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Abstract

Sediment cores were collected from Kota Kinabalu and Labuan ports to determine the distribution of natural uranium
isotopes, calcium (Ca), aluminium (Al) and total organic matter (TOM). A strong statistical correlation value between
#*U/7*U and Ca contents were shown at Kota Kinabalu (+* = 0.811), and Labuan (+* = 0.833) ports. Good statistical correlation
¥ > 0.8 was also obtained between uranium isotopes and TOM at Kota Kinabalu port. Most activity ratio values of >*U/**U
found in sediment cores from Kota Kinabalu port were more than 1.0; the major input of uranium at Kota Kinabalu port
may be related to the sorptive process of authigenic uranium that occurs in the water column. In this case, the mobile U(VI)
was reduced to immobile U(IV) by organic matter and scavenged to the sediment with co-precipitation of organic matter
and calcium carbonate. On the other hand, a low activity ratio of **U/”*U (< 1) from Labuan was of detrital origin and also
showed positive statistical correlation between calcium and aluminium.
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1. Introduction

Uranium has three naturally occurring isotopes,
U (progeny of **U, half-life 2.45 x 10° years), *°U
(half-life 7.04 x 10° years) and **U (half-life 4.47 x
10° years). The geochemical behavior and distribution
of uranium in marine systems is usually influenced by
the contents of suspended particles either from organic
or detrital minerals (Dawood, 2010; Henderson and
Anderson, 2003; Mohamed et al., 2006; Zheng et al.,
2002). Generally, uranium behaves as a nearly conser-
vative element in seawater, but it can be precipitated
under chemically reducing conditions that occur in
sediments. The reduction process of U(VI) to U(IV)
is highly influenced by organic matter fluxes and
dissolved oxygen contents in sea water (Zheng et al.,
2002). The reduction process of U(VI) to U(IV) has
received considerable attention because the oxidation
state of uranium has a significantly effect on its
mobility in a natural environment (Cochran et al., 1986;
Mohamed et al., 2006; Toole et al., 1987).

In a system that has remained closed for a
sufficiently long time, activities of all radionuclides
are equal to unity, a condition which called secular
equilibrium. However, disequlibrium between ***U
and 7*U in the marine environment is a common
phenomenon. This disequilibrium originates from a
preferential release of more loosely bound **U from
damaged mineral lattice sites or direct recoil of >**Th

into surrounding media from near mineral surface
boundaries (Andersen et al., 2009). Variations in the
#*U/7™U ratio have been used as a sensitive chemical
indicator for identifying geochemical processes
(Andersen et al., 2009; Cizdziel et al., 2005) and
to estimate uranium origin (Skwarzec et al., 2002;
Srisuksawad et al., 1997). A study done by Skwarzec
et al. (2002) have shown that the value of the **U/**U
activity ratio in sediments and bottom water should be
nearly the same if the reduction process from U(VI) to
U(IV) was dominant in a particular area. In this case,
the major origin of uranium in sediments is by the
sorptive uptake of authigenic uranium from the water
column. Authigenic uranium is efficiently adsorbed onto
organic matter, reduced from U(VI) to U(IV) and finally
scavenged to the sediment (Rosing and Frei, 2004;
Zheng et al., 2002). A low ratio value of < 0.95 was
observed at the areas that show a high detrital input of
uranium such as was reported in the Gulf of Thailand
(Srisuksawad et al., 1997) and in the Johor Strait, which
is surrounded by igneous rock (Wood et al., 1997).

A study of uranium isotopes, especially in
marine port systems, is important and relevant so as
to understand the behavior and transport of chemical
constituents in rivers and oceans as a result of systems.
The radionuclide distribution in marine port systems
might originate from sea water, lithogenic sources and
anthropogenic sources such as waste. The geochemical
behaviors of uranium in marine port systems are not
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well documented by previous researchers. Furthermore,
no published data on uranium in coastal areas,
particularly from port areas in East Malaysia (i.e.
Sarawak, Sabah and Labuan) has been found. This
study has been designed to investigate the factors that
influence the behavior of **U and **U in port systems,

specifically in Labuan and Kota Kinabalu ports.
2. Methodology
2.1. Sample collection

Sediment cores measuring about 147 cm long
were obtained from Kota Kinabalu and Labuan ports,
Malaysia (Fig. 1). The coordinates of the exact sampling
location were recorded using Geographical Positioning
System (GPS). The locations for Kota Kinabalu and
Labuan ports are Latitude 06°00°884”N Longitude
116°04°957”E and Latitude 05°16°028”N Longitude
115°14°779”E, respectively. The sediment cores were
collected using a gravity corer with 130 kg weight, 250
cm length and 7.5 cm diameter.

2.2. Chemical analyses

2.2.1. Uranium isotopes analyses

Briefly, about 0.25 g of dried sediments were
digested with a mixture of concentrated hydrofluoric
acid (HF) and nitric acid (HNO;) (1:2 v/v). Then 2

ml of perchloric acid (HCIO,) and 0.5 g of boric acid
(H;BO;) were added to remove excess fluoride from
the samples. The cation column of Bio-Rad AG 50W
x 4 (200-400 mesh) was used to fractionate uranium
isotopes from the sample solutions and purified using an
anion column (Bio-Rad AG 1 x 8 100-200 mesh). The
samples were then electrodeposited onto a silver disk
for two hours at 200-250 mA with 15V before being
analysed using an alpha spectroscopy (CANBERRA’s
Alpha Analyst) for 48 hours (Mohamed ef al., 2006).

2.2.2. Analyses of trace elements and total organic
matter

Fine grain sediments of about 1.5 g were digested
with a mixture of concentrated HF, HNO, and HCl acid
(1:2:1 v/v ratio) in a Teflon beaker for 2 hours using
published procedures (e.g., Morelli et al., 2012; Akyil
and Yusof, 2007). Total organic matter (TOM) was also
estimated according to their loss of ignition (LOI), a
method described by Heiri et al. (2001).

2.3. Accuracy of the methods

The analytical procedures for uranium isotope
analyses were validated with a triplicate of NIST
standard reference material (SRM 4357), while Ca and
Al were validated with SRM 1646a (Table 1).

3. Results and Discussion
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Figure 1. Map of the sampling stations at Kota Kinabalu and Labuan Ports, Malaysia
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Table 1. Percentage of recovery obtained from the certified reference material SRM 4357 and SRM 1646a

Concentration SRM Value Recovery (%)
Samples 234U 238U Ca Al 234U 238U Ca Al 234U 238U Ca Al
(Bg/kg) (Bgkg) (%) (%) (Bakg) (Bakg) (%) (%)
Rep. 1 9.24 1141 0.36 1.95 76.98 95.07 70.00 85.03
Rep. 2 10.54 9.10 0.38 2.12 12 12 0.52 230 87.84 75.86 73.76 92.49
Rep. 3 10.57 10.81 0.38 2.29 88.11 90.11 73.76 99.82
Mean 10.12 1044 0.37 2.12 Average recovery 84.31+7.68 87.02+£9.97 72.4442.29 92.44+7.40

3.1. Geochemical of U and ***U in sediment core

The results of **U and **U in sediment cores
from Kota Kinabalu and Labuan ports are presented
in Table 2. The activities of ***U and **U detected in
the sediment core at Kota Kinabalu port ranged from
0.4140.09 dpm/g to 6.45+0.66 dpm/g and 0.38+0.09
dpm/g to 5.99+0.63 dpm/g, respectively. While the
activity of **U and *U at Labuan port ranged from
1.3440.43 dpm/g to 3.73+0.28 and 1.52+0.31 dpm/g
to 3.48+0.54 dpm/g, respectively. The profile of
uranium isotopes detected at both core sediments were
divided into three zones, namely zone A (0-22 cm),
B (24-76 cm) and zone C (> 82 cm). The activity of
**U and **U show inconsistent values at the upper
layers, namely zone A (0-22 cm) and might be due to
a bioturbation process occurring at the top sediment.
The bioturbation process caused by benthic organisms
will mix a sediment containing uranium and bring it
upward toward the sediment-water interface (Zheng
etal.,2002). While at zone B, the activities of “*U and
U starting increasing from 24 to 40 cm and decreasing
from 40 cm to 76 cm. These trends (zone B) might
be influenced by a major carrier of uranium in these
sediments and will be discussed in the next section.
The increasing trends at the bottom part of > 82 cm
(zone C) suggest that there is enhanced uranium
addition to deeper layers by diagenetic processes.
Benthic organism activities can increase the size of the
effective sediment water interface and will introduce
dissolved ***U and ***U from overlying sea water down
to the sediment (Lagauzére et al., 2009). The deposits
of **U and ***U decrease at increased depths, but there
were enhanced uranium deposits found at the bottom
of the sediment (Srisuksawad et al., 1997; Wood et al.,
1997; Yamada and Tsunogai, 1984).

3.2. Factors influencing uranium isotopic composition

Uranium content in sediment depends on variations
in water chemistry, geological settings and their
sources (Akyil and Yusof, 2007; Chung and Chang,
1996; Dawood, 2010). Uranium in sea water could be
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adsorbed directly onto organic matter and deposited
into sediments through the reduction process of U(VI)
to U(IV) (Rosing and Frei, 2004). Uranium can also
be deposited into sediment by co-precipitation with
minerals of detrital origin (Dawood, 2010; Mohamed
et al., 2006). This section explains several factors
that have influenced uranium isotopic composition in
Labuan and Kota Kinabalu ports. Figs. 2 and 3 show the
correlation of TOM, Ca and Al with uranium isotopes
at zone B off Kota Kinabalu and Labuan ports. The
correlation of these elements was only observed at zone
B as the accumulation of uranium only occurs below
the zone of bioturbation (Zone A) (Zheng et al., 2002),
while zone C is influenced by diagenetic processes. A
strong statistical correlation value of ***U (" = -0.959,
p<0.01) and **U (+ = -0.904, p<0.01) was detected
between uranium isotopes with TOM at Kota Kinabalu
port (Fig. 2(a)). However the activities of **U and **U
show no correlation with TOM at Labuan port (Fig.
3(a)). These results suggest that distributions of uranium
at Kota Konabalu port are influenced by organic matter.
Organic matter may act as a carrier to convert U(VI)
to U(IV) in the water column and is subsequently
scavenged into the sediment. Several mechanisms
have been proposed for the precipitation of uranium by
organic matter (Borovec et al., 1979; Dawood, 2010;
Min et al., 2005; Porcelli et al., 1997). Uranium is
adsorbed very efficiently by organic matter due to its
large reactive surfaces. The adsorption of uranium to
different organic matter functional groups occur through
ion exchange and complexation processes that result
in the formation of stable U(IV) (Borovec et al., 1979;
Dawood, 2010). Bacteria and fungus in organic matters
are also responsible for the reduction and precipitation
of uranium (Min et al., 2005).

A strong statistical correlation was observed
between “*U/**U and Ca at Kota Kinabalu port (+*
0.815, p<0.05) and Labuan port (= 0.823, p<0.05) as
shown in Figs. 2(b) and 3(b), respectively. These results
might indicate influences of calcium carbonate in the
formation of uranium. Several studies have shown the
effect of calcium to uranium geochemistry (Kelly et al.,
2007; Zhang et al., 2011). Examples of these include
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a study of the effects of calcium carbonate on uranium
(VD) sorption onto soil from the Oak Ridge site (0.1%
calcium carbonate) and from Altamont Pass, CA, site
(10% calcium carbonate) over a range of pH values. The
results show that the presence of calcium carbonate in
soils strongly affects U(VI) sorption. It has been
proposed that the cause of this may be the formation of
an aqueous Ca’UO’(CO’)’ complex in solution (Kelly
et al., 2007; Zhang et al., 2011; Zheng et al., 2003).
Weak negative correlation (+° = -0.477, p>0.05) was
observed between **U/**U and Al at Kota Kinabalu
port (Fig. 2(c)) while no correlation was observed at
Labuan port. The correlations of aluminium with
radionuclides in the marine environment has been
used to investigate the influence of aluminosilicate as
carrier for radionuclide elements (Roy-Barman
et al., 2005). This result indicates aluminosilicate is
not major carrier phase of uranium at Kota Kinabalu
and Labuan port.

3.3. Sources of uranium

The activity ratio of **U/*U at Kota Kinabalu
and Labuan ports and statistical analyses of Ca, Al
and TOM were used to predict the sources of uranium.
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The study of the disequilibrium ratio between the
activity of **U and **U isotopes allow investigation
of whether authigenic or detrital uranium dominate
in the sediments (Dawood 2010; Skwarzec et al.,
2002). If the reduction process from U(VI) to U(IV) is
dominant, we can expect the same value of >*U/*U in
sediment and bottom water. This is because uranium
is directly scavenged by the reduction process with no
major input of uranium from other areas (Skwarzec
et al., 2002). Fig. 4(a) and 4(b) shows the profile ratio
of **U/*U at Labuan and Kota Kinabalu sediment
cores, respectively. Most of the **U/***U ratio at Kota
Kinabalu port is greater than 1 (Fig. 4(a)) and slightly
similar to the normal ratio of **U/**U in sea water
(1.14 to 1.20) (Cochran et al., 1986; Sakaguchi ef al.,
2006; Scott, 1982; Skwarzec et al., 2002; Srisuksawad
et al., 1997). This result might indicate that the major
contribution of uranium to sediments is by sorptive
uptake of authigenic uranium from the water column.
Mobile U(VI) have been reduced to U(IV) due to an
anoxic condition at this area. This finding is supported
by the high correlation of ***U and **U with TOM and
#*U/P*U with Ca as discussed in the previous section.
In an anoxic environment, pH will decrease and lead
to the precipitation of Ca-carbonate (Castanier et al.,
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Figure 2. Correlation of a) TOM with **U, ***U and **U/**U, b) Ca with **U, **U and **U/"*U, ¢) Al with ***U, ***U and

#U/”*U and d) Al and Ca at zone B off Kota Kinabalu port
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1999) and organic matter (Bastviken et al., 2004).
Organic matter can act as a carrier to convert U(VI) to
U(IV) and scavenge directly to the sediments (Rosing
and Frei, 2004). These results leads to the suggestion
that major uranium contribution at Kota Kinabalu
port is authigenic in origin, where mobile U(VI) has
been reduced to immobile U(IV) by organic matter
and scavenged to the sediment with co-precipitation of
dissolved organic matter and calcium carbonate.
Most of the ratios of **U/**U at Labuan port
shows a less than equilibrium ratio (Fig. 4(b)). A low
ratio value (<1) at Labuan port might indicate that
this area received more **U input. Uranium in this
area is probably of detrital origin because terregenic
material is characterized by the **U/**U activity ratio <
1 (Skwarzec et al., 2002). This suggestion is supported
by the weak correlation of uranium isotopes with TOM
as discussed in the previous section. An earlier study
done by Ramli (1997) suggests that the activity of
detrital shows a weak correlation with organic input.
A high correlation of **U/**U with Ca also indicates
the influences of calcium carbonate in uranium
distributions. However, Ca from Labuan port shows
different behavior compared to Kota Kinabalu port.
Ca at Labuan port shows a strong positive correlation
with Al (/7 = 0.6099) (Fig. 3(d)) in contrast to strong
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negative correlations (= -0.7996) observed at Kota
Kinabalu port. These results might indicate that calcium
carbonate at Labuan port is of lithogenic origin because
aluminium is known to be a proxy for lithogenus
elements (Morelli et al., 2012). Calcium carbonate
at Kota Kinabalu port is generated by an in situ
process where Ca form complexes with carbonate due
to anoxic conditions (Castanier ef al., 1999). Labuan
is surrounded by sedimentary rock including coal rock
and limestone (Wan Hasiah et al., 2013). Limestone
contains a high level of calcium carbonate and high
*®U activity which is assumed by the United Nations
Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) (1993) to be about 20 Bg/kg. Thus, based
on the ratio values, geological setting and statistical
values, we estimate that sources of uranium at Labuan
port is of detrital origin.

4. Conclusions

234 238

The profile activities of ~"U and ~"U were
successfully determined in sediment cores collected
from Kota Kinabalu and Labuan ports. Statistical
analyses show different behaviors of uranium isotopes
at Kota Kinabalu and Labuan ports. The results from

the activity ratio (**U/**U) coupled with statistical
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Figure 3. Correlation of a) TOM with **U, ***U and **U/**U, b) Ca with **U, **U and **U/"*U, ¢) Al with ***U, ***U and

#U/”*U and d) Al and Ca at zone B off Labuan port
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Figure 4. Activity ratio of ~"U/~"U in core sediments from a) Kota Kinabalu port and b) Labuan port. The black line shown

is the line of equilibrium.

analyses of TOM, Ca and Al show that uranium at Kota
Kinabalu port is largely of authigenic origin. U(VI) was
reduced to U(I'V) by organic matters and deposited into
sediment with calcium carbonate. On the other hand,
uranium at Labuan port is largely of detrital origin. The
strong correlation between ~*U/>*U with Ca suggests
that calcium carbonate might be the major carrier phase
for uranium. These findings support the use of isotope
ratio *U/**U to determine the origin of uranium and
suggests the use of “*U/”*U as a proxy to investigate the
flux of calcium carbonate in the marine environment.
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