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Abstract. We investigated early to middle Holocene benthic foraminifera from four borehole cores in the
Nakdong River Delta (southeast Korea) to document faunal associations and the transition of benthic foramin-
ifera in coastal areas along the Tsushima Warm Current. We recognized four varimax factor assemblages. The
varimax factor 1 assemblage (characterized by Pseudoparrella naraensis with Eilohedra nipponica) is common
throughout core ND-02, which is seaward in the delta, whereas the varimax factor 2 assemblage (characterized
by Haynesina sp. A) is dominated by low evenness in core 16ND-C02, which is landward in the delta. The vari-
max factor 4 assemblage (characterized by Buccella frigida) is generally common at the bottom and/or top part
of the studied cores, whereas the varimax factor 3 assemblage (characterized by Elphidium somaense) tends to
be common in the upper part of the three cores in the delta’s seaward area. Both the contrasting high diversity
and low diversity with low evenness of benthic foraminifera (varimax factor 1 and 2 assemblages, respectively)
were present between the seaward and landward portions of the delta during the same period (~7-6 ka), respec-
tively. The combination of these contrasting faunas tended to appear in the delta with the intensification of the
Tsushima Warm Current during ~8—6 ka in addition to the sea-level rise. Common taxa in the Nakdong River
Delta are largely neritic species of the temperate region in the East Asian margin, whereas some upper bathyal
species, such as Angulogerina ikebei, Bolivina decussata, and E. nipponica, were subordinated in the delta’s sea-
ward portion. Such faunal features in the Nakdong River Delta are distinguishable from other coastal areas in
the Japanese Islands.

Keywords: faunal association, fossil benthic foraminifera, Holocene, Nakdong River Delta, Tsushima Warm
Current

Introduction along the pathway of the Tsushima Warm Current seem

complicated, and are sometimes discontinuous (Kang et

Information on the sedimentology and paleontology of
Holocene shallow-marine sediments has contributed our
understanding of the history of sea-level fluctuations, tec-
tonic movement (i.e., subsidence and uplift), and human
activities in the East Asian margin (Kawahata et al., 2009;
Tanigawa et al., 2013; Song et al., 2018). This informa-
tion has also been used in paleoceanographic research,
such as studies of the evolution of the Tsushima Warm
Current (Kitamura et al., 2001; Hsuing and Saito, 2017).
The Tsushima Warm Current provides heat to the East
Asian margin; therefore, its past behavior is important for
understanding terrestrial climate variations in the Korean
Peninsula and Japanese Islands. However, sedimentations
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al., 2006; Kong and Park, 2007; Nishida and Ikehara,
2013).

Takata et al. (2016, 2019b) reported on the presence
of diverse and nearly continuous benthic foraminifera in
Holocene borehole cores from the Nakdong River Delta.
Because these sediments contain a variety of micro-
fossils (e.g. Ryu et al., 2005, 2011; Cho et al., 2017),
micropaleontological data have the potential to provide
useful information for paleoclimatic and paleoceano-
graphic studies in the East Asian margin. Additionally,
the Nakdong River Delta is close to the pathway of the
Tsushima Warm Current (e.g. Morimoto and Yanagi,
2001). Takata et al. (2019b) also reported on occurrence
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of warm-water planktonic foraminifera in the Nakdong
River Delta during ~8—6 ka and possible influence of the
precursory enhancement of the Tsushima Warm Current
to the benthic foraminiferal fauna during the early Holo-
cene. Hence, the shallow-water benthic foraminiferal
fauna from the Nakdong River Delta may provide use-
ful insight into regional variations of the Tsushima Warm
Current during the Holocene, compared with those of
coastal sediments along the Japanese Islands.

It is also useful for understanding characteristics of
neritic benthic foraminiferal fauna in the East Asian mar-
gin to document the faunal association in the Nakdong
River Delta. Takata et al. (2019b) recognized four clus-
ters of benthic foraminifera from the two borehole cores
in the Nakdong River Delta. The faunal associations of
four clusters consist of common neritic species of mod-
ern benthic foraminifera in the temperate to subtropical
regions of the Korean and Japanese coasts (Akimoto and
Hasegawa, 1989; Inoue, 1989; Lee et al., 2016). Takata et
al. (2016) noted similarities and differences in the faunal
compositions of benthic foraminifera among the Nakdong
River Delta, the Izumo Plain in southwestern Japan, and
Urauchi Bay of the Kamikoshiki-jima Island in the East
China Sea. They suggested that the benthic foraminiferal
fauna in the Nakdong River Delta were unique relative
to those in the Izumo Plain and Urauchi Bay, based on
subordination of some upper bathyal species. However,
because Takata ez al. (2016) studied a single borehole core
close to the modern river mouth of the Nakdong River, it
is difficult to cover the fauna fully in the past estuarine
environments of the Nakdong River Delta (e.g. Khim et
al., 2019; Yoo et al., 2020). Recently, a number of bore-
hole cores were collected in the Nakdong River Delta
with excellent age constraints by both accelerated mass
spectrometry (AMS) l4c dating and optically stimulated
luminescence (OSL) dating (Kim et al., 2015; Yoo et al.,
2020). These new borehole samples allow us to consider
the lateral variation of the faunal association in the past
Nakdong River Delta.

In this study, we report on fossil faunas of benthic fora-
minifera from four borehole cores in the Nakdong River
Delta, based on new observations as well as previous
studies (Takata et al., 2016, 2019b), and emphasize their
utility for paleoclimatic and paleoceanographic studies.

Material and methods

The Nakdong River, the longest river in the southeast
Korea (Figure 1), experiences strong seasonal discharges
because of monsoonal precipitation patterns (Williams
et al., 2013). Borehole cores ND-01, ND-02, and ND-03
were drilled close to the modern river mouth, and these
sites are in the lower delta plain of the modern Nakdong
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Table 1. Locations and lengths of four cores in the Nakdong
River Delta.

Core Latitude Longitude Elevation (m)
ND-01 35°06'03.88” N 128°54"13.67”E 4.8
ND-02 35°03'21.85” N 128°55'48.53”E 0
ND-03 35°04'06.26” N 128° 53" 04.52” E 0

16ND-C02  35°11'19.10” N 128°55'23.89” E 1.0

128°50'E 129°00'E
T T T
(b) oy /e
16ND-C02
35°10'N | Z
upper delta plain
SB-14
Lnar_ginal -
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f\\ mountains/
ND-01 hills
< LS
oy ﬁﬁ%ﬂ -
;, A%plaﬂ (delta) plains
ND-03~ 122! =
ND-02", N
—  ( deltafront *
35°00'N L
L | | —f—
Figure 1. (a) Map of the study area and (b) locations of four

borehole cores (ND-01, ND-02, ND-03, and 16ND-C02) and the
two published cores (BH-1, SB-14) in the Nakdong River Delta
(modified from Cho et al., 2017).

River Delta. In addition, borehole core 16ND-C02 was

taken from the upper delta plain. Table 1 lists the loca-

tions and elevations of these four core drilling sites.
Lithologies mainly consist of massive and bioturbated
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Figure 2. Occurrences of selected benthic foraminifera in core ND-01. Some data were taken from Takata et al. (2016, 2019b). Ages
(ka) dated by AMS !4C and OSL were originated from Kim ef al. (2015).

mud, muddy sand, and sand with gravel (e.g. Khim et al.,
2019). Sandy sediments are generally dominant in the low-
ermost, middle, and uppermost parts of the core, whereas
muddy sediments containing biogenic grains such as mol-
lusks, echinoids, and foraminifera occupy the middle to
upper part of the core. We obtained ages of the core sam-
ple materials using AMS '4C and OSL dating. Age data
from cores ND-01 (Kim et al., 2015), core ND-02 (Shin,
2016; Khim et al., 2019), core ND-03 (Jeong, 2016; Shin,
2016; Khim et al., 2019), and core 16ND-C02 (Yoo et al.,
2020) are shown in Figures 2, 3, 4, and 5, respectively.
The AMS '%C age data were converted into the calendar
ages (ka) by Khim et al. (2019), using CALIB 7.1 soft-
ware (Stuiver and Reimer, 1993) with curve selections
of IntCal13 for plant debris and Marinel3 for molluscan
shells (Reimer et al., 2013). A AR value of —154 (Kong
and Lee, 2005) was adopted for the conversion of mol-
luscan shells. Based on this age information, the sediment
successions of cores ND-01 and ND-02 cover ~11-3 ka
and ~12-1 ka, respectively. Core ND-03 probably con-
tains ~7—1 ka sediments despite fewer age measurements
than the other three cores, according to the extrapola-
tion of the age at the core bottom. Core 16ND-C02 has
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complicated age data; however, this core seems to cover
~11-1 ka (Yoo et al., 2020).

We collected 1-cm thick sediment samples from cores
ND-01, ND-02, and ND-03, and 2-cm thick sediment
samples from core 16ND-CO02 for foraminiferal analysis.
After being freeze-dried and weighed, the samples were
washed by tapped water using a 63 wm sieve. We then
dried the residues at 50°C, and re-weighed and split them
into 1/2 to 1/1024 aliquots. More than 200 benthic forami-
niferal specimens from the > 63 um fraction, were identi-
fied and counted using a binocular microscope. We also
counted the number of planktonic foraminifera from the
same sample aliquots. Taxonomic assignments followed
Matoba (1970) and Nomura and Seto (1992) and generic
classification followed Loeblich and Tappan (1987).

In this study, we obtained 63 new samples from cores
ND-03, 29 new samples from core 16ND-C02, 26 new
samples from the upper part (26—16 m) of core ND-01,
and 68 new samples from the upper part (above 28 m) of
core ND-02. We also combined the published faunal data
from cores ND-01 and ND-02 (Takata et al.,2016,2019b).
We calculated the abundances of benthic and planktonic
foraminifera (> 63 wm) per unit weight of sediment using
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Figure 3. Occurrences of selected benthic foraminifera in core ND-02. Some data were taken from Takata ez al. (2019b). Ages (ka)

dated by AMS #C were originated from Shin (2016).

the specimen counts, the number of splits, and the weight
of each sample. We calculated the planktonic/total (ben-
thic and planktonic) foraminiferal ratio (P/T ratio) based
on these abundance data from the > 63 um fraction. To
evaluate the community structure of benthic foraminifera,
we calculated the Shannon-Wiener diversity index (H)
and rarefaction (E[Ss0]) index for each sample. We also
calculated the evenness measure of Buzas and Gibson
(1969) for each sample. Calculations of the Shannon-
Wiener (H’) index and evenness were performed in
Microsoft Excel and E(Sn) (the expected number of spe-
cies in samples rarefied to n individuals; n = 50) for each
sample was calculated in the R statistical programming
language (R Development Core Team, 2020) using the
function from the Vegan community ecology package
(Oksanen et al., 2019). For a data matrix consisting of
90 taxa with at least three individuals in each sample and
257 samples with more than 50 counts in each sample, we

conducted a Q-mode factor analysis on the data from the
four cores using CABFAC (Calgary and Brown Factor
Analysis) (Klovan and Imbrie, 1971).

Results

Benthic foraminifera occurred nearly continuously in
the studied intervals of all four cores (Appendix 1). Pres-
ervation of the foraminiferal tests is generally good with-
out marked destruction or abrasion of the tests (Figures 6
and 7). These features imply that fossil benthic foramin-
ifera were not significantly transported within the study
area. Haynesina sp. A, Elphidium somaense, Pseudopar-
rella naraensis, Buccella frigida, Quinqueloculina spp.,
and Pseudorotalia gaimardii compressiuscula are com-
mon constituents in all four cores (Figures 2—-5; Appen-
dix 1). These species have been reported from the coastal
areas and shallow-marine strata of the East Asian margin,
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Figure 5. Occurrences of selected benthic foraminifera in core 16NDC-02. Ages dated by OSL were originated from Yoo et al. (2020).

including the Japanese Islands (Akimoto and Hasegawa,  ual faunal shift toward the upper part of the core (Fig-
1989; Inoue, 1989). ure 2). We also observed an equivalent succession in this

Faunal composition of benthic foraminifera in core  study, with common occurrence from B. frigida and E.
ND-01 matches the result of Takata et al. (2016): arapid  somaense to P. naraensis from the lower to the middle
transition of common species in the lower part and a grad-  part and more common occurrence of Haynesina sp. A,
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17a " 18a__~ 19 —23a 23b 23c *

Figure 6. Light micrographs of selected benthic foraminifera in the Nakdong River Delta. Scale bar is 100 pm. 1a, b, Textlaria kerim-
baensis from 2560 cm of core ND-03; 2a, b, Gaudryina sp. from 2860 cm of core ND-03; 3a, b, Siphonaperta sp. A from 1450 cm of core
16ND-CO02; 4a, b, Quinqueloculina akneriana from 1080 cm of core 16ND-C02; 5a, b, Quinqueloculina seminulum from 980 cm of core
16ND-C02; 6a, b, Quinqueloculina cf. seminulum from 1150 cm of core 16ND-C02; 7a, b, Massilina secans from 3230 cm of core ND-03;
8, Cyclogyra planorbis from 1190 cm of core 16ND-C02; 9a, b, Bolivina robusta from 2560 cm of core ND-03; 10a, b, Bolivina decussata
from 2720 cm of core ND-03; 11, Bolivina pseudoplicata from 2620 cm of core ND-03; 12a, b, Brizalina striatula from 1390 cm of core
16ND-CO02; 13, Bulimina marginata from 2860 cm of core ND-03; 14a, b, Buliminella elegantissima from 1960 cm of core ND-03; 15a,
b, Rectobolivina raphana from 1840 cm of core ND-03; 16a, b, Stainforthis fusiformis from 1860 cm of core ND-03; 17a, b, Angulogerina
ikebei from 1880 cm of core ND-03; 18a, b, Uvigerinella glabra from 1190 cm of core 16ND-C02; 19, Reussella pacifica from 2560 cm of
core ND-03; 20, Cassidulina norvangi from 2300 cm of core ND-03; 21a-¢, Pseudorotalia gaimardii compressiuscula from 2200 cm of core
ND-03; 22a—c, Ammonia “beccarii” forma 1 from 940 cm of core 16ND-C02; 23a—c, Ammonia “beccarii” forma 2 from 2361 cm of core
ND-03; 24a—c, 25a—c, Ammonia japonica from 980 cm and 2460 cm of core ND-03, respectively.
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Figure 7. Light micrographs of selected benthic foraminifera in the Nakdong River Delta. Scale bar is 100 um. 1a—¢, Ammonia ketien-
ziensis angulata from 2560 cm of core ND-03; 2a—c, Buccella frigida from 1080 cm of core 16ND-C02; 3a—¢, Pseudoparrella naraensis from
2920 cm of core ND-03; 4a—c, Eilohedra nipponica from 2720 cm of core ND-03; 5a—c, Cibicides lobatulus from 2620 cm of core ND-03;
6a—c, Cibicidoides? sp. A from 3080 cm of core ND-03; 7a—c¢, 8a—c, Hanzawaia nipponica from 2920 cm of core ND-03; 9a—c, Rosalina sp.
A from 3160 cm of core ND-03; 10a, b, Elphidium advenum from 2660 cm of core ND-03; 11a, b, 12a, b, Elphidium somaense from 1095
cm of core 16ND-C02; 13a, b. 14a, b, Haynesina sp. A from 1680 cm of core 16ND-C02; 15a—c, Nonionella stella from 1960 cm of core

ND-03; 16a—c, 17a—c, Nonionellina sp. A from 1960 cm of core ND-03.
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Figure 8. Spatiotemporal variations of planktonic/total (benthic and planktonic) foraminiferal ratio (P/T ratio), rarefaction E[Ss50],
Shannon-Wiener (H”), and evenness of Buzas and Gibson (1969) among four cores in the Nakdong River Delta. The depth level of each core
was adjusted to present day sea level, based on elevation (Table 1). The dashed line represents ~7 ka time slice.

E. somaense, and P. gaimardii compressiuscula in the
middle to upper parts of the core. In contrast, the rela-
tive abundance of Haynesina sp. A decreased markedly at
~21 m, whereas P. gaimardii compressiuscula is intermit-
tently common above this horizon (Figure 2).

The faunal composition of benthic foraminifera in core
ND-02 is also similar to that of Takata et al. (2019b), with
P. naraensis being common throughout almost the entire
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core except for the lowermost part (Figure 3). Eilohedra
nipponica also occurs nearly throughout the core. In con-
trast, Pseudoparrella tamana and E. somaense increase
above ~24 m in the upper part of the core which Takata et
al. (2019b) did not investigate. Cibicides spp., Rosalina
spp., and Gavelinopsis spp. are slightly common in the
middle part including the sandy sediments (~42—32 m) of
core ND-02 (Figure 3). The faunal composition of ben-
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thic foraminifera in core ND-03 is generally similar to
that of core ND-01. Pseudoparrella naraensis and E. nip-
ponica are common nearly throughout the core, and P.
tamana and E. somaense increase toward the upper part
(Figure 4).

The faunal composition of benthic foraminifera in
core 16ND-CO02 is characterized by the predominance of
Haynesina sp. A in association with E. somaense, Quin-
queloculina spp., and B. frigida (Figure 5). Pseudopar-
rella naraensis and E. nipponica also occur, but these
relative abundances are considerably lower than those
of other three cores. Haynesina sp. A decreases slightly
above ~15 m. These faunal associations differ from those
of the other three cores, which were collected farther sea-
ward in the lower delta plain. The faunal associations of
core 16ND-C02 seem similar to those from cores BH-1
and SB-14 by Ryu et al. (2005, 2011) from the upper delta
plain and marginal basin (Figure 1).

The P/T ratio (> 63 um) in core ND-01 increases from
the bottom to ~38 m (Figure 8) and decreases gradually
upward within the middle to upper parts, as reported by
Takata et al. (2016). A similar variation pattern is also
noted in cores ND-02 and ND-03. As in similar faunal
associations, the foraminiferal P/T ratio in core 16ND-
CO02 is generally lower than those of other three cores.

Rarefaction (E[S50]) and Shannon-Wiener (H’) in core
16ND-CO2 are also low compared with those in the other
three cores (Figure 8). Both indices are relatively stable
throughout each core. The evenness of Buzas and Gibson
(1969) shows a similar lateral variation to that of the rar-
efaction and Shannon-Wiener (H’); however, evenness is
specifically low in the lower part of core 16ND-C02 (Fig-
ure 8), an interval in which Haynesina sp. A is predomi-
nant (Figure 5). Thus, the species richness and species
diversity decrease toward the inner portion of the delta,
particularly in the lower part of core 16ND-CO02.

A factor analysis of eight varimax factors revealed that
four varimax factors account for 82% of the total vari-
ance in the combined foraminiferal dataset from the four
cores. The contributions of varimax factors 1, 2, 3, and 4
were 37.7%, 23.0%, 15.9%, and 5.8%, respectively. The
varimax factor 1 assemblage is characterized mainly by
P. naraensis with E. nipponica (scores: 0.62 and 0.43,
respectively) (Appendix 2). The varimax factor 2 assem-
blage is characterized largely by Haynesina sp. A (score:
—0.95) (Appendix 2). The varimax factor 3 assemblage
is characterized largely by P. tamana and E. somaense
(scores: 0.61 and 0.51, respectively) (Appendix 2). The
varimax factor 4 assemblage is characterized largely by
B. frigida (score: —0.81) (Appendix 2).

The varimax factor loading of varimax factor 1 is highly
positive for most samples from core ND-02 (Figure 9),
whereas the varimax factor loading of varimax factor 2
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is highly negative in samples from core 16ND-C02 and
the middle to upper parts of core ND-01 (Figure 9). The
varimax factor loading of varimax factor 3 is high in the
upper part of the cores ND-01, ND-02, and ND-03 (Fig-
ure 9). The similar stratigraphic distributions of varimax
factor loading were observed in core 16ND-C02 despite
the relatively lower loading. The varimax factor loading
of the varimax factor 4 is highly negative in the top part of
core ND-01, the bottom part of core 16ND-C02, the bot-
tom part of core ND-02, and the top part of core ND-03
(Figure 9).

Discussion

The characteristic species of these four varimax factor
assemblages are generally similar to those of cluster anal-
ysis by Takata et al. (2019b) for cores ND-01 and ND-02.
Pseudoparrella naraensis with Eilohedra nipponica are
characteristic species of both the varimax factor 1 assem-
blage and cluster D in Takata et al. (2019b). Similarly,
Buccella frigida is the characteristic species of both the
varimax factor 4 assemblage and cluster C in Takata et
al. (2019b). In contrast, Haynesina sp. A and Elphidium
somaense are characteristic species of cluster B, whereas
Haynesina sp. A and E. somaense are characteristic spe-
cies of the varimax factor 2 and 3 assemblages, respec-
tively. Thus, despite minor differences in combination of
characteristic species between the two multivariate analy-
ses, the characteristic species of the four varimax factor
assemblages in this study are generally similar to those of
the four clusters in Takata et al. (2019b). Hence, we con-
sider the ecological characteristics of these varimax factor
assemblages, referring to the arguments of Takata et al.
(2019b) and the references of modern benthic foramin-
ifera therein (Matoba, 1970; Matoba and Honma, 1986;
Akimoto and Hasegawa, 1989; Inoue, 1989; Oki, 1989;
Kosugi et al., 1991; Nomura and Seto, 1992; Takata et
al., 2006b).

The varimax factor 1 assemblage is common almost
throughout core ND-02, but it becomes rare toward the
landward portion (core 16ND-C02) of the Nakdong River
Delta (Figure 9). Conversely, the varimax factor 2 assem-
blage is common in core 16ND-CO02 in the upper delta
plain. Thus, the varimax factor 1 and 2 assemblages show
contrasting lateral variations within the Nakdong River
Delta. In addition, the varimax factor 1 assemblage is
common in the lower part of core ND-01, whereas the
varimax factor 2 assemblage is common in its middle
and upper parts of core ND-01. Thus, alternation of these
two varimax factor assemblages across the middle part
of core ND-01 also shows contrasting stratigraphic varia-
tions of cores ND-02 and 16ND-C02. These lateral and
stratigraphic variations imply that the varimax factor 1
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Figure 9. Spatiotemporal variations of the varimax factor loading of varimax factor 1-4 assemblages among four cores in the Nakdong
River Delta. Values in parenthesis represent contribution of each varimax factor. The varimax factor loadings of the varimax factor 2 and
4 assemblages shown by gray shading are scaled negatively. The depth level of each core was adjusted to present day sea level, based on
elevation (Table 1). The dashed line represents ~7 ka time slice.

and 2 assemblages correspond to the influences of more
pelagic and coastal waters in the past Nakdong River
Delta, respectively. In particular, correlation between
the foraminiferal P/T ratio and varimax factor loading of
the varimax factor 1 is strong (r=0.76), but its correla-
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tion with other three varimax factors is very weak (Fig-
ure 10), suggesting that the varimax factor 1 assemblage
is closely related to the influence of more pelagic water
into the past Nakdong River Delta. In contrast, Hayne-
sina sp. A, the characteristic species of the varimax fac-
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Figure 10. Crossplots of the varimax factor loading of the
varimax factor 1-4 assemblages and planktonic/total (benthic and
planktonic) foraminiferal ratio (foraminiferal P/T ratio) among
four cores in the Nakdong River Delta.

tor 2 assemblage, may be an opportunistic species in the
coastal environment in the East Asian margin. Takata et
al. (2019b) noted that the dispersal potential of this spe-
cies seems to be high, referring to the modern instance
in Lake Saroma in northern Japan (Takata et al., 2006b).
Haynesina sp. A or probable equivalent species, Elphid-
ium subarcticum, has been also reported from the inner
bay environment (e.g. Matoba, 1970; Kosugi et al., 1991;
Lee et al., 2016). The common occurrence of Haynesina
sp. A in core 16ND-C02 may be explained by the influ-
ence of low salinity water due to the landward position of
this core, whereas the low abundance of brackish-water
species such as Ammonia “beccarii” forma 1 is unlikely
to support this explanation. Species diversity is high in
cores ND-01, ND-02, and ND-03 from the lower delta
plain during ~8—6 ka, whereas evenness is low in core
16ND-CO02 from the upper delta plain during a similar
period (~7—6 ka, according to Yoo et al., 2020) (Figure
8). Thus, the common varimax factor 2 assemblage in
the upper delta plain of the Nakdong River Delta may
be explained by the dispersal of this species. This vari-
max factor assemblage also occasionally appears in the
lowermost part of core ND-02. Several variations of this
varimax factor assemblage may be also explained by
opportunistic characteristics of Haynesina sp. A.
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The varimax factor 4 assemblage tends to occupy either
the bottom or top part of the four cores. Based on the
ecological information on B. frigida, which is the charac-
teristic species of this varimax factor assemblage, such a
specific stratigraphic variation may be interpreted by the
shallower paleo-depth of the study sites during the early
transgression and subsequent regression with sediment
burial, as Takata et al. (2016) argued. The varimax factor
3 assemblage is generally rare in the middle part of cores
ND-01, ND-02, and ND-03, whereas it becomes more
common toward the upper parts of these cores. This vari-
max factor assemblage is also present in the lower parts
of cores ND-01, ND-02, and ND-03 despite the smaller
loading. Such vertical distributions are probably related
to the rapid transgression and subsequent gradual regres-
sion. The varimax factor 2 assemblage decreases mark-
edly in the uppermost parts of cores ND-01 and ND-03,
whereas the varimax factor 3 assemblage increases above
these horizons. Takata et al. (2019c) reported, based on
plankton tow studies, that P. tamana shows a passive
dispersal potential in Maizuru Bay in central Japan. In
addition, based on the ephemeral settlements in the Lake
Nakaumi in southwestern Japan, E. somaense might also
have dispersal potential from the further seaward area by
seasonally winter winds (Takata ez al., 2019a). The alter-
nating varimax factor 2 and 3 assemblages in these cores
might be related to a certain climatic event, as well as the
shoaling of paleo-depths at the study sites.

Takata et al. (2016) noted similarities and differences
in the fauna compositions of benthic foraminifera among
core ND-01, the Izumo Plain in southwestern Japan, and
Urauchi Bay, the Kamikoshiki-jima Island in the East
China Sea. In this study, we also compared the faunal
associations of Holocene benthic foraminifera between
the Nakdong River Delta and off Fukuoka in southwest-
ern Japan (Takata et al., 2018b), in addition to the early
Holocene fauna of the Izumo Plain (Takata et al., 2016).
Both of the Nakdong River Delta and off Fukuoka are
along the pathways of the second and first branches of
the Tsushima Warm Current, respectively (Morimoto
and Yanagi, 2001). Overall, we found 43 common taxa
between the Nakdong River Delta, off Fukuoka, and
the Izumo Plain, whereas we found 51 taxa only in the
Nakdong River Delta (Appendix 3). Common occur-
rences of Cibicides spp., Hazawaia nipponica, Rosalina
spp., and Gavelinopsis spp. off Fukuoka (Takata et al.,
2018b) are markedly different from those of the Nakdong
River Delta. Such difference is distinguishable between
the two study areas. This can be explained by the differ-
ent depositional settings of the two areas. Cibicides spp.,
H. nipponica, probably Rosalina spp., and Gavelinopsis
spp. commonly attach to hard substrates or calcareous
algae (Kitazato, 1988). These taxa are the important diag-
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Figure 11. Spatiotemporal variations of benthic foraminiferal fauna and planktonic foraminifera (modified from Takata et al., 2018b)

among the Nakdong River Delta (cores 16ND-C02, ND-01, and ND-03), off Fukuoka (cores FV10-05 and FV10-06-2), and in the San-in
District (core GH87-2-308). Information of core ND-03 was not shown due to the fewer age constraints. The hiatus interval of core FV10-05

is based on Nishida and Ikehara (2013).

nosis to discriminate sample clusters off Fukuoka. These
species are generally not common in the Nakdong River
Delta (Figures 2, 3, 4, and 5). It is reasonable to suppose
that a paucity of these attached taxa on hard substrates
or calcareous algae in the Nakdong River Delta can be
attributed to an abundant supply of fine-grained terrig-
enous materials. Exceptionally, these attached taxa are
slightly common in ~42-28 m of core ND-02 (Figure 3)
that warm-water planktonic foraminifera are also present
in ~32-28 m (Takata et al., 2019b). Nishida and Ikehara
(2013) suggested that the enhancement of the Tsushima
Warm Current during 8.4-6.6 ka was related to the hia-
tus off Fukuoka. The precise reason for exceptionally
common attached taxa at the more offshore site in the
Nakdong River Delta particularly during ~8—7 ka should
be solved by more sedimentological data in future.
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The common occurrence of E. nipponica with Angu-
logerina ikebei and Bolivina decussata in the Nakdong
River Delta is also obviously different from the result
off Fukuoka. Eilohedra nipponica has been reported
from the upper bathyal zone along the northern margin
of southwestern Japan (Akimoto and Hasegawa, 1989;
Inoue, 1989). An abundance of this species has been also
reported in bathyal depth cores IMAGES MDO01-2407
(932 m water depth; Usami et al., 2013) and GH87-2-308
(308 m water depth; Takata et al., 2018a) off southwest-
ern Japan. A possible explanation for the unusual occur-
rences of these upper bathyal species in our study area is
intrusion of subsurface cold water toward the Nakdong
River Delta. A relatively low temperature (<10°C) has
been commonly recorded at a water depth of 50 m at
station KODC 208-1 (approximately 70 m water depth;
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35°28.5'N, 129°27.3’E; Figure 1) off the east coast of
Korea in summer (data from Korea Ocean Data Center,
2020: http://www.nifs.go.kr/kodc/eng/index.kodc). Intru-
sion of subsurface cold water might stimulate dispersal of
these upper bathyal species from the eastern coast of the
Korean Peninsula into the Nakdong River Delta. Thus,
the influence of cold subsurface water might be an impor-
tant insight for precise paleoceanographic interpretation
in this area that is also close to the pathway of the second
branch of the Tsushima Warm Current, based on benthic
foraminiferal fauna.

Takata et al. (2016, 2018b, 2019b) demonstrated,
mainly based on warm-water planktonic foraminifera, that
the intensification of the Tsushima Warm Current during
~8—7 ka affected sedimentation and biota of the coastal
regions along the pathway of the Tsushima Warm Current
and open ocean off San-in District (Figure 11). In addi-
tion, Takata et al. (2019b) noted the maximum landward
expansion of benthic foraminifera in the Nakdong River
Delta with common Globigerinoides ruber, a subtropical
species of planktonic foraminifera, of core ND-02 dur-
ing ~8—7 ka. They suggested that the enhanced Tsushima
Warm Current during ~8—7 ka resulted in the landward
expansion of benthic foraminifera within the delta along
with sea-level rise in the early Holocene.

Our results show that the diverse faunas of benthic for-
aminifera with upper bathyal species were present in the
lower delta plain (cores ND-01, ND-02, and ND-03) of
the Nakdong River Delta in ~8—6 ka, whereas extremely
low diversity fauna appeared in the upper delta plain (core
16ND-C02) in ~7—6 ka because of the predominance of
Haynesina sp. A, a possible opportunistic species. Thus,
both the contrasting high diversity and low diversity with
low evenness faunas likely appeared in the Nakdong
River Delta during the similar period, possibly in tandem
with the enhanced Tsushima Warm Current in addition
to the early Holocene sea-level rise. Better understand-
ing the co-occurrence of these contrasting faunas will be
important for precisely interpreting development in the
Nakdong River Delta during the Holocene. Because of
important potential for the continuous micropaleonto-
logical record during the Holocene in the Nakdong River
Delta, detailed studies based on more core sites are highly
preferable to determine the impact of the Tsushima Warm
Current to the paleoclimatic and paleoceanographic vari-
ations along the pathway of the Tsushima Warm Current.

Conclusions

We studied fossil benthic foraminifera in four borehole
cores from the Nakdong River Delta and led to the fol-
lowing conclusions:

(1) We recognized four varimax factor assemblages.
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The varimax factor 1 assemblage (characterized by
Pseudoparrella naraensis with Eilohedra nipponica) is
common throughout core ND-02, which is seaward in
the delta. The varimax factor 2 assemblage character-
ized by Haynesina sp. A. is dominated by low evenness
in core 16ND-C02, which is landward in the delta. The
varimax factor 3 assemblage (characterized by Elphidium
somaense) tends to be common in the upper part of three
cores in the seaward area whereas the varimax factor 4
assemblage (characterized by Buccella frigida) is gener-
ally common at the bottom and/or top part of the studied
cores.

(2) Both the contrasting high diversity and low diver-
sity with low evenness of benthic foraminifera were pres-
ent between the seaward and landward portions of the
delta during ~7—-6 ka, respectively. The combination of
these contrasting faunas tended to appear in the delta with
the intensification of the Tsushima Warm Current during
~8—6 ka with the early Holocene sea-level rise.

(3) Common taxa in the Nakdong River Delta are
largely neritic species of the temperate region in the East
Asian margin, whereas some upper bathyal species were
subordinated in the delta’s seaward portion. Such faunal
features in the Nakdong River Delta are distinguishable
from other coastal areas in the Japanese Islands.
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var. globosa Millett, 1903, p. 701, pl. 7, figs. 6a—c.

Murrayinella minuta (Takayanagi) = Rotalia? minuta Takayanagi,
1955, p. 45, 52, text-figs. 29a—c.

Nonion manpukuziensis Otuka, 1932, p. 654, fig. 1.

Nonionella stella Cushman and Moyer = Nonionella miocenica
Cushman var. stella Cushman and Moyer, 1930, p. 56, pl. 7, fig.
17.

Oolina hexagona (Williamson) = Entosolenia squamosa (Montagu)
var. hexagona Williamson, 1848, p. 20, pl. 2, fig. 23.

Oolina melo d’Orbigny, 1839b, p. 20, pl. 5, fig. 9.

Paracassidulina neocarinata (Thalmann) = Cassidulina neocarinata
Thalmann, 1950, p. 44.

Pararotalia nipponica (Asano) = Rotalia nipponica Asano, 1936a, p.
614, pl. 31, figs. 2a—c.

Planocassidulina norcrossi (Cushman) = Cassidulina norcrossi
Cushman, 1933b, p. 7, pl. 2, figs. 7a—c.

Planocassidulina sublimbata (Asano and Nakamura) = Cassidulina
sublimbata Asano and Nakamura, 1937, p. 146, pl. 14, figs. 3-4.

Planoglabratella opercularis (d’Orbigny) = Rosalina opercularis
d’Orbigny, 1839a, p. 93 pl. 3 fig. 24-25, pl. 4, fig. 1.

Planoglabratella subopercularis (Asano) = Discorbis subopercularis
Asano, 1951, p. 3, text-figs. 17-19.

Pseudononion japonicum Asano, 1936a, p. 347, text-figs. a—c.

Pseudoparrella naraensis Kuwano, 1950, p. 317, text-fig. 6.

Pseudoparrella tamana Kuwano, 1950, p. 317, text-figs. Sa—c.

Pseudorotalia gaimardii compressiuscula (Brady) = Rotalia papillosa
Brady compressiuscula Brady, 1884, p. 708, pl. 107, fig. 1; p. 108,
fig. 1.

Pullenia apertura Cushman, 1927, p. 171, pl. 6, fig. 10.

Quinqueloculina akneriana d’Orbigny, 1846, p. 290, pl. 18, figs. 16-21.

Quinqueloculina costata d’Orbigny, 1826, p. 301.

Quinqueloculina elongata Natland, 1938, p. 141, pl. 4, fig. 5.

Quinqueloculina seminulum (Linné) = Serpula seminulum Linné,
1758, p. 786.

Rectobolivina raphana (Parker and Jones) = Uvigerina (Sagrina)
raphanus Parker and Jones, 1865, p. 364, pl. 18, figs. 16a-b, 17.

Reussella pacifica Cushman and McCulloch, 1948, p. 251, pl. 31, figs.
6a, b.

Rosalina austlaris (Parr) = Discorbis australis Parr, 1932, p. 227, pl.
22, figs. 3la—c.

Rosalina bradyi (Cushman) = Discorbis globularis var. bradyi Cushman,
1915, p. 12, pl. 8, figs. la—c.

Sagrinella convallaria (Millett) = Bolivina convallaria Millett, 1900,
p. 544, pl. 4, fig. 7a, b.

Seabrookia pellucida Brady, 1890, p. 568569, tf. 60, la—c, 2.

Spirillina vivipara Ehrenberg, 1843, p. 442, pl. 3, fig. 41.

Spirosigmoillina pusilla (Earland) = Spiroloculina pusilla Earland,
1934, p. 47, pl. 1, figs. 3-4.

Stainforthia fusiformis (Williamson) = Bulimina pupoides d’Orbigny
var. fusiformis Williamson, 1858, p. 63, pl. 5, figs. 129, 130.

Textularia kerimbaensis Said, 1949, p. 5, pl. 1, fig. 8.

Trochammina cf. japonica Ishiwada = Cf. Trochammina japonica
Ishiwada, 1950, p. 190, pl., figs. 2a—c.

Uvigerinella glabra (Millett) = Uvigerina auberiana d’Orbigny var.
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glabra Millett, 1903, p. 268, pl. 5, figs. 8a, b.
Valvulineria hamanakoensis (Ishiwada) = Anomalina hamanakoensis
Ishiwada, 1958, p. 18, text-figs. 3a—c, pl. 1, figs. 24-27.
Wiesnerella auriculata (Egger) = Planispirina auriculata Egger, 1893,
p- 371, pl. 13, figs. 19-21.
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