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Abstract

Beach placers are concentrations of economically potential minerals formed by surface earth processes and are identified
as one of the most easily exploitable mineral deposits in the world. We studied the placer and non-placer sediments in
lagoonal and riverine beaches of the southeastern part of Sri Lanka to unravel their specific sedimentary features, deposi-
tional settings and paleoenvironments. Swash zone deposits (105) were investigated for their surface microtextures, granu-
lometry and their identification. Near the lagoonal outlets, black-coloured placers are reported with abundant ilmenite and
accessory zircon, while red-coloured almandine placers are founded in the riverine areas. Placer deposits are composed
of coarse-skewed leptokurtic to platykurtic fine sand and evidenced for dominant bottom suspension mechanisms on the
weak wave-generated depositional agent. Quartz grains (240) from placer and siliciclastic sediments showed the presence
of 25 pre-defined microtextures indicating the influences from sub-aqueous beach, fluvial, aeolian and chemical alteration
processes. From siliciclastic to red placer to black placer sediments, decreasing order of source-sink distance and increas-
ing order of fluvial influences are resulted. Cracks and solution pits are higher in the sediments of placer deposits revealing
their deposition in the steady low energy environment. The crosscut relations indicate prevailed pre-aeolian processes and
post-chemical alteration processes on placer deposits. Large conchoidal fractures, arcuate and straight steps microtextures,
and mineralogical contents of the placer deposits infer the crystalline rock sources of granitic gneiss and garnet-bearing
granulites of the Precambrian Vijayan Complex and Highland-Vijayan tectonic boundary zone.
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Introduction

Sediments in coastal deposits are transported by various
natural agents, such as glacial, fluvial, sub-aqueous beach,
marine and aeolian processes prior to the deposition (Costa
etal. 2013; Li et al. 2021; Mahaney 2002; Vos et al. 2014).
It is significant to address these sedimentary cycles as these
processes concentrate varieties of economically valuable
minerals and metals such as gold, cassiterite, platinum, dia-
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e Lagoonal coastal placers are titanium placers with byproducts
of zircon and almandine.

o Titanium placers are bottom-suspended fine sand that has been

deposited under low-turbulence conditions.

e Microtextural tracers show multiple sedimentary episodes on
quartz sediments.

e Precambrian Vijayan crust source for placers laid on the
southeast coast, Sri Lanka.
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monds, ilmenite, rutile, monazite, zircon and garnet (Best
2015; Cardona et al. 2005; Mohammad et al. 2020). The
“beach placers” are largely composed of resistant heavy min-
erals that are deposited along the edge of large water bodies
and are formed due to the gravity separation processes (Hal-
dar 2013; Haldar and Tisljar 2014; Rao et al. 1993). Such
heavy minerals are often derived due to the weathering and
erosional process of parent rocks that occur in the upland
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mountains, river basins and bar lagoons (Best 2015; Hoshino
et al. 2016; Mohammad et al. 2020; Wang et al. 2014). Sedi-
ment deposition in coastal environments is controlled by
geomorphology of beach, source-sink distance, nature of
the source, transporting and depositional agents (Naidu et al.
2016; Trenhaile 2005).

Mineral grain surface textures and grain size distribu-
tion (GSD) of sediments have been used to identify their
origin, transport and depositional processes, and paleoen-
vironmental history (Armstrong-Altrin and Natalhy-Pineda
2014; Azidane et al. 2021; Hossain et al. 2020; Moham-
mad et al. 2020; Pradhan et al. 2020; Rajganapathi et al.
2013; Ramos-Vazquez and Armstrong-Altrin 2020; Sinha
et al. 2022). Quartz grains have largely been used for surface
microtextural studies owing to their abundancy in all sedi-
mentary environments, weathering resistance and enhanced
preservability of surface microtextures (Cardona et al. 2005;
Li et al. 2021; Palleyi et al. 2015; Ramos-Vazquez and Arm-
strong-Altrin 2020; Vos et al. 2014). The good number of
research literatures have identified that the microtextures are
in mechanical, chemical and mechanical-chemical origin,
and have been applied to discriminate sedimentary environ-
ments (Li et al. 2021; Mahaney et al. 2001; Vos et al. 2014).

India is one of leading countries in the exploration and
exploitation of coastal placer deposits (Cheepurupalli et al.
2012; Mohammad et al. 2020). The microtextural and the
GSD characteristics of sediments along the Indian coast
have been discussed in depth by many commendable stud-
ies (Mohammad et al. 2020; Pradhan et al. 2020; Rajgana-
pathi et al. 2013; Rajmohan et al. 2016; Silpa et al. 2016;
Udayaganesan et al. 2011). Sri Lanka, being an island at
the junction of the east and west coasts of the Indian sub-
continent, is gifted with beach placers. The major Sri Lan-
kan placer deposits are (i) ilmenite deposits at Pulmoddai,
Mulativu, Nayaru, Vakarei and Verugal (northeast coast
of Sri Lanka); (ii) garnet deposits at Dondra, Dikwella,
Ambalantota, Godawaya and Kirinda (south coast of Sri
Lanka) and (iii) monazite deposits at Beruwala [southwest
coast of Sri Lanka (Amalan et al. 2018; Cooray 1984; Jina-
dasa and Wijayadeva 2013; Mathavan and Dissanayake
1977; Subasinghe et al. 2021)]. For instances, in 2019,
Sri Lanka exported 17,704 tonnages of raw ilmenite, 3173
tonnages of rutile and 1270 tonnages of zircon (Subasin-
ghe et al. 2021). Amalan et al. (2018) interpreted that the
Precambrian metamorphic basement composed of high-
grade metamorphic rocks may have been the source for
many of these deposits, while Subasinghe et al. (2021)
suggested that these northeastern deposits are naturally
conserved due to annual replenishment during the north-
east monsoon. Although, the southeast (SE) coast of Sri
Lanka comprises of extensive depositional beaches, chains
of lagoons, estuaries and underlain by mineralogically
divers Vijayan Complex (VC) metamorphic basement,
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a very few published records are available on the trans-
portation and depositional characteristics of beach plac-
ers exposed along the SE coast of Sri Lanka (Cooray and
Katupotha 1991; Narvekar and Kumar 2006; Weerakkody
1985).

This work explore the heavy mineral concentrated areas
along the lagoonal and riverine beaches of the southeastern
coast of Sri Lanka. The study is significant and has objec-
tives to differentiate origin, paleoenvironment, transport
and deposition processes of heavy placers from siliciclas-
tic deposits. The study results guide for explore renewable
ilmenite and garnet placer deposits exposed along lagoonal
and riverine beaches across the continents.

Study area

The studied beach sediments are exposed along the SE coast
of Sri Lanka. (7° 16’ 16.1" N-81° 52" 03.5" E and 6° 44’
49.1" N-81° 48’ 37.5" E; Fig. 1). The SE beach consists of
coastal dunes, lagoon outlets, river outlet, crescent-shaped
bays, sandy spits and rocky headlands (Fig. 2; Richmond
et al. 2006; Satyanarayana et al. 2017; Weerakkody 1985).
These lagoon and river outlets occur between two adjacent
headlands that control the bay morphology (Richmond
et al. 2006). Ambalam Oya (86 x 10° m’year™!), Karanda
Oya (241 x 10° m3year™!), Heda Oya (372 x 10° m’year™")
and Wil Oya (236 x 10° m®year™!) are the major rivers that
bring fresh water to the study area (Katupotha and Gamage
2020). These river basins receive higher precipitation (750
to 500 mm) during the northeast monsoon and second inter-
monsoon periods, from October to February. The Heda Oya
flows directly into the sea and other freshwater sources flow
into lagoons, namely Periya Kalappuwa lagoon (139 x 10°
m’year™!), Korai lagoon complex (45x 10° m’year™!),
Komari lagoon, Pothuvil lagoon (213 x 10% m?®year™),
Arugam Kalappuwa lagoon (394 x 10° m? year™') (Silva
et al. 2013). These lagoon entrances are 220, 120, 110, 170
and 410 m long respectively (Silva et al. 2013).

The study area is underlain with hornblende-biotite
gneiss, migmatite, charnockitic gneiss and granitic gneiss
of the VC (Silva et al. 2013). The river basins display the
VC Precambrian metamorphic basement (ca. 1.0-1.8 Ga)
(Cooray 1984; Milisenda et al. 1988). The VC basement
commonly consists of granitic gneisses, migmatites and bio-
tite-hornblende gneisses with minor charnockitic gneisses
and meta-sediments scattered bands (Cooray 1994; Kehel-
pannala 1997). Few dolerite intrusions also exposed in these
river basins (Arachchi et al. 2017). The Wila Oya and Heda
Oya rivers start from the Highland-Vijayan tectonic mixed
zone, where serpentine bodies and iron ore deposits are pre-
sent (Manjula et al. 2020; Rajapaksha et al. 2012).



Arab J Geosci (2023) 16:111

Page3of23 111

80°0'0"E 82°0'0"E  81°49'30"E 81°51'0"E

10°0'0"N

Miocenejto)

8°0'0"N

6°0'0"N

Legend

Sample points [Mean (P)]

@ o205

@ o050-075 Coarse sand

@ o75-1.00

@ 100-125

1.25-1.50
1.50-1.75
1.75-2.00

Medium sand

2.00-2.25

2.25-250 Fine sand
2.50-2.75

——— Drainage

[ | Lagoon and water bodies
[ | Beach deposits

[ ] Dune deposits

] Lagoonal and estuarine
deposits

[ | Alluvium deposits
e ; Hornblende biotite

— migmatite
B Charnockitic gneiss
{1} Granite gneiss

c 00000

7°8'0"N 7°10'0"N 7°12'0"N 7°14'0"N

7°6'0"N

7°4'0"N

°2'0"N

7°16'0"N
T

81°52'30"E

81°49'30"E 81°51'0"E 81°52'30"E

1

Oluvil harbour

Akkaraipattu

i

- ;
v (O §

Fig. 1 The sample location map of the study area showing the geology and lithotectonic units of Sri Lanka (after Cooray 1994)

Materials and methods

Pottuvil, Arugam Kalapuwa) and Heda Oya riverine
beach were selected to explore the heavy placer deposits

Samples were taken from October 2019 to February 2020  (Fig. 1). After field observations of black-coloured plac-
considering the peak river discharge period of the year. ers in lagoonal areas and red-coloured placers in riverine
The lagoonal beaches (Periya Kalapuwa, Korai, Komari, areas, samples were taken in both beach environments up
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Fig.2 The coastal landform 81"4‘5'0"E -
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to 2-3 km length from the outlets. The sediments were col-
lected with the aid of a plastic shovel and care was taken to
prevent anthropogenic contents. To understand the effects
of fluvial and coastal processes on sediments, a different set
of samples was fetched from straight beaches (Akkaraipattu,
Komari) that are more than 3 km away from fluvial outlets.
In total, 105 samples were collected from different riverine,
lagoonal and straight coastal areas of the SE coast and their
different environmental impacts, textural and mineralogical
characteristics were understood. The samples were bagged
with a 0.5-km interval and to a depth of 15-30 cm from the
middle of the swash zone (Fig. 1).

Granulometry

Sieving technique is applied to the sediment sample to interpret
the GSD parameters. First, 100 g of representative sediment

@ Springer

81°49'30"E

fractions were processed by the coning and quartering method
(Rajganapathi et al. 2013). The 10% HCl solution and deionized
water were used to remove carbonate and salt coatings on the
sediments (Rajmohan et al. 2016; Rosas et al. 2014). Thereafter,
the treated samples were dried in an oven at 60 °C for 24 h. The
samples were analysed at 1 ¢ interval through ASTM sieves
for 15 min using a Retsch vibratory sieve shaker (AS 200 digit
Folk and Ward 1957; Sinha et al. 2022). The mean (M), sorting
(o)), skewness (Sk,) and kurtosis (K;) were evaluated using the
Gradistat excel template following the Folk and Ward (1957)
method (Blott and Pye 2001).

Reasoning of grain surface microtexture
Twelve numbers of uniform lagoonal, riverine and straight

beach sediments were investigated in the SEM instrument
to its microtextures to decipher the sedimentation history.
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Vos et al (2014) and J. Li et al (2021) methods followed
in preparation of sediments for SEM analysis. The iso-
lated quartz grains (240) were examined using the SEM
(ZEISS EVO LS15) at Department of Geology, Univer-
sity of Peradeniya, Sri Lanka. The samples were studied
under magnification from X 100 to x 5000. The observed
microtextures were quantitatively divided into five catego-
ries: abundant (A, > 75% of grains), common (C, 50-75%),
sparse (S, 5-50%) and rare (R, <5%) (Vos et al. 2014).
Environmental discrimination scheme proposed by Vos
et al. (2014) was used to construct the paleoenvironments
of sedimentary deposits.

Mineral composition analysis

Mineralogical identifications of 12 types of coastal sediments
were analyzed using Rigaku® RINT Ultima III X-ray diffraction

Fig.3 The field view of heavy
placers along the SE coast, Sri
Lanka. (a) Siliciclastic deposits
at Akkaraipattu straight beach,
(b) black-coloured heavy plac-
ers and their cemented beach
rocks at Komari straight beach,
(c) layer thickness of heavy
placers at Periya Kalapuwa
lagoonal beach, (d) scattered
distributions of black-coloured
heavy placers at Pottuvil
lagoonal beach, (e) layer thick-
ness of heavy placers at Komari
lagoonal beach, (f) scattered
distributions of red-coloured
heavy placers at riverine beach

(XRD) instrument at Department of Applied Earth Sciences,
Uwa Wellassa University, Sri Lanka. The XRD patterns were
noted between 15° and 85° (20).

Results and discussion
Field observations

The majority of Sri Lanka's southeast coast is made up of
sediments that are the size of sand, such as the entire 6-km
Akkaraipattu straight beach faces (Fig. 3a). On the cliffs of
Komari Straight Beach, black-coloured massive sedimen-
tary formations are revealed, with sporadic distributions.
This beach features black beach rocks in addition to black
thick sediments that reach roughly 2—3 km parallel to the
shoreline (Fig. 3b). Each lagoonal beach has a few strewn
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layers of similar dark silt (Fig. 3d). Above the siliciclastic ~ riverine beach exhibits red sedimentary layers together
deposits, these dispersed deposits occur as strata that are ~ with some black sediments (Fig. 3f). These layers of red
10- to 15-cm thick (Fig. 3c, ). Additionally, the Hada Oya  sediment are situated along a 2-3-km-long beach spit.

Fig.4 The XRD spectrums of
siliciclastic deposits, black- and
red-coloured heavy placers in
SE coast, Sri Lanka. q, quartz;
p, albite; ¢, magnesium-calcitel
i, ilmenite; a, almandine; m,
monazite; z, zircon; and f,
ferrihydride (after Sandaruwan
et al. 2022)
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Fig.5 The GSDs of surface sediments in SE coast, Sri Lanka. Sedi-
ment populations show major three different modes around 1.5-2.5
phi (medium sand mode), 2.5-3.5 phi (fine sand mode) and 0.5-1.5
phi (coarse sand mode). (a, b, ¢) Grain size distributions in straight,

Precious minerals in coastal placer deposits

According to the XRD investigations, the sediments obtained
from straight beach faces are primarily made up of the minerals
quartz, albite and magnesian calcite (Fig. 4). In addition, the
accessary phases ilmenite, zircon, monazite, almandine and fer-
rihydride can be found. As a result, these sediments are referred
to as “siliciclastic deposits” moving forward.

The XRD investigations of the black and red deposits
from lagoonal and riverine beaches revealed that those are
composed of ilmenite, almandine and zircon (Fig. 4). The
peak intensities of quartz, albite and magnesium-calcite of
these sediments are very low compared to the siliciclas-
tic sediments. For example, quartz peaks at 20.85, 26.65,
36.50, 50.14, 59.96 and 68.15 (20 values) clearly indicate
the low abundance of quartz in these sediments. Therefore,
these sediments are hereafter identified as “heavy placer
minerals”.

-

o
o @ Straight beach samples
N\EP\N \Q\ Lagoonal beach samples
@ Riverine beach samples

g0

lagoonal and riverine beach samples; (d) mean, skewness and kurto-
sis tri-variate scatter graph. Helical projections of sinusoidal trends
are shown in red and blue colour dots

The black-coloured placers are composed of quartz,
albite, ilmenite and zircon. Peaks at 32.40 and 53.30 20 show
higher concentrations of ilmenite in black placer deposits.
Almandine, ferrihydride, monazite and magnesium-calcite
are referred as accessory minerals. These heavy minerals
are associated with high temperature rocks such as granitic
gneiss, granodioritic gneiss and charnokites (Ng et al. 2017;
Van-Gosen et al. 2014). Hence, it can be justified that the
crystalline rocks of VC might be the source for the above
placers.

The red-coloured placers are composed of quartz, albite,
almandine, ilmenite, zircon and magnesium-calcite. The
peaks at 18.78 and 34.60 26 indicate the presence of alman-
dine in the red placer deposits. The source of the almandine
in these red placer deposits may be garnet-bearing granulites
in the Highland-Vijayan tectonic mixed zone, which is the
upper catchment area of Heda Oya and Wila Oya rivers (He
etal. 2016; Ng et al. 2017).
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Evidence of deposition environments based
on grain size

The dimensions of heavy placers

The results of the grain size statistical parameters are dis-
played in Table 1. Tri-variate and bivariate scatter graphs of
grain size parameters are used to understand sandy distribu-
tions and their depositional settings (Azidane et al. 2021;
Elsherif et al. 2020; Folk and Ward 1957; Rajganapathi et al.
2013). The samples from lagoonal, riverine and straight

beaches are in varied grain size distributions formed under
fine, medium and coarse sand patterns (Fig. Sa—c). The
mean, skewness and kurtosis tri-variate scatter graph repre-
sent an approximate helical shape (Fig. 5d). Many sedimen-
tary environments show parts of this helix and used for iden-
tifying the relative abundance of multiple sand types (Folk
and Ward 1957; Inman 1949). As a result of the vertical and
horizontal projections of this helix, sinusoidal scatter rela-
tions occur at bivariate plots of mean vs. skewness and mean
vs. kurtosis (Fig. 5d). The mean vs. kurtosis plot resulted a
sinusoidal tendency demonstrating three leptokurtic and two

Fig.6 The bivariate scatter . v Straight Beach Samples - Iﬂ A
plots of grain size parameters of 1195 Ly @ Lagoonal Beach Samples 50 M, - Coarse sand
SE coastal samples, Sri Lanka. ) N © Riverine Beach Samples Sk, - Fine skewed
(a) Mean vs. sorting scatter 1.0 - ® (@) Kg - Leptokurtic S
plot, (b) mean vs. kurtosis scat- 2 {: o 0 2
ter plot, (¢) mean vs. skewness ~0.948 ° T2 3
plot, () & ; Chol M, - Coarse sand g
scatter plot, (d) sandy sub- o o) Rovy 50 . o3
population variations along the £0845 vv o J o Sk, - Nearly sy'mmetncal (%
helical trend & g e &w‘o ) Kg - Mesokurtic -
= G & o 0 ®
0747 AN ° T3 3
3 o we® © ‘. 7?. ® 5 M, - Coarse sand o
0615 E g @ * & o Sk, - Nearly symmetrical
873 ° Kg - Platykurtic
05 = Coarse sand | Medium sand Fine sand 0
0 1 2 3 T4 _
Mean (¢) 50 M; - Medium sand
15 (b) Sk, - Coarse skewed
1446 e Kg - Mesokurtic é
5 0 3
1=
1.3 %_ S 50 ™ M, - Medium sand V§
_1243 = Sk, - Nearly symmetrical 0'8)
<
% 2 Kg - Leptokurtic Ac
B 1.14 © = i} 2
£ 13 @ |16 8
21.04E K 50 M, - Medium sand =
172}
0.9 2 © Sk, - Fine skewed
' £ Kg - Mesokurtic
0.8 _g 0
5 s M, - Fine sand
0.7 12 Coarse sand T3Medium sand T7 _Fine sand 50 z )
0 1 2 3 Sk, - Nearly symmetrical
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0 3 8 . kS|
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0.1 < Sk, - Coarse skewed s
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§'O'1 1e - Sk, - Coarse skewed
3 )
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R ) .
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044 & § 2 I Grain size distribution
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platykurtic turning points associated with fine, medium and
coarse sand (T1, T3, TS, T7 and T9 in Fig. 6). These lep-
tokurtic indicate high homogeneity of the sand type, while
the platykurtic show an equal abundance of the two types
of sand (Elsherif et al. 2020; Folk and Ward 1957). As a
result of the sinusoidal relation of skewness against mean,
two fine-skewed and two coarse-skewed turning points are
obtained (T2, T4, T6 and T8 in Fig. 6). The samples with
skewed distribution indicate that one primary sand type with
a secondary sub-population has been deposited. Hence, this
helical relation indicates variations in sandy sub-populations
and helps to identify variations in heavy placer deposits.

Most of the coastal samples display moderately sorted
to moderately well-sorted characteristics (98% of the sam-
ples) and medium grain size (73%, (Fig. 6a)). It indicates
the removal of both fine and coarse sub-population (Fig. 6).
In the swash zone, fine sands are removed by aeolian pro-
cesses, while hydrodynamic processes sort coarse sand near
to the shoreline (Biederman 1962; Jiang et al. 2015). This
suggests that many beach samples are made up of sediments
from winnowing and uprush-backwash processes (Mout and
Sarmah 2022; Sinha et al. 2022).

The black placers exposed in the lagoonal beaches are
concentrated in the T9 region of helical trend. They are
characterised by coarse-skewed-leptokurtic-find sand size
distributions (Fig. 5b). The red placers exposed in riverine
beach and black placer deposits in Komari straight beach are
concentrated in the T7 region of the helical trend. They rep-
resent coarse-skewed-platykurtic fine sand size distributions
(Fig. 5a, c). Hence, the highest uniform heavy placer depos-
its are occurred in the lagoonal beach environments. The
deposition of coarse-skewed fine sand indicates compara-
tively weak turbulence processes (Azidane et al. 2021; Jiang
et al. 2015; Rajganapathi et al. 2013). Bujan et al. (2019) and
Mohammad et al. (2020) interpreted that the heavy placers
on beach faces settle due to their higher specific gravity than
siliciclastic deposits of same size, which gives higher set-
tling capacity for winnowing processes. Hence, weak wave-
generated processes and higher specific gravity may have
been played a role to settle heavy placer deposits on swash
zone with scattered distributions. As a rare content (6%),
coarse sand samples are found with fine-skewed leptokur-
tic to platykurtic (Fig. 5a—c). Besides, these deposits are
relatively formed under high turbulence processes and less

Fig.7 The tractive current plot

showing the mode of sediment
transportation on the SE coast,
Sri Lanka. This plot displays the
rolling (NO), bottom suspen-
sion with rolling (OPQ), graded
suspension (QR) and uniform
suspension (RS)

C (One percentile in microns)

V¥ Straight Beach Samples
@ Lagoonal Beach Samples
@ Riverine Beach Samples

HRB3 akips ASB!

AKLB1
KCLB10

NO - Rolling

OPQ- Bottom suspension
and rolling

QR - Graded suspension
and no rolling

RS - Uniform suspension

10 102
M (Median in microns)
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« Fig.8 The quartz grain microphotographs of siliciclastic deposits in

coastal environments. (a) Subrounded grain with medium relief, large
conchoidal fracture and elongated depression; subrounded grain with
low relief and bulbous edge; subangular grain with high relief; (b)
subrounded grains with medium relief, meandering ridge and bulbous
edge; (c¢) grain surface with medium conchoidal fractures, straight
grooves, adhering particle, arcuate steps, large conchoidal frac-
ture, V-shaped percussion cracks and crescentic percussion marks;
(d) grain surface with upturned plates, solution pits, cracks, graded
arc, adhering particle and straight grooves; (e) grain surface with
upturned plates, bulbous edge, cracks, graded arc, straight grooves
and V-shaped percussion cracks; (f) grain surface with medium con-
choidal fractures, large conchoidal fracture, V-shaped percussion
cracks, meandering ridges, graded arcs and solution pits; (g) grain
surface with V-shaped percussion cracks, meandering ridges, adher-
ing particle and crescentic percussion marks; (h) grain surface with
V-shaped percussion cracks, medium conchoidal fractures, arcuate
steps, adhering particles and straight and curved grooves

effective aeolian processes (Rajganapathi et al. 2013; Sinha
et al. 2022; Tamura et al. 2018).

Sediment transportation dynamics

The tractive current pattern (TCP) of the CM plot has been used
to distinguish sedimentary movements during coastal sediment
deposition (Fig. 7) (Pradhan et al. 2020; Sinha et al. 2022). The
value of C is sensitive to the capabilities of the transport agent
(diameter of the coarsest 1% in cumulative size distribution).
The value of M indicates the median sized sediment transport
of the medium (Chima and Baiyegunhi 2022; Mout and Sarmah
2022). The TCP is divided into four parts, namely rolling (NO),
bottom suspension with rolling (OPQ), graded suspension (QR)
and uniform suspension (RS). The OP and PQ fields show high
to low rolling modes in the OPQ segment.

The lagoonal, riverine and straight beach deposits are
projected into the ON and OPQ fields, showing sedimentary
movements rolling with bottom suspension (Fig. 7). There is
no distinction between the coastal environments. The beach
deposits occur in the OP field and indicate dominant rolling
with bottom suspension movements. However, the coarse
siliciclastic deposits in each environment fall in the NO field
indicating the higher rolling sedimentary movements at high-
energy wave actions (Passega 1964). The most uniform black
and red placer deposits fall in the PQ field suggesting pre-
vailed dominant bottom suspension with rolling movements
at respectively lower energy actions (Passega 1964).

Microtextual attributes for transportation history

Totally, 25 mechanical and chemical microtextures are identi-
fied on the surface of the quartz grains (Table 2).

@ Springer

Paleoenvironment of siliciclastic deposits in straight coastal
environment

The siliciclastic deposits exposed in straight beaches are com-
posed of abundant subrounded quartz grains with medium relief
(>75% of grains) and subangular quartz grains (50-5%, (Fig. 8a,
b)). Conchoidal fractures (Fig. 8c, f, h) and V-shaped percussion
cracks (Fig. 8e—h) are significant on their grain surfaces. Graded
arcs (Fig. 8d—f), straight/curved grooves (Fig. 8c—e), solution
pits (Fig. 8d, f) and adhering particles (Fig. 8g, h) are common
on the sand grains. However, arcuate cracks (Fig. 8d, e), cres-
centic percussion marks (Fig. 8c, g), bulbous edges (Fig. 8a, b),
meandering ridges (Fig. 8f, g), upturned plates (Fig. 8d, e) and
elongated depressions (Fig. 8a) are sparse features.

Intense abrasions in the intertidal zone are attributed
to the wearing of quartz grain boundaries to rounded
in shape (Ramos-Vazquez and Armstrong-Altrin 2020;
Silpa et al. 2016). Medium conchoidal fractures (Fig. 8c,
f, h) and V-shaped percussion cracks (Fig. 8e—h) are
indicative for the prevailed grain-to-grain impact dur-
ing the high-energy littoral transport (Mahaney 2002;
Ramos-Vazquez and Armstrong-Altrin 2021). Similarly,
the fluvial processes is responsible in formation of these
microtextures prior to being deposited on the beach faces
(Ramos-Vazquez and Armstrong-Altrin 2020). Large
conchoidal fractures with arcuate and straight steps evi-
denced for the crystalline rock sources and transporta-
tion through rivers (Fig. 8c, f, h (Armstrong-Altrin and
Natalhy-Pineda 2014; Krishnan et al. 2015)). However,
the conchoidal fractures are formed only on the grain sur-
faces that contain V-shaped percussion cracks (Fig. 8c,
h) in high-energy coastal environments. Within the lit-
toral zone, grooves are formed due to the movement of
grains that energised by wave action (Armstrong-Altrin
2020; Silpa et al. 2016), while adhering particles are
due to the grain collisions (Mejia-Ledezma et al. 2020).
Although, the adhering particles in the siliciclastic have
been largely eliminated during the sample preparation
process. The graded arcs show strong collisions between
grains, which occur in littoral dune environments (Vos
et al. 2014). The solution pits are typically formed in
relatively immobile sub-aqueous environments by dis-
solution or diagenetic processes (Li et al. 2020; Mejia-
Ledezma et al. 2020).

In sub-aqueous conditions, crescentic percussion marks,
bulbous edges, polished elongated depressions and meander-
ing ridges occur during wind-driven transport, often indicat-
ing pre-aeolian sediments deposited in the intertidal zone
while upturned plates are formed in the case of high-energy
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< Fig.9 The quartz grain microphotographs of black heavy placer
deposits in lagoonal beach environments. (a) Subrounded grains with
medium relief; subangular grains with medium relief, adhering par-
ticle and meandering ridge; (b) rounded grain with low relief and
bulbous edge; subrounded grains with medium relief, V-shaped per-
cussion cracks and elongated depression; subangular grains with high
relief; (¢) grain surface with V-shaped percussion cracks, straight
groove, upturned plates, adhering particle and solution pit; (d) grain
surface with solution pit, adhering particles, V-shaped percussion
cracks and straight or curved grooves; (e) grain surface with crescen-
tic percussion marks, graded arcs, solution pits, adhering particles,
chattermark and V-shaped percussion cracks; (f) grain surface with
crescentic percussion marks, V-shaped percussion cracks and adher-
ing particle; (g) grain surface with meandering ridges, adhering par-
ticles, elongated depression, solution pits and upturned plates; (h)
grain surface with solution pits, large conchoidal fracture, adhering
particles and meandering ridges

aeolian collisions of cleavage planes (Costa et al. 2013; Z. Li
et al. 2020; Mahaney 2002; Udayaganesan et al. 2011; Vos
et al. 2014). However, such microtextures are sparse in these
sediments. The post-chemical alteration processes diplay a
number of cracks and solution pits (Fig. 8d—e, (Armstrong-
Altrin and Natalhy-Pineda 2014; Gandhi et al. 2008)).

The siliciclastic along the straight beaches reveals the
specific microtextures indicating the different sedimen-
tary cycles: (i) sub-aqueous beach processes (subrounded
grains, V-shaped percussion cracks, medium relief, large
conchoidal fracture and straight or curved grooves), (ii)
fluvial processes (large conchoidal fracture and V-shaped
percussion cracks), (iii) acolian processes (upturned plates,
crescentic percussion marks, bulbous edges, polished elon-
gated depressions and meandering ridges) and (iv) chemi-
cal alteration processes (cracks and solution pits). The
crosscutting relationships between environment specific
microtextures advocate precise timescale of these sedi-
mentation episodes (Mejia-Ledezma et al. 2020; Sweet and
Soreghan 2010). It is evident that the siliciclastic deposits
are primarily and subsequently controlled by high-energy
sub-aqueous beach processes with sparse aeolian process
and affirm that these quartz grains are of crystalline rock
sources. Due to the inter tidal, aeolian grain abrasions and
source-sink distances, the fluvial evidence of these grains
may not be possible to preserve.

Paleoenvironment of black-coloured placer in lagoonal
beach environment

The microtextures of quartz grains in placer are char-
acterised by abundant solution pits and adhering parti-
cles inferring the processes of immobile subtidal zones
(Fig. 9g, h, (Vos et al. 2014). The solution pits within
chemically altered irregular cavities are larger than
20 um (Fig. 9g). The subangular grains (Fig. 9a, b),
V-shaped percussion cracks (Fig. 9c, d, f) and medium

@ Springer

relief (Fig. 9a, b) are common. These microtextures are
caused by both beach and fluvial processes (Itamiya et al.
2019; Krishnan et al. 2015). Specially, some grains show
V-shaped percussion cracks larger than 20 um in diameter
that may indicate high-energy grain-to-grain impacts in
sub-aqueous environment (Fig. 9c, f, (Armstrong-Altrin
and Natalhy-Pineda 2014; Vos et al. 2014)). However,
subrounded grains (Fig. 9a, b), conchoidal fractures
(Fig. 9h) and straight or curved grooves (Fig. 9c, d) are
indicating prevailed less sub-aqueous beach processes
compared to siliciclastic deposits. Therefore, the rela-
tive grain angularity of these sediments indicates short
source-sinking distances derived from fluvial environ-
ments (Armstrong-Altrin and Natalhy-Pineda 2014;
Hossain et al. 2014). Similarly, bulbous edges (Fig. 9b),
meandering ridges (Fig. 9g, h), graded arcs (Fig. 9e),
upturned plates (Fig. 9c, g), crescentic percussion marks
(Fig. 9e, f) and elongated depressions (Fig. 9b, g) are
sparse and unique to terrestrial transport processes (J.
Li et al. 2021; Li et al. 2020; Vos et al. 2014). Chat-
ter marks (Fig. 9¢) are unique microtextures for the gla-
cial environment (Peterknecht and Tietz 2011; Ramos-
Vézquez and Armstrong-Altrin 2020). However, being
far away from such environments, this sparse microtex-
ture attributed for tropical climatic conditions and high-
energy sub-aqueous environment (Armstrong-Altrin and
Natalhy-Pineda 2014; Mohammad et al. 2020). In addi-
tion, low relief-rounded grains and high relief subangular
grains indicate inputs from aeolian and fluvial cycles
(Sweet and Soreghan 2010). With reference to varied
sedimentary cycles, V-shape and crescentic percussion
marks on the same grain surfaces, indicating aeolian
contributions to swash deposits (Fig. 9e, f). Further-
more, chemically altered upturned plates with elongated
depressions indicate pre-aeolian processes (Fig. 9g).
The crystalline rock sources of quartz in black placer are
relatively closer compared to siliciclastic. Furthermore,
these placer deposits are characterised by higher fluvial,
chemical alteration processes and low sub-aqueous beach
processes.

Paleoenvironment of red-coloured placer in riverine beach
environment

The red placer deposits in the riverine beach are char-
acterised by solution pits (Fig. 10d, f, g) and medium
relief (Fig. 10a, b). Besides, arcuate or circular cracks
(Fig. 10c, d, f) are common with lesser crystalline
growths (Fig. 10c) inferring the chemical alteration pro-
cesses. Strikingly, circular cracks occur with depressions
indicating high impact on the grain surface (Fig. 10c,
(Gandhi et al. 2008)). Rarely occurring crystalline
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<« Fig. 10 The quartz grain microphotographs of red heavy placer
deposits in riverine beach environment. (a) Subrounded grain with
medium relief, circular crack and elongated depression; subangu-
lar grain with medium relief and large conchoidal fracture; (b) sub-
rounded grains with medium relief and bulbous edges; subangu-
lar grain with high relief and upturned plats; (c¢) grain surface with
medium conchoidal fracture, adhering particle, V-shaped percussion
cracks, elongated depression, circular cracks, crystalline overgrowth
and crescentic percussion marks; (d) grain surface with upturned
plates, solution pits, cracks, bulbous edges and elongated depres-
sion; (e) grain surface with crack, crescentic percussion marks and
V-shaped percussion cracks; (f) grain surface with crack, circular
cracks, upturned plates and adhering particles; (g) grain surface with
meandering ridges, adhering particle, medium conchoidal fractures,
large conchoidal fractures, straight steps, arcuate steps and solution
pit; (h) grain surface with V-shaped percussion cracks, medium con-
choidal fractures, large conchoidal fractures, straight steps, adhering
particle, meandering ridges and graded arc

overgrowth crosscut a chemically modified surface and
develop as a filler surface (Fig. 10c). Chemically alter-
nated microtextures in red placer deposits indicate for
diagenetic processes in subtropical regions (Sweet and
Soreghan 2010; Vos et al. 2014). Also, quartz grains
from these deposits commonly show subrounded shapes
(Fig. 10a, b), medium conchoidal fractures (Fig. 10g, h),
V-shaped percussion cracks (Fig. 10c, e, h) and adhering
particles (Fig. 10c, g). These microtextures are evident
for prevailed grain-grain impacts and abrasive processes
in the beach or fluvial environment (Itamiya et al. 2019;
Krishnan et al. 2015). Subangular grains (Fig. 10a, b),
large conchoidal fracture (Fig. 10g, h) and arcuate or
straight steps (Fig. 10g, h) are sparse. Similar to silici-
clastic deposits, large conchoidal fractures occur as
crosscutting surfaces that contain V-shaped percussion
cracks (Fig. 10h). This crosscutting microtexture inter-
prets that higher energy grain impacts are more related to
the coastal environment than to the fluvial environment.
Similar to the other deposits, bulbous edges (Fig. 10b),
meandering ridges (Fig. 10g, h), graded arcs (Fig. 10h),
upturned plates (Fig. 10d, f), crescentic percussion marks
(Fig. 10c, e), low relief, high relief (Fig. 10b) and elon-
gated depressions (Fig. 10a, d) are sparse and indicate
low contribution of aeolian processes to coastal deposits.
All overprinted microtextures occur on other deposits
are similar and indicate the pre-aeolian processes in red
placers (Fig. 10c—f). Therefore, aeolian sedimentation
has a similar influence on the siliciclastic, black and red
placers. It can be confirmed that crystalline rock sources
of quartz in red heavy placer deposits have moderate dis-
tances compared to the black placers. Furthermore, these
placer deposits are characterised by chemical alteration
processes and moderate sub-aqueous beach processes.
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Conclusions

This study revealed the presence of black and red heavy
placer deposits along the lagoonal and riverine beaches of
SE coast of Sri Lanka respectively. These placer deposits
are related to coarse-skewed leptokurtic to platykurtic fine
sand size distributions whereas the non-placer siliciclas-
tic beach deposits are abundant medium grains. The black
placer deposits are ilmenite rich titanium placers with high
uniformity fine sands. The red placers are almandine plac-
ers mixed with titanium mineral placers and show medium
to fine sand mixtures. During the deposition, placer sedi-
ments may have been transported through dominant bottom
suspension with rolling sedimentary movements compared
to the siliciclastic deposits with higher rolling dynamics.
The weak wave-generated processes and higher settling
capacity of sediments may control the settlement of heavy
placer deposits on swash zone with scattered distributions.

The sediments from straight, lagoonal and riverine
beach environments display a total of 25 types of micro-
textures indicating the influence from sub-aqueous-beach,
fluvial, aeolian and chemical alteration processes. With
the order of siliciclastic, red to black placer deposits, the
sediments show decrease in source-sinking distances,
decreases in sub-aqueous beach processes and increase in
fluvial processes. Chemical alteration processes are higher
in the heavy placer deposits attributing to the deposition in
an immobile low energy environment. Both types of heavy
mineral placers may have been derived from metamorphic
rocks of the Vijayan Complex and Highland-Vijayan tec-
tonic mixed zone. Furthermore, a seasonal variation study
is recommended as a forward research for identifying the
vertical extensions and economic potential of mineralised
zones in river and lagoon related beaches.
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