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Abstract—The Amirante island arc and trench, which compose a parallel arcuate system between Madagascar
and the Seychelles microcontinent in the western Indian Ocean, resemble typical island-arc systems only mor-
phologically but differ from them by the absence of scismic activity and an accretionary prism on its landward
side, as well as by the composition of the magmatic-basement rocks, which display features similar to those of
analogous rocks in mid-oceanic ridges but not island arcs. The structure of basement sections of the island arc
is also analogous to the structure of the normal oceanic crust. Rare fragments ol two-pyroxene-plagioclase
basalts and feldspar-free olivine—orthopyroxene volcanics: dredged at some sites reveal mineralogical and
geochemical signatures of the products of initial isfand-arc magmatism. These rocks are thought to have been
formed in the Late Cretaceous during the subduction of the oceanic crust of the Somali Basin within the
Amirante Trough. The processes resulted from a combination of spreading in the Mascarene Basin with the
rotational compression and stacking of the Amirante Basin crust along the boundary between the Seychelles
microcontinent and Somali Basin. The termination of spreading and island-arc magmatism was related to
changes in the geometry of spreading centers in the western Indian Ocean and the simultaneous development

of the modern Carlsberg Ridge at the boundary between the Late Cretaceous and Paleocene.

INTRODUCTION

The Amirante arc in the northwestern Mascarene.
Basin between Madagascar and the Seychelles micro-
continent is a geologically unique structure in the west-

-ern equatorial portion of the Indian Ocean (Fig. 1). The
arc consists of a chain of coral islands, reefs, and rises
and is an arcuate ridge, trending roughly from south to
north and having steep western and more gently sloping
eastern slopes. The ridge extends southwards for more
than 500 km and is coupled with the Amirante Trough
(>5000 m deep) in the west and the Amirante Basin in
the east. The overall morphology of the structure
resembles those of island-arc systems in the West
Pacific (Northon and Sclater, 1979) but, in contrast to
them, is fully aseismic (Johnson et al., 1982; Masson,

- 1984). '

In the northeast, the Amirante Ridge is bordered by
the Seychelles Plateau (microcontinent; Girling, 1992),
which is a continental block with a Precambrian (~710-
650 Ma; Baker and Miller, 1963; Dickin et al., 1986;
Plummer, 1995) crystalline basement and a crustal
thickness of about 30 km (Girling, 1992; Matthews and
Davies, 1966). The rising above the plateau surface
Seychelles Islands are made up of Precambrian amphib-
ole-biotite granites, which are intruded by numerous
metadolerite dikes of Precambrian age (620 Ma, Plum-
mer, 1995). Dikes and small intrusions of alkaline dol-
. erites, syenites, monzonites, and microgranites of Early
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Paleocene age are exposed in the western part of the
Seychelles (Baker and Miller, 1963; Devey and
Stephens, 1992; Dickin et al., 1986; Mart, 1988; Plum-
mer, 1995).

The oceanic basins surrounding the Amirante Arc
differ in composition, structure, and the age of their
basements as a consequence of the complicated evolu-
tion of the local geodynamic environments.

The Somali Basin, situated to the northwest of the
Amirante Ridge and separated from it by a large north-
east-trending transform fault (Masson, 1984), is char-
acterized by linear M25-M10 magnetic anomalics
(160-127 Ma; Kashintsev, 1993; Norton and Sclater,
1979), which suggest that oceanic spreading and the
development of the oceanic crust occurred in Late
Jurassic—Early Cretaceous time. These magnetic anom-
alies mark the oldest period of the Indian Ocean open-
ing and the timing of India and Madagascar separation
from the African continent (Plummer and Belle, 1995).
DSDP Hole 240 in the western Somali Basin recovered
basalts with xenoliths of Early Eocene rocks (Erlank
and Reid, 1974).

The Mascarene Basin, which flanks the Amirante
Ridge in the south, has the oceanic crust of Cretaceous
age and supposedly includes blocks of Precambrian
granitoids (Carlson er al., 1980). The basin resulted
from spreading that began at 100-95 Ma (Plummer,
1996) and caused the separation of the India-Sey-



TARARIN, LELIKOV

\ >| T T - T
‘ 5000 - '
4

Somali ' . ’ " Alrica | )
Basin : Seychelles .
0
TD Q
@ ‘ . :: o\‘» Q
3o U’ \606}\

30° 60° 90°E

* India -

3000

2000
200
= Seychelles
Seychelles .-"\Pr;:““
Bank ™
200 Mahe
5°F .
3000 :
Desroches l’latle A )
)
i P S I
Fred Constant Ba
Amirante <§ / (i/ k
Basin Q’ N '
e B O -
Fortune Bank
‘\w
3
o -
Mascarence
Basin
9| |
S . '
550 " 57T°E

Fig. 1. Bathymetric map and dredge locations within the Amirante Arc (simplificd after Geologicheskoe stroenie..., 1997). See text
for data on (he dredging sites shown in the map. Bathymelric contours are in melers.

The inset shows the geological-geophysical study area during Cruise 33 of the R/V Professor Bogorov (1990).
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chelles block from Madagascar (Fisher et al., 1968:;
Schlich, 1974; Simpson et al., 1974). The Late Creta-
ccous age of the oceanic crust of the basin is confirmed
by drilling materials. Hole 239 penetrated tholeiitic
basalts overlain by Late Senonian sedimentary rocks
“(Simpson et al., 1974), and Holes 705, 706, and 707 in
the eastern Mascarene Ridge recovered tholeiites with
ages from the Paleocene to Early Oligocene (Duncan
and Hargraves, 1990). According to Plummer (1996),
these are sills or lava sheets underlain by a thick pile of
pre-Tertiary sedimentary rocks, which are analogous to
those retrieved by prospecting holes in the western por-
tion of the Seychelles microcontinent.

Holes drilled within the Amirante Passage, which
limits the Amirante Arc in the southwest, recovered
sedimentary rocks of Late Campanian and Maastrich-
tian age, and, hence, the oceanic crust in the area is no
younger than 73 Ma (Johnson er al., 1982; Masson,
1984; Masson et al., 1982). To the southwest of the
area, in the slopes of Providence Reef, rocks were sam-
pled whose age also corresponds to the Late Creta-
ceous—Early Paleocene (Wiseman, 1936).

The geological and geophysical studies conducted

in 1990 aboard the R/V Professor Bogorov have dis-.

closed the magmatic basement of the Amirante Arc
beneath its coral edifices (Geologicheskoe stroenie...,
1997; Lelikov et al., 1991). It was established that the
basement is composed of volcanic and plutonic rocks
typical of the normal oceanic crust, a fact that led to
ascribing the Amirante Arc to amagmatic arcs and to
the concept that the arc itself was produced by the tec-
tonic piling of the oceanic crust (Lelikov et al., 1991).
Analogous processes of the arc origin were also con-
jured by Yu.M. Pushcharovskii (1995). However,
dredges at two sites in the northern part of the Amirante
Ridge contained volcanic rocks resembling the prod-
ucts of initial island-arc volcanism, and the kaersutite-
bearing dolerites found in the southern portion of the
ridge are similar to the analogous rocks of the western
Seychelles. This paper is focused on a detailed charac-
terization of the rocks of initial island-arc volcanism
and on the problem of the genesis of the Amirante Arc.

GEOLOGY

- The Amirante Ridge is a chain of islands and sub-
marine rises of the seafloor, which attain elevations of
4500 m above the floor level of the Amirante Basin and
5500 m above the floor of the Amirante Trough. In
accordance with its morphology and certain geological
and geophysical features, the Amirante Ridge is subdi-
vided into three blocks (segments): Northern, Central,
ind Southern (Geologicheskoe stroenie..., 1997; Lelikov
etal., 1991),

The Northern Block consists of the Amirante Bank

ind the small Deroches Ridge, which runs parallel to

t (Fig. 1). Seismic data provide evidence that the
Amirante Ridge continues northward for approxi-

mately 200 km and approaches the Seychelles Plateau
from the west (Plummer, 1996), where it is covered by
Tertiary deposits. The most elevated parts of the
Amirante Bank are crowned by accumulative terraces
of low coral islands, all of which are situated on a com-
mon volcanic basement. The Northern Block is charac-
terized by a weak magnetic field of different signs with
overall low AT, values, which become negative near
istands, and a linear orientation of magnetic anomalies
(Lelikov er al., 1991). The southern boundary of the
block is located at nearly 6° S and runs along a north-
west-trending fault,

The Central Block of the Amirante Ridge is recog-
nized as a narrow crest extending along a roughly
south-north direction. It consists of an en echelon chain
of small elongated mounds, which sometimes project
over the sea surface as small plateaus and flat banks
with innumerable small coral islands and reefs on the
top. The block is characterized by positive values of its
magnetic field with a maximum of 200 nT.

It was established that the Northern and. Central
blocks are made up of volcanic rocks, such as pillow
lavas of clinopyroxene—plagioclase (+ olivine) oceanic

basalts-and- dolerite-basalts.-Occasional samples from - -

the Northern Block consisted of two-pyroxene—plagio-
clase basalts and feldspar-free olivine-orthopyroxene
volcanic rocks, whose mineral assemblages and chem-
istry are principally different from those of oceanic
basalts,

The magmatic basement of the Northern and Cen-
tral blocks is overlain by a sedimentary sequence of
weakly lithified and poorly sorted rudaceous rocks
(conglomerates and gritstones), which consist of vari-
ably rounded fragments of basalts and dolerite-basalts
(up to 90% by volume) and organogenic limestones
with a cement of coarse-grained psammitic material,
sometimes grading to gritstone. The cement is carbon-
ate in composition with minor amounts of smectite,
zeolites, and, more rarely, chlorite. The composition
and morphology of the fragments indicate that they
were formed in an littoral marine environment of frag-
ments of the eroded ridge basement (Geologicheskoe
stroenie..., 1977). The sedimentary succession is over-
lain by Early Pliocene reef limestones, whose lower
extension limit attains depths of 2300-2500 m (Geo-
logicheskoe stroenie..., 1997, Lelikov et al., 1991).

The Southern Block of the Amirante Ridge is noted
for the significant depths of its southeast-oriented crest,
with the. minimum water depth above attaining 900 m.
The boundary between the Southern and Central blocks
is drawn along a broad saddle with depths of approxi-
mately 3000 m and seems to mark a northeast-trending
fault zone (Geologicheskoe stroenie..., 1997, Masson,
1984). The magnetic field of the block does not signifi-
cantly differ from the field of the Central Block and
shows a single anomaly with an amplitude of 150-200 nT
(Geologicheskoe stroenie..., 1997). . :



Dominating the sequences of the Northern and Cen-
tral blocks, basalts are scarce in the Southern Block,
where they seem to be not so much the products of vol-
canic eruptions as the chilled (marginal) facies of a dike
complex of clinopyroxene, clinopyroxene-amphibole,
and amphibole dolerites and fine-grained gabbro in the
uppermost portion of the magmalic basement (Geolog-
icheskoe stroenie..., 1997). A very interesting rock of
the dike complex is kaersutite dolerite (Site 2804),
which is mineralogically similar to the analogous rocks
of e du Nord in the northern part of the Seychelles Pla-
teau.

The dike complex is overlain by a thin succession of
weakly lithified conglomerate-gritstone and sedimen-
tary breccia, which consists of fragments of the under-
lying igneous rocks cemented by coarse sandy material
of the same composition with admixtures of smectite,
carbonates, and zeolites. The conglomerate-gritstone
unit is overlapped by reef limestone, whose lower
extension limit corresponds to depths of approximately
2500 m. The dike complex rests on a complex of massive
and cumulative gabbronorites and clinopyroxene, cli-
nopyroxene-amphibole, and amphibole gabbro, which
were dredged throughout the Southern Block slope up
to its foot (Geologicheskoe stroenie..., 1997). The gab-
broids are associated with small bodies of fully serpen-
tinized peridotite and websterite veins.

Revealed by a Gloria side-scan sonar, a series of
closely spaced long lineaments of notthwestern trend in
the basement of the southern Amirante Ridge resem-
bles analogous structures in present-day spreading
mid-oceanic ridges and may be interpreted as a relict
structure of a fossil spreading center (Masson, 1984).
In the central and northern portions of the Amirante

“Ridge, this'lineament system is pronounced much niore

poorly, and the local structures seem to trace erosional
ravines and tectonic structures in the basement (Mas-
son, 1984).

Hence, the Amirante Ridge is composed of volcanic
and intrusive rocks whose composition and structure

are similar to those of rocks in the normal oceanic crust
of mid-oceanic ridges (Geologicheskoe stroenie...,

1997; Lelikov ef al., 1991). The upper portion of the
Amirante Ridge crust consists of basaltic and dolerite-
basaltic pillow lavas and is exposed in the Northern and
Central blocks. The lower part of the sequence consists
(from bottom to top) of a dolerite and fine-grained gab-
broid dike complex, various gabbroids, and, further
upward, ultramafic rocks, which were detected in the

Southern Block. The predominance of holocrystalline,

plutonic rocks in the Southern Block and the total
absence of mafic volcanics provide evidence for the
deeper erosion of this block compared with the North-
ern and Central blocks. The different erosion depths of
the blocks of the Amirante Ridge is also confirmed by
the distinct metamorphic grades of the rocks. While the
basalts of the Northern and Central blocks are generally
metamorphosed to the zeolite facies (top of the pile)

and the lower greenschist facies (basement of the vol-
canic pile), the igneous rocks of the Southern Block are
altered under greenschist-facies conditions, i.e., there is
a downward increase in the metamorphic grade typical
of the oceanic crust.

PETROGRAPHY

Detailed petrographic and geochemical characteris-
tics of volcanic and plutonic rocks composing the base-
ment of the Amirante block are presented elsewhere
(Geologicheskoe stroenie..., 1997). In this paper, our
main concern is only the basaltic component of the oce-
anic crust of the ridge (we will utilize only data on
dredging ,site 2800 at 7°04.8" N, 52°38.4" E, depth
3000-2600 m). We will present detailed descriptions of
the unusual, for this section, two-pyroxene—plagioclase
basalts and melanocratic feldspar-free olivine—orthopy-
roxene volcanics from the Northern Block and the kaer-
sutite dolerites dredged from the upper portion of the
Southern Block magmatic basement.

The clinopyroxene-plagioclase (£ olivine) basalts
composing the basement of the Northern and Central
blocks of the Amirante Ridge have an aphyric, rare-por-
phyritic texture with the amounts of phenocrysts rarely
exceeding 5-7%. The phenocrysts are augite
(WO}4E”50_52FS”_|4) and plagioclase (AIIBS—-()O; Table ],
Sample 2800-1-2). Occasional rhomboidal pseudomor-
phs of secondary minerals developed most probably
after olivine. The groundmass of the rocks is character-
ized by variable crystallinity, from vitreous with rare
clinopyroxene and plagioclase microlites to virtually
fully crystalline with minor amounts of volcanic glass.
It was determined that the groundmass crystallinity of
the basalts increases down the volcanic pile, whose
lower parts are dominated by dolerite-basalts and
basalts with microdoleritic and doleritic textures. The
groundmass clinopyroxene varies from augite to sub-
calcic augite, and the plagioclase is labradorite (Anq).
The accessory mineral is titanomagnetite.

The metamorphic alterations in the basalts of the
Northern and Central block answer to the zeolite meta-
morphic facies and involve smectitization of microlites
and volcanic glass and the replacement of the latter by
iron hydroxides. Smectite in association with zeolites
also fills small pores of the basalts and composes thin
veinlets. In the basement of the volcanic complex, the
metamorphic grade increases to the lower parts of the
greenschist facies, as is evident from widespread chlo-
rite and epidote found in the heavy fraction of sedi-
ments that were formed by the destruction of the basal-
toids (Geologicheskoe stroenie..., 1997).

- In spite of the generally similar chemistry of the
basalts from the Amirante Ridge and the normal tholei-
ites of mid-oceanic ridges (Geologicheskoe stroenie...,
1997; Lelikov et al., 1991), the former have lower con-
centrations of Sr, Zr, Ba, Y, and, often, TiO, (Geolo-
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Table 1. Microprobe analyses of minerals in basalts of the Amirante Arc
2800-1-2
Component Pl Pl Cpx,| Cpxy i Pl cpe' | opyy | cpad
Si0, 51.18 52.20 48.79 51.38 52.28 53.70 52.18 47.59 49.60
TiO, 0.00 0.00 1.07 0.52 0.00 0.00 0.7 2.06 1.06
AL, 31.27 29.94 5.17 3.54 30.68 28.95 345 3.79 3.09
Cry04 0.00 0.00 0.00 0.20 0.00 0.00 0.01 0.00 0.00
FeO 0.62 0.94 8.43 7.27 0.85 1.12 9.44 20.31 18.90
MnO 0.00 0.00 0.04 0.02 0.00 0.00 0.11 0.32 0.30
MgO 0.21 0.27 15.52 15.54 0.30 0.12 8.09 9.64 14.66
Ca0 14.07 1297 19.04 19.87 " 13.51 10.82 15.76 16.06 11.86
Na,O 3.21 4.44 0.34 0.06 3.79 543 0.02 0.41 0.32
K;O 0.00 0.05 0.0t 0.00 0.00 0.00 0.00 0.02 0.14
Total 100.56 100.81 98.41 98.41 101.41 100.14 99.77 100.20 99.93
Xng - - 0.766 0.792 - - 0.773 0.459 0.580
Xpn 0.707 0.631 - - 0.664 0.524 - - -
Wo - - 40.4 42.1 - - 32.6 355 25.2
En - - 45.7 45.8 - - 52.1 29.6 43.4
Fs - - 139 | 12 - - 153 77 349 | 7314
2798-1-1
Component 1 1 1 1 i I I u i
Opx, Opx, Cpx, Cpx, Pl Pl Cpx, Cpx, Pl
Si0, 56.47 55.22 53.40 51.68 46.53 49.96 53.00 54.10 51.88
TiO, 0.04 0.03 0.14 0.35 0.00 0.00 0.30 0.19 0.00
ALO; 2.02 2.04 2.19 1.50 34.49 3421 2.24 1.43 30.27
Cr,05 0.40 0.39 0.31 0.00 0.00 0.00 0.00 0.00 0.00
FeO 9.66 9.91 6.68 21.25 0.51 0.64 11.02 13.90 1.14
MnO 0.04 0.05 0.04 0.24 0.00 0.00 0.08 0.19 0.00
MgO 29.05 29.17 18.24 14.01 0.26 0.25 16.04 18.89 0.05
CaO 2.51 2.52 18.73 11.81 17.66 17.25 17.96 ~12.01 13.55
Na,O 0.00 0.00 0.0t 0.00 1.36 1.72 0.03 0.00 3.81
K,0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.19 99.33 99.74 100.84 100.81 101.03 100.67 100.71 100.62
Xmg 0.843 0.840 0.830 0.540 - ~ 0.722 0.708 -
X - - - - 0.877 0.850 - - 0.664
Wo 5.0 5.0 38.0 24.7 - - 36.7 24.5 -
En 80.0 79.8 514 40.7 - - 45.7 53.5 -
Fs 15.0 15.2 10.6 346 - - 176 | 220 -

Note: Samples 2800-

1-2 and 2798-1-1 are clinopyroxene—plagioclase and two-pyroxene—plagioclase basalts, respectively; | are phenocrysts,

11 are microlites in the groundmass; ¢ and r are crystal cores and rims, respectively. Here and in tables below, analyses were carricd

out by V.M. Chubarov on a Camebax microprobe at the Institute of Volcanology, Far East Division, Russian Academy of Sciences.

gicheskoe stroenie...
Fisher er al., 1968).

, 1997; Devey and Stephens, 1992;

" Two-pyroxene-plagioclase basalts “were found
only at Site 2798 (5°57.5" N, 52°45.8" E, depths 2850-

2600 m) in the southern portion of the Northern Block
of the Amirante Ridge (Fig. 1) in the form of occasional
small (up to 6-8 cm) fragments. These are porphyritic
rocks, whose phenocrysts account for approximately



Table 2. Representative microprobe analyses of pyroxene in feldspar-free olivine—orthopyroxene volcanic rock from the
Northern Block of the Amirante Arc (Sample 2792-1-9)

Compo-

Dont R 1, 2 2, 3. 1 3 4, 4, 5 5 6. 6 7
Si0, | 56.72 | 5590 | 56.33 | 5471 | 5430 | 50.64 | 54.60 |52.29 | 54.67 | 49.60 | 53.30 | 50.84 | 50.38
Tio, 0.10 | 011 | 007 | 021 | 037 ] 095 | 031 | 051 | 038 | 096 | 045 | 084 | 0.75
ALO, | 186 | 175 | 159 | 3a2 | 377 | 770 | 3.3 | 529 | 353 | 7.80 | 444 | 577 | 825
Cr,0, | 063 | 063 | 058 [ 041 | 040 | 000 [ 083 | 0.09 | 091 | 037 | 019 | 0.11 | 0.00
FeO 9.23 | 896 | 936 | 1107 | 1033 | 10.67 | 1032 {1030 | 10.59 | 9.94 | 10.95 | 10.10 | 11.18
MaO | 001 | 003 | 001 | 005 | 011 | 002 | 005 | 010 | 005 | 001 | 005 | 002 | 009
MgO | 31.34 | 30.87 | 30.06 |26.66 {2509 | 1581 |26.11 {21.03 | 2588 | 1530 | 23.09 | 18.79 | 15.18
NIiO 0.08 | 0.04 | 005 | 000 | 001 { 000 | 003 | 00 | 003 | 000 | 002 | 000 | 0.00
Ca0 178 | 198 | 1.98 | 3.74 | 5.2 | 13.97 | 4.18 | 10.06 | 501 | 1548 | 8.04 | 13.10 | 14.50
Na,0 | 000 | 000 | 001 [ 071 | 0.0 | 000 | 000 | 000 | 000 | 006 | 000 | 001 | 0.76
K,0 0.01 | 001 | 001 | 008 ] 000 ] 000 | 000 | 000 | 000 | 000 | 000 | 000 | 009
Total {10176 [100.28 [100.05 |100.46 | 99.50 | 99.76 | 99.56 | 99.68 {101.05 | 99.52 |100.53 | 99.58 {101.18
Xnig 0.858] 0.860| 0.851| 0.811| 0812} 0.725| 0818 0.785| 0.813| 0.733| 0.790] 0.768| 0.708
Wo 34 | 38 | 39 | 76 |106 [315 | 86 [212 [102 |348 |165 |278 |327
En 829 | 827 |[818 [750 |726 |497 |748 |61.8 |73.0 |478 [659 [555 |47.6
Fs 137 135 {143 | 174 {168 [188 |166 [17.0 |168 [174 [176 [167 |19.7
C""'é‘lﬁ"' 8 9 10, 10, ¥ 12 13, 13, 14 15 16 17 18
Si0, | 48.66 | 47.87 | 49.51 | 51.65 | 48.86 | 50.15 | 48.80 | 49.64 | 49.15 | 49.58 | 49.43 | 51.15 | 50.24
TiO, 113 | 1.06 | 098 | 082 | 091 | 084 | 1.17 | 088 | 1.07 | 098 | 1.08 | 085 | 1.00

< ALO; | -886-|-9.03-| 885 | 1421 | 9:60 | 6.86 | 891 | 748 | 8.61 | 749 | 855 | 7.64 | 7.05
Cr,0, | 000 | 0.00 | 000 | 000 | 0.00 | 005 | 000 | 000 | 000 | 0.00 [ 000 | 0.07 | 0.00
FeO | 1070 { 1037 | 975 | 1112 | 11.83 | 11.02 | 1202 | 9.95 | 9.71 | 945 |11.76 | 8.64 | 10.20
MnO | 005 | 000 | 002 | 000 | 003 | 003 | 008 | 002 | 006 | 0.01 | 0.04 | 0.05 | 0.06
MgO | 14.63 | 13.66 | 1476 | 9.45 | 13.07 | 17.85 | 13.82 | 15.88 | 14.09 | 15.40 | 14.75 | 16.52 | 16.33 -
NiO 0.00 | 002 | 000 000 | 000 | 000 | 000 | 000 | 002 | 000 | 000 | 000 | 000
CaO | 1649 | 1649 | 1588 | 12,77 | 1565 | 12.58 | 1574 | 1557 | 16.04 | 16.74 | 15.05 | 15.55 | 14.26
Na,0 | 006 | 014 | 036 | 086 | 038 | 001 | 031 | 076 | 055 | 0.03 [ 005 | 0.00 | 0.00
K,0 0.00 | 000 | 003 | 098 | 0.15 | 000 | 000 | 000 | 001 | 000 | 000 | 000 | 0.00
Total  [100.58 | 99.64 [100.14 |101.86 [100.48 | 99.39 [100.85 [100.18 | 9.31 | 99.68 [100.71 |100.47 | 99.14
Xnig 0.709| 0.682| 0730 0.602| 0.663| 0.743| 0.672| 0740 0.721| 0.744| 0.691| 0.773| 0.740 °
Wo 36.5 | 312 361 (369 [363 [273 |355 [343 (371 |368 |336 |344 |317
En 450 | 428 |466 [380 (422 |540 |433 (486 |454 [470 [459 |507 506
Fs 185 1200 [ 173 251 [215 |187 [212 (171 |175 162 [205 |149 |177

Note: (1, 2) Orthopyroxene phenocrysts in (1) varioles and (2) matrix; (3-6) pyroxene microlites with Ca-poor cores and Ca-rich rims from
(3, 4) varioles and (5, 6) matrix; (7-18) clinopyroxene from rims around pseudomorphs after the Ca-poor pyroxene cores of micro-

lites.
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Table 3. Microprobe analyses of chrome spinel in feldspar-free olivine—orthopyroxene volcanic
Block of the Amirante Arc (Sample 2798-1-9)

rock from the Northern

Component 1 2 3 4 5 6 7 8
Sio, 0.07 0.03 0.03 0.05 0.02 0.01 0.02 0.14
TiO, 0.13 0.17 0.19 0.18 0.30 0.18 0.71 0.64
Al O, 11.52 14.84 13.25 13.96 18.32 14.51 16.47 16.78
Cr,0, 57.11 52.61 55.40 §5.26 47.76 50.88 46.40 46.82
Fe,0; 3.71 5.30 - 4.04 3.51 6.23 5.12 8.31 6.55
FeO 15.33 14.64 13.81 14.53 16.40 15.83 17.38 16.72
MnO 0.35 0.27 0.29 0.28 0.25 0.40 0.28 0.31
MgO 12.05 12.91 13.25 12.95 12.44 11.58 11.72 11.84
NiO 0.00 0.13 0.00 0.05 0.01 0.03 0.00 0.01
Zn0 0.01 0.06 0.05 0.02 0.00 0.00 0.05 0.04
Total 100.28 100.96 100.31 100.73 101.73 98.54 101.34 "99.85
Cr/(Cr + Al) 0.769 0.704 0.737 0.726 0.636 0.702 0.654 0.652
Mg/(Mg + Fe?*) 0.584 0.611 0.631 0.614 0.575 0.560 0.546 0.558
Fe3*/(Fe3* + Fet) 0.179 0.246 0.208 0.178 0.255 0.225 0.301 0.261

Note: Chrome spinel: (1-4) in pscudomorphs after olivine phenocrysts, (5) in pseudomorph after the core of a Ca-poor clinopyroxene

microlite, (6-8) from the vitreous matrix.

10% of the rocks by volume and are orthopyroxene, cli-
nopyroxene, and plagioclase. The orthopyroxene crys-
tallized as large (up to 5 mm) prismatic crystals, which
are usually fully replaced by aggregates of brown iron
hydroxides. Its relics correspond to bronzite in compo-
sition (WosEngyFs,s; Table 1, Sample 2798-1-1). Cli-
nopyroxene phenocrysts are smaller (no larger than
0.5-1.0 mm) and consist of augite of variable composi-
tion (Table I). Plagioclase phenocrysts are elongated
crystals (up to 0.5-0.8 mm long) of bytownite (Angs_gg;
Table 1). The texture of the groundmass is hyalopil-
itic and, in places, spherulitic; the groundmass con-
sists of microlites of augite and subcalcic augite
(Woy3_35Ensy_sgFs1g_2), labradorite (Ang), titanomag-
netite, and variable amounts of volcanic glass, which is
replaced by smectite, carbonate, and iron hydroxides.
Rare veinlets, pores, and amygdules are filled with
smectite, sometimes in association with zeolites.

Analytical data indicate that the two-pyroxene-plagio-
clase basalts differ from the clinopyroxene—plagioclase
varieties by lower concentrations of TiO, (0.54 wt %),
alkali oxides, LILE, HFSE, Cr, Ni, and Co (Geolo-
gicheskoe stroenie..., 1997).

Feldspar-free olivine~orthopyroxene rock 'was

found as a single small (2.5 cm) fragment in a dredge
sample from Site 2792 (5°23.8" S, 53°03.1" E, depth
3100 m; Fig. 1). This is a massive rock with rare pores
and scarce olivine and orthopyroxene phenocrysts in
fully altered volcanic glass. The rock has a variolitic
texture, with round black varioles ranging from a few
fractions of a millimeter to 3-—4 mm and cemented by a
yellowish gray vitreous cementing mass. Varioles are

equally distributed over the rock and account for 20%
of its volume.

Olivine and orthopyroxene phenocrysts amount to
3-5% and occur in both varioles and the cementing
mass. The olivine composes small (no larger than
0.8 mm) euhedra, which are fully replaced by smectite.
The orthopyroxene occurs as euhedral prismatic crys-
tals up to I mm, whose composition ranges from
bronzite (Eng,_g3) in the cores to pigeonite in the mar-
gins (Table 2). Olivine and orthopyroxene phenocrysts
contain crystalline inclusions (up to 0.1 mm across) of
accessory high-Cr spinel, whose composition is very
close to chrome spinel from volcanics of the boninite
serics (Table 3).

Microlites in varioles and the cementing mass attain
0.05-0.3 mm and consist of pyroxene. Its composition
varies, and its crystal cores are often replaced by sec-
ondary minerals. Relict patches in the cores of the micr-
olites are composed of pigeonite or, more rarely, sub-
calcic augite (Woy_oEny,_4Fs\;) and surrounded by
rims of commensurable size of calcic pyroxene, whose
composition corresponds to augite or subcalcic augite
(Wo,,_37En35_6,Fs5.5;, Table 2). The assemblages of
the phenocrysts, the structures of pyroxene microlites
in the groundmass, and the high-Cr composition of the
accessory spinel make these rocks similar to volcamcs
of the boninite series.

Kaersutite dolerites (Site 2804 8°33.6 N,
52°56.5" E, depth 4200-3750 m) occur relatively rarely
among rocks of the dike complex, which consists

mainly of clinopyroxene and _clinopyroxene-amphib-
ole dolerites and is exposed in the upper part of the
magmatic basement of the Southern Block. The rocks



Table 4. Microprobe analyscs of mincrals in kacrsutite-bearing dolerite from the Southern Block of the Amirante Arc (Sam-

ple 2804-3-22)

Component Cpa! Cpr? Pi, P, Hb! Hi? Hp? lim
Si0, 5.69 53.01 57.32 60.17 43.07 51.82 55.93 0.00
TiO, 0.27 0.18 0.04 0.00 5.23 0.71 0.19 48.09
ALO, 1.60 0.89 20.81 25.09 10.76 3.46 0.92 0.00
Cr,04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 7.46 8.78 0.44 0.69 11.65 10.15 8.23 51.63
MnO 0.00 0.09 0.00 0.00 0.00 0.06 0.09 1.37
MgO 16.41 13.48 0.03 0.05 14.09 18.47 20.53 0.0t
CaO 19.29 23.32 9.32 7.12 11.70 11.76 11.65 0.25
Na,O (.47 0.63 0.66 7.66 3.03 112 0.33 0.00
K,0 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Total 99.19 - 100.38 100.62 101.39 99.53 97.55 97.87 101.35
Xnmg 0.797 0.733 - - 0.082 0.764 0.805 -
Xy - - 0.563 0.340 - - - -
Wo 40.2 47.7 - - - - - -
Ln 47.7 38.3 - - - ~ - -
Fs 12.1 14.0 - - - - - -

contain clinopyroxene and kaersutite, which occurs as
individual prismatic crystals and partial pscudomorphs
after or incomplete rims around pyroxene grains. The
clinopyroxene is present in the form of rare phenocrysts
up to 1.5 mm, which consist of augite with salite mar-
ginal zones (Table 4). Most of the dolerites have a dol-
eritic or, in places, sheaf- and fan-shaped textures and
consist of kaersutite, plagioclase (Ansq in the cores and
..Anyy in the margins), and ilmenite. The mineral assem-
blages of the rocks and their mineral chemistry are sim-
ilar to those of analogous rocks in the Early Paleocene
alkaline -complex of lle de Nord in the western Sey-
chelles.

GENESIS OF THE AMIRANTE ARC AND
INITIAL ISLAND-ARC MAGMATISM

The origin of the Amirante Arc and the Amirante
Trough remains largely uncertain. It was hypothesized
that the Amirante Arc and Trough compose an island-
arc system, whose morphology resembles those of typ-
ical island-arc systems off active continental margins of
the West Pacific Ocean (Lelikov et al., 1991; Pu-
shcharovskii, 1995; Fisher et al., 1968; Norton, Sclater,
1979). However, the Amirante Arc differs from them by
the absence of a notable accretionary prism (Fig. 2), the
absence of seismic activity, and by the composition of
rocks, whose mineralogy and geochemistry are closer
to those of oceanic basites rather than of island-arc
rocks. Gravimetric data (Miles, 1982) indicate that the
gravity field over the Amirante Arc and Trough only
partly resembles the gravity anomalies of mature sub-
duction zones. The Amirante Trough seems to mark

only nascent subduction, which causes the insignificant
mass deficient of this structure and merely weak com-
pression (Damuth and Johnson, 1989; Miles, 1982).

Based on recent seismic and bathymetric data and
mapping materials on the Amirante Arc obtained witha
side-scan sonar, Masson (1984) concluded that com-
pression and the development of a subduction zone can
be proposed only for the southern segment of the
Amirante Arc, which is situated within the Mascarene.
Basin. The latter was formed by Late Cretaceous
spreading. The northern part of the arc is spatially
related to a large transform fault zone between the
Somali Basin, which has a pre-Late Cretaceous crust,
and the Mascarene Basin, whose crust is of Late Creta-
ceous age.

The variations in the crust composition and thick-
ness with the transition from the Amirante Ridge to the
Seychelles Plateau, the mass deficit beneath the
Amirante Trough, and the mass excess in the eastern
Amirante Arc led Mart (1988) to suggest that the
Amirante Arc was produced in the Early Paleocene,
when the Seychelles continental block was separated
from India and collided with the oceanic crustal block
of the Mascarene Basin. Mart proposed that subduction
processes within the Amirante Trough initiated alkaline
magmatism, which manifested itself in certain islands
in the western Seychelles at approximately 65 Ma
(Devey and Stephens, 1992; Dickin et al., 1986; Plum- :
mer, 1995). :

The most exotic hypotheses relate the genesis of the
Amirante Arc and Trough to the impact of a large heav-
enly body (Alt et al., 1988; Chatterjee, 1992; Hartnady, |
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Fig. 2. Seismic reflection profile across the Somati Basin, Amirante Arc, and Amirante Basin (Mart, 1988).
The vertical axis is the two-way time (in seconds). Note the absence of an accretionary prism near the Amirante Arc.

1986). However, this idea is in conflict with the absence
of an ubiquitous Early Cretaceous unconfonmity in the
deposits of the Seychelles microcontinent (Plummer,
1996). Seismic data and the materials of prospecting
drilling suggest that the largest stratigraphic hiatus is

dated at the Middle Triassic-Early Cretaceous, and the

overlying Late Cretaceous and Tertiary rocks are flat-
lying and only weakly deformed (Damuth and Johnson,
1989; Plummer, 1996).

The most feasible model for -the origin of the
Amirante Arc and Trough during the Late Cretaceous
separation of the Seychelles Platean from Madagascar
was recently put forth by Plummer (1996) and Plum-
mer and Belle (1995) (Fig. 3). According to this model,
the onset of separation between the Seychelles micro-
continent and Madagascar is dated at 100-95 Ma and
occurred along a system of two unparallel transform
faults. Sinistral displacements along the faults resulted
in the Amirante pull-apart basin and shaped the eastern
portion of Madagascar and the western contour of the
Seychelles Plateau (Plummer, 1996). Having no linear
magnetic anomalies (Fig. 4), the Amirante Basin was
formed, according to this model, not by spreading (as is
currently usually hypothesized) but by the compensa-
tion of sinistral strike-slip motions along the transform
fault zones (Figs. 3b, 3c). To the south of the Amirante
Basin, sinistral motions along convergent transform
faults resulted in a narrow pull-apart basin between
Madagascar and the Mascarene Ridge (Fig. 3c). The
basin was an embryo of the present-day Mascarene
Basin, which shows close similarities with analogous
pull-apart basins in the Gulf of Aqaba and the Dead Sea
(Girdler, 1990). At approximately 85 Ma, this narrow

pull-apart basin in the continental crust was affected by

rifting (Schlich, 1982) and experienced the onset of
spreading and the development of the newly-formed
oceanic crust of the Mascarene Basin with a well-pro-
nounced system of linear magnetic anomalies (Fig. 4).

The evolution of a spreading center in the Mas-
carene Basin and continuing sinistral strike-slip dis-

placements along the transform fault between the
Somali Basin and the Seychelles-India continental
block created favorable conditions for counterciock-
wise rotational compression along the boundary
between the two structures and eventually resulted in
_lhe origin of the Amirante Arc and the Amirante Trough
in the Late Cretaceous, at approximately 80 Ma (Fig. 3d)
(Plummer, 1996). The spreading conditions in the Mas-
carene Basin and the rotational compression conditions
at the boundary between the Somali Basin and the Sey-
chelles—India continental block did not change, accord-
ing to Plummer (1996), throughout the .ate Cretaceous
(80-65 Ma) and ceased to exist as late as the Early Pale-
ocene (Figs. 3e, 3f) in response to a change in the
geometry of spreading centers in the western Indian
Ocean and the origin of the present-day Carlsberg
Ridge (Kashintsev, 1993; Plummer, 1996).

Hence, there are good reasons to believe that the ini-
tial island-arc magmatism that produced the two-
pyroxene~plagioclase basalts and feldspar-free olivine—
orthopyroxene volcanics dredged from the Amirante
Ridge occurred in the Late Cretaceous, when the coun-
terclockwise rotation of the Seychelles-India continen-
tal block caused a rotational compression at its bound-
ary with the Somali Basin and the subduction of the
ancient oceanic crust of this basin into the Amirante
Trough,

The origin of the lesberg Spreading Ridge in the
Early Paleocene and the related separation of ‘the Sey-
chelles block from India were associated with active
tholeiitic volcanism, which resulted in the Deccan flood
basalts with an age of 60-70 Ma in India (Devey and
Stephens, 1992; Gallet et al., 1989; Plummer, 1995)
and in the volcanic piles exposed at the western termi-
nation of the Seychelles Plateau (Déevey and Stephens,

-1992; Girlling, 1992). According to Glrllmg (1992) and -
Shor and Polland (1963), this succession formed a con-
tinuous cover over the whole pre-Late Cretaceous base-
ment of the Seychelles Plateau and attained a thickness of
-approximately 2 km. The rocks were dated at 70.9 + 1.1
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Fig. 4. Paleomagnetic anomaly identifications from the Mascarene and eastern Somali basins (Masson, 1984; Plummer, 1996).

]

and 77.6 & 1.6 Ma, which is close to the age of tholeiite
dikes (69.1 £ 1.7 and 73.5 £ 2.2 Ma) in Praslin Island
in the Seychelles Archipelago (Dickin et al., 1986;
Plummer, 1995). The latter rocks are geochemically
analogous to the Deccan flood basalts (Devey and
Stephens, 1992). The active tholeiitic magmatism was
followed (with a brief 1-5-Ma interlude; Devey and
Stephens, 1992) by the intrusion of small subvolcanic

and intrusive bodies of alkaline dolerites and syenites,
which are widespread in the western part of the Sey-
chelles Plateau and in the Deccan Plateau in India. The
striking geochemical similarities between the alkaline
rocks of the two areas and their similar crystallization
ages (~65 Ma; Dickin et al., 1986) suggest that they
were derived under similar conditions, which seem to

have been created during magmatic processes at trans-



form fault zones cutting across the Carlsberg Spreading
Ridge (Kashintsev, 1993; Devey and Stephens, 1992)
but not due to the movement of the Seychelles-India
continental block over a hotspot in the western part of
the Comoros Archipelago (Duncan and Hargraves,
1990; Emerick and Duncan, 1982) or by the subduction
of the oceanic crust of the Mascarene Basin within the
Amirante Trough (Mart, 1988).

The fact that dredging samples from the upper por-
tion of the Southern Block in the Amirante Ridge con-
tain kaersutite-bearing dolerites (Geologicheskoe stro-
enie..., 1997) mineralogically similar to the analogous
rocks from Ile de Nord in the Seychelles led us to sug-
gest Early Paleocene alkaline magmatism in the
Amirante Arc.

Hence, the complicated and long-lasting geotec-
tonic evolution of the Seychelles—Amirante area made
it a unique geologic structure in the Indian Ocean. We
realize that many aspects of the scheme proposed for
the evolution of the Amirante Arc, the development of
a subduction zone along the Amirante Trough, and the
initial island-arc magmatism in the Amirante Ridge
remain disputable and call for further detailed investi-
gations, although the scheme was developed on the
basis of the latest geological and geophysical data
(Geologicheskoe stroenie..., 1997; Lelikov et al., 1991;
Plummer, 19906).

CONCLUSION

The Amirante Arc and Trough, which compose an
arcuate system between Madagascar and the Seychelles
microcontinent, are morphologically and geophysi-
cally similar to island-arc systems in the West Pacific
Ocean but differ from them by a fully aseismic charac-
ter, the absence of an accretionary prism, and by the
composition of the rocks, whose rineralogy and
geochemistry are analogous to those of oceanic-crust
basites but not island-arc rocks. The stratigraphic top of
the arc magmatic basement consists of pillow lavas of
clinopyroxene-plagioclase ( olivine) tholeiites and
dolerite-basalts, which are metamorphosed to the zeo-
lite facies and are exposed in the Northern and Central
blocks. Deeper portions of the sequence consist of a
dolerite and fine-grained gabbro dike complex and, fur-
ther downsection, massive and cumulative gabbro, gab-
bronorite, and, then, ultramafic rocks, which crop out in
the southern part of the arc. The predominance of
holocrystalline plutonic rocks in the southern part of
the arc and the higher metamorphic grade (up to the
greenschist facies) of these rocks point to the deeper
erosion of this portion of the arc compared with its
northern and central parts.

The two-pyroxene-plagioclase basalts and feldspar-
free olivine—orthopyroxene volcanics found in the
northern part of the Amirante Arc are mineralogically
and geochemically distinct from the mafic rocks of the

oceanic crust and resemble the products of initial
island-arc magmatism.

The genesis of the Amirante Arc and Trough remain
a matter of vivid discussion. According to currently
predominant hypotheses, these structures, which have a
magmatic basement of Late Cretaceous rocks of the
normal oceanic crust, compose an island-arc system
that resembles typical arcs only morphologically. How-
ever, some gravity anomalies of the Amirante Arc and
Trough led Mart (1988), Masson (1984), and Miles
(1982) to propose the possible limited subduction of
the Cretaceous oceanic crusts of the Mascarene Basin
within the Amirante Trough. Later, summarizing newly
obtained geological and geophysical evidence, Plum-
mer (1996) concluded that the Amirante Arc and
Trough were created at 80-70 Ma within the Amirante
pull-apart basin. The latter was produced by sinistral
strike-slip motions along a system of unparallel trans-
form faults between Madagascar and the Seychelles
microcontinent. Spreading processes and the develop-
ment of the oceanic crust of the Mascarene Basin in the
Late Cretaceous caused the rotational compression at
the boundary between the Seychelles microcontinent
and the Somali Basin with an older oceanic crust
(Plummer, 1996), tectonic piling of the oceanic crust of
the Amirante Basin, and the origin of the Amirante Arc
and Trough, along which the subduction of the oceanic
crust of the Somali Basin and initial island-arc magma-
tism can be suggested. The products of this magmatism
were the two-pyroxene~plagioclase basalts and feld-
spar-free olivine volcanics found in dredging samples
from the northern part of the Amirante Ridge. The pro-
cesses terminated at 65 Ma in response to changes in
the geometry of spreading centers in the western part of

_the Indian Ocean and the development of the present-

day Carlsberg spreading ridge.
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