/Yb ratio (Table 4) with differentiation.
Either fractionation in an underlying magma chamber
involved a large excess of clinopyroxene which was
not carried up in the lavas, or it may be that some
of the observed chemical variation was not produced
by crystal fractionation. The latter possibility receives
support from the small but significant variation in
87Sr/86Sr ratios (Table 3), suggesting that the an-
desites may have been derived from a part of the
source region slightly more enriched in Rb (and K)
relative to Sr. This would also explain why the
observed enrichment in incompatible elements from
say B.138.2 to P.870.1 is Rb> K >Zr (Table 1).
Assuming that the chemistry of sample B.138.2
is the nearest approximation to the parental magma
at Deception, this may be compared to the most
primitive samples from the other two islands. The
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levels of light-REE are similar to those in Penguin
basalts but Zr is significantly more enriched at Decep-
tion, both of which suggest a small degree of partial
melting. The relatively high heavy-REE levels show
that the source is garnet-free. As at Bridgeman and
Penguin, the small positive Eu-anomaly must be due
to refractory clinopyroxene and excludes abundant
plagioclase from the source. Thus the source mineral-
ogy can be compared with the spinel-peridotite
assumed for Bridgeman Island. Moreover, the com-
parison of 87Sr/36Sr ratios of volcanics from these two
islands shows that their respective source regions have
probably shared a similar Rb/Sr ratio for most of
the Earth’s history (the time-integrated value would
be about 0.025). Ni and Cr contents again indicate
some 20% removal of ferromagnesian minerals from
a likely primary melt to produce the most primitive
basalt observed and possible models F and G in Table
5 have allowed for this. The inferred trace element
chemistry of the source region for 5% melting has
a strong resemblance to that preferred for the Penguin
basalts, particularly with regard to its low K, Rb,
Sr, Ba, and Rb/Sr and its essentially flat REE pat-
terns. The less favoured model for 10% melting re-
quires significant enrichment in light REE relative
to heavy REE but still predicts lower concentrations
of K and Rb than in the Bridgeman Is. source.

The most silica-rich sample analysed from Decep-
tion Island (B.317.1) differs markedly in almost all
aspects of its geochemistry from other high-silica sam-
ples (Table 1), and appears to be petrogenetically unre-
lated to the Deception suite. In an investigation of
the geochemistry of the volcanic and plutonic cale-
alkaline igneous rocks of the Antarctic Peninsula
{(Weaver et al,, in press; Saunders et al., in press),
many highly silicic rocks were encountered, similar
to B.317.1, having low incompatible element (espe-
cially Zr and REE) abundances compared with rocks
of intermediate compositions. It was suggested (Saun-
ders et al., in press, Weaver et al., in press) that most
of the highly silicic members of the calc-alkaline suite
were generated by the fusion of sialic crustal material
produced during earlier cycles of island arc magmat-
ism. Such source material would either have to have
relatively depleted incompatible element abundances
or late-crystallised accessory minerals would have to
be refractory, holding back Zr, REE etc.

7. Conclusions

The geochemistry of the volcanoes of Bransfield Strait
displays several unusual features, some of which are
indicative of island arc magmatism and others which
are more typical of ocean floor basalts. Thus the
high Zr/Nb, Na/K and K/Rb ratios and low Rb/Sr

167

ratios of the basalts are characteristic of the latter.
On the other hand the REE patterns are light-REE
enriched (Cey/Yby=2) even in the most primitive
basalts, and 87Sr/8°Sr ratios of 0.7035 for Deception
and Bridgeman lavas are much higher than in typical
MORB (=£0.7030). Alkali-silica and AFM plots
(Figs. 6 and 7) suggest calc-alkaline affinities, as do
the moderately high Ba and Sr contents of the lavas,
yet the low Rb contents are similar to the levels in
island arc tholeiites. The decoupling of many major-
trace element and even trace-trace element relation-
ships implies complexities in the source regions and
in the processes of magma generation. This is perhaps
not unexpected considering that the magmas were
being produced during the initial stages of back-arc
diapirism in an environment where island arc volcan-
ism (and plutonism) along the margin of the Antarctic
Peninsula had been actively taking place during the
previous 100 m.y. or so. The inter-element plots
(Fig. 11) and the associated model calculations never-
theless suggest that the source regions of all the Brans-
field Strait volcanics share many geochemical fea-
tures.

Modelling suggests that the primary Deception
and Bridgeman magmas, generated close to the axis
of back-arc spreading, last equilibrated with mantle
at relatively shallow depths (<80 km) whereas the
off-axis Penguin magmas were generated at greater
depth from a garnet-bearing source. In terms of #7Sr/
86Sr ratios, all the Bransfield Strait lavas are more
radiogenic than their Rb/Sr ratios can explain, and
it is difficult to assess the extent to which depletion/
enrichment processes associated with subduction and
volcanism during the previous 100 m.y. or more may
have upset the Rb/Str — #7Sr/®°Sr systematics. Penguin
lavas are the most radiogenic, but have very low Rb/
Sr: this cannot however be explained by residual phlo-
gopite in the source. The lavas of Bridgeman and
Deception have similar Cey/Yby ratios and the same
87Sr/%6Sr ratios, but Bridgeman lavas have much hig-
her K, Rb, Ba and Rb/Sr ratios despite the larger
degree of partial melting predicted by the modelling.
We suspect this may be due to short term metasomatic
enrichment of K, Rb, and Ba in the source regions
of Bridgeman magmas, possibly accompanying the
dehydration of the subducting slab. Such a process
has previously been invoked to explain some geo-
chemical and isotopic features of the island arc tholei-
ite lavas of the South Sandwich Island Arc (Hawkes-
worth et al., 1977) and of the basalts of the associated
back-arc spreading centre (Saunders and Tarney, in
press). The entry of water into the source regions
of Bridgeman magmas would allow the much greater
degree of partial melting necessary to explain the low
trace element abundances of Bridgeman lavas and
also account for their more siliceous and high-alumina
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compositions. These features are also duplicated by
basalts recovered on Dredge 24 from the South Sand-
wich back-arc spreading centre (Saunders and Tarney,
in press).

To what extent water may have accounted for
the trend towards siliceous compositions during frac-
tional crystallisation of Deception magmas is difficult
to assess. Certainly, termination of an initial trend
towards Fe- and Ti-enrichment occurs at an early
stage. The resultant rhyodacite lavas, with high Zr
and REE levels, are quite unlike equivalent calc-alka-
line lavas and plutons from the Antarctic Peninsula
(Saunders et al., in press; Weaver et al., in press) but
closely resemble plagiogranites dredged from the
ocean floor and found in ophiolite complexes (Cole-
man and Peterman, 1975; Saunders et al., 1979). The
main difference is that plagiogranites have anoma-
lously low K, Rb, and Ba contents, attributed to
leaching with sea-water in hydrothermal convection
cells, either during the final magmatic stage or closely
following solidification (Saunders et al., 1979). De-
ception rhyodacites have not however suffered loss
of these elements (although Na/K ratios are still high),
probably because they have evolved in sub-aerial rather
than submarine conditions.
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