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ABSTRACT

Monazites occur as inclusions in quartz, garnet, sillimanite and at quartz-plagioclase
boundaries in a garnet granulite from the Highland Complex of Sri Lanka. These monazites
appear as chemically distinct groups in the back scattered electron images and are classi-
fied as (i) unzoned, (ii) core-rim-type zoned and (iii) mesh-like zoned. Mesh-like zoned mo-
nazites document a new textural type not reported from elsewhere, and which probably
originated during high temperature metamorphism of these rocks. Here we report elec-
tron microprobe U-Pb ages of separated monazites from the garnet granulite. Individual
spot ages from electron microprobe analyses of the three distinct monazite categories are,
613-561 Ma (Group 1), 728 - 619 Ma (Group Il) and 516 - 460 Ma (Group lll). The oldest
monazite ages obtained in this study are in the range of ~ 700 to 728 Ma from the group
(1) above, represent a new metamorphic age from Sri Lankan granulites which are believed
to be of ~550-610 Ma metamorphic age according to published ages from the previous
studies. The ages we obtained correspond to the thermal events associated with Kuunga

and East African orogenies which occurred during the Gondwana amalgamation.

INTRODUCTION

Interpretation of the tectonics of the Earth
has been much accurate and easy with the fast
development of the geochronological instru-
ments as well as improved analytical methods
during the last decade. Dating of metamorphic
and igneous events using accessory minerals
such as zircon, monazite, xenotime, baddelyite
etc. with high precision analytical techniques
like SHRIMP, SIMS and electron microprobe has
presently become very powerful owing to their
improved capability to work under high spatial
resolutions (Kelsey et al., 2003; Parrish, 1990).
Using such analytical tools accompanied by X-
ray elemental mapping, cathode-luminescence
(CL) or back scattered electron (BSE) imaging
techniques allows one to recognize chemical
and chronological heterogeneities in accessory
minerals, that was not possible during conven-
tional geochronology. Thus, application of high
resolution geochronology is recommended to
avoid obtaining ‘mixed ages’ due to chemical

heterogeneities in accessory minerals and it will
enable one to understand true significance of
analyses performed. Electron microprobe dat-
ing provides much higher spatial resolution
than the ion microprobe and it too is a sample
non-destructive method. Therefore, we used
electron microprobe dating technique for Sri
Lankan monazites in order to investigate its
ability to unravel Gondwana tectonics.

Breakup of the Supercontinent Rodinia at
~750-800 Ma gave birth to the Gondwana Su-
percontinent by tectonic suturing of gigantic
continental blocks of East and West Gondwana
(Hoffman, 1999). West Gondwana comprised of
African and South American continental blocks
while the East Gondwana was formed of Mada-
gascar, Australia, India, Antarctica and Sri Lan-
ka. Dispersal of the Rodinia and the subsequent
assembly of the Gondwana are considered as
one of the most dynamic periods of the Earth’s
history. Thus, in order to understand this com-
plex evolution of the Proterozoic to Lower
Cambrian earth, careful dating is necessary.
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Therefore, high resolution geochrono logical
techniques play an important role to derive
precise chronological information from rocks at
multiple scales.

Assembly of the Gondwana super-continent
has been one of the major topics of numerous
geochronological studies over last two decades
and has revealed several major tectonic events
which apparently controlled the dynamics of
the earth (e.g. Kréner, 2002). Meert (2003) sug-
gested that the East Gondwana itself was not
united, but its amalgamation occurred parallel
to the assembly of final ‘greater Gondwana’
spanning from ~750-530 Ma. This is related to a
series of orogenic processes involving continen-
tal fragments of East Africa, Arabian Nubian
Shield, Seychelles, India, Madagascar, East An-
tarctica, Australia and Sri Lanka. Compiling
>1000 U-Pb age data from the East Gondwana
fragments, Meert (2003) classified them into
two main tectonothermal events which are as-
sociated with the assembly of the East Gond-
wana. The first tectonic episode is the East Afri-
can orogeny (Stern, 1994) at ~750-620 Ma
forming the Mozambique belt as a result of the
collision of India, Madagascar, Seychelles, East
Antarctica and Sri Lanka against East Africa. The
second is the Kuunga orogeny (Meert et al.,,
1995; Meert and Van Der Voo, 1997) which oc-
curred during ~570-530 Ma as a consequence of
the collision of Australia and East Antarctica
against the continental blocks assembled at the
East African orogene, and thus completing the
amalgamation of the East Gondwana. Coeval to
the Kuunga orogeny, the Brasiliano orogeny
(Villenueve and Cornee, 1994) amalgamated
the West Gondwana as a result of the collision
of South America and Africa.

This study attempts to use electron micro-
probe-monazite dating techniques to the Sri
Lankan basement rocks. Our data sheds light to
understand the multiple thermal events asso-
ciated with the Gondwana amalgamation, pre-
served in monazites. In addition, we newly re-
port older metamorphic ages >700 Ma than the
previously established 550-610 Ma (Kréner and
Williams, 1993 and references therein) for the
granulites of Sri Lanka.

The Sri Lankan Gondwana fragment

The Sri Lankan Precambrian consists of four
distinct Proterozoic tectonic provinces (Fig. 1)
namely; the Highland Complex, Wanni Complex,
Vijayan Complex and Kadugannawa Complex
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(Kréner et al., 1991; Cooray, 1994). The High-
land Complex is characterized by oldest crust
formation ages of 2-3 Ga and granulite-facies
metamorphism. The Wanni Complex and Kadu-
gannawa Complexes are composed of upper-
amphibolite- to granulite-facies rocks with 1-2
Ga crust formation age. The Vijayan Complex is
an amphibolites-facies terrain of 1-2 Ga crust
formation age (Kroner et al., 1987; Millisenda et
al., 1988; Holzl et al., 1994). Lithological details
of each of these provinces are discussed in
Kréner et al (2003) and previous geochronology
is summarized by Kroner and Williams (1993).

Zircon geochronology has been applied to
the Sri Lankan basement (e.g. Kroner et al.,
1987; Baur et al.,, 1991; Kroner and Williams,
1993) to study protolith history and metamor-
phism of both ortho- and para-gneisses of the
Highland Complex using sensitive high resolu-
tion ion microprobe (SHRIMP) and zircon-
evaporation thermal ionization mass spectro-
metry (TIMS) techniques. These studies estab-
lished the age of the granulite-facies metamor-
phism as 550-610 Ma. However, monazite dat-
ing of the Sri Lankan high grade rocks has been
limited to only one conventional U-Pb analysis
of monazite by Holzl et al (1994).
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Figure 1: Simplified Geology map showing the subdi-
vision of the Sri Lankan Precambrian (Cooray, 1994).
Star indicates the location of the studied sample.
The boundary between the Wanni Complex and the
Highland Complex is not clearly defined so far (ques-
tion marks).



Therefore, we investigated Sri Lankan mo-
nazites with the electron microprobe dating
technique to understand their origin and evolu-
tion.

‘CHIME’ dating

The term CHIME abbreviates ‘CHemical
Isochron Method’ (which was later renamed as
‘chemical Th-U-total-Pb isochron method’), was
first established by Suzuki and Adachi (1994,
1998) and Suzuki et al (1994), who dated zircon
and monazite by electron microprobe. This dat-
ing method was further developed by Montel et
al (1996). Subsequently, the CHIME method
became enormously popular in many geochro-
nological laboratories mainly because it is non-
destructive, accurate, and fast, and has high
spatial resolution.

Monazite is highly resistant to Pb loss dur-
ing high temperature metamorphism (Copeland
et al., 1988; Parrish, 1990; Suzuki et al., 1994).
Monazite which is a Th and U rich can accumu-
late sufficient radiogenic Pb during ~100 Ma
period to exceed detection limits of most elec-
tron microprobes (Suzuki and Adachi, 1998).
Assuming that common Pb is negligible, and
that partial loss or gain of Pb has not occurred
(i.e. system remained closed), precise mea-
surement of U, Th, and Pb by electron micro-
probe will give a geologically meaningful age
even from a single monazite grain. If individual
parts of a monazite grain and/or cogenetic mo-
nazite grains contain the same amounts of ini-
tial Pb but different Th and U, data will plot on a
straight line (isochron), in the space of PbO
(which includes both uranogenic and thorogenic
Pb) against ThO, or UO,. Using the slope of this
best fit regression line and considering uncer-
tainties in the microprobe analysis, an apparent
age is calculated in the CHIME dating method
(Suzuki and Adachi, 1998).

The CHIME dating technique has been de-
veloped primarily based on several assumptions
(e.g. Kelsey et al., 2003). Main assumptions are,
(1) all analyzed Pb is produced through radi-
ogenic decay of Th and U in monazite, and (2)
the analyzed monazite remained a closed sys-
tem for Th, U and Pb following crystallization.
The assumption of closed system behavior,
however, cannot be directly tested where sup-
porting geochronology (from other methods) is
lacking (Kelsey et al., 2003). Importantly, stu-
dies have demonstrated (e.g. Williams et al.,
1983; Corfu, 1988; Parrish, 1990) that the Pb
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inherited by monazite during its crystal growth
or in other words common Pb, is generally low
and therefore its effect on the calculated age is
negligible. On the other hand, information on
the closure temperature of monazite for Pb
loss, and particularly its relevance for interpret-
ing high temperature granulite-facies terrain is
important and such knowledge is now expand-
ing (e.g. Parrish, 1990). As a result, various stu-
dies have come out on estimates of closure
temperature for Pb diffusion in monazite and
most of them have proposed >900 °C (e.g. Co-
peland et al., 1988; Parrish, 1990; DeWolf et al.,
1993; Suzuki et al.,, 1994; Dahl, 1997; Bingen
and Van Breemen, 1998; Rubatto et al., 2001).

Sample selection and petrography

The studied monazite grains were sepa-
rated from a garnet-biotite-sillimanite granulite
(Sample 14A, Malaviarachchi and Takasu, 2005)
from a quarry located at Getambe in the High-
land Complex of Sri Lanka (Fig. 1). This garnet
granulite exhibits well developed gneissic folia-
tion. In some parts of the rock sillimanite-
abundant layers are associated with boudins of
mafic rocks which contain centimeter-scale
snowball garnets.

The major mineral assemblage of the rock is
garnet, biotite, quartz, sillimanite, plagioclase
and K-feldspar. Spinel, zircon, monazite and
opaque minerals occur as accessories. Garnet is
the main porphyroblastic mineral, occurs in siz-
es of >5 mm, which is characterized by numer-
ous inclusions of biotite, quartz, sillimanite,
green-spinel and monazite. Except spinel and
sillimanite, the other inclusion phases in garnet
are not in direct contact with each other. Biotite
and quartz inclusions are mainly found in the
cores of garnet porphyroblasts, whereas silli-
manite occurs in the mantle. Sillimanite also
occurs as prismatic grains in the matrix, show-
ing typical transverse fractures. Rims of some
garnet porphyroblasts are replaced by sillima-
nite and/or biotite, or symplectite of biotite and
quartz. In addition, fibrolite occurs associated
with spinel. Biotite in the matrix forms a pre-
ferred orientation and is also found as random
overgrowths on garnet rims. Plagioclase shows
well developed polysynthetic twining and some
contains exsolution lamella of K-feldspar form-
ing antiperthite texture. Quartz commonly oc-
curs in the matrix with plagioclase and K-
feldspar. llmenite and rutile occur both as inclu-

83



Malaviarachchi and Takasu, Electron microprobe dating of Monazites from Sri Lanka:

sions in garnet as well as in the matrix with zir-
con.

This is the best sample showing multiple
modes of occurrence of monazites in a single
sample, among various granulites observed by
the authors (Malaviarachchi, 2005; Malavia-
rachchi and Takasu, 2005). There are three
modes of occurrence of monazite in the sample.
Majority of the monazites occur as rounded to
sub-rounded grains of ~0.15 mm within quartz
or at quartz-plagioclase grain boundaries in the
matrix (Fig. 2a). Some monazite grains occur in
and around large sillimanite inclusions (~2.5
mm) of garnet porphyroblasts (Fig. 2b, c). These
monazites are rounded to sub-rounded in
shape, and usually <0.25 mm in size. In addi-
tion, there are elongated monazite inclusions
(~0.15 mm) in garnet, mainly associated with
spinel inclusions (Fig. 2d). Detailed petrography
of the sample (Malaviarachchi, 2005; Malavia-
rachchi and Takasu, 2005) reveals that it is free
from UHT minerals or assemblages like sapphi-
rine, osumillite or spinel+quartz, and the high-
est metamorphic conditions are represented by
sillimanite. Estimated pressure and tempera-
ture conditions of the sample are ~8 kbar and
~830 °C, respectively (Malaviarachchi, 2005).

SAMPLE PREPARATION AND ANALYSIS

The Sample 14A was crushed (~2.5 kg) using
a jaw crusher and sieved to obtain a <250 um
whole rock fraction. Then, this fraction was
washed with de-ionized water to remove light
minerals (e.g. mica) and dried for 24 hours at 80
°C. After drying, highly-magnetic phases were
removed using a bar magnet and then garnet
and non-garnet fractions were obtained using a
Frantz Isodynamic separator. The separated
garnets were hand ground in a ceramic mortar
to reduce the grain sizes further, in order to
enable separation of monazite included in gar-
net. Subsequently, garnet-bearing (hand
ground) and garnet-absent (after isodynamic
separation) fractions were separately treated
with heavy liquid (Di-iodomethane, density =
3.32 g/cm’). The resulting heavy fractions were
passed through Frantz Isodynamic separator
order to separate monazite grains, and finally
careful hand-picking under a binocular micro-
scope was followed to choose monazite grains
that are free of impurities. These selected mo-
nazites were mounted on glass slides and po-
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lished with 3 um and then 1 um diamond paste
until the grains were thinned nearly to half of
their original thickness. Then the grain mounts
were carbon coated for subsequent analysis
using JEOL JXA 8800M Electron Probe Micro
Analyzer (EPMA) at Shimane University, Japan.
Back Scattered Electron (BSE) images were used
to investigate chemical zoning and to choose
suitable grains and spots for analysis. Thirty
representative grains were chosen from the
separated monazite population (twenty from
garnet-bearing fraction and ten from garnet-
absent fraction) for dating.

Spot analyses were performed and dates
were calculated for each spot using EPMA dat-
ing program for Microsoft-Excel® (Pommier et
al., 2003). A total of 100 spots on the thirty mo-
nazite grains were analyzed for twelve elements
(P, Si, Y, La, Ce, Pr, Nd, Sm, Gd, U, Th, Pb) using
natural minerals and synthetic materials as cali-
bration standards. Analytical conditions were
maintained at 15 kV accelerating voltage, 80 nA
probe current and 3 um probe diameter. Th-M,,
U-Mg and Pb-Mq lines were used and the inter-
ferences of the Th with U-Mg and Y with Pb-M,
were corrected. Counting times of 50 s for Th
and U, and 300 s for Pb were chosen for peak
and background positions. After correction for
background and interferences, the X-ray inten-
sity data were converted into concentrations
following the Bence and Albee (1968) method.

RESULTS AND DISCUSSION

The separated monazite grains were classi-
fied into three groups based on observations in
BSE images. The Group 1 represents ~50-100
pm size sub-rounded to angular grains which
appear unzoned in BSE images (Fig. 3a). The
Group 2 consists of monazites of ~70-120 um
size range with angular edges, and zoned with a
dark core and a bright rim part (Fig. 3b). Mona-
zites of the Group 3 have an unusual zoning
pattern (Fig. 3c). They are mostly elongated and
~100-200 um in size showing nearly linear
bright zones defining a ‘mesh-like’ zoning pat-
tern in BSE images. Comparison of the BSE im-
ages of separated monazite grains with those of
monazites in thin-sections reveal that the
Groups 1, 2 and 3 correspond to the monazites
in the matrix, monazites in the sillimanite por-
phyroblasts and monazites in garnet porphyro-
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Figure 2: Photomicrographs showing different textural settings of monazite in the analyzed sample (plane po-
larized light). Monazite grains are marked with a white arrow for clarity. (a) Monazite grains in the matrix are
commonly found as included in quartz or at quartz-plagioclase grain boundaries. (b) Tiny monazites are in-
cluded in a porphyroblastic sillimanite found as an inclusion within a large garnet porphyroblast. Some mona-
zites are aligned along the boundary of the sillimanite. Also, the garnet contains other inclusions of biotite,
quartz and spinel. (c) An enlarged view of the sillimanite grain in (b), showing typical transverse fractures. (d)
Numerous inclusions of monazites associated with spinel in a garnet porphyroblast.

-blasts, respectively (petrographic positions
shown in the Fig. 2).

Table 1 gives ThO,, UO, and PbO data of
monazite from electron probe analysis and the
calculated ages of the spots with 2o uncertain-
ty. On average, the Group 1 monazites have
UO,, ThO, and PbO contents of 0.260, 6.87 and
0.207 wt%, respectively. The Group 2 have
greater average UO, and ThO, contents in their
rims (UO,= 0.254 and ThO,= 6.94 wt %) than
their dark cores (UO,= 0.243 and ThO,= 6.88 wt
%). In contrast, PbO contents show an opposite
relation with 0.241 and 0.226 wt% in the core
and rim, respectively. Monazites of the Group 3
represent the lowest PbO contents among the
three groups having relatively lower PbO con-
tent in the ‘mesh part’ (0.160 wt %) than in the
areas away from the mesh (0.167 wt %). Con-
trary, UO, and ThO, contents are slightly higher
in the mesh part (UO,=0.244 and ThO,= 6.77 wt
%) than those of the areas away from the mesh
(UO,=0.242 and ThO,= 6.04 wt %).

Fig. 3 summarizes the ranges of individual
ages obtained from each point analysis marked
on respective zones of the representative mo-

nazite grains. The Group 1 grains yield ages of
561 — 613 Ma (Fig. 3a). The Group 2 monazites
have two age domains. Dark core regions
represent ages of 673-728 Ma, while their
bright rim parts have younger ages than the
cores, in the range of 619-669 Ma (Fig. 3b). The
youngest group is the Group 3 representing
ages of 479-516 Ma where the bright ‘linear
areas’ (mesh part) are relatively young with
ages of 460-479 Ma than the areas away from
the mesh part (dark areas) with age of 486-516
Ma (Fig. 3c). Average ages determined by tanh
estimator (a technique used in CHIME dating;
see Powell et al. 2002) are shown in the Table 2.

Calculation of ‘isochron ages’

A plot of PbO against ThO,* of the ana-
lyzed monazites are shown in the Fig. 4a. The
ThO,* represents the measured ThO, plus pro-
portion of ThO, content converted from the
measured UO, value (see Suzuki and Adachi,
1998 and Tickyj et al., 2004). Regression lines
show that the three groups of monazites are
clearly distinguishable from each other having
different slopes for each group.
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Figure 3: Back scattered electron images (BSE) of
representative monazites with ages marked in mil-
lion years (Ma). Bright zones in monazite represent
relatively high Th-areas compared to dark zones. (a)
Group 1 monazite grains (unzoned). (b) Group 2 mo-
nazites with dark cores and bright rim parts. (c)
Group 3 monazites with an unusual zoning pattern
(‘mesh-like zoning’). Note nearly perpendicular cross
cutting of linear Th-rich zones.

We observed a range of ages from 460 to
728 Ma from individual spots of the analyzed
monazites (Table 1). For each group of mona-
zites the ‘isochron age’ was calculated by the
‘tanh estimator’ using ‘spot dates’ and standard
deviations of the each spot data. The metho-
dology of the age calculation using ‘tanh esti-
mator’ is found elsewhere (Powell et al., 2002;
Kelsey et al. 2003).

The results are shown in the Table 2 and
Fig. 4b. The mean isochron age of the Group 1 is
594158 Ma. The cores of the Group 2 have a
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mean isochron age of 694+60 Ma and the rim
portions have an age of 644+58 Ma. On the
other hand, mesh parts of the Group 3 grains
have mean isochron age of 473156 Ma and the
areas away from the mesh parts are of 49757
Ma.

Implications of the monazite ages with respect
to the Gondwana

Ages from the unzoned monazites (Group 1):
The age of the Group 1 grains, which are
the most abundant of the analyzed monazite
population (average age determined by tanh
estimator of 594158 Ma) is comparable to both
East African and Kuunga orogenes. This age is
consistent with the metamorphic ages of the Sri
Lankan zircons (e.g. Kroner and Williams, 1993;
Kroner et al., 2003). During these major tecto-
nothermal events, we can expect a large
growth/recrystallization of metamorphic mona-
zites. We suggest that the Group 1 monazites
formed in response to thermal events related to
the waning stages of East African and/or Kuun-
ga orogenies. Thus, it is clear that the Group 1
monazites are the most abundant in the sample
and show no zonation, probably reflecting the
origin at the time of high grade metamorphism
of the sample. As a potential tectono-thermal
event in Sri Lanka that could form the Group 1
monazites related to the Gondwana amalgama-
tion, we suggest the collision of continental
blocks of the Highland Complex vs. Wanni Com-
plex, which were brought closer to each other
by the East African orogeny (Kroner et al.,
2003). This suggestion is consistent with the
metamorphic ages of the Highland Complex
granulites (550-610 Ma, Kroner et al., 2003) and
the hypothesis of multiphase-amalgamation
process by a series of ‘local’ events in many of
the east Gondwana terrains, parallel to the as-
sembly of the main Gondwana (Meert, 2003).

Ages from the core-rim zoned monazites
(Group 2):

Age from the Group 2 grains is indicative of
two-stage growth of the monazites. The cores
of monazites in this group have older ages of
694160 Ma and their corresponding rim por-
tions have younger ages of 644+58 Ma (both
representing average age determined by tanh
estimator). This implies perhaps, that the older
monazite grains (cores) may have been over-
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Table 1: Analysis and geochronology results for the three groups of monazites (Oxide values in weight % from

EPMA; age and age uncertainty 2o in Ma).

UOz ThOZ PbO Age 20 (i)

UOZ ThOZ PbO Age 20 (i)

Group 1 0.188 6.84 0.205 611 60 Group 2 (rim) 0.207 6.58 0.204 625 61
0.225 6.64 0.197 592 60 0.208 6.73 0.209 625 60
0.323 7.01 0.221 608 55 0.256 6.71 0.213 625 59
0.230 6.68 0.191 572 59 0.248 6.53 0.206 623 61
0.193 6.99 0.210 611 59 0.270 6.87 0.217 622 58
0.314 6.90 0.215 603 56 0.250 7.17 0.224 621 57
0.185 6.71 0.192 584 60 0.266 7.28 0.236 642 56
0.196 6.76 0.203 610 60 0.249 6.92 0.220 631 58
0.378 7.05 0.226 604 54 0.248 6.90 0.221 636 59
0.309 7.04 0.214 592 55 0.205 7.01 0.215 623 59
0.325 7.07 0.225 613 55 0.316 7.06 0.235 643 56
0.303 6.95 0.201 561 55 0.234 6.66 0.210 627 60
0.215 6.61 0.185 561 59 0.197 6.88 0.214 632 60
Average 0.260 6.87 0.207 0.206 7.06 0.224 641 59
Group 2 (core) 0.195 6.72 0.229 690 62 0.265 7.40 0.235 630 55
0.198 6.84 0.235 694 61 0.309 7.02 0.227 625 56
0.197 6.88 0.238 699 61 0.320 7.01 0.230 634 56
0.203 6.88 0.243 713 62 0.238 6.92 0.221 637 59
0.219 6.81 0.248 728 62 0.307 7.06 0.231 636 56
0.212 6.74 0.232 691 62 0.227 6.58 0.204 619 61
0.219 6.67 0.237 709 62 0.172 6.60 0.206 638 62
0.212 6.80 0.237 699 61 0.195 6.62 0.211 644 62
0.198 6.90 0.234 687 61 0.237 6.63 0.218 653 61
0.218 6.78 0.241 713 62 0.286 6.99 0.234 654 57
0.234 6.85 0.247 717 61 0.290 7.00 0.235 654 57
0.150 6.73 0.232 711 64 0.207 6.99 0.227 655 59
0.278 6.87 0.241 687 59 0.273  6.65 0.225 660 60
0.279 6.80 0.236 677 59 0.239 6.79 0.225 658 60
0.277 691 0.240 679 59 0.254 6.85 0.227 656 59
0.262 6.84 0.245 705 60 0.270 7.28 0.241 656 56
0.305 7.03 0.254 701 58 0.283 7.49 0.251 660 55
0.316 7.15 0.253 686 57 0.260 6.81 0.231 668 59
0.215 7.02 0.242 695 60 0.253 6.86 0.232 668 59
0.204 7.07 0.235 673 59 0.306 7.09 0.243 666 57
0.297 7.09 0.251 688 57 0.324 7.47 0.256 665 54
0.304 7.13 0.248 676 57 0.225 7.06 0.234 665 59
0.325 7.09 0.252 683 57 0.205 7.05 0.232 666 59
0.239 6.68 0.232 689 61 0.330 7.15 0.249 669 56
0.230 6.61 0.229 689 62 Average 0.254 6.940 0.226
0.238 6.74 0.235 692 61 Group 3 (away 0.237 6.63 0.172 516 58
0.249 6.70 0.235 692 61 from mesh) 0.229 6.67 0.163 491 57
0.247 6.76 0.236 689 61 0.233  6.65 0.168 504 57
0.294 6.94 0.247 692 58 0.255 6.74 0.169 497 56
0.277 7.39 0.256 683 56 0.228 6.68 0.162 487 57
Average 0.243 6.880 0.241 0.239 6.69 0.167 497 57
(‘mesh part') 0.221 6.72 0.155 466 56 0.244 6.73 0.164 487 56
0.243 6.81 0.156 460 55 0.272 6.78 0.173 502 56
0.241 6.75 0.162 479 56 0.211 6.63 0.159 486 58
0.246 6.76 0.162 479 56 0.278 6.80 0.174 503 55
0.237 6.75 0.160 475 56 0.278 6.80 0.174 503 55
Average 0.244 6.772 0.160 Average 0.246 6.709 0.168

grown by later metamorphic processes showing
younger ages at the rim. Importantly, age of
~700 Ma (see Table 1) has not been reported in
Sri Lanka so far as metamorphic age. Therefore,
the Group 2 monazites document a new finding
for the Sri Lankan granulites.

Ages from the mesh-like zoned monazites
(Group 3):

Our finding of the Group 3 grains with an un-
usual zoning pattern is significant, since to our
knowledge there has been no earlier report on
‘mesh-like’ zoning patterns in monazite. This
zoning pattern is clearly not an overgrowth
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Table 2: U, Th and Pb oxide concentration ranges and calculated isochron ages for monazite grains (* uncer-

tainty at 2o level).

Monazite Group

wt% range

tanh derived

uo, ThO, PbO isochron age (Ma) *
Group 1 0.16-0.38 6.61-7.07 0.19-0.23 594 + 38
Group 2 (core) 0.15-0.33 6.61-739 0.23-0.26 694126
Group 2 (rim) 0.17-0.33 6.53-7.45 0.21-0.26 644 + 33
Group 3 ('mesh part') 0.22-0.27 6.72-6.85 0.16-0.17 47315
Group 3 (away from mesh)  0.21-0.28 6.63-6.80 0.16-0.17 497+19

0.28

PhO (wt %)

A Group 1
@ Group 2 —core

O Group 2—rim
+ Group 3 —‘mesh part’

O Group 3 —away from mesh part

725 750

825 8.50 875

(b)

694 £ 60 Ma

Date / 20

95 A

A

497 £ 57 Ma

Dﬁ/fﬂ}n

= 0

r;jq) 473 £ 56 Ma
0 +

0.0155 0016 0.0165

0017

1120

0.0175 0018 0.0185 0.019

Figure 4: (a) A plot of PbO vs. ThO2* of analyzed grains showing linear correlations. Correlation coefficient (R)
is also shown. (b) A plot of the ratio of date: 2o uncertainty of each spot vs. the reciprocal of 26 uncertainty.
Isochron ages of each monazite group were calculated using the tanh estimator (see text).

since the zoned region is located within the
crystal. On the other hand, such zoning pattern
may occur due to late stage fluid migration
along fractures or cleavages within the crystal.
Also, it is evident from the BSE images of these
grains that the zoning is more-or-less linear
which intersect each other approximately at
right angles. If these zones of relatively high Th
compared to dark areas of the same grain re-
flect traces of fluid migration and subsequent
Th enrichment through fractures, then the me-
chanism of formation of such a systematic frac-
ture pattern may be important, due to the fact
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that it is unlikely for monazite crystal to have
nearly perpendicular perfect cleavages. There-
fore, more detailed investigation is necessary to
explain the mechanism of the formation of this
mesh like zoning patterns in monazite. Howev-
er, we do not attempt to explain the mechan-
ism at this stage since it is beyond the scope of
this paper.

Ages of mesh like zoned monazites are rela-
tively young (460-516 Ma; average age deter-
mined by tanh estimator) compared to the es-
timated age of the Gondwana amalgamation
period (530-750 Ma; Meert, 2003). Therefore,



we suggest that the Group 3 monazites docu-
ment relic, but probably a less-common evi-
dence of a thermal event at the extreme late
parts of the Gondwana assembly process. How-
ever, if one considers the above suggestion that
bright zones of the mesh like monazites may
reflect Th enrichment by fluid migration, then
the ages of bright zones would definitely reflect
a cooling event. Therefore, at least the age ob-
tained from the areas away from the bright re-
gions (497+57 Ma; average age determined by
tanh estimator) would record the formation
ages of these grains, and might be related to
the tectonics of the latter periods of the Kuunga
orogeny.

Thus, the above results reflect the fact that
the EPMA dates obtained in this study are in
reasonable agreement with those obtained by
zircon data. In addition, it is clear that mona-
zites could be preserving a history that is not
currently known fully from zircons since their
textural significance have not been given ade-
guate consideration.

CONCLUSIONS

The analyzed sample depicts a fair distribu-
tion of monazites which are possibly formed
under three different petrographical settings.
Mesh-like zoned monazite document new tex-
tural evidence preserved in the grains which has
not been reported elsewhere, and it possibly
formed during high temperature metamor-
phism of these rocks. The monazite ages from
individual spot analysis record multiple tectonic
history related to the East African and Kuunga
orogenes of the Gondwana from ~728 to ~460
Ma (i.e. the time span derived from the three
groups of monazites here). Therefore, we con-
clude that the age range of high-grade granu-
lite-facies metamorphism of the Sri Lankan
basement could be broader than the current
understanding of ~550-610 Ma reported from
zircons by previous studies. Importantly, this set
of data highlights the necessity to do more tex-
ture-based zircon/monazite analysis.
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