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ARTICLE INFO ABSTRACT

Keywords: Geochronology of zircons from river-sediments in Sri Lanka has never been attempted. Here we present Rare
U-Pb geochronology Earth Elements (REE) and U-Pb isotopes of ~700 zircon grains by laser ablation ICP-MS technique, from se-
Gondwana diments of the major rivers in the Sri Lankan basement (rivers of Mahaweli, Kelani, Kalu, Walawe, Maduru Oya

River sediment
Zircon
Sri Lanka

and Maha Oya). Most of the studied zircons display oscillatory zoning and Th/U > 0.1, confirming their igneous
origin. U-Pb age distribution of these river-sand zircons exhibits two major populations depicting
Mesoproterozoic to Archean (~30%; > 1100-3100Ma) and Neoproterozoic to late Cambrian
(~70%; > 430-1000 Ma) magmatism. The two populations could be further resolved into intensive and epi-
sodic magmatic peaks at 480-680Ma, 680-1000Ma, 1100-1300Ma, 1300-1700Ma, 1700-1900 Ma,
2100-2300 Ma, 2300-2600 Ma and 2600-3100 Ma. These river-sediment-zircon data are consistent with the
principal episodes of global continental crustal growth and the recognized U-Pb ages of magmatism are mostly
correlative with those obtained from basement rocks by previous studies of Sri Lanka. The older zircons found in
this study may have mainly originated from reworked/recycled ancient (Palaoproterozoic to Archean) crust. A
younger zircon group of 450-700 Ma with homogenous core-rim zoning texture and Th/U ratios < 0.1 were
inferred to be of metamorphic origin, indicating their possible crystallization at late Neoproterozoic meta-
morphic events, associated with the final assembly of the Gondwana Supercontinent. Thus, our data imply that
the present-day continental crust of Sri Lanka may have predominantly formed and grown in the Neoproterozoic,
while there is evidence that crustal growth began at least in the Paleoproterozoic. Further, the Mesoproterozoic
peaks of the frequency distribution of U-Pb ages of river-sand zircons at ~1.6 Ga and ~1.1 Ga might reflect
triggering of subduction in a paleo tectonic setting forming the Wanni and Vijayan dual arc systems, respec-
tively.

1. Introduction growth periods of the continental crust in the history of the Earth.
However, the continental crust may have experienced long-term ero-
Accurate dating of rocks is very essential for unravelling major sion and weathering whenever unroofed to the surface, so that most of
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the time all rock units were not well preserved. This perhaps, limits the
opportunity for the entire rock succession to be successfully dated (e.g.
lizuka et al., 2005; Kemp et al., 2006; Rino et al., 2008; Hawkesworth
et al., 2010, 2013; Condie et al., 2009, 2011). Thus, surveying of ages
for all the rock units of a terrain is cumbersome and sometimes is very
difficult in practice (Xu et al., 2016). However, zircon geochronology or
‘zirconology’, has been widely used to investigate provenance of ter-
rains worldwide mainly due to the fact that zircon is a highly resistant
mineral to weathering, produced by magmatic crystallization or as a
result of metamorphic reactions. Thus, often zircons are entrapped in
sedimentary rocks as ‘detrital zircons’, and commonly reworked in
crust-mantle environments through multiple cycles. However, the U-Pb
age would represent the formation of the original source rocks from
which the zircon grains were derived (e.g. Amidon et al., 2005; Alizai
et al., 2011; Su et al., 2011; Zheng et al., 2013; Deng et al., 2017).
Therefore, in addition to routine dating of zircons in rocks, those se-
parated from river sands are also utilized in several studies (e.g. lizuka
et al., 2005, 2013a,b; Rino et al., 2008; Yang et al., 2009; Wang et al.,
2009, 2011a,b; Xu et al., 2016; Sakyi et al., 2018), since they may have
preserved useful information for the age spectrum of the continental
crust throughout the Earth’s history.

The geology of the Sri Lankan basement is important to understand
the tectonics of the Proterozoic to Cambrian Earth due to its close
proximity to India, Madagascar and East Antarctica in the assembly of
the Gondwana continent (e.g. Meert, 2003). Calc-silicate, Mg- and Al-
rich meta-sedimentary, mafic to felsic meta-igneous and high- to ultra
high-temperature granulites together with amphibolites, migmatites,
minor gabbroic, granitic, pegmatitic and aplitic igneous intrusions
characterize the Sri Lankan basement (Cooray, 1994 and references
therein). Therefore, this tectonic amalgamation of amphibolite to
granulite-facies terrains with igneous intercalations consisting of di-
verse geochemical signatures in a small area within the Sri Lankan
terrain attracts great interest in the fields of petrology, geochronology
and structural geology.

Despite many previous studies on zirconology of the basement rocks
of Sri Lanka, the provenance, evolutionary history and the U-Pb isotope
systematics of individual detrital zircon grains from the Sri Lankan river
systems have never been attempted. Therefore, we present a synthesis
of U-Pb age data on various zircons sampled from major rivers in the Sri
Lankan Precambrian basement (rivers of Mahaweli, Kelani, Kalu,
Walawe, Maduru Oya and Maha Oya). These zircons show two major
populations  depicting  wide-spread = magmatism  dated as
Mesoproterozoic to Archean and Neoproterozoic to late Cambrian,
evidencing episodic crustal growth in the Sri Lankan basement.

2. Geological outline

The Sri Lankan Precambrian basement has been subdivided into four
major terrains (e.g. Cooray, 1994), namely: the Highland (HC), Wanni
(WQ), Vijayan (VC) and Kadugannawa (KC) complexes (Fig. 1), based on
Nd isotope model age mapping and zircon geochronology (Milisenda
et al., 1988, 1994; Kroner et al., 1987, 1991). The WC occupies a higher
crustal level than the HC although there is no clear structural break be-
tween the rocks of the two complexes; probably the contact has been
obliterated by later events (Voll and Kleinschrodt, 1991). The boundary
between the VC and the HC is well defined as a thrust/shear contact
(Hatherton et al., 1975; Vitanage, 1985; Voll and Kleinschrodt, 1991;
Kriegsman, 1995). Three tectonic klippens with petrological and structural
features similar to the HC are exposed in the southeastern part of Sri Lanka
as inliers, namely Kataragama Klippe, Buttala Klippe and Kuda Oya
Klippe. The HC domain is interpreted to be a part of a supracrustal basin
developed in a suture zone with Liitzow-Holm Complex in East Antarctica
at the last phase of Gondwana assembly (Shiraishi et al., 1994). The KC is
in contact with the WC and the HC. The WC, KC and VC domains were
originated in Grenville-age arc-related settings (Kroner et al., 2003;
Willbold et al., 2004; Kroner et al., 2013).
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2.1. Lithological characteristics

The HC is made up of granulitic meta-quartzites, marbles, calcsili-
cates and metapelitic gneisses, intimately associated with charnockites
(Cooray, 1962, 1984; Mathavan and Fernando, 2001). Meta-sedimen-
tary rocks such as marble and quartzite could be traced for more than
40 km in the central and northeastern parts of the HC, while marble and
quartzite in the southwestern parts of the HC are scarce (Mathavan
et al.,, 1999). Bands of wollastonite, diopside- and scapolite-bearing
granulites and cordierite-bearing gneisses mainly occur in the south and
south western parts of the HC (Cooray, 1962, 1984; Hapuarachchi,
1968; Mathavan et al., 1999; Perera, 1984; Prame, 1991). Typical high
temperature (granulite facies) metamorphic conditions are well estab-
lished for the HC from meta-basaltic and gabbroic to intermediate rocks
(Sandiford et al., 1988; Schumacher et al., 1990), charnockites and
metamorphosed pelitic rocks (Perera, 1984, 1987; Prame, 1991, Hiroi
et al., 1994, Raase and Schenk, 1994; Dharmapriya et al., 2016, 2017;
Fernando et al., 2017).

The HC granulites have been subjected to a folding and thrusting
event after the peak metamorphic conditions (Berger and Jayasinghe,
1976; Kriegsman, 1995; Kleinschrodt, 1994). The large folds with wa-
velengths of about 7-10 km and an exposed length parallel to their axes
up to 50km in the central Highlands were formed at slightly lower
temperatures (700-750 °C) than the peak metamorphism (800-850 °C,
8-9kbar) and hence the deformation has ended at granulite facies
conditions (Kleinschrodt, 1994). Hiroi et al. (2014) reported evidence
for fast exhumation of lower-crustal rocks to andalusite-stable upper-
crustal conditions by channel flow in a continental collision orogeny,
based on felsic inclusions (granitic inclusions) within high grade or-
dinary granulites and UHT granulites of the HC.

The WC occurs northwest and west of the HC and is consists pre-
dominantly of upper amphibolite to granulite facies meta-igneous
gneisses and minor meta-sediments. The predominant meta-igneous
rocks show a vast range of protolith-chemistry from granitic, grano-
dioritic, monzonitic, tonalitic, charnockitic and enderbitic compositions
(e.g., Pohl and Emmermann, 1991). Garnet sillimanite gneisses, cor-
dierite gneisses, quartzites and calc-silicate rocks occur as minor meta-
sediments, close to the inferred boundary with the HC. The western part
of the WC is mainly composed of less-deformed granites.

The KC is a set of doubly plunging synforms, cropping out in the
northwestern part of Kandy. It comprises upper amphibolite to granu-
lite facies basement rocks (Kroner et al., 1991; Cooray, 1994). Relics of
primary magmatic layering are preserved in these synforms mainly
composed of hornblende gneisses, amphibolites and minor pyroxenites
(Kroner et al., 1991). Hornblende- and biotite-bearing ortho gneissic
rocks are of calc-alkaline origin with gabbroic, dioritic and trondhje-
mitic compositions, interlayered with granodioritic to granitic gneisses,
charnockites, enderbites and minor meta-sediments (Kroner et al.,
2003).

The VC is exposed in eastern Sri Lanka and consists predominantly
of meta-igneous rocks, which are upper amphibolite-facies calc-alkaline
granitoid gneisses including augen-gneisses, with minor amphibolite
layers possibly derived from mafic dykes. This granitoid suite was in-
terpreted as a product of subduction-related magmatism (Pohl and
Emmermann, 1991). The granitoid gneisses show TTG-dominated I-
type signatures (Milisenda, 1991; Pohl and Emmermann, 1991), while
the hornblende gneisses display compositions between diorite and
leucogranite with the dominant compositions being granodiorite and
granite (Kroner et al., 1991; Milisenda, 1991; Kleinschrodt, 1994;
Milisenda et al., 1994).

2.2. Previous geochronology
Ion microprobe U-Pb study on zircons by Kroner et al. (1987)

documented late Archean to Paleoproterozoic ages (3.2-2.4 Ga) for
detrital grains from the HC meta-sediments. Also, they reported an



S.P.K. Malaviarachchi et al.

Wanni

Journal of Asian Earth Sciences xxx (Xxxx) XXX—XXX

KC - Kadugannawa

Complex
(Upper amphibolite to granu
facies rocks)

Complex

(Upper

amphibolite to

granulite facies

rocks)

Complex
(Mainly
amphibolite facies

Kataragama
Klippe

WAL Kuda Oya

1 Klippe

Fig. 1. Simplified geologic map of Sri Lanka (after Cooray, 1994), showing river-sand sample localities of the major river basins of Sri Lanka, namely: Mahaweli,
Kelani, Kalu, Walawe, Maha Oya and Maduru Oya Rivers. Sample numbers are: Mahaweli (MHL2, RV-2b), Kelani (KEL2), Kalu (KLL1), Walawe (WAL1), Maha Oya

(MOL1, RV-3c) and Maduru Oya (MDL2).

intrusion age of 1.1 Ga and new zircon growth at about 550 Ma in meta-
igneous rocks. Milisenda et al. (1988) found Nd isotope model ages for
the HC at 3.0-2.2 Ga, indicating the HC was derived from late Archean
sources. Kohler et al. (1991) and Baur et al. (1991) reported U-Pb zircon
crystallization ages of 1940 Ma and a Pb loss event at 560-550 Ma,
indicating that high grade metamorphism. Kréner and Williams (1993)
reported SHRIMP zircon ages for granitic gneiss from the HC as 1.9 Ga
for the crystallization of the igneous protolith and 531 Ma as the age of

metamorphism. Malaviarachchi and Takasu (2011) obtained ages of
~728-460 Ma from monazite.

The WC has Nd isotope modal ages of ca. 700-1.1 Ga and shows a
wide spectrum of magmatic events as documented by zircon ages of
1100-530 Ma (Burton and O’Nions, 1990; Kroner et al., 1991, 2003).
Massive charnockites from north of the WC have protolith emplacement
ages of ~1 Ga Ma determined from zircon evaporation method (Kroner
et al., 1994). Deposition of detrital zircons in meta-pelites and the
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Table 1
Sample locations of zircons in Sri Lankan river sands.

River Sample no. Location Coordinates
Mahaweli MHL2 (n = 72) Manampitiya 7.9121° N, 81.0899° E
RV-2b (n = 88) Mahiyangana 7.3312° N, 80.9880° E
Kelani KEL2 (n = 88) Sedawatta 6.9540° N, 79.8827° E
Kalu KLL1 (n =112) Kaluthara 6.5922° N, 79.9657° E
Walawe WALI (n = 88) Ambalantota 6.1063° N, 81.0158° E
Maduru Oya MDL2 (n = 85) Aralaganwila 7.7577° N, 81.1776° E
Maha Oya MOL1 (n = 50) Kochchikade 7.2710° N, 79.8654° E
RV3c (n = 75) Alawwa 7.2942° N, 80.2420° E

emplacement of magmatic zircons of charnockitic and enderbitic rocks
yielded ion microprobe U-Pb concordia upper intercept ages of ~1.1 Ga
as their precursor protolith timings. The respective lower intercept ages
range between 540 and 590 Ma, reflecting high-grade metamorphism.

Nd-model ages of the rocks from the KC range between ~900 Ma
and 1.6 Ga (Milisenda et al., 1988, 1994). Pb-Pb zircon evaporation
ages for the KC yielded ~770Ma - 1.1 Ga, indicating multiple calc-
alkaline magmatic activities, covering a period of approx. 300 Ma
(Kroner et al., 2003; Willbold et al., 2004). Most of the dioritic to
granodioritic rocks of the KC display ca. 900 Ma ages. Xenomorphic
zircons of gabbroic gneisses yielded relatively younger ages of
~ 700 Ma while idiomorphic zircons from the same sample gave ages of
~900 Ma (Kroner et al., 2003; Willbold et al., 2004).

Milisenda et al. (1988, 1994) reported whole-rock Nd isotope ana-
lyses of the VC rocks and found a mean crustal residence ages of
1.0-1.8 Ga. These authors also found that their Sr isotope data are in
line with the Nd isotope results, suggesting that the majority of the VC
rocks were juvenile and derived from a typical LREE-depleted, mantle-
derived precursor and not from anatexis of older crustal lithologies
(Milisenda et al., 1988, 1994; Kroner et al., 1991). Rb-Sr whole-rock
isochron ages of ~800Ma by De Maesschalck et al. (1990) were as-
cribed to metamorphic resetting. Magmatic zircons reflect emplace-
ment of the protoliths of the Vijayan gneisses at 1000-1100 Ma (Kroner
et al., 2013).

3. Methodology

Heavy mineral separation from river sand samples was performed at
the Department of Geology, Faculty of Science, University of
Peradeniya. Zircons were further refined by gravimetric methods and
finally handpicked at Indian Institute of Science, Bangalore, India. The
separated zircons from six samples (MHL2, KEL2, KLL1, WAL1, MOL1
and MDL2) were then mounted in epoxy resins and polished down to
near half sections at the Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS), Beijing, China. The internal structure
of zircons was studied with a NOVA NanoSEM scanning electron mi-
croscope at IGGCAS. U-Pb dating of the above-mentioned six samples
was carried out using LA-ICPMS at the China University of Geoscience,
Beijing, following analytical procedures described in Song et al. (2005,
2010). The laser ablation instrument couples a quadrupole ICP-MS
(Agilient 7500a) and a UP-193 Solid-State laser (193 nm, New Wave
Research Inc.) with the automatic positioning system. For the present
work, laser spot size was set to ~ 36 pm for most analyses and to 25 pm
for metamorphic rims, laser energy density at 8.5 J/cm2 and repetition
rate at 10 Hz. The procedure of laser sampling is 5-s pre-ablation, 20-s
sample-chamber flushing and 40-s sampling ablation. The ablated ma-
terial is carried into the ICP-MS by the high-purity Helium gas stream
with flux of 0.8 L/min. The whole laser path was fluxed with N2 (15L/
min) and Ar (1.15L/min) in order to increase energy stability. The
counting time for U, Th, 2°*Pb, 2°°pb, 2°7Pb and 2°®Pb is 20 ms, and is
15ms for other elements. Calibrations for the zircon analyses were
carried out using NIST 610 glass as an external standard and Si as in-
ternal standard. U-Pb isotope fractionation effects were corrected using
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zircon 91,500 (Wiedenbeck et al., 1995) as external standard. Zircon
standard TEMORA (417 Ma) from Australia (Black et al., 2003) is also
used as a secondary standard to supervise the deviation of age mea-
surement/calculation.

Samples RV-2b and RV-3c were mounted in epoxy resins and po-
lished down to near half sections to expose internal structures, and then
analyzed at Key Laboratory of Continental Dynamics, Northwest
University in Xi’an, using a Geolas 193 nm laser ablation system cou-
pled with an Agilent 7700x mass spectrometer using analytical proce-
dures of Yuan et al. (2004). Using a combination of cathodolumines-
cence (CL) and optical microscopy, the zircon crystals with the internal
structure were selected as suitable targets for laser ablation analyses.
Laser ablation was operated at a constant energy 60 mJ and a repetition
rate of 6 Hz, with a spot diameter of 30 um, using external standards of
91,500 and NIST 612 for U-Pb age and trace elements, respectively.

Isotopic ratios and element concentrations of zircons were calcu-
lated using GLITTER (ver. 4.4, Macquarie University). Concordia ages
and diagrams were obtained using Isoplot/Ex (3.0) (Ludwig, 2003). The
common Pb was corrected using LA-ICP-MS Common Lead Correction
(ver. 3.15), followed the method of Andersen (2002). All the quoted age
uncertainties are at 2 sigma level.

4. Samples

In the present work, we contribute new data on Rare Earth Elements
(REE) and U-Pb ages of zircons in sand from the major rivers of Sri
Lanka. The data included in this paper come from the Mahaweli (MHL2,
RV-2b), Kelani (KEL2), Kalu (KLL1), Walawe (WAL1), Maha Oya
(MOL1, RV-3c) and Maduru Oya (MDL2) rivers in Sri Lanka (Table 1;
Fig. 1). These rivers drain a large area covering more than half of the Sri
Lankan continental block. Also, the large catchment area of these rivers
located in the core portions of all the litho-tectonic units of Sri Lanka is
composed of high-grade metamorphic rocks. The zircon grains from six
rivers were investigated for morphology, REE analysis and U-Pb dating.
Most of the analyzed zircons are euhedral to subhedral in shape, col-
orless to dark, and range in size from 25 to 400 pm, where most zircons
(~80-85%) display oscillatory zoning patterns implying their mag-
matic origin (Fig. 2). Metamorphic zircons appear in CL images as
more-or-less homogeneous and/or have overgrowth rims on detrital
cores, constituting up to ca. 15-20% of total grains studied.

5. Results

The zircon grains from the six rivers were analyzed for morphology,
REE and U-Pb isotopes. U-Pb age data are tabulated in the Table 2 and
REE are given in Supplementary Tables 1-6. The CL images of re-
presentative zircon grains are shown in Figs. 2 and 3. Approximately
100 spots in zircon from each river were analyzed for U/Pb ages and
only those with discordance < 10% were considered for age data in-
terpretations. The results are displayed graphically for each river in
concordia diagrams and U-Pb age histograms (Figs. 4-6). Th/U vs. age
is plotted in the Fig. 7 and chondrite-normalized REE plots are shown in
Fig. 8. From the grains which plot off the U-Pb concordia curve, a true
discordant age was not obtained, because the zircons may be mutually
unrelated in their genesis. The results used for age interpretations here
are only from grains with > 90% concordance. Further, we used
207ph/296ph ages for the zircon grains with age >1.0Ga and
206ph /238(j ages for those < 1.0 Ga.

Most of the zircon grains from the Mahaweli River are rounded to
elongated and subhedral-anhedral in shape. These grains are big in size
and vary from 150 to 400 um in length. They show oscillatory zoning,
core-rim texture and homogeneous appearance in CL images (Fig. 3a).
One hundred and eighty eight spots on 160 grains were analyzed.
Grains younger than ~700Ma closely plot on the concordia line
(Fig. 4a). Zircon data from the Mahaweli River show a prominent peak
at 560 Ma and minor peaks from 730 to 2450 Ma (Fig. 5a, g).
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Fig. 2. Cathodoluminescence (CL) images of the studied zircons from the major river basins of Sri Lanka. Representative age data (analytical spot is marked with a
circle) are also noted on the grains. Magmatic zircons are characterized by clear oscillatory zoning while, metamorphic grains are homogeneous and/or have core-rim
zones/overgrowths peculiar to different age populations. See text for details. Sample numbers are same as those in Fig. 1.

The zircon grains from the Kelani River are rounded to elongated
and subhedral-anhedral in shape. These grains vary from 50 to 250 um
in size. They show oscillatory zoning, core-rim texture and homo-
geneous appearance in CL images (Fig. 3b). Ninety-eight spots on 88
grains were analyzed. Grains younger than ~1 Ga closely plot on the
concordia line (Fig. 4b). Zircons from the Kelani River show two major
peaks at 530 and 560 Ma, together with significant multiple peaks from
660 to 2300 Ma (Fig. 5b).

From the Kalu River, most of the zircon grains are rounded to
elongated and subhedral to anhedral in shape. These grains are rela-
tively small and vary from 25 to 200 um in size. They show oscillatory
zoning, core-rim texture and homogeneous appearance in CL images
(Fig. 5¢). One hundred and twenty spots on 112 grains were analyzed.
Grains younger than ~700Ma closely plot on the concordia line
(Fig. 4c). Interestingly, zircons of Kalu River display five major peaks
from 550 to 930 Ma together with some minor peaks staring from
460 Ma to 2200 Ma.

Rounded to elongated and subhedral to anhedral zircons were ob-
served in the Walawe River sample. These grains vary from 50- to
200 um in size. They show oscillatory zoning, core-rim texture and

homogeneous appearance in CL images (Fig. 3d). One hundred spots on
88 grains were analysed. Grains younger than ~800 Ma and as old as
~ 2 Ga closely plot on the Concordia line. Further, these grains define a
clear Discordia line as well, with a lower and upper intercept of
~600 Ma and 1.8 Ga, respectively (Fig. 4d). Zircons from the Walawe
River are characterized with a major peak shooting at 570-605 Ma
along with characteristic composite peaks from 1250 to 2100 Ma and
subordinate peaks at 470, 700 and 870 Ma (Fig. 5d).

The Maduru Oya samples contain zircons rounded to elongated and
subhedral to anhedral in shape. These grains are relatively small and
vary from 100 to 400 pm in size. They show oscillatory zoning, cor-
e-rim texture and homogeneous appearance in CL images (Fig. 3e). One
hundred spots on 85 grains were analyzed. Grains younger than ~1 and
~ 1.8 Ga closely plot on the concordia line (Fig. 4e). The Maduru Oya is
characterized by a clear peak at ~550-580Ma, while having sub-
ordinate peaks in the range of 460-2600 Ma (Fig. Se).

Obtained zircon grains from the Maha Oya are rounded to elongated
and subhedral to anhedral in shape. These grains are relatively small
and vary from 50 to 200 um in size. They show oscillatory zoning,
core-rim texture and homogeneous appearance in CL images (Fig. 3f).
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Fig. 3. Representative older grains of Mesoproterozoic to Archean zircons found in this study, from each river basin. The grain point number and the respective age
are also given (analytical spot marked with a circle). Sample numbers are same as those in Fig. 1.

One hundred and sixty spots on 125 grains were analyzed. Grains
younger than ~1.1 Ga closely plot on the concordia line (Fig. 4a).
Zircons from Maha Oya are characterized by giving a majority of con-
cordant ages. Major peaks at 560, 610, 780, 820 and 970 Ma are ob-
served along with subordinate peaks between 1020 and 2400 Ma
(Fig. 5f, h).

Most zircons have Th/U values > 0.1 (Fig. 7) consistent with their
igneous origin. Also, the zircons which could have been derived from
felsic sources are plotted above those from other igneous sources
(Fig. 7a). Several different trends can be distinguished from the Th/U
vs. U-Pb age diagram, and it could be attributed to different growth
mechanisms as magmatic events prolonged in the Sri Lankan basement.
Hence, clearly distinct zircon populations are visible: an older popula-
tion with ages from Mesoproterozoic to Archean, and a younger po-
pulation with ages of early Neoproterozoic to late Cambrian (Fig. 6).
The younger population is also characterized by a group of zircons with
homogenous and/or core-rim zoning texture in CL images and Th/U
ratios < 0.1, indicating metamorphic origin (Figs. 3 and 7b). These
grains characteristically plot in the range of ~500-650 Ma (Fig. 6). The
early Neoproterozoic to late Cambrian zircons are characterized by
variable Th/U ratios > 0.1 reaching values of ~ 3, whereas the Meso-
proterozoic to Archean zircons could be distinguished by their rela-
tively homogeneous Th/U ratios compared to the former (Fig. 7).

In general, on chondrite-normalized REE diagrams, most of the
zircons have slightly fractionated, depleted light REE and enriched
heavy REE patterns with variable positive Ce anomalies and negative
Eu anomalies, although some zircons from Kalu Ganga and Maha Oya

18

rivers display moderately enriched light REE patterns without a sig-
nificant Ce anomaly (Fig. 8). The Neoproterozoic to late Cambrian
zircons show slightly elevated overall REE abundances compared to the
Mesoproterozoic to Archean zircon population. The metamorphic
grains and rims/overgrowths display slightly flat REE (particularly
heavy REE, though variable) patterns (Fig. 8).

6. Discussion
6.1. Detrital zircons as provenance indicators

In a single river sediment sample, the zircons may represent a
variety of sources, such as mafic, felsic, intermediate or metamorphic
rocks. In addition, once formed, the zircons may be reworked and re-
cycled within the crust through various geological processes. In geo-
chronology, the provenance of detrital zircons is interpreted based on
the population distributions of U-Pb ages. The presence of particular
age groups is a powerful indicator of the source area within the drai-
nage system during or prior to the deposition of the sample (Rubatto,
2002). However, detrital zircons can be recycled from older sedimen-
tary rocks, and potential source areas may contain several groups of
different ages. Therefore, it is not simply possible to assign individual
age groups to a specific source area. Hence, provenance analysis re-
quires a thorough understanding of the distribution of primary bed-
rocks and sedimentary sources for the zircon grains in the target sam-
ples (e.g. Xiang et al., 2011; lizuka et al., 2013b).

In elucidating zircon provenances, Th/U plays an important role.
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Fig. 4. Concordia diagrams of dated zircons from each of the major river basins of Sri Lanka. Sample numbers are same as those in Fig. 1.

The U and Th contents and Th/U ratios of magmatic zircon should The Th/U ratios of our zircon samples are plotted in the Fig. 7. It is
promote higher Th contents relative to U contents at their crystal- clear from this figure that majority of the zircons have Th/U > 0.1 and
lization, resulting in higher Th/U ratios for zircons in mafic to inter- span in an age range from late Cambrian to late Proterozoic. Out of this
mediate rocks than in felsic rocks (Kemp et al. 2006; Xiang et al., 2011; group, more younger zircons (e.g. ca. < 1000 Ma old) are characterized
lizuka et al., 2013a). However, when zircon crystallizes in dis- with a variable Th/U ratio from 0.1 to 2.9 whereas the older grains
equilibrium with melt, U and Th are more easily able to enter the zircon have Th/U < ~1. The metamorphic zircons have Th/U ratio below
lattice, and their contents and Th/U values depend mainly on the de- 0.1, reaching very low values. Accordingly, distinct origins of sources as
gree of disequilibrium (e.g. Wang et al., 2011a,b). On the other hand, mafic to intermediate and felsic and metamorphic could be identified
Th/U values in metamorphic zircons is usually very low (typically from the studied zircon population.

below 0.1) due to availability of other common phases with differential

geochemical affinities for U and Th (e.g. Rubatto, 2002). Hence, based 6.2. Zircon growth episodes displayed by Sri Lankan rivers
on observations and experimental data (e.g. Wang et al., 2011a,b,

Rubatto, 2002), the Th/U value of zircons is generally fixed as follows; Out of the total population of zircons of each river, nearly 30% of
felsic magmatic sources (> 1), mafic-intermediate magmatic sources the grains are represented by Mesoproterozoic to Archean zircons
(< 1, > 0.1) and metamorphic sources (< 0.1). Thus, the behavior of U (> ~1100-3100 Ma). Most of these older grains are transparent in CL
and Th in zircon can be used as a geochemical indicator to determine images and with rounded edges, having clear magmatic textures with
their origins and crystallization environments (Rubatto, 2002; Xiang oscillatory zoning (Figs. 2 and 3). These grain morphologies and tex-
et al., 2011). tural patterns are consistent with Archean detrital zircons found
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Fig. 5. Relative probability against U-Pb age for analyzed zircons of each river in this study, showing distribution of age peaks. Sample numbers are same as those in

Fig. 1. See text for details.

elsewhere in the world (e.g. Su et al., 2011; Li et al., 2014; Chen et al.,
2017; Sakyi et al., 2018), probably subjected to repeated crustal re-
cycling, before they were trapped in the precursor rocks of the Sri
Lankan lithotectonic units. In addition, they may have experienced
multiphase reworking with exotic Archean sources.

The vast majority of the zircon population (~70%) from all rivers
could be classified as Neoproterozoic to late Cambrian zircons
(> ~430-1000 Ma). Of course, there is a minor population of zircons
which falls in to the Silurian times as well (Fig. 6a). In this category,
zircon grains belong to both igneous and metamorphic origin. In gen-
eral, these ‘younger’ zircons are highly variable in shape compared to
the older counterparts (Mesoproterozoic to Archean zircons). The
magmatic zircons are clearly distinguished from those of metamorphic
origin with respect to their morphology and internal textures, and also

20

in terms of Th/U values (Fig. 7). Some of the grains were overgrown
during the Neoproterozoic metamorphic activity by generating a clear
mantle-rim domain over the early igneous core domain (Fig. 2).

Considering the overall age distribution data, the total zircon po-
pulations could be further subdivided into several narrow sub-groups,
such as 480-680 Ma, 680-1000 Ma, 1100-1300Ma, 1300-1700 Ma,
1700-1900 Ma, 2100-2300 Ma, 2300-2600 Ma. This could be seen in
Fig. 6 and indicate that the crustal growth of Sri Lanka was not con-
tinuous and has been episodic since the Archean.

6.3. Regional provenance controls on the detrital zircons

6.3.1. Provenance implications of older zircon population
As mentioned above, Mesoproterozoic- to Archean-aged Zircons
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(> ~1100-3100 Ma) make up approximately 30% of the total age
population with a prominent peak at 1.6-2 Ga (Fig. 6), which may be
related to Meso to Paleoproterozoic HC, WC and KC rocks in the
catchment of most of the rivers. The detrital zircons from the HC rocks
indicate a widespread igneous intrusion event at 1.9 Ga, while Sm-Nd
crustal residence ages of the HC and WC rocks are in the range of
~1.6-2 Ga (Milisenda et al. 1988, 1994; Holzl et al., 1994). The zircon
eHf values in metamorphosed rocks of the HC show variation from
—20.5 to 1.6, with crustal model ages in the range of 1.5-2.8Ga
(Santosh et al., 2014; He et al., 2015). Zircons in charnockitic rocks also
display a predominantly large negative eHf values ranging from —33.3
to —6.7, and older crustal model ages from 2 to 3.6 Ga (Santosh et al.,
2014; He et al., 2015). These authors have suggested a mixed source
comprising juvenile Neoproterozoic and reworked Mesoproterozoic —
Archean components in the HC. In the Wanni Complex rocks, Sm-Nd
crustal residence age peak at ~1.6Ga is prominent, and markedly
positive ¢Hf values of the WC (from +5 to +15) suggest juvenile
components as the source of the protoliths. The ¢Hf values of samples
from the KC range from slightly negative to positive, with crustal model
ages mainly from 1.5Ga to 1.8 Ga. This trend suggests its protoliths
were derived from mantle sources with the input of minor reworked
Neoarchean-Paleoproterozoic deep crustal sources. Particularly the
Mahaweli and Kalu Rivers flow over a large part of the HC (Fig. 1) and
the Mesoproterozoic and Archean zircons from these rivers have wider
peaks at 1.2-2.5 Ga. Although both Kelani River and Maha Oya origi-
nate from the HC, they flow largely on the WC and KC. However, wide
age peaks of Mesoproterozoic to Archean zircons in the Kelani River
almost overlap with those shown by Mahaweli and Kalu Rivers which
flow entirely over the HC (Fig. 1), despite the fact that the abundance of
older zircon population in the Maha Oya river is less prominent
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(Fig. 5f). Hence, the older population of detrital zircons from the four
rivers (Mahaweli, Kalu, Kelani and Maha Oya) probably indicates the
same provenance. On the other hand, the Walawe and Maduru Oya
Rivers flow over a wider area of the VC and their older zircons show
more or less similar distribution pattern with a wider peak from 1.1 to
2.1 Ga. This could be a characteristic provenance indication with re-
spect to the VC, although a minor fraction of the older zircons could be
derived from the HC sources as well, probably as a result of tectonic
mixture at the boundary between the HC and VC (Fig. 1).

6.3.2. Provenance implications of younger zircon population

As discussed above, ~70% of Neoproterozoic- to late Cambrian-
aged zircon grains (~430-1000 Ma) accumulate with prominent peak
ages at 530-670 Ma, 700-870 Ma and ~910-1030 Ma from all the
rivers. This spectrum of ages is remarkably similar in all the rivers,
displaying a pervasive zircon growth history related to Neoproterozoic
magmatic events in the Sri Lankan terrane. This age distribution is
particularly analogous to the trends found in lithologies in the Sri
Lankan basement (e.g. Kroner and Williams, 1993; Kroner et al., 1991;
Shiraishi et al. 1994; Holzl et al., 1994; Kroner et al., 2013; Santosh
et al., 2014; Dharmapriya et al., 2015; Takamura et al., 2016; He et al.,
20164a,b). Hence, these magmatic pulses could be directly linked to the
orogenic events of collision of the Wanni and Vijayan arcs, closing the
HC paleo-ocean during the assembly of the Gondwana supercontinent
(e.g. Shiraishi et al., 1994; Santosh et al., 2014).

6.3.3. Metamorphic and metasomatic impacts on younger zircons

Older populations (Mesoproterozoic to Archean) of zircons show
unchanged Th/U evolution through time (Fig. 7), which we interpret to
reflect a closed system behavior. One younger population shows a trend
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Fig. 7. Plot of Th/U vs. U/Pb age of the entire zircon population showing zircons derived from felsic, pure magmatic and metamorphic sources. See text for details.
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Fig. 8. Chondrite-normalized rare earth element (REE) patterns of dated zircons showing geochemical differences of Mesoproterozoic to Archean and Neoproterozoic
to late Cambrian zircons. Note the slightly high overall REE levels of the younger age population and more-or-less flat heavy REE patterns of metamorphic zircons.

of lowering of the Th/U values, especially in overgrowths, which could
indicate competition for Th with high Th minerals (monazite, allanite
etc.) during their evolution. Late Neoproterozoic metamorphism may
have affected these grains, lowering the Th/U values and paving the
way for crystallization of a zircon population with typically low Th/U
values (< 0.1). Thus, latest Neoproterozoic-Cambrian zircon popula-
tion with distinctly low Th/U values (< 0.1) observed in all the river
sand samples clearly represent high-grade metamorphism in the three
lithologic complexes of Sri Lanka. In some of the Neoproterozoic grains,
higher Th/U and could be interpreted to reflect open system behavior
such as breakdown of minerals with high Th/U competition with high U
minerals (e.g. xenotime), sedimentary components or metasomatic ef-
fects. Further, a negative Eu anomaly is usually attributed to the pre-
sence of Eu?* in the melt since Eu®>* partitions less readily into zircon
than Eu®". Many zircons exhibit both positive Ce and negative Eu
anomalies, indicating both oxidised and reduced conditions during
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their formation (e.g. Hoskin and Schaltegger, 2003; Grimes et al.,
2007).

6.3.4. Comparison with zircon data from various lithologies from Sri Lanka

Previous studies reported Mesoarchean to Paleoproterozoic ages for
detrital zircon cores (3200-1800 Ma with peaks at 3200, 2900, 2400,
2000 Ma) from the HC (Holzl et al., 1994; Kroner et al., 1987, 1994;
Dharmapriya et al., 2016). Kitano et al. (2018) reported predominant
Paleoproterozoic to Early Mesoproterozoic detrital zircon ages (ca.
2000-1500 Ma) from the eastern HC, and predominant Early to Mid-
Neoproterozoic ages (ca. 1000-700 Ma) from the western part.
Dharmapriya et al. (2016) and Takamura et al. (2016) reported
Neoarchean to Paleoproterozoic (ca. 2800-1800 Ma) and Neoproter-
ozoic (ca. 1000-700 Ma) ages of detrital zircons from the central HC. In
the WC, the 916-980 Ma ages represent arc magmatism during early
Neoproterozoic (Holzl et al., 1994; Santosh et al., 2014). This was



S.P.K. Malaviarachchi et al.

followed by the 805Ma tonalitic magma emplacement in the WC.
TheKC also bears more-or-less similar age spectrum. The 924-966 Ma
ages from zircons of granitic gneisses and 617-770 Ma zircon ages from
mafic rocks have records of magmatism in the VC. The metamorphic
zircons from all the complexes mark ~550 Ma as a wide-spread over-
printed event (Kroner et al., 1987, 1994; Holzl et al., 1994; Santosh
et al., 2014; He et al., 2016a,b).

Based on magmatic zircons in meta-igneous and meta-sedimentary
rocks, several workers suggested that the Sri Lankan crustal basement
likely contains considerable amounts of recycled Paleoproterozoic to
Archean rocks (e.g. Santosh et al., 2014; Kroner et al., 2013; Takamura
et al.,, 2016; Dharmapriya et al., 2015; Osanai et al., 2016;
Malaviarachchi, 2016, 2018). Furthermore, the basement rocks in the
Highland, Wanni and Vijayan complexes of Sri Lanka have whole-rock
Nd and Hf model ages spanning from 2.65 to 2.87 Ga with an average of
ca. 2.8Ga (see review in Malaviarachchi, 2018). In this study, ap-
proximately 3-5% of zircons from each river were found to be between
~2.5and ~ 3 Ga (Fig. 6). Detrital zircons with similar Archean ages are
ubiquitous in all litho tectonic units of Sri Lanka, which are in the
upstream of the studied rivers (Santosh et al., 2014; Kroner et al., 1987,
1991, 2003, 2013; He et al., 2015, 2016a,b; Takamura et al., 2016;
Dharmapriya et al., 2015; Osanai et al., 2016). Therefore, we infer that
the 2.8 Ga may be an important episode for the growth of juvenile crust
and existence of an Archean basement in Sri Lanka.

Majority of zircons from these crustal units are of Neoproterozoic to
Cambrian origin and formed during the magmatic and collisional
events related to the Gondwana assembly (e.g. Santosh et al., 2014;
Kroner et al.,, 1987, 1991, 2003, 2013; He et al., 2015, 2016a,b;
Takamura et al., 2016; Dharmapriya et al., 2015; Osanai et al., 2016).
Among the studied river sands, Neoproterozoic- to Cambrian-aged
zircon grains constitute up to ~70% of the total age population with a
peak at ~550 Ma (Fig. 6a). Rivers Mahaweli, Kelani Kalu and Maha
Oya flow over the Highland and Wanni crustal blocks of Sri Lanka
(Fig. 1), and the Walawe River mainly touches the Vijayan Complex
crustal unit. Therefore, approximately similar age peak among the
Neoproterozoic- to Cambrian-aged zircon grains could be related to the
pervasive Neoproterozoic magmatic events in connection with the
amalgamation of the Gondwana Supercontinent.

Zircons of river sands in this study showing distribution from
Archean to Paleoproterozoic and Neoproterozoic to late Cambrian age
peaks are consistent with zircons from of basement rocks known from
petrological studies of Sri Lanka (Kroner et al., 1987, 1994; Holzl et al.,
1994; Santosh et al., 2014; Dharmapriya et al., 2015; Kitano et al.,
2018; Takamura et al., 2016; He et al., 2016a,b; Osanai et al., 2016).
However, late Mesoproterozoic to early Neoproterozoic age populations
(ca. 1100-1000 Ma) reported in previous studies (Kroner et al., 2003;
Willbold et al., 2004; Kitano et al., 2018; Dharmapriya et al., 2016),
were not recorded as a prominent peak in our zircons (e.g. Figs. 5 and
6).

In summary, the zircon geochronological data from this study
generally indicate that multiple phases of magmatic pulses with epi-
sodic addition of new crust and reworking of older crust in the Sri
Lankan basement throughout the history. This is clearly seen as age
peaks at 480-680 Ma, 680-1000 Ma, 1100-1300 Ma, 1300-1700 Ma,
1700-1900 Ma, 2100-2300 Ma, 2300-2600Ma (Fig. 6). The older
model ages from previous studies from Sri Lanka could be correlated to
crustal components ubiquitously found in subducted sediments in the
Wanni-Vijayan dual arc system. We therefore suggest that the overall
age peaks at ~1800 Ma and 550 Ma date the major crust formation
events in the Sri Lankan basement.

6.4. Tectonic implications
The transitional age span (between ~1.1 Ga and ~ 1.6 Ga) showing

a quick increase of zircon population observed in our study could be
interpreted as correspondent with the timing of the onset of subduction

23

Journal of Asian Earth Sciences xxx (XxxX) XXX—-XXX

forming the Vijayan and Wanni arcs against a ‘Highland Complex paleo-
ocean’ (Shiraishi et al., 1994; Santosh et al., 2014). This inference is
also supported by previous geochronological studies which revealed
derivation of higher amount of arc-related calc-alkaline and mafic
lithologies in the Wanni (from 1.6 to 1.1 Ga) and Vijayan Complexes
(from 1.1 to 0.9 Ga), particularly with close proximity to their bound-
aries with the HC (Kroner et al., 2002, 2013; Braun and Kriegsman,
2003; Willbold et al., 2004; Santosh et al., 2014, Takamura et al., 2016;
He et al., 2016a,b; Wijeratne and Malaviarachchi, 2017).

The magmatic episodes ranging from the 1.1-1.6Ga and
870-1000 Ma could be considered as Grenvillian (e.g. Kroner et al.,
2003, Willbold et al., 2004; Li et al., 2014) and related to mark the
beginning of the breakup of the Rodinia supercontinent. The wide-
spread breakup of Rodinia occurred during 830-800 Ma (Li et al., 2014)
and therefore it is evident that near-continuous magmatic pulses ob-
served in this study at 820-870, 700-780 Ma could have a connection
to the dispersal of Rodinia. Subsequently, collisions and metamorphism
associated with the assembly of Gondwana during the late Neoproter-
ozoic (Meert, 2003) are well reflected in the continuous age peaks of
605-610, 530-580 and 430-500Ma. Thus, a regional provenance
contribution from sources of Grenvillian and Gondwanan is evident in
the entire Sri Lankan basement. Similar records of magmatic events
have been found in the East Africa (e.g. Kroner et al., 2000) and in
South India (Santosh et al., 1989; Braun and Kriegsman, 2003), im-
plying Sri Lankan terranes were probably a part of the East Africa.

7. Conclusions

We draw the following conclusions from the geochronology of
detrital zircons from the major rivers in the Sri Lankan basement.

(1) Two main zircon populations are distinguishable depicting a wide-
spread magmatism: Mesoproterozoic to Archean
(~30%; > 1100-3100 Ma) and Neoproterozoic to late Cambrian
(~70%; > ~430-1000 Ma), adding substantial amount of juvenile
crust to the Sri Lankan basement from Palaeoproterozoic to late
Cambrian.

(2) The studied zircons provide evidence for intensive and episodic
(both short-spanned and long-spanned) magmatic activities re-
solvable into fine groups at 480-680Ma, 680-1000Ma,
1100-1300 Ma, 1300-1700Ma, 1700-1900 Ma, 2100-2300 Ma,
2300-2600 Ma and 2600-3100 Ma. These periods of magmatism
are correspondent with principal episodes of global continental
crustal growth, indicating most of the continental crust of Sri Lanka
have formed in the Neoproterozoic. The older zircons may have
mainly originated from the recycled ancient (Palaoproterozoic to
Archean) crust.

(3) The change of the frequency of age peaks at ~1.1 Ga and ~1.6 Ga,
giving rise to significant peaks in the Mesoproterozoic might reflect
triggering of subduction in a paleo tectonic setting, forming the
Wanni and Vijayan dual arc system, respectively.
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