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A paleoenvironmental record during 7~21 Ka BP in
the sediments off northeastern Taiwan

Jiann-Yuh Lou* and Chen-Tung Arthur CHEN"

Abstract: A sediment core collected from the western slope of the South Okinawa Trough off
northeastern Taiwan recorded the last glacial/postglacial changes of paleoenvironments. The
sediments that had higher content of biogenic material (CaCO; and opal), lower terrigenous
/biogenic ratio and higher salinity in the last glacial period suggested lower river water input
to the East China Sea shelf. On the contrary, the sediments in the postglacial period contained
higher terrigenous detritus and organic matter, and might reflect the warmer and more humid

climate or higher river discharge.

1. Introduction

The abundance of chemical elements in re-
cent pelagic clays has been measured by many
investigators in order to study their geoche-
mical cycles and processes in the marine envi-
ronment (GOLDBERG and ARRHENIUS, 1958;
KRISHNASWAMI, 1976). The temporal changes of
chemical compositions in the sediment are
partly due to the diagenesis and partly due to
the change in the source functions (e. g,
terrigenous detritus, calcium carbonate, hy-
drogenous ferromanganese oxide, biogenic sil-
ica) and are considered to be an useful
indicator of the paleo-depositional environ-
ment (GOLDBERG, 1961).

The western slope of the South Okinawa
Trough off northeastern Taiwan is the transi-
tion zone between the shallow East China Sea
shelf and the deep Okinawa Trough (Fig. 1).
After turning northeastward here, the main
current of the Kuroshio flows along the
Okinawa Trough. UE ef al. (1991) proposed
that the main course of the present (post-
glacial) Kuroshio was similar to that of the in-
terglacial period, but the Kuroshio moved to
the east of the Ryukyu Island Arc during the
last glacial period. Thus, the mineral and
chemical compositions of the sediments on the
slope may change with flow patterns or the
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input of the source material.

The purpose of the present study is to obtain
the paleoenvironmental information concern-
ing the glacial/postglacial changes based on
the variations of chemical elements in the sedi-
ments.

2. Material and methods

A piston core was collected from the lower
part (water depth: 1480 m; Lat. 25°00' N; Long.
122°42"E; Fig. 1) of the trough slope by R/V
Ocean Researcher I on cruise 120 in 1987. The
upper 370 cm segment of the core is the target
of this study. Sampling was made at approxi-
mately 10 cm intervals.

The grain size distribution of the sediment
was measured with a Coulter LS-100 Counter.
The sediments were prepared for chemical
analysis by washing three times with distilled
water and then drying for several days at 50
°C. The desalted sediments were ground into
powder in an agate mortar and the total carbon
and total nitrogen (TN) contents were meas-
ured using an element analyser (LECO-CHN
932) calibrated with the NIST standard mate-
rial (SRM-2704, C: 3.348 wt% and S: 0.397 wt%)
and the LECO standard (EDTA, C: 41.1 wt%
and N: 959 wt%). Dried samples were com-
busted at 450°C for 3 hours to remove the or-
ganic carbon and the inorganic carbon
contents measured by the element analyser.
The inorganic carbon was then subtracted
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from the total carbon to obtain the total or-
ganic carbon (TOC).

For X-ray fluorescence (XRF) analysis, the
sediment powder was palletized at 20 tons/
30mm dia. to form a cake with cellulose as
backing. The contents of 27 elements were
measured using the Rigaku RIX- 2000 XRF ma-
chine. Eight standard samples, including MAG-
1, NIES (no.2), NIST (1646), NIST (2704), BCSS
(BD001), MESS (MD001), PACS (PD004) and
GBW (07314) were used for calibration. The
precisions were within + 5% for Na, Mg, Al, Si,
P, S, CL K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br,
RD, Sr, Zr and Pb; £ 10% for C, N, Ga, Cd and
Ba; = 30% for Ce and As. The carbon- 14 dat-
ing of bulk organic matter was done by both
the AMS (accelerator mass spectrometry)
method at the Institute of Geological & Nu-
clear Sciences in New Zealand and by the con-
ventional method at the National Taiwan

123°

Location map of the sampling site (@). (modified from Yu and Hong, 1992)

University. The samples were sieved and
treated consecutively with hot solution of acid,
alkali, and acid before measurement. A conven-
tional radiocarbon age implies correction for
isotope fractionation through the normaliza-
tion on &®C (PDB) value of-25%,. We sub-
tracted the reservoir correction of 400 years
(BARD, 1988) from the conventional radiocar-
bon age, and then the age was transformed to
the calibrated age with the formula of STUIVER
and REMER (1993). The quartz contents were
measured using the SIEMENS D5000 X-ray dif-
fraction with a Cu target tube at 40kV, 30mA.

3. Results and discussion

3.1 Chronology and organic matter stratigraphy
The core was dated as between 7 and 21 Ka

BP (Fig. 2a), thus the last glacial/ postglacial

changes could be identified. Piston coring often

loses the uppermost loose sediments because of
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Fig. 2. The profiles of (a) C-14 dates, “@” denotes those measured by the AMS method and
“A” denotes the one measured by the conventional method; (b) sand, silt and clay con-
tents; (¢) mean grain diameters (M,); (d) sorting coefficients (g,); (e) TOC (total or-
ganic carbon) contents, and (f) atomic TOC/TN (total organic carbon/total nitrogen)
ratios. The dashes lines show the mean values and the broken lines show the trends.

wrong setting of corer. But CHUNG and CHANG
(1995) studied some box cores and suggested
that the surface sediments on the upper and
middle slopes were too old to detect the excess
20Ph activities. SHIEH (1993) also found that the
age of the coretop sediments was about 5 Ka
BP and the sedimentation rates varied in the
ranges of 10~46 cm/Ka since 10 Ka BP from
another core on the slope. It is possible that
there is no recent sediments that cover the
study area because of the erosion of bottom
currents. If the sedimentation rate was con-
stant in each segment, the rate of the upper 150
cm segment (140cm/Ka) would be about 8
times higher than that below (16.8 cm/Ka).
The sedimentation rate of the upper segment is
very high and the possibility of deposit by
slumping could not be ruled out.

There is little fluctuation in the grain size
distribution of the sediments throughout the
core. The sediments contain about 55% silt,
309% clay and 15% sand (Fig. 2b). The mean di-
ameter (Mo) is in the range of 5.6~7.1 ® (phi)

and belongs to the fine silt class (Fig. 2c). The
sorting coefficients ( 0o) calculated with the
formula of Folk and Ward (1957) are in the
ranges of 1.3~1.8, and suggest that all sedi-
ments are poorly sorted (Fig. 2d). The coarser
sediments show poorer sorting than the finer
ones.

The TOC contents and the atomic TOC/TN
ratios seem to have slightly higher values in
the upper segment than the lower one (Figs. 2e
and 2f). Usually, older sediments lose more or-
ganic matter because of consumption by oxida-
tion or decomposition by the microbials. Our
TOC results (Fig. 2e) are consistent with this
trend. The gradual diagenetic decomposition of
sedimentary organic matter with preferential
loss of nitrogen (RaisweLL and TAN, 1985) also
should have resulted in a gradual increase in
the C/N ratios with depth in the Recent sedi-
ments but Fig. 2f shows a reverse trend. The
reason is as follows:

The C/N ratios of the marine phytoplankton
are about 6. The TOC/TN ratios of the
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Table.1 The elemental composition of the sediments

element range average [@D) @) element range average [€)) (2

TC(%) 1.28-1.67 1.41 1.82 3.94 Mn (ppm) 377-471 434 520 2020
TOC(%) 0.22-0.79 0.55 0.61 0.97 Fe(%) 2.88-4.51 3.72 3.15 3
TN(ppm)  510-1100 870 615 1130 | Ni(ppm) 38-50 42 25 36
Na(%) 1.19-1.76 1.43 1.33 1.93 Cu(ppm) 3052 41 14 26
Mg (%) 1.37-1.52 147 1.07 1.15 Zn(ppm) 77-111 99 66 82
A1(%) 6.83-8.21 791 5.31 5.93 Ga(ppm) 1521 18 13 14
Si(9%) 26.7-28.5 273 29.2 19.2 As(ppm) nd*-14 7 8 9
P(ppm) 500-563 525 500 630 Br(ppm) 12-44 26 13 39
S(ppm) 748-1394 1051 472 730 Rb(ppm) 101-143 127 93 87
Cl(ppm) 600-7400 2800 3000 5700 Sr(ppm) 160-208 180 269 415
K(%) 2.11-2.59 247 1.82 1.83 Zr(ppm) 178-397 220 180 120
Ca(%) 2.42-3.80 2.87 4.15 114 Cd(ppm) nd -4 2 0.07 0.16
Ti(ppm) 3800-4200 4000 3500 3100 Ce(ppm) 56-101 79 63 46
V(ppm) 90-121 107 71 78 Ba(ppm) 391-557 472 396 440
Cr(ppm) 70-95 81 61 58 || Pb(ppm) 46-87 58 21 27

(1) Taken from Zhao (1983) for the East China Sea

(2) Taken from Zhao and Yan (1994) for the Okinawa Trough

nd £ 1 ppm

sediments in the core are mostly between 5~9,
similar to those of the marine phytoplankton
(KNAUER et al., 1979; CHEN et al., 1996). How-
ever, the trend of the TOC/TN ratios, decreas-
ing with depth rather than increasing (Fig. 2f),
is opposite to the effects of early diagenesis
and seems to indicate the change of organic
matter sources. The higher TOC/TN ratios in
the upper segment of the core may reflect the
slight increase of the terrigenous organic mat-
ter input in the postglacial period. MULLER
(1977) found that in the case of most of conti-
nental margin sediments with 1~4% organic
carbon, clay-bound nitrogen substances includ-
ing inorganic ammonium does not signifi-
cantly affect the C/N ratios. But in some deep
sea sediments containing little organic matter
as in our case, the effect of inorganic nitrogen
on the total nitrogen is drastic and cannot be
neglected as inorganic ammonium may repre-
sent 20~459% of the total nitrogen. Because the
end product of the TOC decomposition may be
lost to the overlaying water, yet the end prod-
uct of decomposing organic nitrogen is bound
to the clay particles, the TOC/TN ratios may
decrease to below 6 (Fig. 2f).

3.2 Distribution of elements

The sediments deposited on the south East
China Sea shelf are characterized as coarse-
grained, mud-free, with high carbonate

contents and shell fragments. Quartz and feld-
spars are abundant in the shelf sand which are
primarily discharged from mainland China
(CHEN et al., 1992). The terrigenous material of
the muddy sediments in the South Okinawa
Trough is also mainly derived from mainland
China through the shelf but partly from
Taiwan and the Ryukyu Island Arc (LN and
CHEN, 1983). These terrigenous and local
biogenic material may control the elemental
composition in the sediments.

Table 1 shows the abundance of the chemical
elements in the core, and in the surface sedi-
ments of the East China Sea shelf (ZHA0, 1983)
and the Okinawa Trough (ZHao and YAN,
1994). The contents of most elements in the
core are similar to those on the East China Sea
shelf and in the Okinawa Trough. The major
chemical components in the sediments are
Si0: (59%), Al:Os (15%), CaCO; (7%), Fe.0s
(5%), K0 (8%), MgO (2.5%), Na.O (2%), total
organic matter (1.5%) and TiO. (0.7%).

The correlation coefficients of elements are
shown in Table 2. Aluminum is a typical ele-
ment from the aluminosilicate minerals and is
considered as of terrigenous origin. Mg, K, Ti,
V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, Br, Rb and Ba all
show strong positive correlation with Al, sug-
gesting that they are essentially of terrigenous
origin. Calcium and Sr are mainly from
biogenic origin in the East China Sea (ZHAO
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and YAN, 1994) thus Sr has a high correlation
coefficient (0.91) with Ca, and both have strong
negative correlation with the terrigenous ele-
ments. Although Si is largely from the
aluminosilicate minerals, it has strong positive
correlation with the biogenic elements (Ca and
Sr) and has negative correlation with the
terrigenous elements. The likely explanation is
that the variation in the biogenic silica content
is larger than the differences in the terrigenous
silicate. As a result, the fluctuation of Si be-
haves as a biogenic element.

The TOC, TOC/TN ratio as well as the
terrigenous elements have strong negative cor-
relation with the biogenic elements such as Ca
and Sr (Tab. 2). It may indicate that higher
TOC amount was supplied by the land plants.
The Al content decreases with depth, but the
ratios of Sr, Ca and Si to Al increase with depth
(Figs. 3a and 3b). It seems to reveal a higher
detritus input and lower biogenic content in
the postglacial period compared with the last
glacial period.

Total silica is composed of a minerogenic/
aluminosilicate component and a biogenic com-
ponent. The large variation in the Si/Al ratios
of the sediments seems to indicate the changes
of these components or their sources. ZHAO
(1983) proposed that the high Si/Al ratios were
induced by the high quartz contents in the
coarse sediments of the East China Sea. The
input of volcanic glasses or eolian dust with
high quartz content may also increase the Si
/Al ratio. However, there are less than 5 wt%
changes in quartz, equaling abut 26 wt%
changes in Si in the sediments. In addition, the
higher Si/Al ratio in the lower segment of the
core is not associated with the coarser material
or higher quartz content (Figs. 2¢c and 3c), thus
the higher ratio may be a result of an increase
in the biogenic opal input during the last gla-
cial period. Diatoms are the major source of
biogenic opal in the marine sediments thus
biogenic opal can be a proxy of local surface
water productivity because its content in the
sediments is an indicator of surface nutrients.
Therefore, local paleoproductivity can be re-
constructed with biogenic opal content in the
sediments (BROECKER and PENG, 1982; CHARLES
et al, 1991). The portion of biogenic silica

(opal) was determined on the basis of the as-
sumption that the Si/Al ratio in the alumi-
nosilicate fraction of the sediments is about 3
(LEINEN, 1977). Thus we subtracted three times
of Al content from the total Si and obtained the
biogenic Si content. The contents of biogenic
silica were calculated as between 5 and 17 wt9%,
higher during the last glacial period (Fig. 3d).

Assuming that Ca is mainly from the calcium
carbonate, the content of CaCQs, ranging be-
tween 7 and 10 wt% (Fig. 3d), is very close to
the result from the measurement of inorganic
carbon. The content of the total inorganic
biogenic material (opal and calcium carbonate
combined) ranges between 11 and 26 wt% and
increases with depth (Fig. 3d). The T/B (terri
genous/biogenic) ratio rises gradually from
around 4 at the bottom to ca. 8 at the surface
(Fig. 3e).

3.3 Paleoceanographic significance

During the last glacial period, a growth of
the continental ice sheets caused a global drop
in sea level by 100~120m (FAIRBANKS, 1989). As
a result, large parts of the modern East China
Sea shelf were exposed, when the main course
of the Kuroshio moved to the east of the
Ryukyu Island Arc (UJiE et al., 1991; AHAGON et
al., 1993). But Surex and CHEN (1995) suggested
that the Kuroshio did not change its path flow-
ing into the Okinawa Trough until about 7.5 Ka
BP during the Holocene period. Nevertheless,
these authors all agreed that the Kuroshio
moved away from the current path during the
last glacial period. The change of current pat-
terns would affect the characteristics of the
sediments.

The C/N ratios can assist in defining the na-
ture of the organic matter. Although the TOC
/TN ratios of the sediments are similar to those
of the marine phytoplankton, the close rela-
tionships between the contents of TOC,
terrigenous elements and the TOC/TN ratio in
this core reflect the importance of terrigenous
organic material input. If the sedimentation
rate was indeed higher in the postglacial pe-
riod, the higher values of these parameters pre-
sented seem to indicate higher terrigenous det-
ritus/organic material inputs because of higher
river discharge. We can not decide reliable flux
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of biogenic materials without reasonable sedi-
mentation rates. The organic carbon and the
biogenic opal contents are directly related to
the surface productivity (HEBBELN and
BERNER, 1993). But the organic carbon in this
core is partly mixed with the terrestrial or-
ganic material thus is not suitable for calculat-
ing the productivity. Higher productivity in
the glacial time was found in the northwestern
margin of the Pacific (YAN et al., 1991; AHAGON
et al., 1993), in the Northeast Pacific (KARLIN et
al., 1992), and in the Equatorial Pacific (REA et
al., 1991), and was discussed in detail by HoNDA
(1994). AHAGON et al. (1993) considered that
there was greater amount of particles and nu-
trients supplied from the more exposed land-
areas in addition to increased production in the
Okinawa Trough at that time. During the
posiglacial period, the sampling site was near
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the main course of the Kuroshio which was
characterized by its deficiency in nutrient and
by the low primary productivity, thus contrib-
uting little biogenic material content. Mean-
while, the warmer/wetter climate triggers off
higher river runoff, therefore more terrigenous
organic/inorganic detritus is supplied to the
ocean. On the other hand, the Kuroshio moved
away during the last glacial period and the
more eutrophic near-shore water enhanced the
primary productivity which resulted in higher
opal and CaCOs; contents, and also lowered the
T/B ratio in the sediments (Fig. 3e).

The concentration of Mg in the sediments
may reflect the salinity of water in the sedi-
mentary environment. The contents of Mg ion
and Mg-containing substances increase with
salinity in water (ZHANG, 1992). The Mg/ Al
ratio averaged 0.183 in the upper segment and

Table. 2 The correlation coefficients among the elements.

TOC TN TOC/TN Na Mg Al Si P S Cl K Ca Ti \4 Cr
TN 0.74  1.00
TOC/TN  0.83 0.26 1.00

Na 0.16 —0.08 0.28  1.00
Mg 061 0.73 033 -0.01 1.00

Al 0.76  0.76 049 011 080 1.00

Si -0.75 -074 -048 -0.21 -082 -0.89 1.00

p 0.04 -0.17 003 023 —030 -026 0.09 1.00

S 002 021 -009 -017 016 012 -003 -031 1.00

Cl 038 0.15 040 090 020 035 -048 023 -029 100

K 073 077 045 007 085 097 -091 -034 008 033 1.00

Ca -0.75 -0.72 052 -0.09 -081 -089 085 027 001 -035 -093 1.00

Ti 047 041 034 016 055 0.74 -063 -014 -0.06 028 070 -0.68 1.00

A 058 0.8 035 -004 065 078 -071 053 -0.09 017 084 -080 066 1.00

Cr 064 058 045 014 060 075 -0.72 -0.02 -017 042 073 -0.78 052 060 1.00
Mn 047 042 033 014 045 055 -061 029 -010 036 051 -045 037 026 054
Fe 064 071 037 -010 083 075 -081 -030 000 017 08 -091 051 073 062
Ni 065 054 046 037 044 065 070 019 -016 058 062 -059 037 045 0.74
Cu 0.56  0.58 030 -015 053 065 —-057 -031 000 015 066 -053 028 061 054
Zn 0.78 0.75 052 017 075 092 -087 -020 003 040 092 -088 066 079 0.77
Ga 0.53 048 038 018 070 079 -0.71 -024 007 031 080 -074 058 072 060
As 010 023 -005 -013 -0.01 009 -004 -036 038 -009 010 008 -017 0.01 -0.13
Br 069 0.55 053 063 053 068 —081 013 -012 081 068 -070 054 048 065
Rb 067 0.77 037 002 067 081 -065 —050 035 016 081 -0.72 051 069 048
Sr -059 -056 -041 -004 -075 -0.74 077 014 015 -031 -080 091 -059 -0.71 -0.75
Zr -059 -057 -041 001 057 -056 057 024 001 -021 -062 061 -002 -049 -056
Cd -0.01 -0.11 008 -0.07 -014 -024 018 032 -009 -002 -024 015 -025 -036 0.02
Ce 022 0.08 023 022 032 015 -026 -006 007 020 017 -011 0.04 023 -0.03
Ba 0.58  0.64 033 006 060 063 -056 -020 030 005 061 -054 036 050 040
Pb 032 037 014 -025 024 037 -034 -006 013 002 036 -026 000 023 040




Paleoenvironmental record during 7~21 Ka BP 243

0.188 in the lower segment (Fig. 3f), suggesting
higher salinity during the glacial than during
the postglacial period. The average Mg/ Al
raito was 2.7% with a maximum of 109 higher
during the glacial period (Fig. 3f). It means
that the salinity of the water column might be
on the average 1 unit and with a maximum of
3.4 units higher than the postglacial period.
SHieH (1993) suggested that the salinity of sur-
face seawater was as high as 37.8 during the
last glacial maximum period because of the low
precipitation on land and the low river runoff.
The surface salinity of the study site is pres-
ently at about 34.5. An increase of 1 to 3 would
result in a good agreement with Shieh’s data
for the last glacial period.

Further, the salinity of the global seawater
also increased during the last glacial period
when fresh water was extracted from the ocean

and was locked up in the form of ice sheets.
The present ocean has a mean depth of 3800
meters and a mean salinity of 34.7. The removal
of a 120 meter thick layer of water would in-
crease the salinity by about 1.1, in good agree-
ment with our Mg data. The fluctuation of the
river discharge might also influence the salin-
ity of surface water. Although the sampling
site was closer to the shore during the last gla-
cial period, there was relatively lower fresh
water input. As mentioned above, there was
higher river discharge during the postglacial
period, but the Kuroshio controlled the salin-
ity. According to the distribution of the Mg/Al
ratio, we conclude that the variations in the sa-
linity in the South Okinawa Trough was
mainly controlled by the global sea-level fluc-
tuations during the glacial/postglacial period.

Table. 2 (continued)

Mn Fe Ni Cu Zn Ga

Br Rb Sr Zr Cd Ce Ba

TN
TOC/TN

Na

Mg

Al

Si

})

S

Cl

K

Ca

Ti

v

Cr

Mn 1.00

Fe 0.42 1.00

Ni 0.56 0.45 1.00

Cu 0.41 048  0.54 1.00

Zn 0.51 075 074 0.66 1.00

Ga 0.45 0.61 0.57 048  0.75 1.00
As -0.08 -0.03 ~0.15 0.41 0.00 -0.15
Br 0.58 058  0.77 032 0.73 0.59
Rb 0.27 0.61 0.37 0.61 0.75 0.65
Sr -042 -0.88 -060 -044 -0.79 -0.66
Zr -021 -060 -050 058 -0.59 -0.56
Cd 002 -017 002 -005 -0.19 -023
Ce 0.06 014 0.14 018 019 0.31
Ba 0.18 049 038 047  0.63 0.55
Pb 0.35 024 035 076 037  0.07

1.00

-0.12 100

038 046  1.00

033 -063 -043 100

-0.15 039 -056 053  1.00

-0.06 -0.10 -028 0.08 005 100

-007 020 018 -11 -021 -032 1.00

0.12 033 068 -039 -051 -023 020 100
052 008 033 -019 -036 014 -003 0.19
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Fig. 3. The profiles of (a) Al ; (b) ratios of Sr/Al Si/Al and Ca/Al ; (¢) quartz ; (d) biogenic
material (opal and CaCOs,) ; (e) T/B (terrigenous/biogenic) ratio ; and (e) Mg/Al ratio.
The broken lines are average values for each segment.

4. Conclusions

The sediment core collected from the South
Okinawa Trough revealed the last glacial/
postglacial changes. The change in the relative
abundance of the terrigenous and biogenic in-
puts was the major factor that controlled the
distribution of these elements. There were
about 74~89 wt% terrigenous and 11~26 wt%
biogenic materials (including CaCO; and
biogenic silica) in the sediments. The content
of biogenic material in the glacial period was
about 10 wt% higher than that in the
postglacial period.

These data suggest higher terrigenous detri
tus/organic material input or higher river dis-
charge in the postglacial period. The Mg/ Al
ratio indicated that the salinity of the seawater
was related to the global sea-level fluctuation,
and was on the average 1 unit higher in the last
glacial period.
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