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65 m.y.-long magmatic activity in Sumatra (Indonesia),
from Paleocene to Present

HERVE BELLON'*, RENE C. MAURY', SUTANTO?, RUBINI SOERIA-ATMADIJA?,
JosepH COTTEN' and MIREILLE POLVE*

Key words. — Ages (*9K-*Ar), Calc-alkaline lavas, Island arc, Sumatra, Java, Indonesia.

Abstract. — Sumatra is the largest volcanic island of the Indonesian archipelago. The oblique subduction of the Indian
Ocean lithosphere below the Sundaland margin is responsible for the development of 2a NW-SE trending volcanic arc,
the location of which coincides approximately with the Great Sumatran Fault Zone (GSFZ). We present in this paper ca.
80 new "K-"Ar ages measured on Cenozoic calc-alkaline to shoshonitic magmatic rocks sampled all along this arc
from Aceh to Lampung. The results show that magmatic activity started during the Paleocene (ca. 63 Ma) all along the
arc, and was more or less permanent until Present. However, its spatial distribution increased at ca. 20 Ma, a feature pos-
sibly connected to the development of the Great Sumatran Fault. The position of Plio-Quaternary magmatic rocks is
shifted away from the trench by a few tens of kilometres with respect to that of Paleocene to Miocene ones, a feature
consistent with a significant tectonic erosion of the Sundaland margin during the Cenozoic.

The studied samples display typical subduction-related geochemical signatures. However, we have been unable to
identify clear geochemical trends, either spatial or temporal. We suggest that the lack of such regular variations reflects
a complex igneous petrogenesis during which the contribution of the Sundaland continental crust overprinted those of
the mantle wedge and the subducted slab.

65 Ma d’activité magmatique 2 Sumatra (Indonésie), du Paléocéne a I’Actuel

Mots clés. — Ages (*OK-CAr), Laves calco-alcalines, Arc insulaire, Sumatra, Java, Indonésie.

Résumé. — Sumatra, la plus grande ile volcanique de ’archipel indonésien, a une forme allongée NW-SE sur 1650 km,
parallélement 3 la fosse de la Sonde (fig. 1, cartouche). Elle résulte de 1’évolution de la marge continentale eurasiatique
de Ia Sonde affectée depuis le début du Cénozoique par la subduction de la lithosphére océanique indienne. La conver-
gence obligue est en partie accommodée par de grands décrochements, parmi lesquels la Grande Faille de Sumatra
(GSFZ) dont le trajet coincide en de nombreux secteurs avec la position de I’arc volcanique plio-quaternaire.

Nous avons échantillonné les ensembles magmatiques cénozoiques de Sumatra au niveau de 8 secteurs réguliére-
ment répartis le long de "arc (fig.1 et 2), d”Aceh (1) 4 Lampung (8). Les analyses géochimiques (léments majeurs et en
traces) de ces roches principalement basaltiques et andésitiques (tabl. I) indiquent leur caractére majoritairement cal-
co-alcalin, faiblement potassique 3 potassique, ou bien shoshonitique pour quelques échantillons (fig. 3). Ces laves pos-
sédent les caractéristiques minéralogiques et chimiques typiques des magmas d’arc, et présentent notamment des
spectres d’éléments incompatibles faiblement 2 trés enrichis (fig. 3) montrant des anomalies négatives en Nb et Ti. On
note la présence de magmas dérivés de 1’anatexie de la crolite continentale, et généralement mis en place-sous forme
d’ignimbrites (tuffs de Lampung et de Toba par exemple).

Quatre-vingt datations 40g * Ar nouvelles de ces roches magmatiques sont présentées en tableau I1. Elles démon-
trent que I’activité magmatique de 1’arc de la Sonde a commencé au Paléocéne vers 63 Ma, au nord, au cenire et au sud
de Sumatra (fig. 2), et non 4 I’Eocéne inférieur comme le suggéraient la plupart des travaux antérieurs [Hamilton, 1979].
Ce résultat ne conduit cependant pas & modifier les modeles géodynamiques récents d’évolution du SE asiatique [Ran-
gin et al., 1990a,b ; Hall, 1996, 2002]. Au Miocéne terminal, les sites du magmatisme sc déplacent de quelques dizaines
de kilométres au plus en s’¢éloignant de la fosse (fig. 1), ce qui peut refléter ’intervention de processus d’érosion tecto-
nique. A partir de ce stade, |’activité magmatique affecte [’ensemble de Iile, et se localise principalement au niveau de
la GSFZ qui semble contrdler souvent sa mise en place.

A U'inverse du cas de I’ile voisine de Java (et de nombreux autres arcs insulaires), on n’observe pas a Sumatra de
variation réguliére des caractéristiques géochimiques des magmas, et en particulier de leur enrichissement en éléments
incompatibles, en fonction de leur ige et/ou de leur localisation spatiale (fig. 5). Nous attribuons cette particularité a
une histoire pétrogénétique complexe. Au cours de celle-ci, les signatures géochimiques du manteau de I'arc et de la li-
thosphére subduite ont été en grande partie masquées par ’empreinte laissée par les processus d’anatexie, de contami-
nation par la crolte et d’assimilation couplée a la cristallisation fractionnée.
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INTRODUCTION

One of the major features of the Cenozoic geology of
Southeast Asia is the prominence of subduction-related
magmatism all along the trench-rimmed archipelagoes of
Indonesia and the Philippines, staked by hundreds of ac-
tive/recent volcanoes. Two kinds of magmatic arcs can be
distinguished in those areas : (i) long-lived arcs that result
from the subduction of major oceanic domains along thou-
sands-km long trenches, which represent major plate bound-
aries at the global scale, and (ii) generally short-lived arcs
that border the quickly evolving boundaries between oce-
anic and continental microplates/microblocks. A typical ex-
ample of the former is the northwestern part of the ca. 5,000
km-long Sunda arc, which results from the subduction of
the Indian QOcean lithosphere beneath the edge of the Eur-
asian plate (referred to as the Sundaland) since the early
Tertiary. Short-lived (and short) arcs are very common in
eastern Indonesia [Sulawesi : Priadi et al., 1994 and Polvé
et al., 1997 ; Banda Sea : Honthaas ef al., 1998, 1999} and
the Philippines. From a petrogenetic point of view, these
short arcs are especially useful to document the effects of
either abrupt changes in tectonic regime like initiation, end
of subduction [Mindanao : Sajona et al., 1993, 1994, 1997]
or those of spatially variable compositions of the subducted
and/or overriding plates [Luzon arc : Defant et al., 1989,
1990 ; McDermott ef al., 1993 ; Maury et al., 1998]. Con-
versely, long-lived arcs like the Sunda arc are especially
good targets to investigate the effects of prolonged and
more or less continuous subduction on the composition of
the arc mantle wedge through the temporal geochemical
variability of the magmas which derive from its melting.

Numerous studies have dealt with the active volcanoes
of the northwestern Sunda arc, e.g. the Toba caldera
[Chesner and Rose, 1991] and the Ranau one [Bellier et o/,
1999] in Sumatra or the Galunggung, Merapi and Bromo in
Java. Surprisingly, relatively few data are available concern-
ing the chronology and geochemistry of Tertiary and early
Quaternary magmatic rocks in those islands [Hall, 2002]. In
Java, an almost continuous magmatic activity is docu-
mented from Eocene (ca. 42 Ma) to Present, and its prod-
ucts show a temporal increase in incompatible elements
[Bellon ef al., 1989 ; Soeria-Atmadja et al., 1988, 1994].
The latter feature suggests that these elements have been
transferred from the downgoing oceanic crust to the mantle
wedge, and have been accumulated progressively there, be-
cause they were relatively slightly tapped by magmatic ac-
tivity [Juteau and Maury, 1999]. Ocean floor ages identified
from magnetic anomalies range from chron MO (120.4 Ma)
SE of Sumatra to chron 34 (83.5 Ma) at the western tip of
the island ; the younger area except the ridge is between
chron 25 (55.9 Ma) and chron 21 (47.9 Ma), according to
the digital isochrons by Miiller et al. [1997].

The purpose of the present study is (i) to demonstrate
from a set of ca. 80 new *°K-*"Ar ages that magmatic activ-
ity occurred almost continuously all along Sumatra since
the Paleocene, and (ii) to discuss the origins of the corre-
sponding geochemical variations with regard to the past and
present tectonic evolution of this island.

Bull. Soc. géol. Fr., 2004, n° 1

GEOLOGICAL FRAMEWORK

Sumatra is the largest active volcanic island in Indonesia.
Roughly 1,700 km long, it trends NW-SW almost parallel to
the Sunda Trench (fig. 1 inset), from which it is separated
by a ca. 300 km-wide forearc basin including a partly
emerged accretionary complex. The present-day subduction
vector is oblique (ca. 60° with respect to the trench) and the
GPS-measured corresponding convergence rate is 50 mm/year
[Chamot-Rooke and Le Pichon, 1999 ; Michel ef al., 2001].
The subducted Indian Ocean lithosphere has been
tomographically imaged down to depths of at least
1,500 km, and the downgoing slab is teared beneath cen-
tral/northern Sumatra [Widiyantoro and van der Hilst,
1996]. The oblique convergence is partly accommeodated by
two major strike-and-slip faults : the Great Sumatran Fault
Zone (GSFZ ; also referred to as the Semangko Fault)
onland and the Mentawai Fault in the forearc region
[Diament et al., 1992 ; Malod and Kemal, 1996]. This
mechanism is extensively described by Bellier e al. [1999].
The ages of the subducting oceanic crust range from late
Cretaceous in front of the southern part of Sumatra, east of
the fossil aseismic Investigator ridge, to Paleocene then
Eocene northeastwards. The Wharton fossil ridge enters the
trench in front of Central Sumatra (fig. 1 inset). Terrigenous
sediments from the Nicobar submarine fan, the source of
which was the Irrawaddy river, are abundant off northern
Sumatra [Davies ef al., 1995].

The thickness of the Sumatra crust is ca. 30 km, a typi-
cal continental value [Kopp et al., 2001]. Most of the island
is geologically a part of the Sundaland [Simandjuntak and
Barber, 1996], a set of Gondwana fragments dating from the
Permo-Carboniferous, to which were accreted a number of
terranes during the Mesozoic [McCarthy et al., 2001]. For
instance, in central and southern Sumatra (inset fig. 1), the
Mergui microplate is made of Upper Paleozoic Gondwana
formations juxtaposed to the oceanic (island-arc related)
Woyla terrane along the Lematang suture zone [Cameron et
al., 1980 ; Pulunggono and Cameron, 1984]. The Paleozoic
and Mesozoic formations are crosscut by a number of
subduction-related granitoids ranging in age from Permian
to early Cretaceous [McCourt ef al., 1996]. Those located
east of the GSFZ are highly radiogenic in Sr and share
many geochemical characteristics with S-type granites from
Thailand, Burma and Malaysia, while those outcropping
west of the GSFZ are island arc-related, and display Sr iso-
topic ratios lower than 0.706 [Gasparon and Varne, 1995].

Cenozoic magmatic rocks overlie and/or crosscut these
Paleozoic and Mesozoic units. They trend NW-SE all along
the island, near or west of the Great Sumatran Fault Zone
(fig. 1 inset). The location of many Quaternary/active volca-
noes is controlled by this major strike-and-slip fault : large
collapse calderas, e.g. those of lake Toba and lake Ranau,
are limited by the bounding faults of pull-apart basins lo-
cated along, or parallel to, the Great Sumatran Fault [Bellier
and Sébrier, 1994 ; Bellier ef al., 1999]. Cenozoic magmatic
activity is considered to have started at ca. 60 Ma [McCourt
et al., 1996], and developed during the early Miocene
{20 Ma) when the Sumatran Fault became active [McCarthy
and Elders, 1997].

Exposures of magmatic units are generally poor in
western Sumatra, due to the dense Equatorial forests and
lateritic alteration profiles. Three field trips conducted from
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FIG. 1. — Schematic map of Sumatra and Java showing the eight sectors (numbers 1 to 8) in which Cenozoic magmatism in Sumatra has been investigated
and the temporal change of the location of the Sunda magmatic arc. Inset shows the main tectonic patterns of Sumatra together with some geological fea-
tures quoted in the text : GSFZ : Great Sumatran Fault Zone ; MF : Mentawai Faunlt ; WFR : Wharton Fossil Ridge ; IR : Investigator Ridge and. Conver-

gence vector according to Tregoning ef al. [1994].

FiG. 1. = Carte schématique de Sumatra et Java présentant les 8 secteurs d’étude du magmatisme cénozoique de Sumatra (numéresl a 8) ainsi que
1'évolution de la position de I’arc magmatique de la Sonde au cours du Cénozoigue. En cartouche sont représentés les principaux traits structuraux de Su-
matra ainsi que divers éléments géologigues mentionnés dans le texte. GSFZ : zone de la grande faille de Sumatra ; MF : zone de faille de Mentawai ;
WFR : ride fossile de Wharton ; IR : ride Investigator. Direction de convergence selon Tregoning et al. [1994].

1993 to 1995 allowed us to sample eight areas labelled 1
(Aceh) to 8 (Lampung) from NW to SE. In most of them,
we found a wide range of *°K/*°Ar ages from
Paleocene-Eocene to Plio-Quaternary (fig. 2). Sampling
was usually made along roads or rivers, and although we
collected ca. 250 fresh or relatively fresh rocks. We are
fully aware that this set is far from being exhaustive or sim-
ply representative. In particular, we were unable to sample a
number of densely forested mountain areas of uneasy ac-
cess.

ANALYTICAL METHODS

Major and trace element data were obtained by Inductively
Coupled Plasma-Atomic Emission Spectrometry
(ICP-AES). The samples were finely powdered in an agate
grinder. International standards were used for calibration
tests (ACE, BEN, JB-2, PM-§ and WS-E). Rb was mea-
sured by flame emission spectroscopy. Relative standard de-
viations are +1 % for Si0, and + 2 % other major elements
except P,Os and MnO (% 0.01 %), and ca. 5 % for trace ele-

ments. The analytical techniques are described in Cotten ef al.
[1995]. The corresponding chemical analyses are listed in
table 1.

40K _Y0Ar datings were performed on whole-rock samples,
with the exception of separated feldspars and biotites from
rhyolites PR 71 (sector 3) and R1 (sector 8) (table II). After
crushing and sieving, the rock fraction of 0.3 to 0.15 mm in
size was cleaned with distilled water and then retained for
analytical purposes : (i) one aliquot was powdered in an ag-
ate grinder for K analysis by atomic absorption after HF
chemical attack, and (ii) 0.3 to 0.15 mm grains were used
for argon isotopic analysis. Argon extraction was performed
under high vacuum by induction heating of a molybdenum
crucible. Extracted gases were cleaned on two titanium
spunge furnaces and finally purified by using two Al-Zr
SAES getters. Isotogic composition of argon and concentra-
tion of radiogenic *’Ar were measured using a 180°-geome-
try stainless steel mass spectrometer equipped with a
642 Keithley amgjliﬁcr. The isotopic dilution method was
applied using a **Ar spike buried as ions in aluminium tar-
gets following the procedure described by Bellon et al

Buil. Soc. géol. Fr., 2004, n° 1
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Abbreviations for magmatic types are. B : basalts ; BA : basaltic andesites ; A : andesites ; D : dacites ; R : rhyolites ; LK : low-K catc-alkaline ; MK :
medium-K calc-alkaline ; HK : high-K calc-alkaline ; SH : shoshonitic ; UK : ultrapotassic. Ages are given i Ma.

FIG. 2. — Distribution spatio-temporelle du magmatisme cénozoigue de Sumatra el position des secteurs d’échantillonnage de cette étude (les coupes prin-
cipales sont indiguées en trait gras). Les cartes détaillées de position des échantillons étudiés sont données par Sutanto [1997] et peuvent étre communi-
quées sur demande auprés des auteurs. Abréviations des types magmatiques : B : basaltes ; BA : andésites basaltiques ; A : andésites ; D : dacites ; R :
rhyolites ; LK : laves calco-alcalines faiblement potassiques ; MK : laves calco-alcalines moyennement potassiques ; HK : laves calco-alcalins fortement
potassiques ; SH : laves shoshonitiques ; UK : laves ultrapotassiques. Les dges sont donnés en Ma.
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TABLE 1. — Geochemical analyses of selected lavas from Sumatra (oxide weight % for major elements, ppm for trace elements). Sampling areas and
cross-section numbers corresponding to analysed samples are given in table II and are shown in figure 1 caption.

TABL. 1. — Analyses géochimiques (% pondéral d’oxydes pour les éléments majeurs, ppm pour les éléments en trace) de laves de Sumatra. La correspon-
dance des codes des échantillons analysés avec la numérotation des régions d’échantillonnage et des coupes est donnée dans le tableau Il. Les zones
d’échantillonnage et des coupes sont présentées en figure 1 et dans sa légende.

Paleocene, Eocene and Oligocene velcanism

Miocene volcanism

LM 118 NL40 NL41 LMI124 SU49 LM 116A NL36 NL37 TT148 TP33 | PN26 CL140 IP113
Age
(Ma) | 63.1 62.5 59.6 555 521 513 41.1 374 3ile 255 237 214 188
wt%
5i0, 493 458 574 48 48 45.6 58 47 53.4 65 494 49.7 52
TiC, 0.95 093 .76 1.06 0.1 1.24 0.63 0.98 0.96 0.29 0.81 0.86 0.67
AKO, | 1485 4.1 1755 15.1 16.55 18.1 179 148 17 155 19.15 197 19.25
Fe;OJ‘ i 129 7.01 134 10.65 13 6.92 1237 837 327 10.5 8.96 B.08
MnO § 618 0.2 0.21 0.17 0.22 0.2 0.13 0.2 0.16 025 0.2 016 0.17
MgO 83 785 2.65 .26 4.96 8 3.09 647 4.89 0.58 4.75 4.81 3.87
Cal 8.65 11.25 13 77 1045 695 6.7 9.6 8.58 4.8 83 102 89
Na,O | 385 2.64 4.11 392 3.05 2,65 329 2.85 337 542 379 306 4.85
Ko e 12 313 076 217 03 106 233 066 LI3 | 228 057 023
POy 025 0.29 033 0.29 042 031 0.18 033 0.17 016 0.33 0.15 0.34
LOt 2.64 2.69 282 283 258 3.16 246 2.56 211 35 0.72 1.7 1.34
TOTAL{ 99.89 9987 9957 9954 0994 0941 10036 9976 9967 999 | 10023 9987 9974
ppm
Rb 12 192 62 13 36 6 44 135 23 6.8 58 10 6
Ba 108 300 520 167 575 38 205 533 160 338 450 126 64
Nb 24 13 21 25 19 36 i1 L5 28 4.4 21 14 17
La 17 94 16 99 16.2 126 12 116 74 19.5 131 7 12
Ce 41 2% 33 275 38 32 27 285 185 52 27 175 29
Sr 630 615 690 930 835 260 420 546 270 342 944 kXl 1620
Nd 8 16 215 185 24 22 14.5 19.5 115 22 16.5 18 19
Zr 30 53 97 66 68 76 74 76 84 39 24 66 42
Eu 175 125 168 13 16 13 0.93 14 101 105 | 115 094 126
Dy 4.15 38 47 39 4.4 4.8 19 4.1 4.2 18 29 38 33
¥ 21 21 27 25 24 27 255 23 27 6 17 23 205
Er 21 19 7 21 23 27 23 22 2.5 L6 16 22 2
Yb 178 1.85 23 195 215 24 234 1.94 257 127 142 37 182
Cr 235 50 10 52 10 L 9 75 18 3 8 34 12
Ni 52 48 5 27 15 40 5 30 33 2 15 18 i8
Ca 38 47 13 47 34 44 19 38 26 2 23 25 21
S¢ 365 40 14 30 26 i3 17.3 36 31 28 26 28 0
v 266 345 141 370 320 360 160 325 250 8 04 25 245

[1981]. Ages listed with their respective characteristic pa-
rameters in table II, are calculated using the constants rec-
ommended by Steiger and Jager [1977] and £+ 1o errors are
calculated following the equation of Mahood and Drake
[1982].

GEOCHEMICAL DATA

Major elements and petregraphic types

Representative major and trace element analyses of Ceno-
zoic magmatic rocks of Sumatra are given in table I.
Plutonic rocks range in composition from rare gabbros to
dominant granites through moderate amounts of diorites
and granodiorites. In a K,0/8i0; diagram most of them
(with the exception of two low-K samples from Padang)
plot within the fields of moderately potassic (medium-K) to
highly potassic (high-K) calc-alkaline magma series. They
contain quartz, potassic feldspar, plagioclase, Fe-Ti oxides
and biotite. Additional amphibole is common, especially in
the granodiorites. Additional petrographic data can be
found in Sutanto [1997].

Volcanic rocks range in composition from very common
basalts, basaltic andesites and andesites to rare dacites and
moderate amounts of rhyolites. Most of them plot in the me-
dium-K or high-K calc-alkaline fields, and their pattern in
figure 3 matches approximatively that of the less abundant
plutonic rocks. Low-K cale-alkaline and shoshonitic lavas
are less abundant (fig. 3 and table II). The silica and potas-
sium contents of the lavas are apparently not linked to their
geographic position (areas 1 to 8). For instance, Quaternary
rhyolitic tuffs occur in northern (Toba, 3), central (Padang,

Pliocene and Quaternary volcanism

GB15 SBE3 NL34 CL131 MNIle| PR61 BR104 PRIOGIB UB110 PR7! SR53 SB82 SM76
18.7 16.8 182 150 132 570 210 1.90 176 .60 033 029 0.12
0.6 592 48235 536 585 | 6325 58 525 376 6845 382 519 598
0.62 0.6 0.87 0.65 0.92 0.56 0.78 113 0.7 044 079 0.89 0.66
16.1 1735 1535 1768 1765 | 1635 1758 1845 179 1483 16.3 207 17.1
5.55 6.18 11.28 76 6.70 542 796 18 1.65 3.78 735 B.94 114
0.09 0.15 0.18 0.12 a.16 012 .19 017 .15 0.08 0.17 0.l6 0.15
32 339 6.28 4 2.80 1.98 301 3.85 3.09 L06 332 3132 3.05
5.1 63 9.85 6.79 5.90 535 7.67 78 74 3 73 9.65 6.55
355 332 325 325 385 wn 265 242 345 3.04 294 29 291
209 13% 197 078 138 | 275 199 124 137 289 234 078 192
0.13 0.12 0.33 022 024 0.14 0.21 0.27 018 0.01 0.17 0.1% 6.14
il 154 259 274 1.97 148 038 193 058 282 076 039 008

10014 9954 1602 9813 10007 | 9962 10042 9976 10007 1004 100.14 99.88 99.5

74 19 05 15 29.5 9 67 64 36 133 80 19.5 63
205 242 47 195 212 74 560 36 313 690 395 195 344
4 25 LB 25 54 9.6 8 i14 39 204 7.7 4 4.8
12 1.2 1.5 10.5 17 34 305 32 28 47 26.5 13.2 19
3 24 265 255 6 6 62 72 59 13.7 57 29 42
192 248 388 379 276 235 460 475 IRG 84 284 355 328
17 13 195 155 21 25 27 36 34 35 28 16 20
136 116 2 89 B84 22 87 164 18 38 208 106 133
0.84 084 139 1.04 123 104 1.28 1.69 21 1.1 LI18 1.14 1.01
52 4 4 35 51 3B 43 5.6 83 245 54 4.2 42
325 27 22 22 30 235 26.5 31 54 38 345 26 26.5
32 26 2 2 31 22 26 29 55 25 28 25 28
313 265 1.9 205 278 196 252 27 54 232 27 254 2.6
52 3 70 18 22 6 6 26 8 6 20 8 i1
24 12 29 9 7 2 3 4 7 4 6 12 4
16 17 »n 20 13 1 18 I8 19 6 19 25 1%
183 2 345 16 22 13 175 193 17 B9 26.5 25 21
138 6 320 172 156 105 195 178 192 42 187 242 172
Basalti " " .
K0 Basalts  Lpdititss Andesites| Dacites Rhyolites
Ultrapotassic
(wit) series SO
4 e} P High K calc-alkaline
o o series
3 r»/‘ 5]
/ »
Medium K calc-alkaline
& series
I ® o
2 @ [ ]
1
Low K calc-alkaline
series
0 T 1 z
45 48 53 57 63 68 Si0; (wi%) 7B

& Late Miocene-Pliocene-Quaternary
® Early Oligecene-Miocene volcanism
O Paleocene-Eocene volcanism

FI1G. 3. — K,0-8i0, plot and classification of Sumatra lavas. Petrographic
types and series are determined according to Peccerillo and Taylor’s
{1976] classification slightly modified according to Maury [1984]. B : ba-
salts ; BA : basaltic andesites ; A : andesites ; D : dacites ; R : rhyolites ;
LK : low-K calc-alkaline ; MK : medium-K calc-alkaline ; HK : high-K
calc-alkaline ; SH : shoshenitic ; UK : ultrapotassic.

FIG. 3. — Classification des laves de Sumatra a l'aide du diagramme
K,0-8i0; de Peccerillo et Tayvlor [1976] légérement modifié selon Maury
[1984]. B : basaltes ; BA : andésites basaltiques ; A : andésites ; D : daci-
tes ; R: rhyolites ; LK : laves calco-alcalines faiblement potassigues ;
MK : laves calco-alcalines moyennement potassiques ; HK : laves cal-
co-alcalines fortement potassiques ; SH : laves shoshonitiques ; UK : la-
ves ultrapotassiques.
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TABLE II. — Isotopic “’K-**Ar datings of samples from Sumatra. Ages with errors at one sigma level are calculated with Steiger and Tiger [1977] cons-
tants, Results are the average of two radiogenic argon (Ar*) analyses. Sampling areas and cross-section numbers are shown in figure 1 and 2 ; f: flow ; d :
dyke ; t : ignimbritic tuff; LK ; low-K calc-alkaline ; MK : medium-K calc-alkaline ; HK : high-K calc-alkaline ; SH ; shoshonitic.

Center Sample and outcrop  Type end parentage  Age =  eror K0 P Arg mma *Ar LOt  Anslysis C.S.
(Ma)  Isigma (wi%) 107em'g'! (%) t0%m’g’ (wi%) number number
i UB 110 f  Andesite MK .76 = 006 1.41 0.8 26.7 0.74 0.58 B37784 1
LM 126 d Basalt LK 145 = 117 021 13.3 278 6.86 B 3740-2 3
P13 f  Basalt LK 188 = 049 032 46.9 0.73 134 B3747-9 2
LM 116A t  Basalt LK 513 = 1.3 0.31 52 35.2 224 3.16 B3758-2 3
LM i24 d Basalt MK 555 = 1.5 0.78 14.08 70.6 1.98 2.83 B3759-3 x
LM 118 f Basalt MK 519 % 1.4 0.8 16.6 54 488 2.64 B4213-2 n
631 = L5 08 182 £3.5 137 2.64 B4219-8 "
2 CLIM d  Bas. andesite MK 150 = 038 0951 4.39 523 1.35 2.74 B 3736-6 4
CL 136 d  Andesite MK 175 = 042 1.40 7.92 593 1.83 214 B37514 =
CL132 d  Andesite MK 183 = 044 1.31 776 62.1 1.59 242 B3753-6 ad
GB 15 d  Andesite MK 187 = 044 207 12.54 74. 1.49 3.11 B3544-6 "
CL135B d  Basalt MK 188 = 039 080 4.87 315 3.59 2.3k B3801-3 %
CL141A f Basalt MK 188 = 045 1.23 7.47 677 1.21 1.30 B 3737-7 :
CLI35C d  Andesite MK 211 = 060 147 10.08 319 5.59 143 B3752-5 il
CL 140 f Basalt MK 214 = 059 060 4.16 40.9 2.04 1.70 B 3798-9 .
TT 144 d  Basalt MK 269 = 072 063 5.49 432 245 403 B 37604 5
TT 148 d  Bas. andesite MK 316 = 085 090 9.18 423 4.24 211 B3750-3 "
3 BRI107 f  Andesite MK 048 = 011 2,53 0.39 3.7 3.47 1.29 B3827-3 7
PR 98A f Bas. And. MK @52 = 003 191 0.32 135 0.69 0.45 B3789-8 "
PR71 t  Rhyolite HK 063 = 005 347 0.7 94 228 2.82 B4097-8 8
(fds) 038 = 0.6 0.35 48 3.0s B 44817
(bio} .81 = 014 339 1.97 10.5 53 B 4095-6
PR 1018 dl Basalt MK 189 = 023 147 0.92 69 411 1.93 B 39469 8
BR 104 f  Andesite HK 209 = 029 217 1.46 6.1 763 0.33 B3965-10 7
PR 70 f HK 288 = 007 249 231 48.9 0.82 0.87 B3745-7 8
PR 61 d Dionte HK 566 = 0.4 2.8 5.12 61.4 1.09 1.48 B3763-7 8
4 SR33 f  Andesite HK 033 = 012 249 0.26 28 385 0.76 B3756-9 9
032 = 003 0.12 21 407 B 3751-4
SR 75 d  Bas, andesite HK 037 = 002 3.2t 0.38 14.4 0.77 236 B3845-7 el
SB 82 { Basalt MK 029 = 005 092 0.08 46 0.61 031 B3761-5 10
PS 31 b Basaht MK 038 = 004 072 0.08 77 0.35 001 B 37659 ®
SB28 f  Andesite MK 535 = 023 223 3.85 208 4.94 119 B4260-3 "
"
SB 84 d  Andesite MK 168 = 047 106 5.76 38.1 3.03 3.55 B4i91-6 "
SB &3 d  Andesite MK 168 = 039 143 777 78.7 0.71 1.54 B3762-2 .
SB &5 f  Andesite MK 182 = 045 103 6.05 573 1.52 267 B3IT71-3 %
SB27B d  Andesite MK 196 = 0.58 1.61 10.25 353 6.36 1.77 B3746-8 "
5 NL46 b Andesite HK L9 = 003 223 0.85 484 03 1.21 B3765-8 13
NL 34 f Absarokite SH 182 = 044 1.07 6.32 61.3 135 2.59 B3754-7 "
NL 42 t  Basaltique MK 197 = 048 096 6.14 62.7 1.24 3.60 B4i80-4 "
NL 37 d Basalt SH 374 = 09 23 28.25 67.4 458 2.56 B4348-1 "
NL 36 d  Andesite MK 411 = 09 1.06 27.25 89.3 1.1 2.46 B3743-5 "
SU49 d  Basait SH 521 = 1.2 253 43.13 93 1.09 2.58 B4149-9 &
NL 41 d  Andesite HK 596 = 14 345 67.43 829 472 282 B4244-2 ]
NL 40 d  Basalt MK 625 = 14 1.33 2727 86.8 14 269 B3742-4 "

6) and southern (Lampung, 8) areas, and, conversely, low-K
samples can be found all along the arc (table I). Cenozoic
lavas from Sumatra are usually highly porphyritic, with
plagioclase dominating over clinopyroxene, orthopyroxene
and titanomagnetite phenocrysts. They display petrographic
features often encountered in calc-alkaline lavas, e.g. strong
and either normal or reverse zoning patterns, destabilised
phenocrysts and other textural features usually associated
with magma mixing processes [Sutanto, 1997].

Trace element characteristics

Cenozoic magmatic rocks of Sumatra usually contain low
amounts of compatible transition elements, e.g. Cr, Co, Ni,
and thus most of them do not represent primary melts from
a peridotitic mantle wedge. Their incompatible element
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contents are moderate to high, and they generally display
clearly enriched patterns on the mantle-normalised
multielement plots shown in figure 4. High-K lavas among
the Pliocene and Quaternary emissions (fig. 2) and high-K
and shoshonitic lavas of Eocene, Oligocene and Miocene
age in Padang and Lampung and also of Paleocene age in
Natal (fig. 2) display larger enrichments in light rare earth
elements (LREE) and large ion lithophile elements (LILE)
compared to the medium-K and low-K ones. All individual
sample patterns show strong negative niobium anomalies
and somewhat lower negative Ti anomalies. These features
are typical of “orogenic” (i.e. subduction- or collision-re-
lated) magmas.

Some individual spectras deserve special attention. First
of all, samples from the 74 ka old Toba Tuff display signifi-
cantly higher LREE and LILE contents compared to the
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TABL. I1. — Datations isotopiques *K-*"Ar d'échantillons de Sumatra. Les dges avec des incertitudes pour un écart-type sont calculés selon les constantes
de Steiger et Jiger [1977] prenant en compte la moyenne de deux analyses de I’argon 40 radiogénique (Ar¥*) les légendes des figures 1 et 2 pour la numé-
rotation des régions d'échantillonnage et des coupes ; f: coulée ; d : dyke ; i : intrusion ; t : tuf ignimbritique. ; LK : laves calco-alcalines faiblement po-
tassiques ; MK : laves calco-alcalines moyennement potassiques ; HK : laves calco-alcalines trés potassiques ; SH : laves shoshonitiques.

Center Sample and outcrop  Type and parenfage  Age = emor K0 YAm A *Ar LOI  Analysis C.S.
(Ma)  lsigma (wi%) 107em’g' (%) 10%em’g' (Wt%) number number
6 PY76 d  Bas. andesite HK 064 = 005 1.92 0.39 115 1.03 0.75 B 4052-9 15
PLN 103 f Bas. andesite HK 135 = 01 1.63 0.71 11,0 1.93 541 B3617-6 20
MNIJ 55 f  Andesite MK 1.76 = 005 174 0.98 235 1.08 1.15 B4394-8 17
PY 82 f  Bas. andesite MK 299 = 008 1.2 0.81 30.7 0.62 0.03 B3591-5 15
TP 32 f  Andesite MK 143 = 034 226 10.49 63.8 2.01 1.27 B4179-3 24
PN 24 f Basalt HK 150 = 045 195 12.05 74.7 1.38 3.11 B4I81-5 23
PN 22 f  Andesite HK 191 = 045 358 2219 78.7 2.03 0.28 B4190-5 »
PN 31 f  Andesite MK 192 = 054 137 8.50 383 4.63 1.12 B 3616-5 *
PN 26 f Basalt SH 237 = 055 234 17.99 774 L78 0.72 B3519-5 o
TP 34 d  Andesite MK 243 = 060 125 9.87 56.2 2.60 1.95 B3585-8 24
P33 d  Dacite MK 255 = 059 120 9.92 74. 117 350 B4261-4 "
RDC 13 f  Basalt LK 313 & 1 0.49 5.94 424 273 131 B4i894 21
RDC 20 d  Basal SH 458 = 1.1 275 4292 883 192 B 43223 "
RDC 11 d  Gabbro MK 629 = L5 1.41 29.11 66.6 494 2.07 B425%-2 "
RDC 13A2 f Basalt LK 631 = 1.5 0.55 11.39 58.3 2.65 B 4321-2 "
RDC 13A1 f Basalt LK 637 = ES 0.58 12.1 61.9 253 B 4320-1 "
7 AM 165 f DBas. andesite MK 035 = 002 146 0.17 4.7 0.33 034 B 4036-5 27
035 = 032 oi6 9.1 0.56 B 4025-6
LH 176 f Bas. andesite HK 081 = 0.006 185 0.48 12,0 119 034 B40234 33
081 = 005 048 145 0.97 B 4024-5
BS 129 d  Bas.andesitc MK 241 = 008 1 0.85 303 0.66 041 B3626-8 32
LH 178 d  Andesite HK 291 = 009 201 198 2,0 143 2.16 B 4245-3 33
CR 145 f  Bas. andesite MK 423 = Q.15 1.3 0.52 253 0.51 121 B 36279 28
LH 173 d  Basalt LK 521 = 05 047 0.79 8.9 272 3.79 B4216-3 33
KP137 f  Bas. andesite MK 540 = 0.14 1 1.76 42.1 0.82 1.39 B4029-3 3
547 = 014 1.76 421 B 40304
BN 111 f Basalt LK 645 = 02 0.29 1.74 481 0.63 0.76 B3726-5 ¥
MN 118 d  Rhyolite MK 128 = 031 223 925 63. 1.84 1.87 B 4262-5 34
MN 117 d  Bas. andesite MK 128 = 038 091 in 35.1 236 1.60 B 3592-6 L
MN 116 t  Andesite MK 132 = 043 1.52 648 206 5.00 1.97 B 41883 .
BSU 170 f  Andesite MK 165 = 038 1.42 7.59 81.5 0.58 0.34 B43959 29
8 RI{mM t  Rhyolite MK 099 = (.08 1.98 0.63 10.5 1.83 1.6 B4073-5 42
1.21 = 018 0.77 57 431 B 4532-7 "
(fds) 081 = 004 1.18 0.31 179 0.48 B 4096-7 "
088 = 005 0.34 144 0.67 B 4533-8 i
ms 059 = 014 445 0.86 35 792 B 44839 b
081 = 0.4 1.22 5.1 7.72 B 45349 .
KDG21 f  Andesite MK L3 = 006 1.93 0.64 14.5 1.28 0.59 B3723-2 39
BK 26 f  Bas. andesite HK L1 = 004 1.74 0.61 29.6 0.49 0.61 B37254 35
PC 16 f  Andesite HK 493 = 013 21 3.34 49.8 114 046 B3724-3 39
SMK 37 d Basalt MK 109 = 043 043 1.52 26.2 145 281 B42384 37
PCE 9A f  Dacite HK i44 = 035 274 12.77 60.2 286 242 B4370-3 "
SMK 39 d Basalt LK i5.1 + 038 0.48 235 50.6 077 142 B3595-9 "
SMK 40 d  Andesite MK 169 = 04 175 9.60 47.6 357 1.89 B3594-8 "
WS 5 d  Basalt MK 171 = 044 111 6.13 48.2 223 013 B3615-9 40
TR 33 t  Rhyolite MK 197 = 047 230 14.72 66.4 252 3.82 B3629-2 4]
PCE 13 d  Shoshonitc SH 435 = 1 4.04 57.36 80.5 382 3.78 B3620-2 39

others, which could reflect their anatectic origin already
suspected from their high Sr isotopic ratios (0.710-0.714)
[Gasparon and Varne, 1995]. Moreover, other acidic rocks
such as the Quaternary Ranau Tuff in Lampung {Bellier
et al., 1999] and the Lasi granitoids in Padang area display
very low heavy REE (HREE) and Y contents, similar to
those of adakitic magmas presumably derived from the
melting of subducting oceanic metabasalts [Defant and
Drummond, 1990 ; Defant ef ai., 1992 ; Maury ef al., 1996].
The Sr isotopic ratios (0.705 — 0.707) of the Ranau Tuffs
[Gasparon and Varne, 1995], although higher than those of
fresh oceanic basalts, are lower than those of the Toba
Tuffs. However, the low HREE and Y contents of these
rocks primarily reflects the occurrence of residual garnet in
their magma source, whatever its continental (garnet-bear-
ing metasediments) or oceanic (garnet amphibolite or

eclogite) origin. Moreover, these silicic rocks do not show
the relatively high MgO, Cr and Ni contents of typical
adakitic magmas, which are thought to result from their in-
teraction with the arc mantle wedge during their ascent.
These chemical features could also reflect an anatectic ori-
gin through the melting of garnet-bearing metamorphic
rocks from the lower Sumatran crust, an hypothesis already
proposed by Nishimura er al. [1986].

HK-10AT ages

About eighty new “°K-**Ar ages of Cenozoic magmatic
rocks from Sumatra are presented in table II and in figure 2
where the temporal distribution (upper frame) and the geo-
graphical repartition (lower frame) are shown and can be
easily related to each other. Ages have been obtained either
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FiG. 4. — Incompatible multielement plots of selected Sumatra magmatic
rocks normalised to the Primitive Mantle of Sun and McDonough [1989].
FIG. 4. — Diagrammes multiélémentaires normalisés au manteau primitif
de Sun et McDonough [1989] de roches magmatiques sélectionnées de Su-
matra.

on whole rocks or separated minerals, and range from
63.7 Ma to Recent, with two frequency peaks, the first one
during the Middle Miocene (ca. 20 to 15 Ma) in seven sec-
tors of investigation, that are along the coast and the second
one during the Plio-Quaternary, at the rear of the Middle
Miocene activity loci. Temporal patterns of this long activ-
ity will be detailed after.

Older activities have been documented earlier. Sutanto
[1997] has obtained Mesozoic ages on minerals separated
from ca. 20 Sumatra rocks, which are not presented in this
paper. Among these magmatic rocks, a few volcanic ones
have been dated to early Cretaceous (125-100 Ma,
Hauterivian to Valanginian) or to late Cretaceous
(90-75 Ma, Turonian to Campanian). On the other hand,
three major plutonic events have been recognised based on
mineral ages which give a complex ages pattern, comprising

Bull. Soc. géol. Fr, 2004, n° 1

primary cooling ages and probable rejuvenated ages : early
Jurassic (215-180 Ma), early Cretaceous (165-150 Ma) and
late Cretaceous (125-110 Ma). These datings are consistent
with previously published ages [McCourt et al., 1996] for
this subduction-related plutonism, mostly comprising I-type
plutons formed by the northeasterly subduction beneath the
continental margin of Sundaland [Barber, 2000].

DISCUSSION

Temporal patterns of magmatic activity

The data set shown in table I allows to discuss several fea-
tures which have been schematically displayed in figure 2.
In most tectonic reconstructions, subduction of the Indian
Ocean beneath Sumatra is considered as effective since the
early Eocene [Rangin ef al., 1990b ; Hall, 2002], based on
the reported occurrence of subduction-related magmatism
during that period [Hamilton, 1979 ; McCourt et al., 1996].
Two main results arise from our data : i) calc-alkaline mag-
matic activity started at ca. 63 Ma during the Paleocene all
along the island (areas 1, 5, 6, 8 in figure 2) and ii) that ac-
tivity was probably permanent until Present at least in some
areas.

The first conclusion is consistent with the ocean floor
ages identified from magnetic anomalies [Muller et al.,
1997]. It is also in agreement with the probably more than
3500 km length of the subducted Indian Ocean slab below
the western Sunda arc, according to tomographic data
[Widiyantoro and van der Hilst, 1996]. However, the spatial
distribution of magmatic activity seems to have increased in
the early Miocene (20 Ma), a period during which this ac-
tivity is documented in all the studied areas. This increase
occurred prior to the development of the Sumatran Fault
which was active (at least for its southern part) during the
Pliocene, according to Pramumijoyo [1991]. The location of
the Miocene volcanism seems controlled by the GSFZ and
might be a consequence of its activity according to McCar-
thy and Elders [1997]. The closer location with respect to
the trench of Paleocene-Miocene magmatic rocks compared
to Plio-Quaternary ones (fig. 1) suggests that tectonic ero-
sion [Von Huene and Lallemand, 1990] of the Sumatran
margin was significant during the Cenozoic [Lallemand,
1999], and might have removed a few tens of kilometres
from the Sumatran margin, As shown in figure 2, some peri-
ods of quiescence seem to appear in the eight investigated
areas : between 50 and 25 Ma in Aceh, Toba, Sibolga and
Bengkulu areas, whereas volcanic activity at 31.8 and
26.9 Ma is documented in Calang, an area adjacent to Aceh.
However, these lacks could reflect possible sampling bias
due to poor exposures. The lack of documented activity
from 15 Ma until 6 Ma in Aceh, Calang, Toba, Sibolga, Na-
tal and Padang might be representative, although it needs to
be confirmed by further investigations.

Temporal geochemical patterns

The composition of subduction-related magmas is expected
to reflect the respective contributions of their three main
sources, i.e. the mantle wedge, the subducted crust and the
upper crust on/through which they are emplaced [e.g.,
Kepezhinskas et al., 1997]. Incomplete tapping by mag-
matic activity of the melts of metasomatised mantle wedge
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peridotites might result into a temporal increase of incom-
patible elements in these magmatic rocks. Along-trench
variations of the composition of the subducted slab, e.g. the
thickness and detrital/pelagic character of its sediments,
might cause along-arc compositional magmatic trends [e.g.
White and Dupré, 1986]. However, the spatial and temporal
distributions of K contents in Sumatran magmas do not re-
flect such trends (fig. 5), except that occurrences of K-rich
calc-alkaline lavas seem to be more frequent during the
Plio-Quaternary than before.

Selected incompatible trace element ratios have been
plotted against time in figure 5, where data from Sumatra
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are compared to those of Java [from Bellon er al., 1989 ;
Soeria-Atmadja ef al., 1988, 1994]. The Cenozoic
magmatism of Java differs from that of Sumatra by three
main features, (i) it started later, at ca. 42 Ma, (ii) it was not
emplaced through the Sundaland old continental crust, but
through a Mesozoic accretionary prism which forms the
southern half of the island, and finally (iii) the Indian Ocean
crust subducting all along the Java Trench is rather homoge-
neous both in age (Cretaceous) and in the thickness of its
pelagic sediment cover. Because of the second particularity,
one can expect crustal contamination and anatexis to play a
lesser role in the petrogenesis of the Java magmas compared
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to those from Sumatra. As a matter of fact, K,O contents
and ratios between elements of decreasing incompatibility
(Ba/La, La/Yb, Nb/Yb) tend to increase with time in Java
lavas, a feature which may be the result of incomplete tap-
ping by magmatic activity of incompatible elements which
are progressively accumulated into the mantle wedge
through metasomatism. The temporal increase of La/Nb, a
ratio between iwo elements of similar incompatibility but
very different chemical properties (La is soluble and Nb in-
soluble in aqueous fluids), is also consistent with progres-
sive accumulation of La in the Java mantle wedge
metasomatised by hydrous fluids.

None of these features can be documented for Sumatra
magmas based on figure 5 diagrams, which show a consid-
erable scatter for the above-mentioned ratios. Such lacks of
clear spatial and temporal geochemical patterns are often
encountered in subduction-related magmas emplaced
through continental crust. For instance, in the Andes, the
complex petrogenesis of calc-alkaline magmas involves
prolonged storage of the mantle-derived melts within the
continental crust, leading to crustal contamination, assimi-
lation coupled with fractional crystallisation (AFC) and
crustal anatexis [Hildreth and Moorbath, 1988]. Other fac-
tors may have increased this complexity : for instance the
changes of the thickness and composition of the subducted
sedimentary pile northeastwards due to the contribution of
detrital sediments (the Nicobar fan (inset, fig. 1)) from the
Himalayas ; the subduction of the Wharton oceanic ridge
beneath Central Sumatra ; and finally the tearing of the slab
below the island [Widiyantore and van der Hilst, 1996]. The
relatively radiogenic Sr isotopic ratios of Sumatra lavas
compared to other parts of the Sunda arc [Whitford, 1975 ;
Gasparon and Varne, 1995] and the common occurrence of

rhyolitic and presumably anatectic ignimbrites like the Qua-
ternary Toba, Padang, Ranau and Lampung Tuffs suggest
that the massive contribution of continental crust to the
petrogenesis of Sumatran magmas overprinted the geo-
chemical signatures of other processes.

CONCLUSION

The chronological data presented in this paper demonstrate
that the magmatic activity of the Sunda arc started during
the Paleocene rather than during the Eocene as reported by
former authors. This conclusion is consistent with most of
the SE Asia tectonic reconstructions [Hamilton, 1979 ;
Rangin et al., 1990a,b ; Hall, 1996, 2002]. There is no indi-
cation for any diachronism in the initiation of magmatism
along the island. The near-trench position of Paleocene to
Miocene magmatic units with respect to Plio-Quaternary
volcanic centres suggests the occurrence of significant tec-
tonic erosion of the Sundaland margin during the Cenozoic.
Finally, the apparent lack of progressive spatial and tempo-
ral geochemical variations seems to reflect a particularly
complex igneous petrogenesis, during which the Sundaland
continental crust could play an important role through
anatexis, contamination or AFC processes. Due to this scat-
ter, the possible magmatic signature of major geodynamic
features like the subduction of the Wharton ridge and/or the
tearing of the downgoing slab cannot be identified ahymore.
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