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Abstract. This study investigated the historical record of the effects that anthropogenic pollution has had on benthic
foraminifera over the last 110 years in the semi-closed Gamak Bay. The evidence consisted of geochemical data including
210pp concentrations and benthic foraminiferal assemblages acquired from core sediments (western, eastern and northwestern
areas). Various records of benthic foraminiferal assemblage in the northwestern area were suitable as the standard for variation
regarding pollution history. In the period between 1906 and 1964 (the pre-urbanization period), Gamak Bay was composed of
Ammonia beccarii-Elphidium advenum-Elphidium clavatum assemblage, except for the northwestern area with A. beccarii-
Buccella frigida-E. advenum assemblage, and may have remained mostly unpolluted. Although the northwestern area did not
show a difference in the species composition of the benthic foraminifera, it may be polluted to some degree due to stagnhant
sewage supplied from a small village that had formed before city construction in the hinterland, as shown from the species
diversity of 1.37, with a total number of benthic foraminifera (TNBF) of 704 individual and total organic carbon/total sulfur
(CIS) of 2.63.

The benthic foraminiferal assemblage of the northernmost area between 1965 and 1987 (the urbanization period) rapidly varied
from E. somaense-A. beccarii-B. frigida assemblage, through A. beccarii-B. frigida-E. advenum, B. frigida-A. beccarii-E.
subarcticum, T. hadai-E. subarcticum-B. frigida, to A. beccarii-E. subarcticum-T. hadai assemblage with a diversity of 1.8,
TNBF of 244, C/S of 2.05 on average. During this period, it was characterized by an increase in abundance frequency in T.
hadai, and E. subarcticum, which are known as bioindicators of eutrophication and organic pollution, respectively, and rapid
variation of benthic foraminiferal assemblage. These may have been caused by an increase in the influx of sewage from Yeosu
City, which was constructed at the hinterland of the northernmost area in Gamak Bay, as shown from the sedimentation rate
of 1.0 cm/y. Pollution during the urbanization period may have been restricted to the northwestern area, and it did not diffuse
to the surrounding area.

The E. subarctum, A. beccarii-E. subarcticum-T. hadai and E. subarcticum assemblages with diversity of 1.35, TNBF of 562,
C/S of 2.33 were sequentially distributed in the northwestern area from 1988 to 2014 (the aquaculture period), and this is

characterized by the high abundance frequency of E. subarcticum of 51% and high sedimentation rate of 1.75 cm/y caused by
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biodeposits discharged from mussel farming (Mytilus galloprovincialis) since the 1980s. The organic pollution materials
originated from and deposited by biodeposits may contribute to the continuous deterioration and variation in the benthic
ecological environment by means of “pollution storage”. During this period, benthic foraminiferal assemblages in the
northwestern area are correlated with the E. subarcticum-A. beccarii assemblage of the eastern area where oyster farming has
taken place, and it is composed of E. subarcticum (35.4%) and A. beccarii (15.5%) with a TNBF of 1787 individuals, species
diversity of 2.18, C/S of 4.8 and a sedimentation rate of 0.95 cm/year. It is clear that the northern area seriously progressed in
pollution compared to the eastern area, although the species composition is somewhat similar between the two areas. It may
be caused by an overabundance and excessive deposition of the organic matter through an over-supply from mussel farming
as well as the oval-shaped bottom physiography and very slow current speed. During the transition from the pre-urbanization
to urbanization period, and aquaculture period in the northwestern area, the processes of variation in the benthic foraminiferal
assemblages may represent the transition from oxic to anoxic environmental conditions. The western area with A. beccarii-E.
advenum-E. clavatum assemblage, however, was unpolluted over the last 110 years. These differences in the degree of
pollution and benthic foraminiferal assemblages between the areas in Gamak Bay may be caused by the physiography and

current movements of the bay.

1 Introduction

Over the last few centuries, coastal areas have experienced a dramatic degradation in environmental quality as a result of
anthropogenic activity, and this has led to a considerable reduction in marine biodiversity. The anthropogenic impact on coastal
marine ecosystems has multiple origins, including the introduction of urban sewage, outflows from industrial and agricultural
activities including fisheries, and other environmental problems including eutrophication, oxygen deficiency, chemical
pollution, and physical disturbance (Barras et al., 2014; Yasuhara et al., 2012).

Sediments are an essential, integral, and dynamic part of an aquatic environment and can act not only as a sink for various
environmental chemicals, but also as a potential long-term secondary source of pollutants (Ridgway and Shimmield, 2002).
The geochemical study of vertical sediment cores has been extensively used to reconstruct environmental transformation of
different coastal areas all over the world (Cearreta et al., 2002; Di Gregorio et al., 2007). In the sedimentary record, interactions
between meiofaunal and geochemical elements have made it possible to distinguish between unimpacted, pre-industrial
intervals and sediments deposited in industrial periods. (Francescangeli et al., 2016).

Benthic foraminifera have been commonly used in reconstructions of the environmental changes over the past several centuries,
including changes caused by human activity (Scott et al., 2005; Tsujimoto et al., 2008; Irabien et al., 2008; Dolven et al., 2013;
Romano et al., 2016; Francescangeli et al., 2016). Benthic foraminifera can become fossilized and can act as reliable indicators
of environmental change over historical and geological time scales (Gooday et al., 2009). The fossil remains of benthic

foraminifera can provide information of the long-term environmental and biological changes, whether natural or human-
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induced (Alve et al., 2009). Foraminifera offer considerable advantages over other groups of benthic organisms because their
hard shells (called “tests™) often persist as a record in the sediment and their small size makes them abundant even in small-
volume samples. Thus they can be considered a reliable data source for statistical purposes. These characteristics make
foraminifera suitable indicators for environmental studies of sediment cores and offer the opportunity to study temporal
changes in the ecological conditions (Romano et al., 2016). Moreover, since environmental quality must be assessed through
a comparison with reference conditions, sediment cores offer the advantage of including ancient deposits reflecting conditions
from before human impact in lieu of searching pristine areas with the same characteristics as the targeted study area (Alve et
al., 2009).

The coastal zones of Korea began to undergo urbanization in earnest in the 1910s with increased fossil fuel (especially coal)
consumption (Jeong et al., 2006; Lim et al., 2012, 2013). Gamak Bay, which is located at the center of the southern coastal
area of Korea, is known to experience problems in its coastal environments, including eutrophication, hypoxia, and red tide
events caused by an influx of anthropogenic pollutants, particularly organic matter (Lee et al., 2009; Lee et al., 2012, 2016;
Seo et al., 2012). Historically, this relatively small bay has been subjected to a combination of environmental pressures that
mainly arise from aquaculture and industrial activities, and it is therefore a good case study of historical variations in
anthropogenic impacts. The purpose of this study is to investigate historical anthropogenic pollution as recorded by benthic
foraminifera over the last 110 years in Gamak Bay through an interpretation of geochemical data, including 2°Ph
concentrations and benthic foraminiferal assemblage data acquired from core sediments.

2 Study area

Gamak Bay is located at the center of the South Sea coast of Korea. It is an oval-shaped, semi-enclosed bay surrounded by
Yeosu and Dolsan islands (Figure 1). It has an area of 148 km?, approximately 15 km in length and 9 km in width (Lee et al.,
1995). The bedrock beneath Gamak Bay is composed mainly of Cretaceous alkali-feldspar granite, andesite and andesitic tuff,
a volcanic rock of intermediate composition with an aphanitic texture (KIGAM, 2002). The surface sediments of Gamak Bay
consist mainly of fine-grained silt and clay facies, although coarse-grained sediments are predominant at the mouth of the bay
(Lee et al., 1995).

The average water depth of the bay is 9 m, with relatively shallow water (<5 m depth) in the center increasing to ~30 m at the
mouth of the bay. The tide is semidiurnal, and the tidal fluctuation is quite large, with minimum and maximum tidal amplitudes
of ~1 m and ~4 m during the neap and spring tides, respectively. The bay has two channels, one to the east and one to the
south, but the southern channel is responsible for approximately 80% of all seawater exchange in the bay (Lee and Chang,
1982). Tidal waves enter or exit almost simultaneously via these two channels with relative proportions of exchange (Lee et
al., 2009). The sea water of the bay can be divided into three water masses: (1) water in the northwestern area with a current

that generally flows counterclockwise with water that is quite stagnant due to the bottom topography, residual bottom currents
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with mean velocity of about 2 cm-s™' (Lee, 1992), and oxygen deficiency in the bottom water during the summer (Lee et al,
2016); (2) Yeosu Harbor water in the northeastern area with a lower salinity due to the influence of small streams and ditches;
and (3) water in the center and near the mouth of the bay with a generally clockwise current (Lee and Cho, 1990) and residual
bottom currents with mean velocity of about 4 cm-s™! (Lee et al., 2016).

The bay is home to many commercially important marine organisms, including oysters, mussels, ark clams, rockfish, sea bream,
and flounder. Mussels and oysters are cultivated mostly using suspended longline systems and have been farmed in the
northwestern and eastern areas of Gamak Bay, respectively, since the late 1970s, which makes this area important to the fishing
industry. This bay was designated by the Korean government (Ministry of Land Transport and Maritime Affairs, MLTM) as
an environmental conservation area in February of 2000 based on its ecological importance as a habitat for fish and shellfish
(Kim, 2003). However, increased human activities with an expansion of nearby urban areas since the 1970s, as well as the
development of various aquaculture industries including oyster and mussel farming in recent decades, have caused a gradual
increase in the influx of anthropogenic pollutants, particularly organic matter. These pollutants have caused environmental
problems at the coast, including eutrophication, hypoxia, and red tide events, especially during the summer (Lee et al., 2009;
Seo et al., 2012; Lee et al., 2012, 2016). These phenomena have occurred continuously, even though a sewage treatment plant
began operation in 2004 to restrain the influx of sewage from urban areas (Kim et al., 2006; Lee and Moon, 2006; Lee et al.,
2009). Much of the current pollution in Gamak Bay originates from aquaculture activities and polluted surface sediments (Lee
etal., 2016).

3 Materials and methods
3.1 Sediment sampling

A core sediment sampling was conducted in August 2015 at three stations in representative localities of the western (St. 11257),
eastern (St. 10863) and northwestern (St. 11285) areas of Gamak Bay (Figure 1). These three sediment cores, with lengths of
40 cm, 44 cm and 60 cm, respectively, were extracted using a gravity corer of 76 mm in diameter and were analyzed in 2-cm
intervals to examine grain size, trace metals, organic matter (OM), total organic carbon (TOC), total nitrogen (TN), total sulfur

(TS), pH, #°Pb radioactivity, and benthic foraminifera.

3.2 Grain size composition and geochemical analysis

Prior to a grain size analysis, the organic material and carbonates were eliminated from the sample by sequentially adding 10%
hydrogen peroxide (H202) and 0.1 N hydrochloric acid (HCI). Subsequently, the samples were subjected to a Sedigraph 5100
automatic particle size analyzer to measure the fine fraction (<63 um) and sieve analysis for the coarse fraction. The weights

of the coarse and fine samples were recorded as weight percentages for each section (Folk, 1968).
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For the trace metal analysis, the samples were freeze-dried and ground to a fine powder with an agate mortar. A 0.25-g portion
of each sample was measured into a Teflon decomposition container, into which 6 mL of HNOs (65%), 1 mL of HCIO4 (65%),
and 1 mL of H,O, (30%) were added. The mixture was processed with the decomposition sequence of a microwave
decomposition system (ETHOS TC, Milestone, Italy). After cooling, the mixture was diluted to 50 mL with 0.1% nitric acid.
These samples were used for inductively coupled plasma optical mass spectrometry (ICP-MS, NexlION®300X). Only the
concentrations of Al, Fe, Mn, Zn, Cr, Ni, Cu, Co, As, Cd, Pb, and Hg were considered. The detection limits for each of these
metals were: Al, 0.005 pg kg™'; Fe, 0.0003 pg kg™'; Mn, 0.00007 pg kg™'; Zn, 0.0003 pg kg™'; Cr, 0.0002 ug kg™'; Ni, 0.0004
ug kg™'; Cu, 0.0002 pg kg™'; Co, 0.0009 pg kg™'; As, 0.0006 pg kg™'; Cd, 0.00009 ug kg™'; Pb, 0.00004 pg kg™'; and Hg,
0.0003 pgkg™'. Trace metal concentrations were compared to the ER-L (Effect Range-Low) and ER-M (Effect Range-Median)
values reported in the sediment guidelines of the U.S. Environmental Protection Agency (USEPA) (Long et al., 1995).
Subsamples (30-40 mg) were oven-dried at 50 °C and were pulverized to a silt size using an agate mortar; 10 mg of each of
these samples were enclosed in thin Ag film cups. Next, 1 M HCI was added to these samples, and these were dried at 11 °C
for 30 min. TOC, TN, and TS contents were then measured with an elemental analyzer (Flash 2000, Thermo Scientific, Italy).
Each sediment core sample was oven-dried at 60 °C immediately after the fieldwork. After the shells had been removed, the
samples were homogenized using a mortar and pestle. After homogenization, 3-5 g subsamples were placed in pre-weighed
crucibles that were then placed in a desiccator overnight to remove any remaining moisture. The samples were weighed before
being placed in a small furnace for 4 h at 550 °C and were then cooled in a desiccator overnight and reweighed. Loss on
ignition (LOI) was calculated as follows: LOI% = [(Initial Dry Mass — Final Dry Mass)/Initial Dry Mass] x 100 (modified
from Dean, 1974).

The sediment pH was measured using a pH Spear (Oakton, Eutech Instruments, Singapore) with a pH range of —1.00 to 15.00
pH and a resolution of 0.01 pH.

3.3 2%PDp radioactivity

With a nearly uniform grain size, the sediment composition of the three cores may indicate that trace metals have accumulated
in a very stable sedimentary environment. In this case, the pollution history of these sediments can be successfully
reconstructed using ?°Pb radiometric dating alone without normalizing for the concentrations of pollutant metals or referring
to other time markers (Kitano et al., 1980; Grousset et al., 1999). Once heavy metals are released into shallow marine
environments, they are removed from the water column through interactions with suspended particles and are subsequently
deposited as bottom sediments (Callender, 2003). Since heavy metals deposited in sediments are not biodegradable, the metal
profiles of the sediment cores, in combination with 2°Pb dating techniques, can be used as records of pollution events (Cantwell
etal., 2007; Ip et al., 2007; Irabien et al., 2008; Lim et al., 2012).
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Measurements of 21°Ph, which has a 22.3-year half-life, were obtained from the sediment core by the Korea Basic Science
Institute. The total 22°Ph activity was determined based on the quantification of deposition of the granddaughter isotope ?°Po

on an Ag disc in conjunction with a 2°°Po chemical tracer (Ruiz-Fernandez et al., 2003; Lubis, 2006).

3.4 Foraminiferal analysis

An analysis of the benthic foraminifera in core sediments was conducted at 2-cm intervals. Samples for this analysis were
washed over a 63-um sieve and were oven-dried at 50 °C. After further drying, these samples were subdivided using a modified
Otto microsplitter. Foraminifera were counted under a binocular microscope from a known fraction, or the full sample was
counted. A minimum of 200 individuals were counted from each interval. The benthic foraminifera taxonomy used in this
paper is based on works by Asano (1950, 1951a, b, 1952), Matoba (1970), and Loeblich and Tappan (1994).

The total numbers of benthic foraminifera, the numbers of individuals per 20 mL, species diversity, and species evenness were
statistically analyzed. Species diversity (H") and evenness (J) were calculated using formulas presented by Shannon and
Weaver (1963) and Pielou (1966).

To determine the structure of the foraminiferal data set, we performed Q-mode clustering techniques with the paired group
algorithm based on Bray—Curtis similarity which provided grouped averaged data for square-root-transformed abundance data.
All statistical analyses were performed on foraminiferal relative abundance data sets using all species. Q-mode cluster analyses
were carried out using the PRIMER 6 software (Plymouth Routines in Multivariate Ecological Research, UK). A correlation
matrix was calculated for transformed geochemical elements and dominant species.

For the structural refinement, principal component analysis (PCA) was conducted to identify similarities and differences
among foraminiferal assemblages. This technique reduces large data matrices composed of several variables to a small number
of factors that represent the main modes of variation, facilitating the interpretation of large volumes of data. PCA was carried

out for the ordination of sample locations based on the matrix constructed using 14 variables (geochemical elements).

4 Results
4.1 Grain size, geochemical composition, and trace metal contents

Sediments of core 11257 were composed mainly of homogeneous mud facies with 68.84% clay and 30.02% silt (Table 1,
Figure 2-A). The OM content averaged 7.25% with a range from 6.53 to 8.29% (Table 1). The TOC and TN content averaged
0.9% and 0.15% with ranges from 0.77 to 1.08% and 0.08 to 0.20%, respectively (Table 1), and both gradually increased from
the lowermost to the uppermost layers of the cores (Figure 2-B, C). The TS content, pH, carbon-to-nitrogen ratio (C/N), and
carbon-to-sulfur ratio (C/S) averaged 0.15%, 6.97, 6.05, and 6.33 with ranges of 0.08-0.22%, 6.75-7.24, 5.03-10.49, and
4.41-12.12, respectively (Table 1). The average concentrations of the trace metals in core 11257 were below the ER-L values,

except for Ni with a concentration of 23.5 mg/kg (Table 1). The concentration of Mn, Zn, Pb, and Cu, 468.9 mg/kg, 52.9
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mg/kg, 15.8 mg/k and 0.07 mg/kg on average, respectively, increased slightly from the lowermost to the uppermost layers
(Figure 2-E~H).

Sediments of core 10863 were composed mainly of homogeneous mud facies with 66.10% clay and 33.25% silt (Table 2,
Figure 2-1). The OM content, TS content, pH, and C/N averaged 7.62%, 0.26%, 6.94, and 5.44 with ranges of 6.74-8.69%,
0.19-0.3%, 6.74—7.13, and 4.82-6.13, respectively (Table 2). The TOC and TN content averaged 1.07% (range, 0.82—1.27%)
and 0.2% (range, 0.15-0.26%), respectively, and increased gradually from the lower layers of the core upward (Figure 2-J, K).
However, the TOC content increased rapidly from a depth of 21 cm and appeared to remain constantly to the uppermost layer
(1.22% on average). The C/S averaged 4.16, and was mostly distributed between 3.0 and 5.0 (Table 2). The average
concentrations of the trace metals in core 10863 were below the ER-L values, except for Ni with a concentration of 23.4 mg/kg
(Table 2). The concentration of Mn, Zn, Pb, and CU averaged 517.1 mg/kg, 76.1 mg/kg, 17.5 mg/k, and 0.09 mg/kg,
respectively, and increased slightly from the lowermost to the uppermost layers (Figure 2-M~P).

Sediments of core 11285 were mainly composed of homogeneous mud facies with 66.95% clay and 32.64% silt (Table 2,
Figure 2-Q). The OM, TOC, TN and TS content averaged 8.76%, 1.07%, 0.28%, and 0.46% with ranges of 8.1-10.26%, 0.96—
1.29%, 0.24-0.35%, and 0.32-0.62%, respectively, and the C/N, with an average value of 3.86, ranged from and 3.30 to 4.47
(Table 3). The C/S averaged 2.36 and ranged from 1.85 to 3.08; these values were generally below 3.0 throughout the core,
except in the layers at depths of 5 cm, 57 cm, and 59 cm (Table 3). The C/S values declined from the lowest layer (3.07) to the
layer at 39 cm of depth (2.02) (Figure 2-T), and maintained an average concentration of 2.10 until 7 cm in depth, although the
TOC and TN content did not show distinct corresponding variations (Figure 2-R, S). For trace metal concentrations, Ni, with
an average of 24.1 mg/kg, was the only metal to exceed its ER-L value, and the average concentrations of the remaining metals
were all below the corresponding ER-L (Table 3) values. Variations in concentrations of the trace metals Mn, Zn, Pb, and Cu
appeared at 37 cm in depth with a relatively broad distribution (Figure 2-U~X). The concentration of Mn, which averaged
560.57 mg/kg, decreased distinctly from the lowest layers (705.20 mg/kg) to a depth of 27 cm (434.80 mg/kg) and appeared
constant from that level to the uppermost layer (485.77 mg/kg) (Figure 2-U). Concentrations of Zn, which averaged 99.39
mg/kg overall, varied at 37 cm of depth from an average of 93.18 mg/kg to an average of 102.98 mg/kg.

4.2 Benthic foraminifera

Sixty-six species of benthic foraminifera (four agglutinated, 56 calcareous-hyaline, and six calcareous-porcelaneous)
belonging to 43 genera were identified from sediments of core 11257 (Appendix A). The abundance frequency of agglutinated
foraminifera, 7.7% on average, gradually increased from the lowermost to the uppermost layers (Figure 3-1-A). The dominant
species (over 10% of abundant frequency in one layer) of benthic foraminifera, out of an average total of 6,608 individual
benthic foraminifera in 20 ml of sediment, were Ammonia beccarii (average: 14.0%), Elphidium advenum (average: 13.3%),
E. clavatum (average: 13.1%), E. subarcticum (average: 12.4%) and A. ketienziensis (average: 6.5%). Therefore, the abundance

frequencies among these dominant species differs very little. Variations in the abundance frequencies of these dominant species
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showed no clear trends from the lowermost to the uppermost layers (Figure 3-1-B~F), and the species diversity was high with
an average value of 2.8 and a range from 2.6 to 2.9, indicating no clear trends in variation. The total number of benthic
foraminifera (TNBF) decreased gradually from the lowest layer (8,016 individuals) to 11 cm (4,288 individuals) and increased
again to 5 cm (11,296 individuals) (Figure 3-1-H). A cluster analysis was conducted using the Bray-Curtis similarity index (SI)
to examine the similarities among the component species at each location in which benthic foraminifera were found in any
given sample (Figure 4-A). Twenty samples were categorized into one cluster with similarity (SI) = 74.51. Cluster I was
composed of an A. beccarii-E. advenum-E. clavatum (Ab-Ea-Ec) assemblage.

Fifty-six species of benthic foraminifera (four agglutinated, 46 calcareous-hyaline, and 6 calcareous-porcelaneous) belonging
to 39 genera were identified from sediments of core 10863 (Appendix B). The dominant species of benthic foraminifera, out
of a total average of 2,544 individual benthic foraminifera in 20 ml of sediment, were E. subarcticum (average: 20.9%), A.
beccarii (average: 14.9%), E. clavatum (average: 12.5%), E. advenum (average: 11.8%) and A. ketienziensis (average 6.5%).
Co-occurring species were E. somaense (average: 5.2%) and B. frigida (average: 3.8%). The abundance frequency of E.
subarcticum sharply increased from 17 cm depth toward the uppermost layers (Figure 3-11-F), although the frequencies of A.
beccarii, A. ketienziensis, E. advenum and E. clavatum showed no clear variation (Figure 3-11-B~E). Species diversity averaged
2.5 and gradually decreased from the 17 cm depth to the uppermost layer (Figure 3-11-G). The TNBF increased gradually from
the lowermost layer (3,816 individuals) to the uppermost layer (1,920 individuals) (Figure 3-11-H). Based on the cluster
analysis, twenty-two samples were categorized into two clusters with SI ~ 72.0 (Figure 4-B). Cluster I, which consisted of
samples from 0—17 cm core depth, was an E. subarcticum-A. beccarii (Es-Ab) assemblage with average abundance frequencies
of 30.2-42.6% and 9.6-22.0%, respectively. Cluster Il, which consisted of samples from 19-43 cm core depth, was an A.
beccarii-E. advenum-E. clavatum (Ab-Ea-Ec) assemblage with average abundance frequencies of 14.5%, 14.3% and 14.2%,
respectively, notably with very little difference among these abundance frequencies.

Twenty-seven species (five agglutinated, 20 calcareous-hyaline, and two calcareous-porcelaneous) belonging to 22 genera
were identified from sediments of core 11285 (Appendix C). The abundance frequency of agglutinated species averaged 13.3%,
and these taxa consisted mainly of Eggerella advena and Trochammina hadai, and gradually increased in abundance from 39
cm depth to the uppermost layer (Figure 3-111-A). The dominant species were E. subarcticum (average: 31.8%), A. beccarii
(average: 27.4%), B. frigida (average: 15.6%), T. hadai (average: 10.8%), E. advenum (average: 5.3%), E. somaense (average:
5.3%), Eg. advena (average: 4.0%) and E. clavatum (average: 3.5%). The abundance frequency of E. subarcticum, the most
dominant species, rapidly increased from 27 cm depth to the uppermost layer (Figure 3-111-1). In contrast, the abundance
frequencies of A. beccarii (Figure 3-111-D) and E. advenum (Figure 3-I11-F) rapidly decreased upward from 41 and 45 cm
depth, respectively. The abundance frequency of T. hadai increased from 39 cm depth to the uppermost layer (Figure 3-111-C).
The species diversity was very low with an average value of 1.5, and it showed no distinct variation pattern (Figure 3-111-J).
The TNBF, with an average of 548 individuals, decreased gradually from the lowermost layer (1,160 individuals) to 11 cm
depth (80 individuals), and reached its highest value (2,682 individuals) at 7 cm of depth (Figure 3-111-K).
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In the results of the cluster analysis, 30 samples were categorized into three clusters with SI = 62.56 (Figure 4-C). Cluster I,
which consisted of only the sample from 35 cm depth was a B. frigida-A. beccarii-E. subarcticum (Bf-Ab-Es) assemblage with
average abundance frequencies of 21.9%, 17.1% and 11.6%, respectively. Cluster 11 was composed of three sub-cluster (lla,
1Ib, and Ilc) with SI =~ 72.77 (Figure 4-C). Cluster Ila consisted of samples from 11-15 cm and 29 cm depth (I1al) as well as
samples from 39 cm and 41 cm depth (I1a2), with SI = 74.0 (Figure 4-C). Cluster llal was an A. beccarii-E. subarcticum-T.
hadai (Ab-Es-Th) assemblage with abundance frequencies of 32.8%, 23.1% and 9.9%, respectively. Cluster 11a2 was an E.
somaense-A. beccarii-B. frigida (Eso-Ab-Bf) assemblage with abundance frequencies of 23.7%, 20.7% and 19.9%,
respectively. Cluster Ilb, which was composed of samples from 31 and 33 cm depth, was a T. hadai-E. subarcticum-B. frigida
(Th-Es-Bf) assemblage with abundance frequencies of 33.3%, 20.8% and 19%, respectively. Cluster llc consisted of samples
from 1-9 cm and 15-27 cm depth and was an E. subarcticum (Es) assemblage with an average abundance frequency of 64.9%
(range: 46.1-74.3%). Cluster I11 consisted of samples from 37 cm and 43-59 cm depth, and was an A. beccarii-B. frigida-E.

advenum (Ab-Bf-Ea) assemblage average abundance frequencies of 49.2%, 20.8% and 9.5%, respectively.

4.3 219Pp ages of core sediments

The total 2°Pb in the sediments of cores 11257, 10863 and 11285 ranged from 17.2 to 64.7 mBg/g, 20.2 to 89.7 mBq/g and
mBg/g to 99.5 mBg/g, respectively (Table 4). The excess or unsupported 2'°Pb values were determined by subtracting the
supported 2°Pb (according to the asymptotic value) from the total °Pb measured at each depth. Excess 2°Pb did not decline
exponentially downward in the cores, and the highest 2:°Pb values of cores 10863 and 11285 were found at depths of 3 cm and
7 cm, respectively. These findings suggest that the sediment accumulation rates vary over time. Alternatively, the erratic
distribution of 2°Pb concentrations may be attributed to biological mixing. The constant rate of supply (CRS) model,
commonly used to derive 2°Pb dates, was used to calculate sediment ages and sedimentation rates (Appleby and Oldfield,
1992). Based on the results of the CRS model, sediments of core 11257, 10863 and 11285 were approximately dated to the
years 1908 (thickness: 40 cm), 1904 (thickness: 44 cm) and 1906 (thickness: 60 cm), respectively (Table 4). The uppermost
limit of the sedimentation period, which was about 2014, was established, and the lowest limit was set to about 1904 based on
the half-life (22.3 years) of 22°Pb (Sanchez-Cabeza and Ruiz-Fernandez, 2012) to ensure the accuracy of data acquired during
the sedimentation periods of the three cores. The sedimentation rate of the core 11257 averaged 0.44 cm/year with a range
from 0.31 to 0.84 cm/year, and it increased very slowly upward (Figure 5-A). The sedimentation rate of core 10863 averaged
0.60 cm/year with a range from 0.34 to 1.71 cm/year, and it increased gradually after 1990 (Figure 5-B). The sedimentation
rate of core 11285 averaged 1.19 cm/year with a range from 0.41 to 4.40 cm/year, and it increased rapidly after 1960 (Figure
5-C).
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Sediments composed of homogeneous fine-grained mud facies with 30.02-33.25% silt and 66.10-68.84% clay accumulated
in cores 11257 (western area), 10863 (eastern area), and 11285 (northwestern area) over about 110 years. These sediments,
however, show mutually distinct differences in the variation profiles of the concentrations of trace metals and geochemical
elements, as well as in statistical data of benthic foraminiferal assemblages (Tables 1, 2 and 3, Figs. 2 and 3). In particular, the
difference was more definite in the comparison of benthic foraminiferal assemblage in the three stations (Figs. 4 and 6). The
western and eastern areas are respectively characterized by only one benthic foraminiferal assemblage, the Ab-Ea-Ec
assemblage (Figure 6-A), and two benthic foraminiferal assemblages, the Ab-Ea-Ec assemblage (lower layers, 44-18 cm) and
the Es-Ab assemblage (upper layers, 18-0 cm) (Figure 6-B). However, the benthic foraminiferal assemblage of the
northwestern area progressed from an Ab-Bf-Ea assemblage in the lowermost layers to an Eso-Ab-Bf assemblage, Ab-Bf-Ea
assemblage, Bf-Ab-Es assemblage, Th-Es-Bf assemblage, Ab-Es-Th assemblage, and finally to Es assemblage in the
uppermost layers (Figure 6-C). It may be appropriate to use the records of the northwestern area, which exhibits variation in
the foraminiferal assemblages and geochemical elements, as the standard for variation in the pollution history of Gamak Bay

over the last 110 years.

5.1 The pre-urbanization period

The Ab-Bf-Ea assemblage, which was deposited between 1906 and 1964 in the northwestern area is characterized by a high
abundance frequency of A. beccarii with 49.2% (Figure 3-111-Zone A, Figure 6-C), and correlated with the Ab-Ea-Ec
assemblage of lower layers (deposited between 1904 and 1988) in the eastern area (Figure 6-B) and the Ab-Ea-Ec assemblage
(deposited between 1908 and 2014) of the western area (Figure 6-A). A. beccarii, which is a principal dominant species in all
three areas, is broadly distributed around the inner bay, tidal flats, brackish-water environments of the Pacific Ocean (Murray,
1991; Alve and Murray, 1999; Hayward et al., 2004; Murray 2006), and the brackish coastal areas of the East China Sea and
Huanghai (Yellow) Sea (Wang et al., 1985), as well as in Gyunggi Bay and Ansan Bay in South Korea (Chang and Lee, 1984;
Woo and Lee, 2006). B. frigida, E. advenum and E. clavatum are widely distributed around the southern and western coastal
areas of Korea (Woo and Lee, 2006; Lee et al., 2016). Lee et al. (2016) reported that E. advenum was positively correlated to
dissolved oxygen, pH, and C/S in sediments of Gamak Bay. Therefore, this dominance in this taxon does not appear to be
distinct to the pollution phenomenon described herein. However, statistical data from benthic foraminifera with a species
diversity of 1.37 and a TNBF of 704 individuals in the northwestern area indicates a progression in the degree of pollution in
the sediment (Alve, 1995) compared to the eastern area with a TNBF of 3.068 individuals, a species diversity of 2.67, and
western area with a TNBF of 6,608 individuals with species diversity of 2.8. C/S ratios greater than 5, between 3 and 5, and
less than 3 indicate freshwater conditions, oxic marine-to-brackish conditions, and reductive brackish marine conditions,
respectively (Berner and Raiswell, 1984). The northwestern area with a C/S of 2.63 may be a somewhat brackish environment

compared to the eastern area with a C/S of 3.73 and western area with a C/S of 6.33.
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The Korean coastal zones began to undergo an urbanization in earnest in the 1910s with an increase in fossil fuel (especially
coal) consumption (Jeong et al., 2006; Lim et al., 2012, 2013). Therefore, pollution or a reductive brackish environment in the
northwestern area, even though there were no differences in species composition of benthic foraminifera, may be caused by
stagnant sewage supplied from a small village that formed before city construction in the hinterland of the northwestern area,
and the oval-shaped bottom topography of northwestern area, as shown from the difference of the sedimentation rate between

northwestern (0.64 cm/y) and eastern (0.42 ¢ m/y), western (0.44 cm/y) area.

5.2 Urbanization period

Benthic foraminiferal assemblage in the northwestern area varied rapidly from the Eso-Ab-Bf assemblage, through Ab-Bf-Ea,
Bf-Ab-Es, Th-Es-Bf, to Ab-Es-Th assemblage in a brief space of time between 1965 and 1987. The abundance frequency of
T. hadai, E. somaense and E. subarcticum increased compared to that during the pre-urbanization period, but A. beccarii
decreased, and B. frigida did not show a remarkable variation (Figure 3-111-Zone B). This period is characterized by an increase
in the E. subarcticum, which is known as a bioindicator of organic pollution in Gamak Bay, with a DO content of 0.4 mg/L at
oxygen minimum zones (OMZs: Helly and Levin, 2004; Paulmier and Ruiz-Pino, 2008) (Lee et al., 2016) and agglutinated
species including T. hadai, which increase in abundance under eutrophic conditions. The representative foraminiferal
assemblages from hypoxic sediments associated with eutrophication have been found in Osaka Bay, Japan (Tsujimoto et al.,
2006a, 2006b, 2008) and Gamak Bay, South Korea (Lee et al., 2012, 2016). During deposition of this interval, the
sedimentation rate was higher than that during the pre-urbanization period, i.e., 1.0 cm/year versus 0.64 cm/year, and C/S
decreased from 2.63 to 2.08. TNBF decreased relative to the pre-urbanization period from 704 to 244 individuals. Statistic
indices of geochemical and benthic foraminiferal assemblages still indicate unfavorable sediment and environmental
conditions. A rapid variation in the benthic foraminiferal assemblages may reflect the unstable habitat environment that was
caused by continuous inflow and deposition of sewage into sediment, as shown with an increase in the abundance frequency
in T. hadai and E. subarcticum.

This sewage is thought to have caused eutrophication, and the water quality deteriorated more than during the pre-urbanization
period. These conditions may have been caused by the increase in sewage discharged from Yeosu City, which was constructed
at the hinterland of northernmost area in Gamak Bay for people employed at the Yeocheon Industrial Complex from the late
1960s to the early 1970s (Kim et al., 2014).

The dense population and associated rapid urbanization that emerged in the 1960s resulted in great ecological stresses affecting
the coastal ecosystems along the Korean coast (Choi et al., 2010). No benthic foraminiferal assemblages in the eastern and
western areas of the bay correlate with the Eso-Ab-Bf ~ Ab-Es-Th assemblages of the northwestern area, and these findings
suggest that pollution during the urbanization period may have been restricted to the northwestern area and to not diffuse to

the surrounding area (Figure 6-C).
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5.3 The aquaculture period

The Es, Ab-Es-Th and Es assemblages were sequentially distributed in the northwestern area (Figure 6-C) from 1988 to 2014,
and these are characterized by a high abundance frequency of E. subarcticum (Figure 3-111-Zone C). The Es assemblage in
sediments deposited between 1988 and 2002 is composed mostly of E. subarcticum with an average abundance frequency of
55.2%, which is a bioindicator of organic pollution in Gamak Bay. The high sedimentation rate in this period, 1.54 cm/year,
must be noted. The northwestern area of Gamak Bay has been a primary site for suspended mussel farming (Mytilus
galloprovincialis) since the 1980s. Mussel farms can produce biodeposits such as feces and pseudofeces at rates that reach
3000 metric tons-ha™!-year™! (Grenz, 1989), as well as shell parts that build up at a rate of 10 cm-year™!, resulting in changes
to the seabed approximately 20 m from a farm’s boundaries (Dahlback and Gunnarsson, 1981; Matisson and Lindén, 1983).
Sedimentation rates were greater within the farm than at reference sites, which supports the theory that mussel farming
increases sedimentation rates (Callier et al., 2006). Therefore, the high sedimentation rate may be mostly the result of mussel
farming. It is widely accepted that the primary benthic environmental impact of suspended mussel farming is the buildup of
biodeposits directly below the culture area (Jaramillo et al., 1992; Hargrave, 2003), which may cause negative effects on the
coastal systems, such as eutrophication and hypoxia, which occur at <0.2 mg-L™' or mL-L™' O, (Rabalais et al., 1991; Breitburg
et al., 2001; Diaz and Rosenberg, 2008; Doney, 2010; Gilbert et al., 2010; Kalantzi et al., 2013). The TNBF of 265
individuals/year, species diversity of 1.24 and C/S of 2.12 indicate worsening of benthic ecology and the sedimentary
environment during this period associated with mussel farming.

The Ab-Es-Th assemblage distributed between 2003 and 2007 is composed of A. beccarii (abundance frequency: 35.2%), E.
subarcticum (abundance frequency: 19.3%), T. hadai (abundance frequency: 17.1%), and has a TNBF of 99 individuals,
species diversity of 1.77, C/S of 2.10 and a sedimentation rate of 1.54 cm/year (Figure 6-C). During this period, statistical
indices of benthic foraminifera and geochemical data indicate the deterioration of the benthic environment similar to the Es
assemblage between 1988 and 2002. However, the difference in species composition between these two periods is associated
with a rapid increase in the abundance frequency of A. beccarii, which is a common species in the inner bay. This difference
may have been caused by an improvement in the benthic environment via dredging of the polluted sediment within the mussel
farm, which was conducted as part of the “Establishment of action plans for model coastal environmental management areas”
(Ministry of Oceans and Fisheries, 2001).

The benthic foraminiferal assemblage varied to Es assemblage again after 2008 to 2014, which is composed mostly of E.
subarcticum, with an average abundance frequency of 62.6%, TNBF of 1,323 individuals/year, species diversity of 1.23, C/S
of 2.71 and a sedimentation rate of 3.15 cm/year (Figure 6-C). This interval has the highest abundance frequency of E.
subarcticum and TNBF after 1987. The abundance frequency of A. beccarii was the highest in the pre-pollution period, and it
subsequently decreased rapidly. Conversely, the E. subarcticum abundance increased rapidly and reached its highest frequency
during the aquaculture period (Figure 3-111-D, I). As the pollution increased, the populations of transitional or more tolerant

species increased at the expense of taxa that are more sensitive, and highly tolerant or opportunistic species ultimately become
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dominant (Alve, 1995). It is thought that organic pollution in the northwestern area of Gamak Bay progresses rapidly through
a high sedimentation (rate: 3.15 cm/year) of biodeposits discharged from the suspended mussel farm. These polluted materials
accumulated in sediment may contribute to the continuous deterioration and variation in the benthic ecological environment
by means of “pollution storage,” although these materials may be partially removed by residual bottom currents (Lee et al.,
2016).

The Es, Ab-Es-Th and Es assemblages of the northwestern area are correlated with the Es-Ab assemblage of the eastern area
where oyster farming took place between 1989 and 2014. The latter assemblage is composed of E. subarcticum (35.4%) and
A. beccarii (15.5%) and has a TNBF of 1787 individuals, species diversity of 2.18, C/S of 4.8 and a sedimentation rate of 0.95
cm/year (Figure 6-B). The environment conditions of the benthic ecology in the eastern area appear to have been better than
those in the northwestern area, although oyster farming also affects sedimentation and associated infaunal assemblages beneath
cultivation areas (De Grave et al., 1998; Kaiser et al., 1998; Forrest and Creese, 2006; Dubois et al., 2007; Forrest et al., 2009;
Solomon and Ahmed, 2016). In shallow-water eutrophic systems, the temporal and spatial changes in benthic foraminifera
appear to be controlled primarily by the timing and extent of organic matter flux (Sabbatini et al., 2012). Organic matter in
surface sediment is an important source of food for benthic fauna, but an overabundance may lead to a reduction in species
richness, abundance and biomass because of oxygen depletion and buildup of toxic byproducts, which may lead to an anaerobic
and ultimately azoic state in heavily farmed or depositional areas; remediation of highly enriched sediments may take several
years (Pereira et al., 2004). In addition, the extent of the environmental impact of the aquaculture depends on the amount of
nutrients and organic matter that is released as well as on the hydrodynamic processes, including waves, current activity, and
water residence time (Ackefors and Enell, 1994; Wu, 1995; Aure et al., 2007; Duarte et al., 2008; Stevens et al., 2008;
Strohmeier et al., 2008). Ultimately, polluted sediment in the northwestern area may be caused by overabundance and excessive
deposition of organic matter through over-supply from mussel farming as well as the oval-shaped bottom physiography and
very slow current speed (Lee et al., 2009), even though the species composition is somewhat similar between northwestern
and eastern areas.

During the transition from the pre-urbanization to the urbanization period and aquaculture period, the concentration of Mn
(average: 560.57 mg/kg) in the northwestern area rapidly decreased from the lowermost layer (705.2 mg/kg) to the layer at 25
cm depth (431.0 mg/kg) and uppermost layer (470.2 mg/kg) (Figure 2-U), in contrast to gradually increasing values in the
eastern and western area (Figure 2-E, M). This prominent upward decrease in Mn content is ascribed to its higher mobility
than Fe and S with redox change during anoxic sediment diagenesis (Emerson et al., 1979; Kersten and Forstner, 1986; Calvert
and Pederson, 1993). Lee et al. (2016) suggested that extremely polluted reducing conditions with a high OM content (>12.0%)
and OMZs with dissolved oxygen (DO) <0.4 mg-L ! formed below the mussel farms in the northwestern area of Gamak Bay,
and that these conditions are associated with the appearance of E. subarcticum as a bioindicator. The processes of variation in
benthic foraminiferal assemblages from the Ab-Bf-Ea assemblage, through Eso-Ab-Bf, Ab-Bf-Ea, Bf-Ab-Es, Th-Es-Bf, to
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Ab-Es-Th assemblages and ultimately to the Es assemblage may represent the transition from oxic to anoxic environmental

conditions.

5.4 Pollution variation

The organic matter discussed in the present study plays an important role in controlling the composition of benthic
foraminiferal assemblages. The OM content and quality can be considered an important limiting factor for foraminiferal
development (Armynot du Chéatelet et al., 2008), as indicated by the TOC content and the quality of the organic matter
represented by the C/N ratio (Foster et al., 2012). A PCA and scatter diagram analysis was conducted to identify the
relationships between the foraminiferal assemblages and geochemical characteristics (Figure 7), and the variations between
the sampling depth and pollution intensity (Figure 8), respectively. The TOC content of core 11257 does not show a distinct
relationship and trend in PCA (Figure 7-A) and in the scatter diagram analysis (Figure 8-A). However, the TOC content of
core 10863 has positive relationship with E. subarcticum and negative relationships with E. advenum, E. clavatum and species
diversity (Figure 7-B). These results show a distinct pollution phenomenon from Group | sediments of 43-23 cm depth toward
Group 11 sediments of 21-1 cm of depth and an Es-Ab assemblage (Figure 8-B). The TOC content of core 11285 has positive
relationship with E. subarcticum, E. advena and T. hadali, and negative relationship with A. beccarii, E. advenum, E. clavatum
and Mn (Figure 7-C). It varies in three phase from Group | to Group Il in scatter diagram analysis (Figure 8-C). Group |
consists of sediments from 59-47 cm depth, group Il of sediments from 43-33 cm depth, and group 11 of sediments from of
29-1 cm (except of 23 cm) depth, which indicate the variation from the pre-urbanization period to the urbanization period, and

the aquaculture period.

6 Conclusion

Historical records of the effects of anthropogenic pollution on the benthic foraminifera over the last 110 years in Gamak Bay
are summarized in Figure 9 based on three periods. In the period between 1906 and 1964, Gamak Bay may have remained
mostly unpolluted by anthropogenic activities, which allowed the Ab-Ea-Ec assemblage to flourish, except in the northwestern
area with Ab-Bf-Ea assemblage that gradually deteriorated under the effects of a concave bottom physiography, flux limited
sea water movement and sewage flux from small streams of villages (Figure 9-A). With city construction for people employed
at the industrial complex between 1965 and 1987, the sewage inflow into the northwestern area increased rapidly, the pollution
continuously accelerated, and the benthic foraminiferal assemblage rapidly progressed from Eso-Ab-Bf assemblage, through
Ab-Bf-Ea, Bf-Ab-Es, Th-Es-Bf, to Ab-Es-Th assemblage in a brief space of time (Figure 9-B) via unstable habitat conditions.
Pollution during the urbanization period may have been contained within the northwestern area, and it did not diffuse to the
surrounding area. However, the northwestern area between 1988 and 2014 became progressively intensified by sewage flux

and mussel farming in, and the organic pollution rapidly increased by a high sedimentation of the biodeposits (Figure 9-C).
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The benthic foraminiferal assemblage transitioned into an Es assemblage composed of E. subarcticum, known to the
bioindicator of organic pollution in Gamak Bay. These processes of variation in benthic foraminiferal assemblages at
northwestern area may represent the transition from oxic to anoxic environmental conditions. During this period, pollution
extended to the eastern area which affected oyster farming, causing a shift to an Es-Ab assemblage (Figure 9-C). The western
area, however, was unpolluted over the last 110 years due to the clockwise movement of the sea water inflow from the bay
mouth of the south. The western area is considered to show reference conditions of Gamak Bay for both environmental

parameters and foraminiferal assemblages.
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Figure 1: Sample locations of sediment cores 11257 (western area), 10863 (eastern area) and 11285 (northwestern area), and bathymetric
map in semi-closed Gamak Bay, South Korea.
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Figure 2: Variation of sediment composition (A, I, Q), total organic carbon (TOC) (B, J, R), total nitrogen (TN) (C, K, S), total organic
carbon/ total sulfur (C/S) (D, L, T), Mn (E, M, U), Zn (F, N, V), Pb (G, O, W) and Cu (H, P, X) of sediment cores 11257 (A-H), 10863 (I-
P) and 11285 (Q-X) in three sediment cores (11257, 10863, 11285).
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Figure 3: Variation of test composition (I-A, I1-A, 111-A), dominant species (Eggerella advena: 11-B, Trochammina hadai: 111-C, Ammonia
beccarii: 1-B, 11-B, 111-D, Ammonia ketienziensis: 1-C, I1-C, Buccella advena: 111-E, Elphidium advenum: I-D, 11-D, II-F, E. clavatum: I-E,
II-E, 11-G, E. subarcticum: I-F, 1I-F, 111-1, E. somaense: I11-H), species diversity (I-G, 11-G, 111-J) and total number of benthic foraminifera
5 (I-H, I1-H, 111-K) in benthic foraminiferal assemblages of three sediment cores (11257, 10863, 11285). Note, Compo.: composition, C-H
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Foram.: Calcareous-Hyaline Foraminifera, C-P Foram.: Calcareous-Porcelain Foraminifera, A Foram.: Agglutinated Foraminifera, A.:
Ammonia, E.: Elphidium, Eg.: Eggerella, TNBF: total number of benthic foraminifera, Indi.,: individual.
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Figure 4: Cluster analysis using Bray—Curtis similarity of benthic foraminiferal assemblages in (A) sediment core 11257, (B) sediment core
10863 and (C) sediment core 11285 taken from Gamak Bay. Ab: Ammonia beccarii, Bf: Buccella frigida, Ea: Elphidium advenum, Ec: E.
clavatum, Eso: E. somaense, Es: E. subarcticum, Th: Trochammina hadai.
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Figure 5: Variation of sediment age and sedimentation rate calculated from 21°Pb dates of sediment cores 11257 (A), 10863 (B) and 11285
(C), using the constant rate of supply (CRS) model (Appleby and Oldfield, 1992).
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Figure 6: Correlation of benthic foraminiferal assemblages produced from (A) sediment core 11257, (B) sediment core 10863 and (C)
sediment core 11285. Ab: Ammonia beccarii, Bf: Buccella frigida, Ea: Elphidium advenum, Ec: E. clavatum, Eso: E. somaense, Es: E.
subarcticum, Th: Trochammina hadai. SR: sedimentation rate, TN: total nitrogen, C/S: total organic carbon/total sulfur, (H(S): species
5 diversity, TNBF: total number of benthic foraminifera, Invi.: individual.
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Figure 7: PCA (Principal Component Analysis) ordination diagram to statistic data of benthic foraminiferal assemblage and geochemistry in sediment cores 11257
(A), 10863 (B) and 11285 (C). OM: organic matter, TOC: total organic carbon, TN: total nitrogen, C/S: total organic carbon/total sulfur.
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Figure 9: Synthesize mimetic diagram of the variation in historical records of the effects of anthropogenic pollution on benthic foraminifera
over the last 110 years in Gamak Bay. Ab: Ammonia beccarii, Bf: Buccella frigida, Ea: Elphidium advenum, Ec: E. clavatum, Eso: E.
somaense, Es: E. subarcticum, Th: Trochammina hadai. SR: sedimentation rate, OM: organic matter, C/S: total organic carbon/total sulfur,
(H(S): species diversity, TNBF: total number of benthic foraminifera, Invi.: individual.
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Table 1: Grain-size composition, trace metal and geochemical analysis of sediment core 11257, taken from western area of Gamak Bay. Note: Sedi: sediment, OM:
organic matter, TOC: total organic carbon, TN: total nitrogen, TS: total sulfur, C/S: total organic carbon/total sulfur, C/N: total organic carbon/ total nitrogen.

Depth Trace Metal Content (mg/kg) Sedi. Composition (%) Sedi. | Mean oM TOoC TN TS CIN CIs
(cm) | Al (%) Fe(®) Mn Zn cr Ni Cu Co As cd Pb Hg | Gravel sand  silt  Clay | Tyre | (@) pH %) | (%) | (%) | (%) | ratio ratio
1 317 191 51220 5560 4820 2394 1319 1110 434 005 1686 001 | 013 249 3338 64.00 | (g)sM | 948 | 675 | 7.35 | 108 | 020 | 0.09 | 549 1212
3 311 188 457.80 60.60 47.40 2317 3115 10.80 450 006 1628 002 | 007 234 3516 6243 | (gsM | 933 | 6.75 | 7.77 | 098 | 019 [ 011 | 525 886
5 312 193 47880 5280 4660 2429 1187 1086 504 006 1621 002 | 000 249 3270 6481 | M | 951 | 680 | 829 [ 097 [ 017 | 017 | 553 557
7 354 200 51360 57.60 5260 2421 1306 10.89 48L 007 2665 001 [ 000 162 3666 6172 | M | 936 | 683 | 658 | 0.90 | 018 | 015 | 503 584
9 328 198 49920 5500 4860 23.60 1144 1121 461 006 1615 002 | 000 148 1420 84.32 M | 1017 | 686 | 7.00 [ 1.01 [ 017 | 018 | 584 559
11 301 193 48280 5420 4580 2389 1128 1127 452 006 1588 002 | 000 113 3501 63.86 M 948 | 687 | 715 [ 093 | 017 | 019 | 534  4.93
13 | 305 192 46800 5680 4580 2361 20.16 1075 429 006 1623 002 [ 000 106 397 9497 | M |1077 | 687 | 7.36 | 096 | 017 | 021 | 576 454
15 340 201 50700 56.60 5040 2475 1271 1137 412 013 1641 002 | 000 076 3058 68.66 M 982 | 6.88 | 814 | 099 | 018 | 022 | 552 441
17 | 344 202 50580 5560 5120 2396 1213 1100 425 006 1580 001 [ 000 092 3455 6453 | M | 942 | 691 | 807 | 092 | 017 | 020 | 548 471
19 336 200 48300 5360 50.00 23.66 12.08 10.74 432 006 1529 001 | 000 093 19.99 79.08 M 979 | 691 | 723 | 087 | 015 | 017 | 575 509
21 327 194 466.00 51.20 4820 2341 1002 1107 429 006 1484 001 | 000 091 2388 7521 M 964 | 692 | 718 | 084 | 014 | 016 | 581 538
23 | 339 199 46660 5340 50.20 2416 1036 1121 440 006 1510 002 | 0.00 085 3140 6775 | M | 952 | 696 | 7.07 | 097 | 016 [ 016 [ 616  6.07
25 340 197 46280 51.80 49.80 23.66 11.30 10.89 442 007 1497 002 | 000 080 3457 64.63 M 957 | 701 | 675 | 083 | 008 | 014 | 1049 584
27 | 324 190 453.00 5460 47.80 2342 2005 1092 435 006 1470 00l | 000 064 3508 6428 | M | 950 | 7.06 | 7.31 | 082 | 014 [ 013 [ 603  6.37
29 349 199 468.60 53.60 51.00 2408 1275 1112 429 006 1514 002 | 000 065 33.69 6566 M 966 | 7.20 | 720 [ 083 [ 015 [ 017 | 558 479
31 345 191 45140 5040 5120 2330 9.92 1046 426 008 1468 001 | 000 065 3325 66.10 M 966 | 712 | 741 [ 084 | 014 | 012 | 582  7.08
33 | 326 1.88 438.80 4740 47.80 2259 10.86 1069 429 006 1464 00L | 000 079 3536 6385 | M | 946 | 712 | 682 | 080 | 013 [ 013 [ 614  6.39
35 | 299 183 42620 4680 4540 2247 968 1038 412 006 1397 001 | 000 072 358 6342 | M | 946 | 715 | 727 | 083 | 014 [ 014 [ 590 6.06
37 | 313 183 41240 4600 47.00 2223 906 1028 413 006 1366 00l | 0.00 069 2602 7329 | M | 950 | 721 | 653 | 078 | 010 [ 011 [ 810  7.38
39 290 179 42460 4500 4440 2160 943 1023 396 005 1394 001 | 000 066 3507 64.26 M 947 | 7.24 | 653 | 077 | 013 | 008 | 588 952
Min. | 290 179 41240 4500 4440 2160 906 1023 396 005 1366 001 | 0.00 064 397 6172 933 | 675 | 653 | 0.77 | 0.08 | 0.08 | 503 441
Max. [ 354 202 51360 60.60 5260 2475 3115 1137 504 013 2665 002 | 013 249 3666 94.97 1077 | 724 | 829 | 108 [ 020 | 022 | 1049 1212
Avg. | 325 193 46893 5293 4847 2350 1312 1086 437 007 1587 001 | 001 113 3002 6884 963 | 697 | 725 | 090 | 015 [ 015 | 605 6.33
ER-L| NJA N/A  N/A 15000 8100 20.90 3400 NA 820 120 4670 0.5

ER-M| NJA N/A  N/A 41000 370.00 5160 27000 N/A 7000 9.60 21800 0.71
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Table 2: Grain-size composition, trace metal and geochemical analysis of sediment core 10863, taken from eastern area of Gamak Bay. Note: Sedi: sediment, OM:
organic matter, TOC: total organic carbon, TN: total nitrogen, TS: total sulfur, C/S: total organic carbon/total sulfur, C/N: total organic carbon/ total nitrogen.

Depth Trace Metal Content (mg/kg) Sedi. Composition (%) | Sedi. | Mean oM | ToC TN TS CIN CIS
(cm) | AI(%) Fe(%) Mn zn cr Ni Cu Co As cd Pb Hg | sand  sit  Clay | Tyre | (@) i @) | ) | %) [ (%) | ratio ratio
1 359 237 56500 8120 4760 2346 1618 1038 411 008 1893 002 | 054 31.02 6844 M 968 | 674 | 830 | 1.24 | 026 | 019 | 482 6.54
3 358 235 61620 8640 49.40 2476 2443 1054 448 009 1897 0.2 | 0.89 3055 68.56 M 964 | 675 | 768 | 1.25 | 025 | 022 | 493 568
5 357 239 62140 100.00 48.80 24.58 4293 1051 465 009 1881 002 | 050 29.33 70.17 M | 975 | 675 | 792 | 122 | 023 | 026 | 527 474
7 376 248 64120 101.00 5020 2654 43.23 1088 467 009 1953 002 | 038 3031 69.31 M | 980 | 676 | 848 | 123 | 023 | 028 | 527 4.40
9 351 232 569.80 93.40 4740 2397 4107 1034 423 009 1839 002 | 132 3668 62.00 M | 938 | 680 | 869 | 124 | 022 | 025 | 552 4.89
1 341 221 51820 10420 44.20 22.66 66.34 967 426 024 1756 002 | 049 3290 66.61 M 960 | 681 | 817 | 1.26 | 023 | 029 | 546 4.36
13 355 230 54500 76.20 45.60 2340 1557 1025 447 008 1896 002 | 1.33 3226 66.41 M 954 | 683 | 828 | 1.20 | 022 | 027 | 544 439
15 373 241 57500 81.60 5040 24.66 1655 1074 473 009 19.38 002 | 0.64 3239 66.98 M 959 | 683 | 800 | 122 | 022 | 028 | 556 431
17 347 237 57200 78.80 4740 2373 1557 1050 440 009 1855 002 | 043 30.63 6894 M 978 | 686 | 7.77 | 115 | 021 | 029 | 545 3,93
19 372 222 52600 7020 46.40 2229 1446 973 423 009 1714 002 | 061 33.09 66.29 M 956 | 688 | 7.84 | 119 | 021 | 027 | 578 4.41
21 | 372 222 52880 100.80 5220 2466 66.19 9.62 400 009 2553 002 | 027 3321 66.52 M | 953 | 692 | 7.89 | 1.27 | 021 | 030 | 613 4.28
23 | 365 232 53580 7440 4860 2440 1618 1031 418 009 1760 002 | 040 3444 6517 M | 947 | 695 | 741 | 109 [ 019 | 029 | 573 3382
25 337 222 49760 69.80 4540 2256 1267 994 414 008 1649 002 | 070 3510 64.20 M 948 | 698 | 705 | 101 | 019 | 029 | 539 343
27 | 337 224 48140 66.00 4480 2274 1122 992 437 007 1612 002 | 023 3583 6394 | M | 941 | 702 | 694 | 094 | 017 [ 026 | 536 3.65
29 356 222 469.00 64.00 46.00 22,61 1081 1010 478 007 1636 002 | 071 3466 64.63 M 958 | 705 | 754 | 091 | 018 [ 025 | 518 370
31 | 320 211 439.00 59.80 4240 21.76 1260 955 463 007 1513 002 | 116 3648 6236 M | 935 | 707 | 686 | 094 [ 017 | 024 | 559  3.99
33 320 218 453.80 61.00 4240 22,67 1107 993 474 007 1563 002 | 038 3505 64.57 M 950 | 7.08 | 674 | 086 | 016 [ 025 | 549 348
35 359 226 48460 61.60 46.40 2378 1012 1039 479 007 1567 002 | 021 37.07 6272 M 940 | 7.08 | 697 | 085 | 016 [ 027 | 521 312
37 313 215 46260 59.00 4120 2197 938 961 412 006 1511 001 | 1.10 3582 63.08 M 944 | 710 | 700 | 082 | 015 [ 024 | 532 343
39 345 222 49580 6320 4660 2348 11.08 1017 421 007 1569 002 | 061 2660 72.79 M 961 | 710 | 809 | 087 | 015 [ 023 | 571 379
41 327 222 29860 6340 4440 2355 11.07 1016 427 007 1578 002 | 058 3321 66.22 M 939 | 713 | 722 | 088 | 016 | 025 | 565  3.49
43 | 287 213 479.40 59.00 3980 21.81 977 968 392 006 1516 002 | 0.70 3496 64.33 M | 947 | 713 | 679 | 086 [ 0.16 | 023 | 544 3.70
Min. | 287 211 29860 59.00 39.80 21.76 938 955 392 006 1511 001 | 021 2660 62.00 935 | 674 | 674 | 082 | 015 | 019 | 482 3.12
Max. | 376 248 641.20 10420 5220 2654 6634 10.88 479 024 2553 002 | 133 37.07 7279 980 | 713 | 869 | 1.27 | 026 | 030 | 6.13 6.54
Avg. | 347 227 51710 7614 4625 2346 2221 1013 438 009 1757 002 | 064 3325 66.10 954 | 694 | 762 | 1.07 | 020 | 026 | 544 4.16
ER-L| N/A N/A  N/A 15000 8100 20.90 3400 NA 820 120 4670 0.5

ER-M| N/A' N/A N/A 41000 37000 5160 27000 N/A 7000 960 21800 0.71
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Table 3: Grain-size composition, trace metal and geochemical analysis of sediment core 11285, taken from northwestern area of Gamak Bay. Note: Sedi: sediment,
OM: organic matter, TOC: total organic carbon, TN: total nitrogen, TS: total sulfur, C/S: total organic carbon/total sulfur, C/N: total organic carbon/ total nitrogen.

Depth Trace Metal Content (mg/kg) Sedi. Composition (%) | Sedi. | Mean oM TOC TN TS CIN cls
(cm) | AI(%) Fe(%) Mn zn cr Ni Cu Co As cd Pb Hg | sand  sit  Clay | Tyre | (@) (iR @) | @) | %) [ (%) | ratio ratio
1 385 274 47020 11940 5120 3111 5761 1313 483 069 2206 003 | 067 3438 64.96 M 936 | 6.66 |1026 | 1.18 | 035 [ 040 | 338 2.99
423 283 49120 100.00 5360 31.62 2258 1371 508 020 2293 002 | 040 3671 62.90 M 917 | 673 | 970 | 115 | 032 | 043 | 358 270
3838 28l 50100 11040 5240 31.28 39.09 1324 528 019 2271 002 | 021 3584 63.95 926 | 681 | 916 | 119 [ 033 | 039 | 359 308
398 288 53740 102.00 5220 3154 2048 1350 543 018 2458 002 | 044 3801 6155 912 | 686 | 812 | 1.16 | 030 [ 045 | 381 256
402 287 48520 10280 5420 3173 2254 1327 563 019 2313 002 | 035 3505 64.60 935 | 6.86 | 823 | 1.06 | 030 | 048 | 354 222
11 | 411 293 46920 10480 5560 31.62 2029 1347 549 021 2324 002 | 027 3338 66.35 942 | 687 | 876 | 1.05 | 0.30 | 049 | 346 216
13 385 280 45040 100.60 51.80 3026 22.38 1330 483 019 2240 002 | 021 3406 6573 934 | 689 | 868 | 1.06 | 030 [ 052 | 354 205
15 | 398 289 48220 10520 5520 3256 2213 1383 481 024 2311 003 | 0.09 3394 6597 933 | 692 | 900 | 1.07 | 030 [ 051 | 360 209
17 414 287 52320 107.20 5560 3127 2801 1332 476 021 2278 002 | 010 32.63 67.27 943 | 692 | 868 | 1.09 | 027 [ 051 | 397 213
19 430 288 48440 10140 57.00 3097 1974 1312 486 018 2242 003 | 015 3419 65.66 945 | 694 | 936 | 1.07 | 026 [ 052 | 414 204
21 383 273 49320 102.60 5220 2955 3343 1242 447 016 2092 002 | 011 3253 67.37 944 | 694 | 913 | 1.05 | 027 [ 048 | 393 221
23 387 273 49640 9220 5220 2925 19.21 1257 440 015 21.23 002 | 023 3192 67.85 947 | 696 | 885 | 098 | 026 [ 051 | 380 1.95
25 | 380 277 43100 9520 5260 2990 1782 1278 435 017 2079 002 | 010 3323 66.67 942 | 696 | 836 | 103 | 027 | 047 | 389 218
27 | 431 287 43480 10080 59.80 3151 1655 1311 424 026 2171 003 | 051 3373 6576 932 | 696 | 860 | 1.09 | 026 [ 050 | 414 219
29 448 292 49120 10400 59.40 3154 1959 1319 425 023 2239 002 | 021 3453 6526 929 | 696 | 830 | 114 [ 030 | 055 | 376  2.06
31 | 412 281 45680 97.80 5540 3053 1675 1252 404 020 2093 003 | 009 3087 69.05 957 | 697 | 890 | 129 | 035 [ 062 | 368 208
33 | 467 293 56360 10360 61.60 3091 1941 1299 462 024 2205 003 | 008 3271 67.21 950 | 697 | 958 | 111 | 026 [ 050 | 434 220
35 | 412 280 509.20 10260 5440 29.47 2565 1248 458 019 2015 003 | 036 3251 67.12 950 | 699 | 896 | 1.02 | 031 [ 055 | 330 185
37 374 268 58040 10400 51.80 2775 3429 1201 406 014 1943 002 | 046 3426 65.29 936 | 699 [ 910 | 1.05 | 030 [ 050 | 351 211
39 396 268 66080 86.00 5280 2719 1291 1150 405 010 1884 003 | 035 3445 6519 921 | 699 | 875 | 1.00 | 026 | 050 | 390 2,02
41 394 272 60160 9280 5320 27.80 19.16 1193 389 011 1959 002 | 013 3587 64.00 920 | 700 | 845 | 1.06 | 025 | 048 | 417 220
43 | 416 276 64000 9160 5560 2809 1320 1207 399 012 1970 003 | 003 3299 66.99 937 | 701 | 912 | 109 | 026 [ 049 | 425 222
45 413 276 68220 97.20 56.00 2771 23.37 1171 420 042 1942 002 | 001 1650 83.49 934 | 703 | 863 | 1.05 | 025 | 047 | 416 226
47 | 454 271 639.80 9040 5860 27.01 2099 1150 413 010 1900 0.02 | 003 2828 71.69 897 | 705 | 810 | 1.01 | 026 | 045 | 385 227
49 | 433 277 69440 8800 5620 27.97 1255 1208 4.09 009 1917 0.02 | 007 3017 69.76 935 | 705 | 835 | 1.14 | 026 | 039 | 447 290
51 | 406 274 72140 86.40 5460 2801 1195 1198 410 009 1865 002 | 209 3094 66.97 920 | 706 | 845 | 096 | 024 [ 039 | 401 248
53 450 280 72380 93.00 6140 2948 2052 1223 422 013 1887 002 | 145 3146 67.09 921 | 7.08 | 841 | 1.02 | 026 [ 038 | 387 268
55 401 278 71020 9520 5560 2805 2698 1199 415 012 1840 002 | 1.90 30.62 67.47 915 | 7.09 | 822 | 1.00 | 025 [ 037 | 399 272
57 421 269 68660 116.80 56.80 27.17 6497 1185 404 010 17.68 002 | 058 32.34 67.08 927 | 709 | 823 | 099 | 025 [ 032 | 392 3,07
59 398 280 70520 87.60 59.60 2841 1883 1184 424 011 1815 003 | 073 3096 68.30 932 | 710 | 822 | 099 | 024 | 032 | 412 3,07

© N o w

LT LTLLELTZELgEgLgELgELgELLELELELEELELELELELELEEELEEZEEEECKRL

Min. | 3.74 2.68 431.00 86.00 5120 27.01 11.95 1150 3.89 009 1768 0.02 0.01 1650 61.55 8.97 6.66 8.10 0.96 0.24 0.32 3.30 1.85
Max. | 4.67 293 723.80 11940 61.60 3256 6497 1383 563 069 2458 0.03 2.09 3801 8349 9.57 7.10 | 10.26 | 1.29 0.35 0.62 4.47 3.08
Avg. | 4.10 2.80 56057 99.39 5529 2971 2410 1262 450 0.19 20.88 0.03 041 3264 66.95 9.32 6.96 8.76 1.07 0.28 0.46 3.86 2.36

ER-L | N/A N/A N/A 150.00 81.00 20.90 34.00 N/A 820 120 4670 0.15
ER-M| N/A N/A N/A 410.00 370.00 51.60 27000 N/A 7000 9.60 218.00 0.71
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Table 4: Analysis results from the Constant Rate of Supply (CRS) model to calculate the age and sedimentation rates in sediment cores 11257 (A), 10863 (B) and
11285 (C), taken from Gamak Bay.

210, 210, 210, Inventory Excess . Accumulation Sedimentation
fzsgt)h T?:llaq/g};b Sup(p[zg:c/ig) Pb E)(((;:fasq/g)Pb Dry mass (g) 21°Pb(qu/g) Estimated Year Date (year) rate (g/cm2/year) rate (cmiyear)
A B C A B C A B C A B C A B ¢ A B C A B C A B C A B C

0-2 647 811 933 12 12 26 527 691 673|157 134 128 99.7 1133 722 | 00 0.0 0.0 | 2014 2014 2014

2-4 599 89.7 86.9 479 777 609 | 1.07 130 127 | 875 1313 588 | 4.2 2.1 1.3 | 2010 2012 2013)| 0.76 1.44 212 | 0.84 171 4.40

4-6 46.6 851 953 346 731 693|097 136 137|634 1250 712 | 84 4.8 2.4 | 2006 2009 2012| 0.57 097 173|062 113 3.37

6-8 36.3 840 995 243 720 735|144 126 210 489 1253 1331 119 7.6 3.7 | 2002 2006 2010 0.55 0.82 152 | 054 094 1.68
8-10 | 475 787 974 355 66.7 714|098 133 189 | 688 1183 814 | 148 107 65 | 1999 2003 2008| 055 0.73 1.10] 056 0.83 1.93
10-12 | 46,5 820 889 345 700 629|099 148 292|670 1263 116.7| 19.4 138 83 | 1995 2000 2006 | 0.50 0.68 1.06 | 0.52 0.75 1.14
12-14 |1 438 809 828 318 689 568|081 162 164|632 126.0 674 | 246 176 11.0 | 1989 1996 2003 | 0.46 0.63 092 | 046 0.68 1.55
14-16 | 406 758 79.7 286 638 537|079 155 222|543 1180 944|305 219 127 |1983 1992 2001| 043 058 092 | 045 0.62 1.05
16-18 | 37.1 726 78 251 60.6 52 115 204 249|487 1122 96.6 | 36.6 264 152 | 1977 1988 1999 | 040 0.54 0.87 | 041 058 0.94
18-20 | 22.7 643 741 107 523 481|089 173 126|206 930 459|432 315 181 |1971 1983 1996 0.38 0.50 081 ] 039 056 1.70
20-22 | 228 615 728 10.8 495 468 | 1.13 154 177 | 228 959 588 | 465 36.4 1951968 1978 1994|039 048 083 ] 037 049 131
22-24 | 25 59.4 719 130 474 459|110 199 181|248 907 708|506 423 214 |1963 1972 1993|039 045 082 | 041 047 1.06
24-26 | 206 564 739 86 444 479|097 205 199|170 862 885|556 492 239 |1958 1965 1990 | 0.38 042 0.80 | 0.38 043 0.87
26-28 | 185 451 75.1 65 331 491|109 238 143|133 627 69.0 597 574 274 |1954 1957 1987 | 038 0.39 0.76 | 0.38 041 1.08
28-30 | 259 385 678 139 265 418|104 198 153|279 486 679|632 650 3031951 1949 1984|039 037 073|039 040 0.9
30-32 | 242 324 66 122 204 40 1.03 210 161|255 377 685 | 721 725 335]| 1942 1941 1981 0.36 035 0.71| 0.35 0.38 0.83
32-341 17.7 221 635 57 101 375|122 271 131|116 187 393|833 79.9 37.1]1931 1934 1977| 0.33 0.34 0.68 | 0.33 037 1.30
34-36 | 175 213 631 55 93 371101 238 237|107 171 70.7 | 90.0 842 39.3|1924 1930 1975| 033 0.34 068 | 0.34 037 0.72
36-38 | 16.4 206 61.7 4.4 86 357092 235 118 89 155 403|978 888 43.8] 1916 1925 1970| 0.32 0.34 0.64 | 031 038 114
38-40 | 17.2 236 637 52 116 37.7| 117 237 140| 103 21.7 449 |106.1 93.6 46.6 | 1908 1920 1967 | 0.31 0.34 0.63 ]| 031 0.36 1.07
40-42 21.8 503 9.8 243 244 1.66 176 291 101.8 50.2 1912 1964 0.33 0.62 0.37 1.03
42-44 20.2 56.6 82 306 236 115 151 396 1105 52.7 1904 1961 0.32 0.62 0.34 0.95
44-46 56.5 30.5 1.04 36.8 56.4 1958 0.60 0.99
46-48 53.5 275 222 66.0 60.3 1954 0.59 0.49
48-50 49.7 23.7 2.00 46.8 68.9 1945 0.54 0.55
50-52 43.4 17.4 2.55 40.9 76.6 1937 0.51 0.43
52-54 40.7 14.7 211 25.7 85.4 1929 0.48 0.54
54-56 35.7 9.7 2.59 20.7 92.5 1922 0.46 0.43
56-58 38 12 1.61 18.7 99.5 1914 0.44 0.57
58-60 35.2 9.2 221 19.1 107.6 1906 0.42 0.41
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Appendix A: Numbers, relative abundance (%), and statistical data for benthic foraminifera from sediment core 11257, taken from western
area of Gamak Bay.

Species Depth(cm) 0-2 2-4 4-6 6-8 8-10 10-12 12-14 14-16 16-18 18-20 20-22 22-24 24-26 26-28 28-30 30-32 32-34 34-36  36-38 38-40
Agglutinated Foram
Ammobaculites agglutinans 14 0.7 1.4 0.4 13 0.7 0.2 05 0.3 0.2 0.3 0.6
Ammobaculites cubensis 6.1 6.9 2.8 5.9 6.0 6.7 5.0 48 47 43 5.0 4.9 4.8 6.3 3.0 5.2 3.0 4.8
Eggerella advena 14 3.8 1.2 17 0.3 0.2 0.4
Tr ina hadai 4.2 2.4 4.2 6.7 2.1 2.2 4.7 3.8 0.9 5.4 1.9 2.1 12 19 2.4 0.7 0.6
C.-H. Foram
Ammonia beccarii 208 111 193 137 158 16.0 117 11.0 140 121 153 113 144 113 144 139 134 126 125 150
Ammonia ketienziensis 123 6.9 42 6.3 6.4 6.7 57 9.0 7.4 6.7 5.0 6.4 6.7 58 2.7 8.8 6.5 72 57 3.8
Anomalina sp. 0.3
Astrononion sp. 05 07 0.4 0.9 0.7 07 0.8 10 05 21 15 1.4 11 0.5 15 0.6
Bolivina robusta 0.9 21 08 04 0.9 07 10 0.7 11 25 05 1.0 16 08 10 0.2 12 18 12
Bolivina striatula 0.9 1.0 17 0.9 11 13 14 23 11 19 18 22 1.0 23 17 17 19 18 14
Bolivina subexcavata 0.8 0.4 11 17 05 0.5 05 07 03 0.7 0.4 12 07 06
Bolivina sp. 0.7 0.3 0.3 0.3 03
Buccella frigida 3.8 42 3.7 3.9 38 3.0 4.0 3.4 4.0 7.5 5.0 39 53 4.7 46 7.4 35 7.0 4.6 5.0
Bullimina exilis 07
Bulimina marginata 0.3 03 08 0.9 0.7 0.3 0.5 03 13 10 0.5 0.8 0.6 0.9 0.2 0.4
Buliminella sp. 0.5 03 03 03 0.4 0.2 0.2
Cancris auriculus 07 0.3 03 0.7 02
Cibicides lobatulus 05 17 11 20 13 15 1.0 14 16 0.9 1.0 1.0 13 15 1.0 0.4 19 15 14
Dentalina sp. 0.4
Eilohedra nipponica 0.9 14 0.6 0.4 13 11 1.0 0.3 1.6 0.6 13 1.0 11 03 11 12 20 10
Elphidium advenum 108 160 125 173 128 19.0 13.0 138 121 110 153 126 125 163 133 125 121 10.7 11.0 120
Elphidium clavatum 113 142 9.1 8.2 103 138 113 117 140 102 125 15.2 168 142 160 166 152 15.2 107 16.0
Elphidium somaense 2.4 21 6.2 35 5.6 37 57 5.9 5.6 4.6 28 5.4 3.4 3.9 53 4.4 6.3 5.1 6.8 5.6
Elphidium subarcticum 104 139 147 125 137 9.0 140 103 137 9.7 137 136 8.6 100 133 145 106 119 193 110
Elphidium subincertum 0.5 0.8 0.4 0.4 11 0.3 1.0 0.5 16 0.9 0.5 14 13 11 2.0 0.4 14 13 0.2
Favulina hexagona 0.3
Fissurina laevigata 0.3 0.9 11 0.7 0.2 0.8 0.6 05 1.0 0.3 0.3 04 0.2 0.7
Fissurina marginata 0.9 1.0 0.9 0.8 0.2 0.3 0.3 04 0.2 0.2
Globocassidulina subglobosa 0.4 0.7 0.2 0.3 05 04 0.4
Gyroidinoides cushmani 0.6 0.3 03 05
Gyroidinoides nipponicus 0.3
Hanzawaia sp. 0.5 0.5 0.2 05 0.4
Hyalinea sp. 0.3 0.3
Islandiella japonica 0.3 0.3 0.4 0.4 0.4 0.8 03 0.2 0.4
Melonis barleeanus 0.9 0.3 14 12 13 0.3 0.9 08 0.5 03 0.8 1.0 0.2 12 0.4
Murreynella sp. 0.7 0.4 0.4 0.3 0.7 0.3 0.2 0.8 0.4 0.2 0.4
Nonionella globosa 0.8 1.0 0.5 0.5 0.3 0.2 0.4
Paracassidulina neocarinata 03 0.7 08 0.4 05 0.7 14
Paracassidulina sagaminiensis 14 11 0.7 0.7 19 03 05 0.3
Pararotalia nipponica 05 3.0 35
Pararotalia sp. 1.0 0.8 2.0 0.9 0.4 0.7 31 14 51 0.6 5.4 3.4 6.0 3.4 14 4.2 3.4
Pseudoeponides japonicus 0.5 0.3 0.4 0.3 0.3 0.5 0.3 1.0 0.4 0.7 0.2 0.4 0.2
Pseudononion japonicum 0.5 0.7 0.4 0.3 0.7 0.0 1.0 0.5 0.7 0.9 0.5
Pseudoparrella naraensis 28 3.8 42 55 34 45 43 48 33 38 31 18 38 31 1.9 17 4.3 3.0 37 38
Pseudoparrella tamana 0.9 17 1.6 3.0 0.3 1.0 1.9 1.6 15 12 13 11 1.0 11 0.9 0.4 0.8
Pseudorotalia gaimardii 0.5 0.3 0.3 0.9 11 0.2 05 0.6 0.2 0.8 0.3 0.4 11
Pullenia quinqueloba 0.5 0.7 0.4 0.4 0.5 0.3 0.2 0.4 0.2
Rectobolivina raphana 0.3 0.3 0.5
Rosalina bradyi 0.5 0.2 0.2
Rosalina globularis 0.6 08 0.7 14 0.7 0.9 0.8 0.2 0.5 11 03 0.6 05 0.4 0.6
Rosalina vilardeboana 1.0 0.8 10
Rosalina sp. 0.3 0.4 0.7 0.3 0.2 0.4 0.2
Reussella sp. 05 0.3 0.4 0.2 0.4 03
Lagena gracillima 03 0.2
Lagena perlucida 0.3 0.8
Lagena sulcata spicata 0.4 0.3 0.2 0.2
Uvigerina nitidula 0.3
Uvigerina proboscidea 0.3 0.3 0.7 0.2
Uvigerinella glabra 0.6 0.8 0.7 0.5 0.3 0.3 0.6 0.2
Valvulineria sadonica 0.9 0.6 17 0.7 0.2 12 03 05 0.6
C.-P. Foram
Quinqueloculina contorta 17 12 0.9 0.7 1.0 0.2 0.9 0.3 0.5 0.5 0.8 1.0 13 0.7 0.7
Quinqueloculina lamarckiana 0.5 0.3 0.9 03 03 0.5 0.3 0.7 0.2 16
Quinqueloculina seminula 0.5 0.8 16 21 15 20 17 23 2.9 28 13 1.4 13 23 0.7 15 28 29 2.8
Sigmoilopsis sp. 0.4 0.4 0.3 03 0.9 0.5 0.7 0.9 0.4
Spiroloculina sp. 05 0.5 0.7 0.4 0.4 0.6
Milioli Sp.. 0.3 0.5 0.8 0.4 0.2
Total No. of Benthic Foram 212 288 353 255 234 268 300 290 430 373 321 389 417 381 263 296 462 429 456 501
Species Number S 31 28 35 29 32 28 34 38 39 35 33 36 38 37 32 36 40 33 37 37
Percentage of A. Foram 132 139 85 137 9.8 9.3 110 9.7 6.0 10.2 7.2 6.9 6.2 6.6 49 7.6 37 6.4
Percentage of C.-H. Foram 858 844 904 831 872 81 870 89 905 853 879 902 914 908 916 963 883 925 956 884
Percentage of C.-P. Foram 0.9 17 11 31 3.0 26 20 3.4 35 46 5.0 28 24 26 3.4 37 41 37 4.4 5.2
Total No. of Planktic Foram 3 16 17 13 9 5 21 31 5 28 20 27 19 10 26 23 38 33
Species Diversity H(s) 266 268 277 272 279 263 28 291 281 29 276 28 28 281 278 269 28 28 279 281
Equitability E 077 08 078 081 08 079 08 08 077 08 079 079 078 078 08 075 078 081l 077 078
Total No. of B. F. in 20ml of sd. 6784 9216 11296 8160 7488 4288 4800 4640 6880 5968 5136 6224 6672 6096 4208 4736 7392 6864 7296 8016
Total No. of P. F. in 20ml of sd. 96 512 544 416 288 80 336 496 80 448 320 432 304 160 416 368 608 528

A.=Agglutinated, C.-H.= Calcareous-Hyaline, C.-P.=Calcareous-Porcelaneous, B. F.=Benthic Foraminifera, P.F.=Planktic Foraminifera, sd.=sediments
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Appendix B: Numbers, relative abundance (%), and statistical data for benthic foraminifera from sediment core 10863, taken from eastern
area of Gamak Bay.

Species Depth(cm) 0-2 2-4 4-6 6-8 8-10 10-12 12-14 14-16 16-18 18-20 20-22 22-24 24-26 26-28 28-30 30-32 32-34 34-36  36-38 38-40 40-42 42-44
Agglutinated Foram
Ammobaculites agglutinans 0.4 0.5 0.6
Ammobaculites cubensis 17 29 04 13 14 10 05 08 59 6.5 35 38 4.5 11 0.3 34 0.2 13 6.9 06
Eggerella advena 17 1.0 0.5 0.4 13 0.3 0.8 0.3 0.2
Trochammina hadai 3.3 15 2.8 0.8 15 0.7 0.3 0.4 4.3 3.0 3.7 2.5 18 0.3 0.5 0.7 0.7
C.-H. Foram
Ammonia beccarii 9.6 141 117 193 135 154 220 191 146 188 146 15.2 144 135 159 18.8 171 137 146 117 107 101
Ammonia ketienziensis 75 8.7 4.4 8.0 6.3 8.8 8.7 6.7 9.6 127 76 78 131 110 108 136 125 6.7 9.6 8.0 9.3 105
Astrononion sp. 0.4 11 05 05 0.6 0.3 08 12 24 1.0
Bolivina robusta 17 0.5 17 08 11 10 1.0 0.4 15 05 0.9 13 0.8 0.6 11 03 08 12 14 17 08
Bolivina striatula 11 0.5 14 0.3 10 0.8 0.5 0.9 05 0.3 28 03 18 17 0.6 14 10
Bolivina subexcavata 0.3 03 0.1 0.2
Buccella frigida 42 19 2.8 4.4 41 4.9 4.2 4.1 4.2 51 3.2 48 27 4.4 18 34 4.9 3.1 3.6 31 55 31
Bulimina marginata 0.8 0.6 0.8 0.8 0.4 0.3 0.5 0.8 11 1.0 0.4 0.3 0.8
Buliminella sp. 0.2 0.3 0.2
Cancris auriculus 0.1
Cibicides lobatulus 16 1.0 14 21 0.5 16 0.5 16 15 20 23 22 16 07 13
Eilohedra nipponica 0.8 0.5 0.8 0.5 11 11 0.9 0.6 1.0 13 0.5 15 14 17
Elphidium advenum 79 73 7.8 8.4 5.8 8.1 129 6.2 10.0 132 124 117 131 137 120 205 164 13.0 137 115 179 172
Elphidium clavatum 9.2 9.7 10.0 48 8.6 11.2 108 129 123 122 135 122 128 132 117 14.2 191 148 144 190 148 130
Elphidium somaense 5.0 6.3 8.3 4.4 51 5.6 3.1 0.5 73 7.6 5.9 7.0 5.6 7.4 3.6 3.4 2.0 4.1 6.5 6.2 2.7 6.5
Elphidium subarcticum 408 350 367 378 426 302 286 340 330 147 141 126 75 9.6 117 85 89 124 115 114 6.2 126
Elphidium subincertum 11 0.8 0.5 0.7 0.7 05 0.8 0.5 0.4 0.5 0.5 0.6 0.6 10 13 1.0 0.6 14 0.8
Favulina hexagona 0.6
Fissurina laevigata 0.8 0.3 0.7 11 11 0.3 0.6 0.7 0.3
Fissurina marginata 05 1.0 0.3 0.2 0.4 0.2
Globocassidulina subglobosa 0.3 03 0.6 03 0.5 0.4 0.8
Gyroidinoides cushmani 0.3 05 0.2
Gyroidinoides nipponicus 0.3 0.3 0.1 0.3
Hanzawaia sp. 04 16 0.8 05 0.2 0.2 03
Islandiella japonica 0.4 0.4 0.6 0.3
Melonis barleeanus 1.0 0.6 03 0.4 15 08 12 11 03 17 0.2 08
Murreynella sp. 05 0.6 0.4 1.0 0.4 0.5 0.5 0.9 13 0.2
Nonionella globosa 0.4 0.4 11 0.9 05
Paracassidulina neocarinata 22 21 0.8 03 0.2 0.2 08
Paracassidulina sagaminiensis 0.5 0.5 11 13 05 0.3 0.9 0.7 05
Pararotalia nipponica 0.4 03 0.3 0.6 0.2
Pararotalia sp. 13 10 22 03 07 21 15 0.5 22 24 16 45 13 36 29 2.8 3.6
Pseudoeponides japonicus 0.4 05 0.3 0.2 0.1 0.3
Pseudononion japonicum 05 05 0.5 0.3 1.0 0.2 0.4
Pseudoparrella naraensis 13 19 17 2.4 20 18 0.7 31 15 46 43 26 35 3.0 3.0 0.6 2.6 4.1 4.6 33 1.0 29
Pseudoparrella tamana 19 2.2 2.4 20 21 2.1 21 0.8 2.0 22 22 16 11 15 17 23 1.0 19 16 3.8 17
Pseudorotalia gaimardii 0.4 0.8 0.7 05 0.5 0.4 0.8 11 12 1.0 0.2 0.7 1.4 0.8
Pullenia quinqueloba 03 03
Rectobolivina raphana 0.3 0.2
Rosalina bradyi 0.3 0.9 05 0.8 0.6 1.0 0.4 0.7 0.6
Rosalina globularis 0.8 0.5 0.6 0.3 0.4 13 0.5 11 0.7 0.8 0.7 0.6 1.0
Rosalina sp. 0.4 0.5
Lagena sulcata spicata 1.0 0.1
Lenticulina sp. 0.5
Uvigerina proboscidea 05 0.4 0.6
Valvulineria sadonica 03 0.7 04 10 09 08 0.2 0.5 0.6
C.-P. Foram
Quinqueloculina contorta 0.5 0.3 11 0.3 0.3 1.0 0.7 0.8 1.4 0.6
Quinqueloculina lamarckiana 0.8 0.9 11 13 16 05 0.7 21 1.0
Quinqueloculina seminula 0.4 05 11 1.0 1.8 3.8 26 21 2.2 33 11 2.6 22 4.4 3.4 21
Sigmoilopsis sp. 0.5 0.6 0.3 0.5 0.3 0.2
Spiroloculina sp. 05 03 03 05 0.2 0.3 03

iliol i Sp. 0.3 0.8 0.2
Total No. of Benthic Foram 240 206 180 249 394 285 287 194 261 197 185 230 375 364 333 176 304 386 417 1008 291 477
Species Number S 22 25 20 20 27 23 19 19 20 21 22 25 37 31 33 25 27 33 35 43 30 33
Percentage of A. Foram 7.1 58 2.8 12 33 25 14 0.5 11 103 109 75 7.1 6.9 11 03 3.9 0.7 22 7.6 1
Percentage of C.-H. Foram 925 937 96.1 988 957 958 986 995 989 995 849 865 888 896 877 96.6 977 89.1 957 915 849 95
Percentage of C.-P. Foram 0.4 05 11 10 18 05 49 26 37 33 5.4 23 2.0 7.0 3.6 6.3 7.6 4
Total No. of Planktic Foram 5 14 9 1 10 6 2 3 5 13 20 23 24 10 24 27 91
Species Diversity H(s) 217 228 225 209 212 233 210 214 212 238 259 268 283 275 279 242 246 280 270 280 274 275
Equitability E 070 071 075 070 064 074 071 073 071 078 084 08 078 08 08 075 075 080 076 074 081 0.79
Total No. of B. F. in 20ml of sd. 1920 1648 2880 996 1576 2280 1148 1552 2088 1576 2960 3680 3000 2912 5328 1408 2432 3088 3336 4032 2328 3816
Total No. of P. F. in 20ml of sd. 40 112 144 4 40 24 16 24 40 208 160 184 384 80 192 216 364

A.=Agglutinated, C.-H.= Calcareous-Hyaline, C.-P.=Calcareous-Porcelaneous, B. F.=Benthic Foraminifera, P. F.=Planktic Foraminifera, sd.=sediments
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Appendix C: Numbers, relative abundance (%), and statistical data for benthic foraminifera from sediment core 11285, taken from northwestern area of Gamak
Bay.

Species Depth(cm) 0-2 2-4 4-6 6-8 8-10 10-12 12-14 14-16 16-18 18-20 20-22 22-24 24-26 26-28 28-30 30-32 32-34 34-36 36-38 38-40 40-42 42-44 44-46 46-48 48-50 50-52 52-54 54-56 56-58 58-60

Agglutinated Foram
Ammobaculites agglutinans 12 0.9 0.3 0.2 11 0.7 14 0.7 03
Ammobaculites cubensis 0.4 0.4 03 11 18 0.7 3.0 21 21 16 12 0.1 21
Eggerella advena 8.2 4.7 37 138 42 4.5 4.0 0.6 33 19 27 45 11 27 03
Textularia mariae 07
Ti ina hadai 185 18.1 49 12.2 4.2 17.0 17.2 10.9 19 79 189 11 72 115 4.7 455 211 07 9.7 113 18 10 04
C.-H. Foram
Ammonia beccarii 140 126 150 8.1 82 330 374 300 181 132 33 9.7 8.0 115 322 9.1 95 171 175 236 179 451 842 687 552 446 496 418 371 483
Bolivina sp. 0.2 0.3 05 11 27 0.6
Buccella frigida 23 28 26 43 6.1 68 101 45 106 46 85 401 188 250 121 106 274 219 587 149 250 422 123 6.0 109 68 140 184 273 110
Bulimina marginata 14 0.1
Cancris auriculus 07
Cibicides lobatulus 11 15 21
Eilohedra nipponica 34 0.7
Elphidium advenum 0.9 01 03 23 51 27 03 0.9 0.6 0.7 4.7 11 55 22 26 36 29 109 147 253 123 131 88 48
Elphidium clavatum 0.8 17 09 03 10 11 20 36 35 13 19 19 0.7 19 121 6.2 0.4 19 65 1.0 18 35 4.6 40 75 86 88 83
Elphidium somaense 0.6 28 12 0.9 10 45 0.6 20 28 07 3.0 179 21 52 207 2638 20 28 28
Elphidium subarcticum 539 539 712 597 743 205 182 436 584 651 623 461 630 481 188 227 189 116 52 178 155 6.9 5.0 6.3 56 8.8 135 129 145
Elphidium subincertum 0.2 0.6 0.7 13 1.0 18 25 21 16 26 25 4.1 34
Fissurina laevigata 02 07 03 01 08
Melonis barleeanus 20 21 03
Nonionella globosa 07
Paracassidulina sagaminiensis 10 0.9 21 0.6
Pararotalia nipponica 11 0.7
Pseudononion japonicum 21
Pseudoparrella naraensis 0.9 23 0.3 0.6 27
Rosalina sp. 1.1 3.4 0.4
C.-P. Foram
Quinqueloculina seminula 0.6 03 23 30 27 4.2 26 07 8.7 21 4.2 06 15 29 84 31 16 1.0 6.2

i i is_sp. 0.3 2.1 2.2 0.7
Total No. of Benthic Foram 514 531 347 1341 575 88 99 110 310 152 212 362 138 52 149 66 95 146 269 309 168 102 57 201 715 249 228 244 194 145
Species Number S 9 12 9 10 11 15 10 8 13 8 9 7 8 6 13 8 9 25 9 13 1 7 4 8 1 9 8 8 7 10
Percentage of A. Foram 278 241 8.9 26.6 8.7 239 212 127 26 12 18.9 11 72 135 8.7 530 242 75 104 136 3.0 10 0.1 0.4 21
Percentage of C.-H. Foram 716 759 91 734 913 739 758 845 929 862 811 989 920 865 826 470 758 884 896 822 964 99.0 100 985 969 916 947 980 990 91.0
Percentage of C.-P. Foram 0.6 03 23 3.0 27 45 26 0.7 8.7 4.1 42 0.6 15 29 8.4 53 16 1.0 6.9
Total No. of Planktic Foram 4 1 2 1 2 1 1 9 1 1 1 8
Species Diversity H(s) 136 148 102 128 102 202 180 150 136 123 122 113 114 135 198 157 175 267 131 195 181 115 054 117 148 160 157 161 159 166
Equitability E 062 060 046 056 042 075 078 072 053 059 056 058 055 075 077 075 08 08 060 076 075 059 039 05 062 073 076 077 08 072
Total No. of B. F. in 20ml of sd 1028 1062 694 2682 1150 88 99 110 310 304 424 362 138 52 149 66 95 292 538 309 168 102 57 804 1430 996 912 488 388 1160
Total No. of P. F. in 20ml of sd. 8 2 4 1 4 1 1 18 2 1 4 16
A i C.-H.=Cal Hyaline, C.-P.=Cals B. F.=Benthic inif P. F.=Planktic Foraminifera, sd.=sediments
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