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The Early Palaeogene Silhouette/North Island volcano-plutonic complex was emplaced during the rifting
of the Seychelles microcontinent from western India. The complex is thought to have been emplaced
during magnetochron C28n. However, the magnetic polarities of the rocks are almost entirely reversed
and inconsistent with a normal polarity. In this study we present new in situ zircon U/Pb geochronology
of the different intrusive facies of the Silhouette/North Island complex in order to address the timing
of emplacement and the apparent magnetic polarity dichotomy. The rocks from Silhouette yielded
weighted mean 2°6Pb/?38U ages from 62.4 - 0.9 Ma to 63.1 + 0.9 Ma whereas the rocks from North
Island yielded slightly younger mean ages between 60.6 + 0.7 Ma to 61.0 £ 0.8 Ma. The secular
latitudinal variation from Silhouette to North Island is consistent with the anticlockwise rotation of
the Seychelles microcontinent and the measured polarities. The rocks from Silhouette were emplaced
across a polarity cycle (C26r-C27n-C27r) and the rocks from North Island were emplaced entirely within
a magnetic reversal (C26r). Moreover, the rocks from North Island and those from the conjugate margin
of India are contemporaneous and together mark the culmination of rift-related magmatism.

The rifting of the Seychelles microcontinent from western India is contemporaneous with the eruption of the
Deccan Traps and is one of the fastest rift-to-drift transitions associated with flood basalt-rifted margins'~". The
Seychelles microcontinent is primarily exposed as a series of islands and islets within the Main Islands of the
Republic of Seychelles. The Main Islands are almost entirely composed of Neoproterozoic granitic rocks that
formed at an Andean-type margin on the edge of Rodinia®!''. However, Silhouette and North Island, the western
most Main Islands, are Late Cretaceous to Early Paleeogene in age and considered to be petrogenetically related
to the Deccan Traps'>""°.

Paleomagnetic and geological studies on the Silhouette/North Island volcano-plutonic complex and the sur-
rounding regional sedimentary basins indicate that the Seychelles microcontinent rotated anticlockwise after
magnetochron C28n and may have acted independently of the Indian and African plates'® . The rocks from
Silhouette and North Island, for the exception of a microgranite sample from eastern Silhouette, have reversed
magnetic polarities'*. The magnetic remanence directions are at odds with the weighted radio-isotopic ages of
the rocks that suggest the Silhouette/North Island complex was emplaced during a normal polarity'*. Moreover it
is suggested that the Silhouette/North Island complex marks the culmination of Réunion mantle plume activity
associated with the Deccan Traps although younger (60.4 + 0.6 Ma and 61.8 £ 0.6 Ma) silicic volcanic rocks are
known to exist around the Mumbai region of western India'> 7.

In this study we present new in situ zircon U/Pb ages from the different intrusive facies of Silhouette
(fayalite-bearing syenite, fayalite-absent syenite, microgranite) and North Island (diorite and syenite) in order to
investigate the dichotomy between the magnetic remanence signatures and the radio-isotopic ages from rocks of
the Silhouette/North Island complex. Our new results have significant implications for the timing and emplace-
ment of the Deccan-related rocks in the Seychelles microcontinent as it pertains to the structural implications of
the anticlockwise rotation of Seychelles microcontinent.
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Figure 1. Geological maps of the Seychelles and sampling locations. (a) Regional topography of the western
Indian Ocean and eastern Africa constructed via Generic Mapping Tools (GMT 4.5.14 http://gmt.soest.
hawaii.edu/gmt4/) from Global Relief Model data of ETOPOI, https://www.ngdc.noaa.gov/mgg/global/relief/
ETOPO1/data/18. M = Madagascar. (b) Geological map of the Main Islands of the Seychelles?. (c) Simplified
geological map of Silhouette and the sampling localities for this study®. (d) Simplified geological map of North
Island and the sampling localities for this study?®.

Geological Background

The Mascarene Plateau is comprised of submerged fragments of ancient continental crust in the western Indian
Ocean that covers an area of ~115 000 km? and extends for ~2000 km from north to south®#-11. The plateau is
exposed above the water surface at a few localities (Seychelles, Mauritius, Réunion, Rodrigues and Cargados
Carajos Shoals). The Seychelles microcontinent is an elliptical-shaped block located at the northern end of the
Mascarene Plateau (Fig. 1a)'®. The exposed islands and islets of the Seychelles are composed mostly of granitic
rocks with subordinate volcanic and mafic intrusive rocks and are ringed by coral reefs'> % 2.

Geologically there are three groups of islands that correspond to geography, composition and age (Fig. 1b).
The granitic rocks of the Mahé Group are grey in colour and range in age from 748 £ 1.2 Ma to 764 £ 1.9 Ma
whereas the Praslin Group of granitic rocks are red to pink in colour and are 750 + 1.8 Ma to 759 4- 2.0 Ma with
ile aux Recifs ~50 Ma older at 809 + 1.9 Ma® ?!. The Mahé and Praslin groups likely formed at an Andean-type
setting on the margin of Rodinia” !°. The youngest islands, Silhouette and North Island, are located at the western
edge of the Main Islands and are mainly composed of syenite with a minor amount of mafic to intermediate rocks
(Fig. 1b).

Silhouette is located ~20km NW of Mahé and covers an area of 20.1km? and is considered to be a ring com-
plex that has a syenitic rim and a granitic core (Fig. 1¢). There are two outcroppings of volcanic rocks along
the easternmost portion of the island at Pointe Vareur-Pointe Ramasse and Pointe Zeng Zeng (Fig. 1c). The
volcanic rocks are trachytic tuffs that contain fragments of other texturally distinct silicic and mafic rocks and
were intruded by microgranites along contours suggesting a sill-like emplacement relationship'. A total of five
samples targeted for radio-isotopic dating were collected from Silhouette. Three fayalite-bearing syenites were
collected from the northern end of Baie Cipailles (near Grebau) whereas an additional two fayalite-absent granitic
rocks (1 syenite, 1 microgranite) were collected near Pointe Vareur (Fig. 1c). North Island (ile du Nord) is ~5km
north of Silhouette and has an area of 2.01 km?. The principal rock-type found on North Island is a buff grey
syenite however there is a gabbro ‘float’ near the centre of the island and there is a small exposure of darker
olivine-biotite-bearing gabbro/diorite to the southwest which forms a portion of the Congoment promontory
(Fig. 1d)'>". In the north, porphyritic microsyenite dykes and dark-coloured veins are also observed trending to
the northwest. A total of five samples were collected for radio-isotopic dating. Three samples were collected from
Congoment (2 syenites, 1 diorite) whereas the remaining two were collected from the main north-south trending
syenite body (Fig. 1d).
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Latitude Longitude
Sample Island (dms) (dms) Material Age (Ma)
NI-002 North Island 4°23'39" S 55°15'06" E Zircon (diorite) 60.6+0.7
NI-003 North Island 4°23/39" S 55°15'10" E Zircon (syenite) 61.0+0.5
NI-004 North Island 4°23/43" S 55°15'10" E Zircon (syenite) 60.940.7
NI-010 North Island 4°23'57" S 55°14'41" E Zircon (syenite) 61.0+0.8
NI-017 North Island 4°23/38" S 55°14/29" E Zircon (syenite) 60.74+0.8
CSS-001 Silhouette 4°28'15" S 55°14/36" E Zircon (syenite) 62.440.9
CSS-002 Silhouette 4°28'04" S 55°14'12" E Zircon (syenite) 63.14+0.9
CSS-003B | Silhouette 4°28'14" S 55°14/34" E Zircon (syenite) 62.74+0.7
CSS-008 Silhouette 4°29'20" S 55°15'19" E Zircon (microgranite) 62.54+0.8
CSS-009 Silhouette 4°29/22" S 55°15'14" E Zircon (syenite) 62.44+1.0

Table 1. Summary of mean zircon 2°Pb/>*U age dates from the Silhouette/North Island complex. The
complete dataset can be found in Dataset S1. The geographic coordinates are in degrees, minutes and seconds
(dms).

Results

The zircon laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) weighted mean 2*°Pb/>$U
results for this study are listed in Table 1. The complete dataset is available in the online supplementary informa-
tion (Datasets S1 and S2). The zircons from Silhouette and North Island vary in size (50 um to 450 pm long) and
display oscillatory zonation (Figs S1 and S2). Most crystals are euhedral to subhedral with equant to elongate
shapes but some crystals have fragmented shapes. The fragmented shapes are probably caused by the mineral
separation process. The measured Th/U ratios for all zircons are >0.4 and within the range of typical igneous
zircons.

The weighted mean ages of Silhouette range from 62.4 0.9 Ma to 63.1 + 0.9 Ma (20 uncertainty). The
three fayalite-bearing syenites collected from northern Silhouette have ages (62.4 + 0.9 Ma, 62.7 £ 0.7 Ma,
63.1+ 0.9 Ma) indistinguishable within error of the fayalite-absent syenite and microgranite from eastern
Silhouette (62.4 & 1.0 Ma to 62.5 4 0.8 Ma). Regression of all data points from each sample yield Concordia or
intercept ages that are indistinguishable from the weighted mean ages (62.6 £ 0.9 Ma, 62.6 £ 1.1 Ma, 62.7 0.7 Ma,
62.8+0.9Ma, 63.1 0.9 Ma) (Fig. S3).

The zircons separated from the North Island rocks yielded similar weighted mean (20 uncertainly) ages
(60.6+0.7 Ma, 60.7 + 0.8, 60.94+0.7, 61.0 0.5, 61.0 - 0.8) but are consistently younger than the rocks from
Silhouette. The Concordia or intercept ages are indistinguishable from the weighted mean ages (60.6 + 0.9 Ma,
60.7 £0.3 Ma, 60.8 + 0.8 Ma, 60.9 0.9 Ma, 61.1 £ 0.7 Ma) (Fig. S4).

Temporal evolution of the Silhouette/North Island complex. The results from this study are within
the range of previously reported ages of the Silhouette/North Island complex"* %%, However, we are able to iden-
tify a distinct spatial-temporal progression from Silhouette to North Island. Figure 2a shows the weighted mean
206ph/2381J ages with respect to latitude and the 2012 geomagnetic polarity timescale?*. There is a clear latitudinal
secular variation as the ages systematically decrease northward. The rocks from North Island are ~2 million years
younger than the rocks from Silhouette. Although there is overlap, it is clear that there is a statistically meaningful
age difference between the rocks of the two islands.

The identification of secular variation within the Silhouette/North Island complex has a number of impor-
tant magmatic and tectonic implications for the Seychelles microcontinent. The age gap between Silhouette and
North Island suggests there are at least two periods of magmatism within the complex. The trachytic tuffs and
the fayalite-absent syenitic rocks from eastern Silhouette (Pte. Vareur-Pte. Ramasse) likely formed the initial
volcanic-hypabyssal complex during the early stages (~63 Ma). The only rocks from Silhouette that were found to
contain inherited zircons are located in the eastern part of the island where the microgranite and fayalite-absent
syenite were collected?. Based on the abundance of xenoliths and micro-xenoliths within the trachytic rocks from
eastern Silhouette, it is likely that they erupted violently thereby brecciating the country rocks and allowing them
to be incorporated into the tuff. The emplacement of the fayalite-bearing rocks could represent a second period
of magmatism as they are texturally distinct from the fayalite-absent syenites. However, the fayalite-bearing and
fayalite-absent rocks have similar whole rock and Sr-Nd isotopic compositions and ages thus it is possible that
the rocks formed by the same process but that the principal difference between their magmas was volatile (H,O,
CO,, CL, F) content as fayalite crystallizes under relatively dry conditions* !> 2°. The last period of silicic plutonism
(~60Ma) is represented by North Island. The syenitic rocks from North Island are texturally and mineralogically
different from the syenites of Silhouette!>!?. Moreover the whole rock Sr-Nd-Hf isotopes are subtly different.
Although there is overlap, the rocks from the Silhouette have slightly higher 8Sr/*Sr; (0.7035 to 0.7061) ratios,
and lower eyy(t) (0.5 to +2.9) and gy(t) (+3.8 to +5.2) values than North Island (¥7Sr/%6Sr; = 0.7036 to 0.7041;
ena() =+1.4 to +3.8; g4(t) = +4.6 to +6.2)> 15,

Regionally, the ~3 million year duration of the Silhouette/North Island complex corresponds to the transition
between the Deccan (c. 67-63 Ma) and post-Deccan (c. 63-58 Ma) stages of India-Seychelles rifting* . The rocks
from Silhouette were likely emplaced during the Deccan-stage of rifting just as sea-floor spreading (>63.4 Ma)
was initiated whereas the rocks from North Island were emplaced well after sea-floor spreading (<63.4 Ma) was
underway. Furthermore, the rocks from North Island are contemporaneous with trachytes (60.4 £ 0.6 Ma and
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Figure 2. Secular latitudinal variation of the rocks from the Silhouette/North Island complex. (a) The zircon U/
Pb ages (with uncertainty) are plotted based on their latitude in decimal degrees (dd) and the 2012 geomagnetic
polarity timescale*. (b) The weighted zircon U/Pb ages (with uncertainty)'4, weighted mineral*® Ar/Ar* ages
(with uncertainty)' and complete range of previously reported ages of Silhouette and North Island are plotted
relative to the 2004 geomagnetic polarity timescale> %4,

61.8 + 0.6 Ma) from western India (Manori and Saki Naka)* 7. Therefore it is likely that only North Island was
emplaced during the waning stages of Deccan-related magmatism and together with the trachytes from Manori
and Saki Naka mark the culmination of magmatism.

The magnetic polarity dichotomy. Magnetic polarity measurements of the Silhouette/North Island
complex shows that the majority of rocks have reverse magnetic polarity except for one microgranite sam-
ple from eastern Silhouette!*. The magnetic polarity results are inconsistent with the geochronological results
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Figure 3. Reconstructed tectonic evolution of Seychelles micro-continent during Early Palaeeogene via GPlates
1.5 software https://sourceforge.net/projects/gplates/files/gplates/1.5/ and the sample source data provided

by Earthbyte for paleotectonic evolution https://www.earthbyte.org/gplates-1-5-software-and-data-sets/, and
oceanic crust evolution https://www.earthbyte.org/age-spreading-rates-and-spreading-asymmetry-of-the-
worlds-ocean-crust/. (a) Paleo-position of the Seychelles microcontinent next to western India at 67 Ma. (b)
Rifting of the Seychelles from India. The paleo-orientation of trachyte tuff is parallel to the Coastal swarm
around 65 Ma. (c) Continuous rifting and anticlockwise rotating of Seychelles around 63 Ma. (d) Cessation of
Seychelles rotation around 60 Ma. The color bar marks the age of oceanic crust. The thin black lines marked the
ridges within the West Somali basin and the Mascarene basin.

produced in the same study (Silhouette **Pb/***U = 63.54 £ 0.06 Ma, “*Ar/** Ar = 61.3 4 0.6 Ma; North Island
206pb/28U = 63.27 £ 0.05 Ma, “*Ar/**Ar = 63.1+0.34 Ma) as it is suggested the Silhouette/North Island complex
was emplaced during a normal polarity magnetochron (C28n). However, the geochronological results from this
and previous studies are consistent with the 2012 geomagnetic polarity time scale rather than the 2004 version
of the time scale that was used in the study (Fig. 2b)*?*. It is clear that the ages from North Island cluster within
magnetochron C26r and are thus compatible with the magnetic polarity results (Fig. 2a). The ages from Silhouette,
however, straddle the C26r-C27n-C27r magnetochrons. The precision of the data from this study is insufficient to
resolve the short duration of magnetochron C27n (0.296 Ma) but a microgranite collected from eastern Silhouette
has a normal polarity and could have been emplaced during that short normal polarity timeframe!*. Therefore
it is possible that the rocks of Silhouette were emplaced across magnetochrons C26r-C27n-C27r (62.221 Ma to
63.494 Ma) and may have either a normal or reverse polarity'*2*.

Anticlockwise rotation of the Seychelles microcontinent and the structural influence on the
Silhouette/North Island complex. The locations of Silhouette and North Island appear to be structurally
controlled. There are distinct NW-SE and N-S structural lineaments that are evident from the Main Islands mor-
phology and are complementary to regional Bouguer gravity maps (Fig. 1b)?. The structural lineaments likely
exerted a significant control on the morphology of the Main Islands and it is probably not a coincidence that both
Silhouette and North Island are located in close proximity to the junction between two lineaments?’. Interestingly,
the long axis of Silhouette is aligned with a NW-SE lineament whereas the long axis of North Island is aligned
with a N-S lineament. The different orientations of the islands, and possibly their locations, suggests that they
were emplaced under different stress regimes that reflect the secular evolution of the regional stress field as the
Indian Ocean developed®” %,

Paleomagnetic data indicate the Seychelles microcontinent rotated 29° £ 12.9° in an anticlockwise direction
after it rifted from India (~64 Ma) to ~60 Ma or possibly later!*. If the Seychelles microcontinent is rotated back
to its original orientation before rifting (66 Ma) and the formation of the first magnetochron in the East Somali
basin (C28), the lineaments are oriented NN'W-SSE and NNE-SSW. The original position of the Seychelles micro-
continent prior 66 Ma has a tight fit with the western Indian margin. By fitting the triangular geometry of the
Seychelles into the western Indian margin, a much smoother continental margin with a general N-S alignment
can be reconstructed (Fig. 3a). The orientation of the Seychelles microcontinent also agrees with the general N-S
trending Late Cretaceous India-Madagascar rift as the Laxmi Basin stopped developing at ~62.5 Ma®.
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There are a number of dyke swarms emplaced along the western margin of India that are related to the Deccan
Traps and include the ENE-WSW striking Narmada-Tapi swarm, the NNE-SSW striking Nasik-Pune swarm and
the N-S striking Coastal swarm (Fig. 3b)**. The Nasik-Pune and Coastal swarms were emplaced during E-W
tensional stress and generally match the orientation of the reoriented Seychelles lineaments®*"-%2, Silhouette was
emplaced concurrently (~63 to ~62 Ma) with the dyke swarms during the E-W directed tensional stress as the
Seychelles microcontinent rifted from India. It is possible that the initial orientation of the lineaments favoured
the emplacement of magmas along the N-S axis when the microcontinent initially rifted and then, after rota-
tion, became the NW-SE lineaments (Fig. 3c). Approximately two million years after Silhouette, North Island
(~60 Ma) was emplaced along a N-S lineament after the rotation ceased. The principal plate stress changed from
E-W to N-S due to the northward movement of India and the initiation of N-S sea-floor spreading along the
Carlsberg Ridge (Fig. 3d). Therefore we suggest the geographic position and orientation of North Island relative
to Silhouette is likely due to the structural controls (lineaments, rotation) within the Seychelles microcontinent as
it rifted from India and subsequently rotated.

Conclusions

In situ zircon U/Pb age dates of the Early Palaeogene rocks from the Seychelles identify a secular variation between
Silhouette Island and North Island. The northward decreasing age progression is structurally consistent with the
anticlockwise rotation of the Seychelles microcontinent after rifting from western India. Moreover the new ages
are in agreement with the magnetic polarities of the rocks suggesting the Silhouette/North Island complex was
emplaced over a ~3 million year period beginning during magnetochron C27r and ending during magnetochron
26r. Furthermore, syenites from North Island and trachytes from western India are contemporaneous (~60 Ma)
and together mark the culmination of rift-related magmatism.

Methods

Geochronology. Zircons were mechanically separated at the Yu-Neng Rock and Mineral Separation
Company (Lanfang, Hubei) using a steel jaw crusher, magnetic separation and heavy-liquids. The crystals were
linearly mounted on a glass slide covering a diameter of one inch. A mold was placed over the zircons and epoxy
was poured over the zircons to ensure transfer of the minerals to the epoxy. Cathodoluminescence (CL) images
were taken for selecting suitable positions for spot U/Pb analyses at Institute of Earth Sciences, Academia Sinica.
Zircon U/Pb isotopic analyses were performed by the LA-ICPMS technique using an Agilent 7500s ICP-MS and
a New Wave 193-nm laser ablation system set up at the Department of Geosciences, National Taiwan University™.
A spot size of 40 um with laser repetition rate of 5Hz was used. Calibration was performed by using the zircon
standards GJ-1, 91500 and PleSovice for data quality control**-**. Measured U-Th-Pb isotopic ratios were calcu-
lated using the GLITTER 4.4.4. software””. Common lead was directly corrected using the common lead correc-
tion method*®*, and the weighted mean U/Pb ages and concordia plots were carried out using Isoplot v. 4.1%.
The full table of zircon U/Pb results can be found in Dataset 1 and Dataset 2.

Plate Reconstruction. GPlates 1.5 software and the sample source data provided: http://www.earthbyte.
org/Resources/earthbyte_gplates_1.5_data_sources.html was used to reconstruct paleogeography evolution of
Seychelles during the Early Paleogene. A global rotation model was used to reconstruct the paleogeography of
India, Africa and Madagascar using Madagascar as the anchor plate*!. The age of oceanic crust is reconstructed
following the Global Present Day Age grid*>. The evolution of Seychelles microcontinent is modified according to
our new age results and previously models®*+ 4,

References

1. Baker, B. H. & Miller, J. A. Geology and geochronology of the Seychelles Islands and structure of the floor of the Arabian Sea. Nature
199, 346-348 (1963).

2. Dickin, A. P, Fallick, A. E., Halliday, A. N., MacIntyre, R. M. & Stephans, W. E. An isotopic and geochrological investigation of the
younger igneous rocks of the Seychelles microcontinent. Earth Planet. Sci. Lett. 81, 46-56 (1986).

3. Collier, J. S. et al. Age of Seychelles-India break-up. Earth Planet. Sci. Lett. 272, 264-277 (2008).

4. Collier, J. S. et al. Factors influencing magmatism during continental breakup: new insights from a wide-angle seismic experiment
across the conjugate Seychelles-Indian margins. J. Geophys. Res. 114, B03101, doi:10.1029/2008]B005898 (2009).

5. Armitage, J. J., Collier, J. S., Minshull, T. A. & Henstock, T. J. Thin oceanic crust and flood basalts: India-Seychelles breakup.
Geochem., Geophy., Geosy 12, QOAB07, d0i:10.1029/2010GC003316 (2011).

6. Reeves, C. The position of Madagascar within Gondwana and its movements during Gondwana dispersal. J. Afr. Earth Sci. 94, 45-57
(2014).

7. Gaina, C., van Hinsbergen, D. J. ]. & Spakman, W. Tectonic interactions between India and Arabian since the Jurassic reconstructed
from marine geophysics, ophiolite geology, and seismic tomography. Tectonics 34, 875-906 (2015).

8. Weis, D. & Deutsch, S. Nd and Pb isotope evidence from the Seychelles granites and their xenoliths: mantle origin with slight upper-
crust interaction for alkaline orogenic complexes. Isot. Geosci. 2, 13-35 (1984).

9. Tucker, R. D., Ashwal, L. D. & Torsvik, T. H. U-Pb geochronology of Seychelles granitoids: a Neoproterozoic continental arc
fragment. Earth Planet. Sci. Lett. 187, 27-38 (2001).

10. Ashwal, L. D., Demaiffe, D. & Torsvik, T. H. Petrogenesis of Neoproterozoic granitoids and related rocks from the Seychelles: the
case for an Andean-type arc origin. J. Petrol. 43, 45-83 (2002).

11. Torsvik, T. H. et al. A Precambrian microcontinent in the Indian Ocean. Nat. Geosci. 6,223-227 (2013).

12. Devey, C. W. & Stephens, W. E. Tholeiitic dykes in the Seychelles and the original spatial extent of the Deccan. J. Geol. Soc. London
148, 979-983 (1991).

13. Devey, C. W. & Stephens, W. E. Deccan-related magmatism west of the Seychelles-India rift. In: Storey, B. C., Alabaster, T. &
Pankhurst, R. J. eds Magmatism and the causes of continental break-up. Geological Society of London Special Publication 68,
271-291 (1992).

14. Ganerod, M. et al. Palaeoposition of the Seychelles microcontinent in relation to the Deccan Traps and the plume generation zone
in Late Cretaceous-Early Palaeogene time. In: van Hinsbergen, D. J. ], Buiter, S. J. H., Torsvik, T. H. & Gaina, C. eds The formation
and evolution of Africa: a synopsis of 3.8 Ga of Earth history. Geological Society of London Special Publication 357, 229-252 (2011).

SCIENTIFICREPORTS|7:179 | DOI:10.1038/s41598-017-00248-y 6


http://1
http://2
http://www.earthbyte.org/Resources/earthbyte_gplates_1.5_data_sources.html
http://www.earthbyte.org/Resources/earthbyte_gplates_1.5_data_sources.html
http://dx.doi.org/10.1029/2008JB005898
http://dx.doi.org/10.1029/2010GC003316

www.nature.com/scientificreports/

15. Owen-Smith, T. M. et al. Seychelles alkaline suite records the culmination of Deccan Traps continental flood volcanism. Lithos
182-183, 33-47 (2013).

16. Plummer, Ph. S. The Amirante ridge/trough complex: response to rotational transform rift/drift between Seychelles and Madagascar.
Terra Nova 8, 34-47 (1996).

17. Sheth, H. C,, Pande, K. & Bhutani, R. 40Ar-39Ar age of Bombay trachytes: evidence for a Palacocene phase of Deccan volcanism.
Geophys. Res. Lett. 28, 3513-3516 (2001).

18. Amante, C. & Eakins, B. W. ETOPO1 1 Arc-Minute Global Relief Model: Procedures, Data Sources and Analysis. NOAA Technical
Memorandum NESDIS NGDC-24. National Geophysical Data Center, NOAA, doi:10.7289/V5C8276M (2009).

19. Baker, B. H. Geology and mineral resources of the Seychelles archipelago. Geol. Sur. Kenya Mem. 3, 140 (1963).

20. Stephens, W. E. Geology of Silhouette Island. Phelsuma 4, 11-18 (1996).

21. Suwa, K. et al. Geology and petrology of the Seychelles islands. Eighth Preliminary Report on African Studies, Nagoya University, pp.
3-21(1983).

22. Hoskin, P. W. O. & Schaltegger, U. The composition of zircon and igneous and metamorphic petrogenesis. Rev. Mineral. Geochem.
53,27-62 (2003).

23. Shellnutt, J. G., Lee, T.-Y., Chiu, H.-Y,, Lee, Y.-H. & Wong, J. Evidence of middle Jurassic magmatism within the Seychelles
microcontinent: implications for the breakup of Gondwana. Geophys. Res. Lett. 42, 10207-10215 (2015).

24. Ogg, J. G. Chapter 5 - Geomagnetic Polarity Time Scale. In: Gradstein, E. M., Ogg, J. G., Schmitz, M. D. & Ogg, G. M. eds The
Geologic Time Scale, 85-113 (2012).

25. Vasquez, P, Glodny, ., Franz, G., Romer, R. L. & Gerdes, A. 2009. Origin of fayalite granitoids: new insights from the Cobquecura
pluton, Chile, and its metapelitic xenoliths. Lithos 110, 181-198 (2009).

26. Chatterjee, S., Goswami, A. & Scotese, C. R. The longest voyage: tectonic, magmatic, and paleoclimatic evolution of the Indian plate
during its northward flight from Gondwana to Asia. Gondwana Res. 23, 238-267 (2013).

27. Plummer, Ph. S. & Belle, E. R. Mesozoic tectono-stratigraphic evolution of the Seychelles microcontinent. Sediment. Geol. 96,73-91 (1995).

28. Gibbons, A. D., Whittaker, J. M. & Miiller, R. D. The breakup of East Gondwana: assimilating constraints from Cretaceous ocean
basins around India into a best-fit tectonic model. J. Geophys. Res. 118, 808-822 (2013).

29. Hooper, P. R., Widdowson, M. & Kelley, S. Tectonic settings and timing of the final Deccan flood basalt eruptions. Geology 38,
839-842 (2010).

30. Vanderkluysen, L., Mahoney, J. J., Hooper, P. R., Sheth, H. C. & Ray, R. The Feeder System of the Deccan Traps (India): Insights from
Dike Geochemistry. J. Petrol. 52, 315-343 (2011).

31. Sheth, H. C. A reappraisal of the coastal Panvel flexure Deccan Traps, as a listric fault controlled reverse drag structure.
Tectonophysics 294, 143-149 (1998).

32. Widdowson, M., Pringle, M. S. & Fernandez, O. A. A post-K-T boundary (early Palaeocene) age for Deccan-type feeder dykes, Goa,
India. J. Petrol. 41, 1177-1194 (2000).

33. Chiu, H.-Y. et al. Zircon U-Pb and Hf isotopic constraints from eastern Transhimalayan batholiths on the precollisional magmatic
and tectonic evolution in southern Tibet. Tectonophysics 477, 3-19 (2009).

34. Jackson, S. E., Pearson, N. J., Griffin, W. L. & Belousova, E. A. The application of laser ablation-inductively coupled plasma-mass
spectrometry to in situ U-Pb zircon geochronology. Chem. Geol. 211, 47-69 (2004).

35. Sldma, J. et al. PleSovice zircon - A new natural reference material for U-Pb and Hf isotopic microanalysis. Chem. Geol. 249, 1-35 (2008).

36. Wiedenbeck, M. et al. Three natural zircon standards for U-Th-Pb, Lu-Hf, trace element and REE analyses. Geostandard. Newslett.
19, 1-24 (1995).

37. Griffin, W. L., Powell, W. ., Pearson, N.J. & O'Reilly, S. Y. GLITTER: data reduction software for laser ablation ICP-MS. In: Sylvester,
P. ed Laser Ablation-ICP-MS in the Earth Sciences: Current Practices and Outstanding Issues. Mineralogical Association of Canada
Short Course Series 40, 308-311 (2008).

38. Andersen, T. Correction of common lead in U-Pb analyses that do not report 2%Pb. Chem. Geol. 192, 59-79 (2002).

39. Andersen, T. ComPbCorr-Software for common lead correction of U-Th-Pb analyses that do not report 2*Pb. In: Sylvester, P. ed
Laser Ablation-ICP-MS in the Earth Sciences: Current Practices and Outstanding Issues. Mineralogical Association of Canada Short
Course Series 40, 312-314 (2008).

40. Ludwig, K. R. Isoplot v. 3.0: a geochronological toolkit for Microsoft Excel. Berkeley Geochronology Center Special Publication 4, 70
pp (2003).

41. Seton, M. et al. Global continental and ocean basin reconstructions since 200 Ma. Earth-Sci. Rev. 113,212-270 (2012).

42. Miiller, R. D,, Sdrolias, M., Gaina, C. & Roest, W. R. 2008. Age spreading rates and spreading asymmetry of the world’s ocean crust.
Geochem., Geophy., Geosy. 9, Q04006, doi:10.1029/2007GC001743 (2008).

43. Gradstein, F. M. et al. A Geological Time Scale 2004. Cambridge University Press, 384 p. (2004).

Acknowledgements

This project was supported by Ministry of Science and Technology grant 102-2628-M-003-001-MY4 to J.G.S. We
thank Javier Cotin, Elliott Mokhobo and the ownership of North Island Resort for their generous field support
and Carol Cheung, Ngoc Ha T. Pham and Terri Tang for their laboratory assistance.

Author Contributions

J.G.S. collected the samples, developed the idea, wrote the manuscript and processed the data. M.W.Y. contributed
the plate reconstructions. K.S. assisted with data interpretation. T.Y.L. assisted in sample collection. H.Y.L. and
T.H.L. provided laboratory support.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-00248-y

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

MM o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS|7:179 | DOI:10.1038/s41598-017-00248-y 7


http://dx.doi.org/10.7289/V5C8276M
http://dx.doi.org/10.1029/2007GC001743
http://dx.doi.org/10.1038/s41598-017-00248-y
http://creativecommons.org/licenses/by/4.0/

	Temporal and structural evolution of the Early Palæogene rocks of the Seychelles microcontinent

	Geological Background

	Results

	Temporal evolution of the Silhouette/North Island complex. 
	The magnetic polarity dichotomy. 
	Anticlockwise rotation of the Seychelles microcontinent and the structural influence on the Silhouette/North Island complex ...

	Conclusions

	Methods

	Geochronology. 
	Plate Reconstruction. 

	Acknowledgements

	Figure 1 Geological maps of the Seychelles and sampling locations.
	Figure 2 Secular latitudinal variation of the rocks from the Silhouette/North Island complex.
	Figure 3 Reconstructed tectonic evolution of Seychelles micro-continent during Early Palæogene via GPlates 1.
	Table 1 Summary of mean zircon 206Pb/238U age dates from the Silhouette/North Island complex.




