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Abstract

The concentrations of Br and I in marine sediments have been used to categorize the sedimentary environments of different
coastal regions of the world with respect to organic matter contents. The present study uses the concentrations of Br, I and
P,0; of different marine settings as a new proxy to interpret the depositional environments. A total of 150 coastal lagoon sedi-
ment samples (suspended sediments, surface sediments and sediment cores) were analyzed for Br, I and P,O5 concentrations
by X-ray fluorescence spectrometry. They were compared with the Br, I and P,05 concentrations of the 2004 Indian Ocean
tsunami sediments. Sediments from various sources are separately clustered in I-Br plot and a trivial negative correlation
is found for the whole plot. A similar correlation pattern exists in the I-P,O5 diagram. This correlation is explained by the
distribution of marine plants (higher and lower) in different sedimentary environments of the coastal profile. Therefore, the
concentration of I and its relation to P,O5 can be used as a tool to identify sediment depositional environments in marine

settings.

Keywords Bromine - Iodine - Phosphates - Marine sediments - Environmental evaluations

Introduction

Numerous studies have been performed over the last dec-
ades, to understand the biogeochemical processes of marine
sedimentary environments using many sedimentary geo-
chemical proxies. The most commonly used proxies are
ratios of redox sensitive trace elements such as V, Ni, Mo,
U, Zn, and Mn (Tribovillard et al. 2012; Gilleaudeau and
Kah 2015; Zhang et al. 2016), relationships of total organic
carbon (TOC), sulfur and iron (Leventhal 1983; Dean and
Arthur 1989), carbon, nitrogen and sulfur (Sampei et al.
1997; Ratnayake et al. 2017), and Mo and TOC (Algeo and
Lyons 2006; Rowe et al. 2009).
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Abundances of halogens and organic matter (OM) content
in marine sediments have also been used to interpret dif-
ferent environmental settings since they are rich in marine
sediments (Harvey 1980; Chagué-GoffC 1996; Muramatsu
et al. 2004). Ratios of halogens (Br and I) to OM have been
used to demarcate marine and terrestrial sediments (Mal-
colm and Price 1984; Mayer et al. 2007). Further, halogens
to TOC ratio has also been used to interpret the redox condi-
tion from shallow to deep marine sediments (Price and Cal-
vert 1973, 1977). Since TOC represents the actual organic
carbon content, the results much validate the environmental
conditions in shallow to deep marine sediments than the
OM contents. In particular, Br in sediments combining with
diatom and plant materials has been used to evaluate the
paleo-tsunami and paleo-climates as they associated entirely
with organic matter (Harvey 1980; Schlichting and Peterson
2006; Moreno et al. 2015).

Since I is a redox sensitive element, ratio of I and Ca
has been used as a proxy of paleo-anoxic events (Lu et al.
2010). However, the application of I is limited due to its
controversial chemical behavior in different marine envi-
ronments (Harvey 1980; Malcolm and Price 1984). Price
and Calvert (1973, 1977) identified that the influence of
planktons is the fundamental reason for such behavior of
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I in oxidizing-reducing environments. However, the rela-
tionship between halogens and types of plants in differ-
ent marine settings has rarely been used to interpret the
diverse depositional environments.

Variations of euphotic conditions and oxygen availa-
bility in different depositional environments are reflected
by characteristics of the plant materials in those envi-
ronments. This study considers phosphorus, an essential
macronutrient of plants, and halogen concentrations in dif-
ferent depositional environments of the coastal and shal-
low sea regions.

The objective of present study is to understand the rela-
tionship of Br, I, and P,O5 concentrations of OM bearing
sediments of different marine settings, with the variable
nutrient competition. Findings of the study can be used to
interpret unknown depositional environments associated
with marine influences.

Materials and methods
Study area

Quaternary sedimentation along the Sri Lankan coastal
region indicates a unique character due to its position in a
tectonically inactive zone and absence of sediment trans-
portation modes such as ice calving and volcanic erup-
tions. The major sources of coastal sedimentation are the
weathering products formed under tropical monsoonal
climates and coastal currents.

The study was conducted on the eastern coast of Sri
Lanka, and sampling was performed at the well-developed
barrier lagoons at Batticaloa and Kiran (Fig. 1). The east-
ern coast is topographically flat with low surface undula-
tions (Cooray 1984), and the basement of the area consists
of hornblende-biotite migmatites, granite gneisses, alkali
feldspar migmatites, augen gneisses, and minor amphibo-
lite layers with meta-sedimentary enclaves (Cooray 1994;
Kroner et al. 2012). Thin Quaternary sediments cover the
basement rocks, and weathered exposures of rocks are
rarely present in coastal margins (Cooray and Katupotha
1991).

The climate of the study area is typically drier than
other areas of the country. The average temperature ranges
from 22 to 32 °C, and annual rainfall ranges from 1500 to
2000 mm (Chandrapala and Wimalasuriya 2003). In general,
high rainfall is recorded during November to February due
to winter monsoons while the other months are mostly dry.

The tidal range of the eastern coast of Sri Lanka is
between 0.2 and 0.8 m. The average wind speed varies from
3 to 4 m/sec and humidity is above 75% throughout the year
(Chandrapala and Wimalasuriya 2003).

@ Springer

Sampling method

Sediment sampling was carried out during the post-mon-
soon period in May 2016.

Suspended sediments (SPM)

Suspended sediment samples were collected from 16
locations of the Batticaloa lagoon (Fig. 1; Adikaram et al.
2017). The ambient temperatures during the sampling
period were in a range of 26 to 33 °C and wind speed
was very low (< 1 m/sec). Sampling locations were care-
fully selected assuming similar hydrological conditions
in general currents and wind speeds. Each sampling point
was 50 cm below the water surface in places where water
height was approximately 1 m. Sampling locations were
selected considering salt water inputs, freshwater inputs
and mixing zones of the lagoon. Water samples (5 L) from
each location were collected in pre-cleaned polypropyl-
ene containers and stored immediately in a cooling box at
temperatures less than 4 °C for laboratory analyses.

Lagoon bottom sediments (BLS)

Using a standard Ekman Grab sampler, 34 superficial sedi-
ment samples were collected from the bottom of the Bat-
ticaloa lagoon (Fig. 1). The Ekman Grab sampler has the
capacity to penetrate to a depth of about 15 cm and can
catch a volume of 3.5 L of sediment sample (Jayawardana
et al. 2012). Based on the prevalent hydrodynamic
stresses, the sampling locations were carefully selected,
which can represent the wide sediment distribution of the
lagoon. Three to four kilograms of the surface fraction of
each sediment sample was sealed in polyethylene bags and
transported to the laboratory.

Sediment cores

Sediment cores BLC 01, BLC 02 and BLC 04 were col-
lected from Batticaloa lagoon while CR 01 was collected
from Kiran lagoon (Fig. 1). Both BLC 01 and BLC 02
were collected from the northern part of the lagoon. The
first core is located 5 km away from the lagoon mouth, and
the second is covered from the direct coastal effect due
to the sedimentary barrier. BLC 04 was collected from
the central part of the lagoon, which does not have high
influence from the lagoon mouth and the main rivers. CR
01 is in an undisturbed area with mangrove cover at Kiran
lagoon. Hand-pushed PVC pipes (5 cm diameter and 2 m
height) were employed to collect the cores.
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Fig. 1 Location map of the suspended sediments, lagoon bottom sediments and core samples in eastern coast, Sri Lanka

Visual observations and digital photography were per-
formed on the split cores to identify the stratigraphy. Each
core was subsampled in 2 cm resolutions and sealed in
polyethylene bags for laboratory analysis.

Analytical techniques
XRF analysis

Water samples were vacuum filtered using pre-weighed
0.45 ym Whatman quartz filters. Remaining sediments
and Whatman quartz filters were oven-dried at 60 °C. The
oven-dried filters were sealed (air tight) and sent to Shi-
mane University, Japan, for chemical analysis. The Br, I, and
P,05 concentrations of SPM were determined directly from

loaded quartz filters into the Rigaku RIX-2000 spectrometer
equipped with a Rh-anode tube. The average error for these
elements is less than + 10%.

The oven-dried (105 °C for 24 h) subsamples of cores
and lagoon bottom sediments used for geochemical analysis
were ground using a RETSCH ball mill at the Department of
Geology, University of Peradeniya. The homogenized pow-
dered samples were packed in sealed polyethylene bags and
transported to Shimane University, Japan, for XRF analysis.
Samples were pressed into a disk with a 200 kN force for
60 s, and the disk was analyzed for I, Br, and P,O5 with
standard conditions using a Rigaku RIX-2000 spectrom-
eter equipped with an end-window 4KW Rh-anode X-ray
tube (Jayawardana et al. 2012). The instrument calibrations,
sample preparations, and concentrations of the elements
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were determined by the Press powder method (Ogasawara
1987). Average errors for all elements were less than + 10%
relatively, and the range of uncertainties for each element
was based on the standards of Geological Survey of Japan
(Ogasawara 1987).

Loss on ignition test

Loss on ignition test was carried out for each subsample
of the cores to determine the OM content and carbonate
contents (Dean 1974; Heiri et al. 2001). Approximately 1 g
of dry sample was heated up to 105 °C (24 h) and 550 °C
(4 h) in a muffle furnace to provide OM contents. Carbonate
content was calculated using the weight of heated sample
up to 1000 °C.

Radiocarbon dating

Three subsamples from BLC 04 and two subsamples from
CR 01 were radiocarbon dated (AMS) at Beta analytic,
Miami, Florida. The samples consisted of plant and shell
materials found in selected layers. Intcall3 database cali-
brated the dates (Reimer et al. 2013).

Comparison

The chemical results of sediments obtained from Batticaloa
lagoon and Kiran lagoon were compared with that of tsu-
nami sediments in Hambanthota and Hikkaduwa lagoons
(Jayawardana et al. 2012). The sampling procedures and
analysis techniques were performed in a similar manner.

Results

Geochemistry of suspended and lagoon bottom
sediments

Concentrations of Br in both SPM and BLS sediments
are comparable except for two SPM sampling locations
(Table 1). The Br concentration of BLS sediments gradu-
ally increases toward the lagoon mouth as observed in other
studies where the sea water concentration is high (Mayer
et al. 2007). In contrast to the behavior of Br, the SPM con-
tain higher concentrations of I and P,O5 than those in BLS
sediments.

Geochemistry of core sediment samples
Stratigraphy of BLC 01, BLC 02, and BLC 04 indicates
homogeneous sandy sedimentation except in the OM-rich

(peat) layer observed at the 18 to 38 cm depth of BLC 04
(Fig. 2). The OM and carbonate contents of the peat layer

@ Springer

Table 1 Concentrations of Br, I, and P,05 in suspended sediments
and lagoon bottom sediments of Batticaloa lagoon

Sample Br (ppm) I(ppm) P,05(wt%) Remarks

Suspended sediments

SS 01 16 nd 0.41 Suspended sediments
SS 02 6 nd 0.25 Suspended sediments
SS 03 6 nd 0.17 Suspended sediments
SS 05 157 nd 0.15 Suspended sediments
SS 06 7 nd 0.14 Suspended sediments
SS 07 35 14 0.28 Suspended sediments
SS 16 2 nd 0.25 Suspended sediments
SS 21 131 15 0.22 Suspended sediments
SS 25 6 nd 0.18 Suspended sediments
SS 28 4 nd 0.22 Suspended sediments
SS 29 4 nd 0.22 Suspended sediments
SS 30 9 nd 0.20 Suspended sediments
SS 31 7 nd 0.20 Suspended sediments
SS 32 11 21 0.27 Suspended sediments
SS 33 22 18 0.31 Suspended sediments
SS 34 3 nd 0.21 Suspended sediments
Min 2 14 0.14

Max 157 21 0.41

Average 32 17 0.23

SD 47 3 0.07

Lagoon bottom

LB 01 7 nd 0.16 Sand

LB 02 8 nd 0.15 Sand

LB 03 7 nd 0.21 Sand

LB 04 16 5 0.12 Sand

LB 05 13 nd 0.11 Sand

LB 06 7 nd 0.12 Sand

LB 07 7 nd 0.12 Sand

LB 08 8 nd 0.12 Sand

LB 09 4 nd 0.31 Sand

LB 10 8 nd 0.09 Sand

LB 11 6 nd 0.10 Sand

LB 12 6 nd 0.13 Sand

LB 13 8 nd 0.13 Sand

LB 14 8 nd 0.12 Sand

LB 15 14 nd 0.17 Sand

LB 16 13 nd 0.14 Sand

LB 17 8 nd 0.10 Sand

LB 18 3 nd 0.11 Sand

LB 19 8 nd 0.10 Sand

LB 20 7 2 0.10 Sand

LB 21 9 nd 0.09 Sand

LB 22 9 nd 0.09 Sand

LB 23 15 nd 0.08 Sand

LB 24 11 15 0.09 Sand

LB 25 15 3 0.15 Sand

LB 26 16 12 0.10 Sand

LB 27 17 2 0.10 Sand
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Table 1 (continued)

Sample Br (ppm)

I (ppm) P,05(wt%) Remarks

LB 28
LB 29
LB 30
LB 31
LB 32
LB 33
LB 34
Min
Max
Average
SD

50
34
23
16
27
52
52

3
52
15
13

4
15
7

12
14

0.09
0.10
0.10
0.10
0.11
0.11
0.12
0.08
0.31
0.12
0.04

Sand
Sand
Sand
Sand
Sand
Sand
Sand

nd not detected, SD standard deviation

OM content (wt%)
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are high compared to other sediment units of the Batticaloa
lagoon. The calibrated age of the peat layer (BLC 04-30-32)
is older than the below deposits, suggesting it is of a differ-
ent origin (Table 2).

In general, CR 01 shows sandy sedimentation with three
stratigraphic units devoted by grain sizes (Fig. 2). The coarse
sand layer from 72 to 88 cm depth is characterized by higher
amounts of shells. Fine sands are observed from 20 to 72 cm
depths, whereas shell-rich coarse sands are present from 16
to 20 cm depths. The OM content of the stratigraphic units
remains unchanged and slightly higher carbonate content
is recorded around the depths of 90 cm. The sedimentation
history of CR 01 is about 3500 years BP (Table 2).

Sandy sediment units of all core samples of the eastern
coast have similar concentrations of Br and variable con-
centrations of I (Fig. 3; Table 3). The peat layer of BLC 04
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Fig.2 Stratigraphy, OM content and carbonate content of the core samples obtained from eastern coast
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Table 2 Radiocarbon dating results of sediment cores from eastern coast

Core sample Depth (cm) Sample number Laboratory no.* Material Cal AD® Cal BC® Cal BP years
BLC 04 30-32 BLC 04-30-32 Beta-449200 Plant 1485-1650 300465
52-54 BLC 04-52-54 Beta-454044 Plant 1735-1806 145-215
102-104 BLC 04-102-104 Beta-449201 Plant 1670-1780 170-280
CR 01 16-18 CR 01-16-18 Beta-449198 Shell 1475-1185 475-765
124-126 CR 01-124-126 Beta-449199 Shell 1690-1380 3640-3330
“Radiocarbon laboratory ID
®Calendar ages determined by BetaCal 3.12 provided by Beta Analytic using the INTCAL13 database
Fig.3 Concentrations of Br, 1, Br (ppm) I (ppm) PO, (wt%)
and P,0; in sediment core sam- 0 10 20 30 40 0 10 20 30 40 50 0.0 0.1 02
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is characterized by higher concentrations of Br and lower
concentrations for I. All core samples have less than 0.1 wt%
of P,O5 including the peat layer found in BLC 04.

Comparison of eastern sediments with southern
tsunami sediments

The SPM and BLS of Batticaloa lagoon have higher Br con-
centration compared to that of sediment core samples of
the eastern lagoons. The Br concentration of tsunami sedi-
ments is higher compared to all sediment types of the eastern
lagoons (Table 4).

Chemical behavior of I in lagoon sediments is different
to that of Br (Table 4). Low I values of the peat layer are
comparable with I concentrations of BLS sediments and
tsunami sediments of southern lagoons. In general, tsunami
sediments have the highest P,O5 concentration while sedi-
ment core samples have the lowest. The OM contents of the
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eastern lagoon sediments and in the peat layer of BLC 04
core were very low compared to the tsunami sediments of
southern lagoons (Table 4; Jayawardana et al. 2012).

Discussion
Characteristics of sediment types

The recent tsunami sediments (2004) deposited in Sri Lan-
kan coast are generally brownish yellow in color and are
rich in OM with about 50 wt% (Dahanayake and Kulasena
2008; Matsumoto et al. 2010; Jayawardana et al. 2012).
The peat layer found in BLC 04 contains a comparatively
low content of OM compared to that of the recent tsunami
sediments (Table 3). This suggests a storm-surge origin for
the peat layer as explained by Dahanayake and Kulasena
(2008). This is further revealed by chronological data and
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Table 3 Concentrations of Br, I, and P,O5 in subsamples of sediment cores of Batticaloa lagoon (BLC 01, BLC 02 and BLC 04) and Kiran
lagoon (CR 01)

Sample depth (cm) Br (ppm) I (ppm) P,05 (wt %)

BLCOl BLCO02 BLC04 CROlI BLCOl1 BLCO02 BLC04 CROl BLCOI BLC02 BLC04 CROl

2 8 6 nd nd 33 21 nd nd 0.10 0.09 nd nd
4 6 4 7 10 26 22 27 30 0.06 0.06 0.05 0.09
6 6 4 nd nd 39 14 nd nd 0.08 0.05 nd nd
8 5 4 nd 6 41 23 nd 23 0.07 0.07 nd 0.05
10 5 4 9 nd 38 12 28 nd 0.06 0.04 0.11 nd
12 5 4 nd 9 31 14 nd 32 0.05 0.04 nd 0.07
14 5 4 15 nd 26 21 20 nd 0.05 0.06 0.06 nd
16 5 nd 17 5 30 nd 21 36 0.04 nd 0.07 0.04
18 5 nd 23 nd 33 nd 13 nd 0.06 nd 0.07 nd
20 5 nd nd 4 28 nd nd 33 0.04 nd nd 0.03
22 5 4 16 nd 39 18 14 nd 0.06 0.06 0.07 nd
24 nd nd nd 4 nd nd nd 32 nd nd nd 0.05
26 5 nd nd nd 37 nd nd nd 0.06 nd nd nd
28 5 nd nd 9 40 nd nd 20 0.06 nd nd 0.06
30 5 nd 36 nd 26 nd 1 nd 0.04 nd 0.07 nd
32 5 4 28 3 33 17 nd 31 0.05 0.07 0.07 0.05
34 5 nd 25 nd 21 nd nd nd 0.04 nd 0.07 nd
36 5 nd 23 4 31 nd 5 20 0.06 nd 0.07 0.04
38 nd nd 11 nd nd nd 16 nd nd nd 0.05 nd
40 5 nd 8 13 33 nd 22 24 0.05 nd 0.05 0.08
42 5 5 nd nd 24 14 nd nd 0.05 0.04 nd nd
44 nd nd nd 10 nd nd nd 26 nd nd nd 0.08
46 5 nd nd nd 36 nd nd nd 0.05 nd nd nd
48 nd nd nd 9 nd nd nd 26 nd nd nd 0.06
50 nd nd nd nd nd nd nd nd nd nd nd nd
52 5 5 5 8 24 8 28 17 0.04 0.05 0.03 0.09
54 5 nd nd nd 20 nd nd nd 0.04 nd nd nd
56 nd nd nd 10 nd nd nd 21 nd nd nd 0.07
58 nd nd nd nd nd nd nd nd nd nd nd nd
60 nd nd nd 9 nd nd nd 25 nd nd nd 0.07
62 nd 4 4 nd nd 14 21 nd nd 0.04 0.03 nd
64 nd nd nd 10 nd nd nd 22 nd nd nd 0.06
66 nd nd nd nd nd nd nd nd nd nd nd nd
68 nd 5 nd 8 nd 13 nd 22 nd 0.05 nd 0.07
70 nd nd nd nd nd nd nd nd nd nd nd nd
72 4 4 4 8 26 19 28 19 0.04 0.06 0.03 0.05
74 nd nd nd nd nd nd nd nd nd nd nd nd
76 nd 6 nd nd nd 19 nd nd nd 0.06 nd nd
78 nd nd nd nd nd nd nd nd nd nd nd nd
80 nd 4 nd 6 nd 16 nd 23 nd 0.04 nd 0.04
82 3 5 nd 36 24 nd 0.04 0.03 nd
84 nd nd 5 nd nd 32 nd nd 0.05
86 nd nd nd nd nd nd nd nd nd
88 nd nd 6 nd nd 29 nd nd 0.05
90 nd nd nd nd nd nd nd nd nd
92 3 4 5 32 27 31 0.05 0.04 0.06
94 nd nd nd nd nd nd
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Table 3 (continued)

Sample depth (cm) Br (ppm) I (ppm) P,05 (wt %)

BLCOl BLC02 BLC04 CROl BLCO1 BLCO02 BLC04 CROl BLCOlI BLC02 BLCO04 CROl

96 nd 4 nd 32 nd 0.03
98 nd nd nd nd nd nd
100 nd 4 nd 29 nd 0.03
102 4 nd 19 nd 0.03 nd
104 nd 4 nd 38 nd 0.03
106 nd nd nd nd nd nd
108 nd 5 nd 29 nd 0.03
110 nd nd nd nd nd nd
112 nd 6 nd 33 nd 0.05
114 nd nd nd nd nd nd
116 nd 7 nd 31 nd 0.05
118 4 nd 21 nd 0.03 nd
120 nd 7.4 nd 324 nd 0.07
122 nd nd nd nd nd nd
124 8 27.2 0.06
126 nd nd nd
128 nd nd nd
Min 3 4 4 3 20 8 1 17 0.04 0.04 0.03 0.03
Max 8 6 36 13 41 23 28 38 0.10 0.09 0.11 0.09
Average 5 4 13 7 31 17 20 28 0.05 0.05 0.05 0.05
SD 1 1 10 2 6 4 8 6 0.01 0.01 0.02 0.02

Table 4 Statistical summary of concentration of measured elements and OM in all sediment types

BLC 01 BLC 02 BLC 04 CR 01 Lagoon bot- Suspended sedi- Hambanthota Hikkaduwa (tsunami)
tom sediments ments of lagoon  (tsunami)
Br (ppm)
Range 3-8 4-6 4-36 3-13 3-52 2-157 7-51 3-170
Average 5 4 13 7 15 32 24 75
SD 1 1 10 2 13 47 16 47
I (ppm)
Range 2041 8-23 19-28 0-22 1-15 14-21 8-24 2-22
Average 31 17 20 28 8 17 18 11
SD 6 4 8 6 5 3 4 6
P,05 (Wt%)
Range 0.040-0.10  0.04-0.09  0.03-0.11  0.05-0.07  0.08-0.31 0.14-0.23 0.14-0.20 0.08-0.24
Average  0.05 0.05 0.05 0.05 0.12 0.41 0.18 0.14
SD 0.01 0.01 0.02 0.02 0.04 0.07 0.01 0.04
OM content (Wt%)
Range 0.8-1.5 1.6-2.6 0.8-15.0 0.2-3.5 nm nm 34.0-50.0 58.0-80.0
Average 1.1 2.1 4.1 1.1 nm nm 42.0 69.0
SD 0.2 0.2 4.2 0.7 nm nm 5.5 5.7
nm not measured, SD standard deviation
chemical composition of the sediments of the present study.  the age as an older event than the actual event (Schlichting
Generally, huge ocean waves can contain fore-dune soils,  and Peterson 2006).

backshore drifts, and bog peat deposits, which can indicate
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The mean concentration of Br in sea water ranges from
65 to 85 ppm (Al-Mutaz 2000) and marine sediments con-
tain more than 100 mg/kg (Leri et al. 2010). In contrast, the
average Br concentrations in Sri Lankan lagoon sediments
of the present study are low, except in few tsunami sediment
samples (Jayawardana et al. 2012).

The relative high Br concentrations in tsunami sediments,
peat layer, and SPM sediments may be due to the presence of
primary products such as microalgae and diatoms in marine
environments similar to observations of Gribble (1998) and
Schlichting and Peterson (2006). On the other hand, Br in
estuarine environment greatly depends on the type of OM
(Harvey 1980; Mayer et al. 2007; Malcolm and Price 1984).
For instance, halophytic plants in such environments absorb
Br in sea water by roots and leaves (Moreno et al. 2015). It
suggests the high Br concentrations in BLS sediments of
Batticaloa lagoon are due to such activities of the marine
plants that are available in the specific environment.

Lower I concentrations in peat unit and tsunami sedi-
ments suggest higher diatom contents as described by Ish-
iga and Sano (2015). Menzel (1974) found that deep sea
surface sediments contain low I concentrations due to less
accumulation of OM in bottom waters. Conversely, lower I
concentrations have been recorded in other surface marine
sediments where the anoxic conditions are prevailed (Harvey
1980).

Chemical correlations

For a further understanding of correlations between ele-
ments, correlation scatters plots were constructed between
Br and I. In general, negative correlation is present for all
sediment types (Fig. 4). Correlation of Br and I is slightly
negative in sandy units of the core sediment samples. It may
be due to the type of OM such as macroalgal in estuarine
environments as described by Mayer et al. (2007).

Generally, ratios of Br and I to TOC in oxidizing marine
environments show the proportional relationship (Price
and Calvert 1977; Pedersen and Price 1980; Malcolm and
Price 1984). Results of present study are in contrast to these
observations.

There are two possibilities for the negative correlation
between Br and I for different sediment types of the pre-
sent study. One possibility is the anoxic conditions for the
sedimentation processes in deep oceanic environments as
described in Price and Calvert (1973, 1977). According to
their findings, the decrease in I to C ratio from coastal shelf
toward the deep anoxic environments is due to the inconsist-
ency of planktonic activities in anoxic environments. Con-
versely, the type of OM in the sedimentary environments is
variable (Ishiga and Sano 2015). Hence, plant association is
further evaluated in the present study using the correlation
of I and P,0:s.
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Fig.4 Relationship of I and Br concentrations in eastern coast sedi-
ments and tsunami sediments of southern coast, Sri Lanka
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Fig.5 I-P,05 diagram for eastern coast sediments and tsunami sedi-
ments of southern coast, Sri Lanka

Phosphate is essential for plant growth and higher plants
in marine environments such as mangroves and Z. Marinas
are rich in phosphate and I (Ishiga and Sano 2015). Phos-
phorus is absorbed by phytoplankton at different rates under
different nutrient conditions (Tantanasarit et al. 2013).

In contrast, phytoplankton has low or zero I concentration
in their bodies (Butler et al. 1981; Ishiga and Sano 2015).
Hence, this I-P,05 relationship can be used to understand
the results of the eastern lagoon sediments and tsunami
sediments (Fig. 5), despite its limited use in several coastal
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environments of Japan (Ishiga et al. 2010; Ishiga and Sano
2015; Ishiga et al. 2015; Okamoto et al. 2015).

The high biological productivity of the SPM samples may
have resulted in increasing the P,O5 content with respect to
the other sediment sources (Fig. 5). Therefore, SPM samples
deviate from other results. Dahanayake and Kulasena (2008)
noted that tsunami sediments of Sri Lanka have higher con-
tents of microfossils (approx. 50%), which are common to
open marine environments. Likewise, the high OM con-
tent (approx. 50%) of tsunami sediments in Hikkaduwa
and Hambanthota suggests higher number of microfossils,
which may be phytoplankton species rich in P,O5 concentra-
tions (Jayawardana et al. 2012). Iodine concentration below
the euphotic zone of the ocean is comparatively low where
no biological productivity is present (Tsunogai and Henmi
1971; Wong 1976). Tsunami sediments and peat unit of BLC
04 show low I values and high P,0O5 values due to the high
accumulation of phytoplanktons.

Conclusions

Relationships of I, Br, and P,O5 concentrations in suspended
sediments and bottom sediments of a lagoon, and sediment
core samples from eastern coast and tsunami sediments of
the southern coast of Sri Lanka, were compared in this study
to differentiate the depositional environments of sediments
in marine settings. The study shows negative correlation of
Br and I of different marine settings. A similar negative cor-
relation is indicated by I-P,05 diagram that specifies the
influence of different plant materials in different marine
settings. It is due to the high contents of I in higher marine
plants and low I contents in lower marine plants of a unique
coastal profile. Hence, this study suggested the advantage of
I-P,05 diagrams to interpret the depositional environments
of unknown marine sediments. Thus, the study reveals the
control of plant materials over the chemical composition of
sediments in different marine environments. This study can
be further extended to better understand how the chemis-
try of sediments is controlled by marine plants in various
marine environments.

Acknowledgements The authors highly appreciate the staff of The Shi-
mane University, Japan, for providing access to the XRF facility. Head
of the Department of Geology, University of Peradeniya and Head of
the Department of Physical Sciences, South Eastern University of Sri
Lanka are also acknowledged for providing the laboratory facilities. Dr.
Carla Eichler of Texas Tech University, USA, and Ms. G. Wijewardane
of University of Melbourne, Australia, are acknowledged for correcting
the manuscript.

Funding The research was financially supported by University Grant
Commission, Sri Lanka (Grant No. UGC/DRIC/PG/2014AUG/
SEUSL/01).

@ Springer

References

Adikaram M, Pitawala A, Ishiga H, Jayawardana D (2017) Chemi-
cal composition and possible sources of suspended particulate
matter in the peripheral environments of Batticaloa lagoon, Sri
Lanka. Reg Stud Mar Sci 16:294-303

Algeo TJ, Lyons TW (2006) Mo-total organic carbon covariation in
modern anoxic marine environments: implications for analysis
of paleo-redox and paleo-hydrographic conditions. Paleocean-
ography 21:23. https://doi.org/10.1029/2004PA001112 PA1016

Al-Mutaz IS (2000) Water desalination in the Arabian Gulf region.
In: Goosen MFA, Shayya WH (eds) Water management, puri-
fication and conservation in arid climates. Water purification
basel. Technomic Publishing, pp 245-265

Butler EC, Smith JD, Fisher NS (1981) Influence of phytoplankton
on iodine speciation in seawater. Limnol Oceanogr 26:382-386

Chagué-GoffC Fyfe WS (1996) Geochemical and petrographical
characteristics of a domed bog, Nova Scotia: a modern analog
for temperate coal deposits. Org Geochem 24:141-158

Chandrapala L, Wimalasuriya M (2003) Satellite measurements sup-
plemented with meteorological data to operationally estimate
evaporation in Sri Lanka. Agric Water Manag 58:89-107

Cooray PG (1984) An introduction to the geology of Sri Lanka
(Ceylon), 2nd edn. National museum publication, Colombo,
pp 81-289

Cooray PG (1994) The Precambrian of Sri Lanka, a historical over-
view. Precambrian Res 66:3-18

Cooray PG, Katupotha KNJ (1991) Geological evolution of the
coastal zone of Sri Lanka. In: Proceedings of symposium on
causes of coastal erosion in Sri Lanka, Colombo, pp 5-26

Dahanayake K, Kulasena N (2008) Recognition of diagnostic criteria
for recent-and paleo-tsunami sediments from Sri Lanka. Mar
Geol 254:180-186

Dean WE (1974) Loss on ignition as a method for estimating organic
and carbonate content in sediments: reproducibility and compa-
rability of results. J Paleolimnol 25:101-110

Dean WE, Arthur MA (1989) Iron-sulfur-carbon relationships in
organic-carbon-rich sequences I: cretaceous western interior
seaway. Am J Sci 289:708-743

Gilleaudeau GJ, Kah LC (2015) Heterogeneous redox conditions and a
shallow chemocline in the Mesoproterozoicocean: evidence from
carbon—sulfur—iron relationships. Precambrian Res 257:94—-108

Gribble GW (1998) Naturally occurring organohalogen compounds.
Acc Chem Res 31:141-152

Harvey GR (1980) A study of the chemistry of iodine and bromine
in marine sediments. Mar Chem 8:327-332

Heiri O, Lotter AF, Lemcke G (2001) Loss on ignition as a method for
estimating organic and carbonate content in sediments: reproduc-
ibility and comparability of results. J Paleolimnol 25:101-110

Ishiga H, Sano E (2015) Examination of tidal flat environment from
geochemical analysis of suspended solids in relation to tidal
change and Zontera Marina in Kasaoka Bay, Seto Inland sea,
Southwest Japan. Geosci Rept Shimane Univ 33:39-47

Ishiga H, Shiohara H, Sano E (2010) Geochemical compositions of
sediments from the tidal flat of Kasaoka Bay and neighboring
areas of Okayama prefecture, Japan. Geosci Rept Shimane Univ
29:33-39

Ishiga H, Sakaya M, Sakamoto M, Hatanaka Y, Iwanaga A (2015)
Geochemical evaluation of material circulation in the biomass
of Zontera Marina (submerged plant) at the tidal flat in Ise and
Matsusaka areas, Mie prefecture, Japan. Geosci Rept Shimane
Univ 33:49-58

Jayawardana DT, Ishiga H, Pitawala HMTGA (2012) Geochemistry of
surface sediments in tsunami-affected Sri Lankan lagoons regard-
ing environmental implications. IntJ Environ Sci Technol 9:41-55


https://doi.org/10.1029/2004PA001112

Environmental Earth Sciences (2017) 76:817

Page 110of 11 XXX

Kroner A, Rojas-Agramontea Y, Kehelpannala KVW, Zacka T, Hegner
E, Genge HY, Wonge J, Barth M (2012) Age, Nd—Hf isotopes,
and geochemistry of the Vijayan Complex of eastern and southern
Sri Lanka: a Grenville-age magmatic arc of unknown derivation.
Precambrian Res 234:288-321

Leri AC, Hakala JA, Marcus MA, Lanzirotti A, Reddy CM, Myneni
SC (2010) Natural organobromine in marine sediments: new evi-
dence of biogeochemical Br cycling. Global Biogeochem Cycles
24(4):GB4017

Leventhal JS (1983) An interpretation of carbon and sulfur relation-
ships in Black Sea sediments as indicators of environments of
deposition. Geochim Cosmochim Acta 47:133—-137

Lu Z, Jenkyns HC, Rickaby RE (2010) Iodine to calcium ratios in
marine carbonate as a paleo-redox proxy during oceanic anoxic
events. Geology 38(12):1107-1110

Malcolm SJ, Price NB (1984) The behavior of iodine and bromine in
estuarine surface sediments. Mar Chem 15(3):263-271

Matsumoto D, Shimamoto T, Hirose T, Gunatilake J, Wickramasooriya
A, DeLile J, Young S, Rathnayaka C, Ranasooriya J, Murayama
M (2010) Thickness and grain-size distribution of the 2004 Indian
Ocean tsunami deposits in Periya Kalapuwa Lagoon, eastern Sri
Lanka. Sediment Geol 230(3):95-104

Mayer LM, Schick LL, Allison MA, Ruttenberg KC, Bentley SJ
(2007) Marine vs. terrigenous OM in Louisiana coastal sedi-
ments: the uses of bromine: organic carbon ratios. Mar Chem
107(2):244-254

Menzel DW (1974) Primary productivity, dissolved and particulate
organic matter, and the sites of oxidation of organic matter. In:
Goldberg ED (ed) The sea. Wiley, New York, pp 659-678

Moreno J, Fatela F, Leorri E, Aratijo MF, Moreno F, De la Rosa J,
Freitas MC, Valente T, Corbett DR (2015) Bromine enrichment in
marsh sediments as a marker of environmental changes driven by
Grand Solar Minima and anthropogenic activity (Caminha, NW
of Portugal). Sci Total Environ 506:554-566

Muramatsu Y, Yoshida S, Fehn U, Amachi S, Ohmomo Y (2004) Stud-
ies with natural and anthropogenic iodine isotopes: iodine distri-
bution and cycling in the global environment. J Environ Radioact
74(1):221-232

Ogasawara M (1987) Trace element analysis of rock samples by X-ray
fluorescence spectrometry, using Rh anode tube. Bull Geol Survey
Jpn 38(2):57-68

Okamoto R, Yamashita M, Sakaya M, Ishiga H (2015) Multi element
geochemical analysis of water quality, suspended solids, sedi-
ments and Zontera Marina for evaluation of the tidal flat environ-
ment in Matsunaga bay and surrounding areas in Bongo Nada
of Seto Inland sea, Japan. Geosci Rept Shimane Univ 33:59-74

Pedersen TF, Price NB (1980) The geochemistry of iodine and bromine
in sediments of the Panama Basin. J Mar Res 38:397-411

Price NB, Calvert SE (1973) The geochemistry of iodine in oxidized
and reduced recent marine sediments. Geochim Cosmochim Acta
37(9):2149-2158

Price NB, Calvert SE (1977) The contrasting geochemical behaviors of
iodine and bromine in recent sediments from the Namibian shelf.
Geochim Cosmochim Acta 41(12):1769-1775

Ratnayake AS, Sampei Y, Ratnayake NP, Roser BP (2017) Middle
to late Holocene environmental changes in the depositional sys-
tem of the tropical brackish Bolgoda Lake, coastal southwest Sri
Lanka. Palaeogeogr Palacoclimatol Palacoecol 465:122—137

Reimer PJ, Bard E, Bayliss A, Beck JW, Blackwell PG, Ramsey CB,
Buck CE, Cheng H, Edwards RL, Friedrich M, Grootes PM, Guil-
derson TP, Haflidason H, Hajdas I, Hatte C, Heaton TJ, Hoff-
mann DL, Hogg AG, Hughen KA, Kaiser KF, Kromer B, Man-
ning SW, Niu M, Reimer RW, Richards DA, Scott EM, Southon
JR, Staff RA, Turney CSM, van der Plicht J (2013) IntCall3 and
Marine13 radiocarbon age calibration curves 0-50,000 years cal
BP. Radiocarbon 55(4):1869-1887. https://doi.org/10.2458/
azu_js_rc.55.16947

Rowe H, Ruppel S, Rimmer S, Loucks R (2009) Core-based chem-
ostratigraphy of the Barnett Shale, Permian Basin, Texas. Gulf
Coast Assoc Geol Soc Trans 59:675-686

Sampei Y, Matsumoto E, Kamei T, Tokuoka T (1997) Sulfur and
organic carbon relationship in sediments from coastal brackish
lakes in the Shimane peninsula district, southwest Japan. Geo-
chem J 31(4):245-262

Schlichting RB, Peterson CD (2006) Mapped overland distance of
paleo-tsunami high-velocity inundation in back-barrier wetlands
of the central Cascadia margin, USA. J Geol 114(5):577-592

Tantanasarit C, Englande AJ, Babel S (2013) Nitrogen, phosphorus
and silicon uptake kinetics by marine diatom Chaetoceroscalci-
trans under high nutrient concentrations. J Exp Mar Biol Ecol
446:67-75

Tribovillard N, Algeo TJ, Baudin F, Riboulleau A (2012) Analysis of
marine environmental conditions based onmolybdenum—uranium
covariation—applications to mesozoic paleoceanography. Chem
Geol 324:46-58

Tsunogai S, Henmi T (1971) Iodine in the surface water of the ocean.
J Oceanogr Soc Jpn 27:67-72

Wong GTF (1976) Dissolved inorganic and particulate iodine in the
oceans. In: Ph.D. Thesis, Massachusetts Institute of Technology,
Woods Hole Oceanographic Institution, pp 183-230

Zhang J, Fan T, Algeo TJ, Li Y, Zhang J (2016) Paleo-marine envi-
ronments of the early Cambrian Yangtze Platform. Palaeogeogr
Palaeoclimatol Palaeoecol 443:66-79

@ Springer


https://doi.org/10.2458/azu_js_rc.55.16947
https://doi.org/10.2458/azu_js_rc.55.16947
https://www.researchgate.net/publication/321856704

	I–P2O5 diagrams as an indicator of depositional environment in marine sediments: preliminary findings (Sri Lanka)
	Abstract
	Introduction
	Materials and methods
	Study area
	Sampling method
	Suspended sediments (SPM)
	Lagoon bottom sediments (BLS)
	Sediment cores

	Analytical techniques
	XRF analysis
	Loss on ignition test
	Radiocarbon dating

	Comparison

	Results
	Geochemistry of suspended and lagoon bottom sediments
	Geochemistry of core sediment samples
	Comparison of eastern sediments with southern tsunami sediments

	Discussion
	Characteristics of sediment types
	Chemical correlations

	Conclusions
	Acknowledgements 
	References




