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Abstract

We deployed floating traps in the surface waters of the South China Sea on four occasions at depths of 30 m,
100 m, and 160 m from 2006 to 2007 to quantify vertical metal fluxes in the surface water and examine trace metal
composition in the sinking particles to investigate their sources. The elements determined include 13 trace metals
and 8 major elements. The fluxes for most of the bioactive elements at 30 m varied markedly during different
seasons and strongly co-varied with organic matter production, but the fluxes at 160 m were low and consistent
under different seasons, showing that most of the elements were internally recycled in the surface water during
productive seasons. Most of the bioactive trace metals in sinking particles were correlated with biogenic P, and
their P-normalized quotas were also strongly associated with lithogenic Al. The ratios of metals to Al and P for
most of the bioactive trace metals were significantly higher than the ratios in lithogenic particles and than
intracellular quotas in plankton, respectively, indicating that the trace metals in the sinking particles were
abiogenic, nonlithogenic, and adsorbed on biogenic particles. The comparable fluxes between aeolian deposition
and the sinking particles in the mixed layer demonstrate that the highly enriched trace metals in the sinking
particles were attributed to input from anthropogenic aerosols. The coupling and transport of anthropogenic
trace metals with biogenic particles in oceanic surface waters may be an important mechanism for trace metal

cycling in global oceans.

Trace metals serve important roles as regulators of ocean
processes, including marine ecosystem dynamics and global
carbon cycling (Henderson et al. 2007). Consequently,
identifying biogeochemical processes that regulate internal
cycling of trace metals and quantifying their rates and
fluxes in marine water columns are vital to establishing the
roles they play as regulators and recorders of ocean
processes (Anderson and Henderson 2005). Biogenic
particles generated in oceanic surface water are one of the
most important forcings regulating the internal cycling of
trace metals in marine water columns (Turekian 1977;
Whitfield and Turner 1987; Kuss and Kremling 1999). The
particles interact with both dissolved and particulate
bioactive trace metals through processes like active
biological uptake or passive adsorption. In particular,
large biogenic particles, mostly composed of detritus and
hard parts of sizable phytoplankton and zooplankton and
fecal pallets of zooplankton, serve as the predominant
components of sinking particles in oceanic surface waters
(Bruland 1983; Fowler and Knauer 1986; Alldredge and
Jackson 1995). These particles become dominant agents in
transporting major and trace elements from oceanic surface
waters to deep waters. In addition, particle fluxes regulate
the concentrations and availability of trace metals in
oceanic water columns. Thus, the elemental composition
of marine plankton and sinking particles, and the fluxes of
sinking particles in oceanic surface waters are essential
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information for understanding how trace metals are
internally cycled in oceanic water columns.

Intracellular trace-metal composition or quotas in
phytoplankton assemblages provide us fundamental infor-
mation to understand how trace metals are transported and
associated with biogenic particles. With the efforts carried
out by both field and laboratory studies during the past
three decades, we now obtain fairly convincing numbers on
intracellular trace-metal composition in marine phyto-
plankton assemblages (Martin and Knauer 1973; Ho et
al. 2003; Ho 2006). Based on the intracellular quota
information, our recent field study observed that over-
whelming amounts of trace metals were adsorbed on
phytoplankton cellular surface in the offshore deep-water
time-series station in the South China Sea, Southeast-
Asian-Time-Series (SEATS). Compared to metal : Al ratios
in crustal composition, the highly elevated metal : Al ratios
observed in the phytoplankton samples indicated that the
adsorbed extracellular metals were abiotic and nonlitho-
genic. We hypothesized that the most likely source for the
highly enriched extracellular metals was anthropogenic
aerosols containing markedly soluble trace metals (Ho et
al. 2007).

Atmospheric input is a major source of bioactive trace
metals in the surface waters of the open ocean. The
majority of soluble trace metals originating from both wet
and dry deposition would precipitate in seawater, then
associate with suspended and/or sinking particles due to
their low solubility in seawater and the adsorption
properties on particles. The subtropical and tropical
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Fig. 1. Location of the sampling site SEATS (115°34'E, 18°15'N) and Dongsha atoll

(116°43'E, 20°42’N) in the northern South China Sea.

Western Pacific Ocean is known to receive high aerosol
deposit originating from dust storms and anthropogenic
and biomass burning (Jickells et al. 2005; Lin et al. 2007).
In this study, we have deployed neutrally buoyant particle
traps in the surface water of SEATS station for four
occasions to collect sinking particles at depths of 30 m,
100 m, and 160 m in the sea to quantitatively investigate
vertical fluxes of trace metals in the surface water and to
investigate the trace metal sources in the sinking particles.
To the best of our knowledge, previous flux studies have
deployed their particle traps in deep waters so that our
understanding of trace metal fluxes in the surface water of
deep oceanic waters remain unclear. The trace metal fluxes
and composition reported here provide useful information
for us to better understand how trace metals cycle in
oceanic surface waters.

Methods

Sampling site—The sampling site, SEATS, was located
in the northern South China Sea basin with a bottom depth
of 3783 m (Fig. 1). The northern South China Sea
experiences northeastern monsoon in winter from October
to April and southwestern monsoon in summer from May
to September annually. Observed by satellite images,
anthropogenic aerosols from fossil-fuel and biomass
burning originating from China and Southeast Asia are
brought to the region all year long (Lin et al. 2007).

Occasionally, the winter monsoon may also induce dust
storms originating from the deserts in central China and
input lithogenic particles to the surface water. This
semiclosed deep-water basin also lies in a region surround-
ed with high fluvial input from the shelf, mainly from the
Pearl River next to the northern South China Sea and the
Mekong River next to the southern South China Sea.
Lateral transport of lithogenic particles from the continen-
tal shelf and break may be significant in the shelf-sea
region. More oceanographic background about the South
China Sea can be found in Wong et al. (2007a).

The sinking particles at the SEATS station were collected
with a custom-made floating sediment-trap array, which
consisted of eight cylindrical Plexiglass tubes (6.4-cm
diameter and 9.53 aspect ratio) with honeycomb baffles
covering the trap mouths (Wei et al. 1994). The arrays were
deployed at the SEATS site at three depths (30 m, 100 m, and
160 m) for ~ 2 d during each cruise (Table 1). The trap
solutions were prepared in a polypropylene bottle by adding
800 g of Merck GR grade NaCl to 20 liters of subsurface
seawaters taken near the trap deployment location, in which
trace metal concentrations were known to be very low (Wen
et al. 2006). The total trace-metal masses in the sinking
particles collected in the tubes for the metals were at least one
order of magnitude higher than the total trace-metal masses
originating from the NaCl salts; thus, the possible contam-
ination from the brine water is ignorable. Upon recovery, the
sinking particles in the brine water of a tube were filtered

Table 1. The detailed information of the cruise time, sampling location, and period.
Deployed
ID No. Cruise No. depth (m) Deployment/recovery time Deployment/recovery location
SEATS-FT2 ORI-812 30, 100 19:00 h 20 Oct/07:00 h 22 Oct 2006 (36 h) 115°39'; 18°19'/unrecorded
SEATS-FT3 ORI-821 30, 100, 160 18:10 h 15 Jan/13:10 h 17 Jan 2007 (43 h) 115°40"; 18°16'/115°44'; 18°11'
SEATS-FT4 ORIII-1239 30, 100, 160 18:50 h 30 Jul/18:50 h 01 Aug 2007 (48 h) 115°40'; 18°14'/116°01"; 18°02'
SEATS-FTS5 ORI-845 30, 100, 160 11:30 h 23 Oct/07:30 h 25 Oct 2007 (44 h) 115°30; 18°17'/115°21"; 18°48'
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through 47-mm precombusted GF/F filters for organic
carbon analysis. The sinking particles of the other tube were
filtered through 47-mm 0.45-um polycarbonate filters for
trace metal analysis. In a land-based laboratory, the
swimmers retained on the filters were manually removed
using plastic forceps and the samples were then freeze-dried
for further chemical processing and analysis.

Pretreatment and analysis—After being freeze-dried, the
filters for organic carbon analysis were fumed for 24 h with
concentrated HCI to remove extracellular calcium carbon-
ate, then were analyzed using an elemental analyzer (Carlo
Erba). The filters for trace metal analysis were soaked in a
mixture of 1.8 mL super-pure nitric acid and 0.2 mL super-
pure hydrofluoric acid (Seastar) in 10-mL acid-washed
microwavable Teflon vials. The sample filters and blank
filters were digested in a microwave oven (MARS, CEM) at
180°C for 15 min with a 10-min ramp from room
temperature to 180°C. After complete digestion, the
samples were evaporated to almost dryness on hot plates
at 80°C under a trace-metal clean hood. Super-pure nitric
acid was added to the samples, and they were diluted
sequentially with Element grade Milli-Q water to obtain
samples in 3% nitric acid solution, which were ready for
inductively coupled plasma mass spectrometer (ICPMS)
analysis. Except organic carbon, the concentrations of all
other elements analyzed were determined by using a sector
field double-focusing high-resolution ICPMS (Element
XR, Thermo Scientific), fitted with a de-solvation system
(APEX and Spiro, Elemental Scientific). The sensitivity
and stability of the instrument were adjusted to optimal
condition before analysis. The analysis was conducted with
sensitivity around 10¢ counts s—! for 1 ug L—! In and the
analytical precision was normally between 1% and 2%.
External and internal standards were both applied for
concentration quantification. The details of the analytical
precision, accuracy, and detection limits of the ICPMS
method were described in Ho et al. (2003, 2007).

Aeolian deposition fluxes—A time-series acrosol collec-
tion station has been established since April 2007 on
Dongsha Island, a coral reef atoll in the northern South
China Sea near the SEATS site (Fig. 1). Trace metal
concentrations in aerosols are available for the two
occasions of this study, July and October in 2007. Daily
aerosol samples were collected using Whatman 41 cellulose
filters and a flow-controlled total suspended particle high-
volume air sampler (Thermo Electron). After collection, the
filters were stored in separate sealed plastic bags prior to
analysis in laboratory. Filters were digested and pretreated
in a mixture of super-pure hydrofluoric acid and HNO;.
Trace metal concentrations in the aerosols were determined
by ICPMS. Dry-deposition fluxes of trace metals are
estimated by multiplying trace metal concentrations in the
atmosphere by their deposition velocities suggested by
Duce et al. (1991). We used 2.0 cm s—! as the deposition
velocity for lithogenic-type metals: Al, Fe, Ti, Mn, Ba, and
0.5 cm s—! for other anthropogenic metals. Since January
2009, in addition to dry-deposition collection, total
deposition samples (dry and wet deposition) have also

1809

been collected weekly (F.-J. Lin unpubl.). The fractions of
dry deposition to total deposition are available, which are
0.35 (P), 0.06 (Ba), 0.61 (Al), 0.61 (Fe), 0.08 (Ti), 0.55 (Mn),
0.30 (V), 0.05 (Co), 0.03 (Ni), 0.13 (Zn), 0.05 (Cd), and 0.35
(Pb). Total aeolian deposition fluxes for trace metals during
July and October 2007 are obtained by dividing dry-
deposition fluxes by their averaged fractions.

Results

The raw data of elemental fluxes in sinking particles are
presented in Table 2 and Figs. 2, 3. Figure 2 shows the
fluxes of organic carbon and their correlation with the fluxes
of organic P for all depths and seasons. It should be noted
that the sampling, the sample pretreatment, and the
analytical methods in determining organic carbon and
phosphorus were completely independent for the two
elements and their samples were also obtained from different
tubes of the floating traps. The vertical fluxes of organic C
and P presented in Figs. 2, 3 show that their vertical profiles
are almost identical and the C: P ratios were also very close
to the Redfield ratio, indicating that the sampling, pretreat-
ment, and analytical procedures are reliable and the data
quality is high. The fluxes of organic carbon during the four
temporal occasions varied markedly at 30 m (Fig. 2), with
the highest value observed in January and lowest value in
July, which were 59 mmol C m—2d~! (or 0.71 gCm~—2d~1!)
and 3.2 mmol C m~2 d~! (or 0.038 g C m—2 d—!), respec-
tively. The fluxes of organic C decreased exponentially with
depths and their seasonal differences become less significant
at the two deeper depths, which were around or less than
two-fold of difference among different seasons at 100 m and
160 m. Strong exponential decay of the organic matter in the
surface happened mainly during the productive seasons, but
not for the low-production summer season.

As shown in Fig. 3, the elemental fluxes at 30 m were
spanned over seven orders of magnitude among the
elements determined, from 10,000 yumol m—2 d—! for Ca
to 0.001 umol m—2 d~! for Th (Table 2; Fig. 3). In general,
the magnitude of elemental fluxes followed the sequence:
Ca>S=P=Mg>Al=Fe>Sr>Zn=Ti>Ni=Cu
=Mn=Pb>» Co=V=Mo=Cd >» U= Th. Except for
data obtained at the low-production summer time, the
vertical fluxes of biogenic elements like P, S, Mg, Sr, Ca,
and many other trace metals (including Cd, U, Co, Ni, Cu,
Zn, Ti, Pb, Mo, Fe) all decreased with increasing depth in
the surface water from 30 m to 160 m (Fig. 3). This feature
indicates that they were associated with biogenic matters to
some extent, either incorporated into cellular biomass or
adsorbed on biogenic particle surfaces. However, the
vertical fluxes of a few lithogenic-type metals (Al, Ba, V,
and Th) generally did not vary over a factor of two at
different depths for same season, indicating that these
elements may be transported vertically through abiogenic
agents, particularly in the deeper depths. The elements with
weak flux gradients, such as Ni, Cu, Mn, and Fe, may thus
be attributed to relatively equivalent transport agents
between biogenic and abiogenic particles.

Trace metal composition in sinking particles is presented
in Fig. 4. Due to historical reason to express the Redfield
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2006 to October 2007. The residence times (t) of the elements were estimated and presented at the bottom of the table.

The raw data of elemental fluxes at 30 m, 100 m, and 160 m in the South China during the four occasions from October

Sampling Elemental flux (umol m—=2d-1)

Yr Date Depth (m) C Mg Al Si* P S Ca Ti v
2006 18-24 Oct 30 39,000 523 100 4163 425 658 1398 2.1 0.140
100 17,400 454 76 2340 192 415 1606 1.7 0.106
2007 12-19 Jan 30 59,100 893 88 1109 712 1125 15,180 10.0 0.121
100 12,800 257 65 718 191 385 6179 5.1 0.089
160 7600 118 93 555 55 113 2133 2.9 0.127
2007 28 Jul-03 Aug 30 8600 153 45 510 64 105 897 1.0 0.059
100 9800 216 96 528 96 138 880 1.1 0.058
160 3200 108 59 454 47 80 331 0.80 0.057
2007 21-30 Oct 30 40,000 362 79 456 290 765 10,498 7.3 0.133
100 13,600 223 74 442 94 201 1898 2.7 0.103
160 8800 147 98 412 61 149 1796 2.1 0.111

nmol L1 (umol m—3) 0-160 2X106 5X107 5.0 X104 500 3X107 1X107 0.3 30
7 (yr) 0-160 350 2X105 0.026 9.2 4.0 105 3100 0.069 140

*Si data might be underestimated due to the partial loss in sample digestion with hydrogen fluoric acid. The data can be used for reference only.
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Fig. 2. (a) Comparison of the organic carbon fluxes at the
three depths for all cruises in this study. (b) The correlation of the
fluxes of organic carbon and phosphorus. The overall average of
the C:P ratios in the data set is 109. The dashed reference line
stands for the Redfield ratio, 106.

ratio by normalizing C and N to P, previous trace-metal
studies have expressed trace metal composition in marine
plankton assemblages by normalizing trace metals to P
(Collier and Edmond 1984; Kuss and Kremling 1999; Ho et
al. 2003). To compare with previous intracellular metal
quotas reported, the fluxes or concentrations determined in
the sinking particles were also presented by normalizing
them to P (Fig. 4). Overall, the ratios of metals to P for
most of the bioactive trace metals were significantly higher
than the intracellular quotas in plankton, which are
presented with the dashed lines in the figures.

Discussion

Primary production and vertical fluxes—The production
and transport of organic matter in the euphotic zone is
critical in regulating trace metal cycling in marine water
columns (Martin and Knauer 1973; Deuser et al. 1983;
Bruland et al. 1991). Trace metals can be either incorpo-
rated into organic matter or adsorbed on the surface. The
packaging of the biogenic and lithogenic particles due to
the adsorption of abiotic particles on biogenic particles is
known to be an important process in transporting trace
metals in oceanic surface waters (Coale and Bruland 1985;
Jickells et al. 1990). Early sediment-trap studies have
observed strong correlation between biogenic organic
matter and lithogenic particles even in the deep water of
open oceans (Deuser et al. 1983; Jickells et al. 1984). In our
study site, the seasonal variability of primary production
has been intensively studied (Chen 2005; Tseng et al. 2005).
The seasonal production pattern observed is unique in low-
latitude oceanic waters, with highest production during
winter with strong northeastern monsoon and lowest
production during summer. Elevated production during
winter is mainly caused by the coupling effect of surface
cooling and wind-induced mixing (Tseng et al. 2005). The
mixing layer depth may be deepened from 20 m during
summer to 80 m in winter so that the nutrients in the deeper
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Table 2. Extended.

Elemental flux (umol m—2 d—1)
Mn Fe Co Ni Cu Zn Sr Mo Cd Ba Pb Th U
1.43 75 0.088 1.43 2.80 4.14 52.9 0.017 0.0279 0.82 3.52 0.00156 0.00218
1.10 46 0.054 1.20 3.28 4.57 12.9 0.039 0.0173 1.66 1.82 0.00119 0.00215
1.79 57 0.110 4.16 2.12 9.92 50.3 0.084 0.0841 0.81 0.85 0.00083 0.00338
1.47 36 0.023 1.79 1.14 4.98 27.4 0.059 0.0165 0.93 1.12 0.00054 0.00159
1.77 42 0.027 1.03 0.51 2.88 11.7 0.036 0.0035 1.55 0.69 0.00065 0.00068
0.39 36 0.023 2.69 1.35 2.20 7.9 0.012 0.0056 0.27 0.27 0.00040 0.00078
0.82 42 0.027 4.03 1.49 3.08 4.2 0.012 0.0060 0.46 0.37 0.00094 0.00128
0.93 33 0.019 1.92 1.64 2.39 1.3 0.013 0.0029 0.67 0.22 0.00071 0.00099
1.88 102 0.045 1.86 1.12 7.68 81.4 0.029 0.0493 1.60 0.93 0.00126 0.00249
1.22 69 0.045 2.99 1.56 3.73 9.7 0.019 0.0090 1.74 0.90 0.00103 0.00098
1.11 46 0.023 1.23 1.18 2.76 5.5 0.014 0.0071 1.19 0.44 0.00115 0.00095
0.4 5.0 0.04 3.0 1.0 1.0 105 100 0.10 40 0.060 104 13
0.14 0.056 0.80 0.99 0.42 0.17 7100 2100 10 15 0.058 0.052 6500

water can be mixed with the surface water to elevate
primary production in winter. The seasonal integrated
primary production reported by Tseng et al. (2005) ranged
from0.11 gCm~=2d~!in summer to about 0.30 gCm—2d~!
in winter, consistent with the integrated primary produc-
tion reported by Chen (2005), which ranged from
0.19g Cm=2d-!to0.55gC m2d-! for summer and
winter, respectively. By using nitrate-based new produc-
tion, Chen (2005) also reported integrated new production

in the top 100 m. New production was generally low for
summer and autumn, ranging from 0.03 g C m—2 d—! to
0.07gCm~2d-1, butit was up to 0.26 g C m—2 d~! during
winter.

In this study, the fluxes of organic carbon during the
four temporal occasions also varied markedly at 30 m
(Fig. 2), consistent with the seasonal change of the primary
production data reported previously, with the highest value
observed in January and lowest value in July, which were
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Fig. 3.
January 2006, July 2006, and October 2007.

The elemental fluxes at the depths of 30 m, 100 m, 160 m of the South China Sea for the four occasions, October 2006,
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Fig. 4.

P-normalized elemental quotas in the sinking particles collected at the depths of 30 m, 100 m, 160 m of the South China Sea

during the four sampling occasions, October 2006, January 2006, July 2007, and October 2007. The vertical dashed lines represent the
intracellular element-to-P ratios in marine plankton assemblages, shown in the bracket for the elements: Zn (0.8), Fe (7.5), Co (0.19), Cu
(0.38), Mo (0.03), Ca (23000), Mg (560), Sr (54), Cd (0.12), and S (1300) mmol mol—! P (Ho et al. 2003; Ho 2006). The individual range of
the elemental quotas for Fe, Zn, Mn, Cu, Ni, Co, and Cd in marine plankton are 3.6-7.4, 0.8-3.0, 0.3-1.6, 0.18-0.52, 0.21-1.4, 0.10-0.19,
and 0.07-0.54 mmol mol—! P, respectively, based on the seven reliable laboratory and field studies for trace metal quotas in marine

plankton cited by Ho (2006).

0.71 g C m—2 d-! and 0.038 g C m—2 d—1, respectively.
Contrary to temporally varied elemental fluxes at 30 m, the
similarity in organic matter fluxes at 160 m in different
seasons indicates that most of the increase in new
production during the productive seasons was recycled in
the top 160 m. The seasonal variability of organic matter
fluxes at the deeper depth was less significant than the
shallowest depth. This may be partially attributed to the
strong seawater density gradient in the surface water which
slows down the sinking rate of particles and enhances the
respiration of organic matter.

Figure 3 shows that the fluxes of many bioactive trace
metals exhibit significantly similar temporal and vertical
patterns with organic matter production. Overall, the trace
metal fluxes exhibit exponential decrease from 30 m to
160 m with the highest value being during winter and
lowest value during summer (Fig. 3). The elements that are
most significantly correlated with organic matter fluxes
include: Sr, Mo, Cd, U, Mg, S, Ca, Ti, Co, Zn, all with
statistical p-values < 0.05. Relative to the elements
mentioned above, the fluxes of Al, Ba, Th, Fe, V, Ni, Cu,
and Pb did not exhibit overall significant correlation with
organic matter fluxes (Fig. 3), though many of them still

display the same seasonal trend with organic matter at 30 m
during different seasons. The insignificant correlation
between these metals and organic matter fluxes is most
likely due to the elevated contribution of lithogenic
particles at the deeper depths. As shown in Fig. 3, Al
fluxes were comparable overall among all seasons and
depths and only varied by a factor of two, ranging from
50 umol m2 d—1 to 100 umol m2 d—!. Our previous studies
also show that the Al concentrations in suspended particles
of the surface water from the water surface to 200 m
increased with depth, and vertical Al fluxes in the deep
water also increased with depth (Ho et al. 2007, 2009),
indicating that there has been a strong bottom-up input of
lithogenic particles in the euphotic zone. The ratios of Al: P
shown in Fig. 4 also exhibit elevated values with depth,
again showing that the deeper the water the higher
percentages of lithogenic particles are in the sinking
particles. The contribution of lithogenic particles to trace
metals significantly increases with depth.

With the vertical flux information in the surface water,
the residence time of the elements in the top 160-m
zonation can be estimated by dividing the total mass of
the elements in the zonation by the elemental fluxes
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measured by assuming that the vertical export is the major
removal pathway in the zonation (Table 2). The averaged
elemental fluxes at 160 m were obtained by averaging the
elemental fluxes (Table 2). The total elemental inventories
in the top 160-m are estimated by multiplying total
averaged elemental concentrations by 160 m. The total
averaged elemental concentrations were obtained and
compiled from several previous studies on trace metals in
the South China Sea (Nozaki 2001; Wen et al. 2006; Ho et
al. 2007). For the elements Th, U, Pb, Ti, Mn, Ba, V, Ca,
Sr, Ba, S, and Mg, the soluble metal concentrations
reported by Nozaki (2001) were used. All others are
obtained from the studies of Wen et al. (2006) and Ho et al.
(2007). As shown in Table 1, the residence time sequences
from shortest to longest are: Al (10 d) > Th = Fe = Pb =
Ti (20 d) > Mn (50 d) > Zn (60 d) > Cu (150 d) > Co
(290 d) > Ni (1 yr) > P (4.0 yr) > Cd (9.7 yr) > Ba (15 yr)
>V (140 yr) > C (350 yr) > Mo (2100 yr) > Ca (3100 yr)
> U (6500 yr) > Sr (7100 yr) > S (110,000 yr) > Mg
(180,000 yr). The residence times of the lithogenic-type
metals are particularly short (like Al, Fe, and Ti), possibly
due to the high bottom-up fluxes of lithogenic particles
rapidly moving in and out of the surface zone. In addition,
particle reactive metals (such as Al, Fe, Mn, Th, and Pb)
would have relatively short residence time in the surface
water where particle fluxes are high. In contrast to the
lithogenic metals, the residence times of P and Cd are
relatively long. Both are representative bioactive elements
that are mainly incorporated into organic matter, again
showing strong respiration of organic matter in the top 160 m
in the water column. With the strong seasonal variability of
aeolian aerosol input in the northern South China Sea,
seasonal variability for trace metal concentrations may be
observed for some metals in the surface water, particularly
for the elements with residence time shorter than a year.

Lithogenic and anthropogenic sources—With an under-
standing of trace metal composition in both biogenic and
lithogenic particles, we may quantify the relative contribu-
tion of biogenic and lithogenic particles in the sinking
particles. Phosphorus and aluminum, with their contrasting
known abundance in both biogenic and lithogenic particles,
correspondingly, are useful proxies to evaluate the relative
contribution of biotic and abiotic sources for trace metals
in sinking particles. By assuming constant trace-metal
composition in both biogenic and abiogenic particles, their
quantitative relationship can be obtained as the following
mass balance formula:

[M] =a[P]+blAll (1)

where [M] is total concentration of metals in particles, [P] is
phosphorus concentration in biogenic particles, [Al] is
aluminum concentration in abiogenic particles, ‘a’ is P-
normalized metal quotas in biogenic particles, and ‘b’ is Al-
normalized metal quotas in abiogenic (assuming mainly
lithogenic) particles.

Although biogenic hard parts, mainly composed of
calcite and silica, contribute a major mass portion in
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sinking biogenic particles, the concentrations of trace
metals and phosphorus in the hard parts are relatively
low, such that the contribution of trace metals from the
hard parts to overall biogenic particles is ignorable,
particularly in the surface waters where organic matters
are abundant. Metal : P ratios in biogenic organic particles
may reasonably represent overall ratios in biogenic
particles. To illustrate the relative contribution of biotic
and abiotic particles, the metal quotas of the samples are
expressed by plotting the ratios [M]:[P] or [M]:[Al] with
the known stoichiometric constants of a and b, which are
shown as the vertical dashed lines in the plots for
comparison in Figs. 4, 5.

After normalizing to P, the quotas of Mg, Ca, Sr, Cd,
and S in the sinking particles over different depths and
seasons exhibited comparable value to the known intracel-
lular quotas (Ho et al. 2003; Ho 2006), indicating that these
elements were mainly incorporated into biogenic organic
matter (Fig. 4). The quotas of most other elements were
greatly above the known intracellular metal quotas in
biogenic particles and increased with increasing depth.
Using Zn and Fe as examples, Zn quotas ranged from
10 mmol mol—! P to 50 mmol mol—! P; Fe quotas ranged
from 100 mmol mol—! P to 700 mmol mol—! P. Both are
one to two orders of magnitude above their known
averaged intracellular quotas in marine plankton of
0.8 mmol mol~! P and 7.5 mmol mol—! P, respectively
(Ho et al. 2003; Ho 2006). In addition to Zn and Fe, many
other trace metals, including Al, Ti, V, Mn, Co, Ni, Cu,
Mo, Ba, Pb, Th, and U, exhibit similar patterns, with
increasing and highly enriched quotas with depth. Com-
pared to the known intracellular metal quotas in marine
plankton, these highly enriched metal quotas in the sinking
particles indicate that most of the metals were abiotic and
many of the trace metals were adsorbed on biogenic
particle surfaces, particularly at the depth of 30 m (Fig. 3).
These results are exactly like what we observed in the
suspended marine phytoplankton assemblages reported in
our previous study (Ho et al. 2007). The only exception is
Cd, which has been observed to be integrated into biogenic
organic matter from the surface water to the deep water
(Ho et al. 2009).

Because the surface of biogenic particles serve as
adsorption agents for transporting trace metals into deeper
water, the community structure of phytoplankton could
play a role in influencing vertical trace-metal transport
through sinking particles in the water column. The
composition of the hard parts of different marine
phytoplankton may influence the adsorption behaviors of
trace metals. It is known that the phytoplankton is
dominated by diatoms when the northeastern monsoon
starts blowing in October and mixes up major nutrients in
deeper water with surface water. With nitrate concentra-
tions going down, coccolithophores follow the diatom
bloom and become dominate phytoplankton phylum in the
surface water (Chen et al. 2007), which generally lasts from
January to March. Indeed, coccolithophores and coccoliths
were dominant suspended particulate material in the
surface water during January 2007, and were both observed
by microscope and also supported by the elevated Ca fluxes
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Fig. 5.

Al-normalized elemental quotas at the depths of 30 m, 100 m, 160 m of the South China Sea for the four occasions, October

2006, January 2006, July 2007, and October 2007. The vertical dashed lines represent elements-to-Al ratios in the bottom-up lithogenic
particles, shown in the brackets for the elements: V (0.88), Th (0.015), Ba (1.4), U (0.0036), Ti (20), Mn (5.7), Fe (252), Co (0.18), Ni
(0.32), Mo (0.0034), Cu (0.49), Zn (0.54), Pb (0.043), Si (2417), Ca (225), Sr (0.8), Mg (235), Cd (0.0006), S (31), and P (8.3) mmol mol—!
Al. Most of the ratios are obtained from the study of Calvert et al. (1993) for the sediment sample number labeled as GGC1, which was
located around 117°50'E, 14°00'N, relatively close to our SEATS site, except Cd, Th, and U, which are obtained from the study of Taylor
(1964). The averaged crustal ratios (mmol mol~!: Al) from the study of Taylor (1964) are: V (0.90), Th (0.015), U (0.0036), Ti (39), Mn
(5.7), Fe (331), Co (0.14), Ni (0.40), Cu (0.30), Zn (0.40), and Si (3286), which are fairly close to the ratios shown in this figure.

(Figs. 3, 6). We also observed that the elements associated
with P are highly associated with Ca. After normalizing P,
many trace metal quotas were still strongly associated with
the ratios of Ca:P, indicating that adsorption on calcium
carbonate surface is important. For example, Ti and Zn
exhibit even stronger correlations to Ca than to P (Fig. 7).

Likewise, after normalizing to Al, the ratios of V: Al and
Th: Al exhibit comparable value, within a factor of 2, over
different depths and different seasons to the ratios of the
lithogenic value reported by Calvert et al. (1993), indicating
that significant amounts of the elements in sinking particles
were from lithogenic particles (Fig. 5). However, most of
other elements-to-Al ratios decreased with increasing depth
and their metal: Al ratios were far above the known
lithogenic composition in the sampling site (Fig. 5). Three
possible sources may contribute to these highly enriched
trace metals, which include atmospheric aerosol input,
bottom-up deep-water input, or riverine lateral transport
input. As discussed, the possibility to have a bottom-up
input for the highly enriched trace metals in the sinking
particles can be first excluded (Ho et al. 2007, 2009). The

concentrations of Al and Fe at 600 m and 3300 m from
2004 to 2005 exhibited a strong linear correlation with a
slope of 0.253 mol:mol Al (T. Y. Ho unpubl.), which is
analytically the same as the Fe:Al ratio 0.252 mol: mol
observed in the composition of the sediments in the South
China Sea stations close to our sampling site (Calvert et al.
1993). Moreover, the decreasing M : Al ratios with depth
shown in Fig. 5 also indicate that the deeper the depth the
higher the percentage of lithogenic particles accounted for
in the sinking particles. The Fe: Al ratios in the sinking
particles collected in the surface waters were significantly
higher than the ratios at 600 m and 3300 m (Fig. 8). The
possibility of lateral riverine input for the highly enriched
trace metals in the sinking particles can also be excluded.
The major riverine water source close to the SEATS
sampling site in the northern South China Sea is the Pearl
River. We measured the suspended particles in the surface
waters at the three stations between the SEATS site and the
Pearl River mouth and observed that trace metal compo-
sition in the suspended particles collected in the surface
waters at the river mouth station (Pearl River, PR) were
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Fig. 6.
suspended particles collected at 30 m in the cruise of January
2007. The bars in the lower right corners of the top four images
stand for 5 um; the bar in the bottom image stands for 30 ym. This
bottom image was a large suspended particle with diameter
around 100 um, which was covered with various coccoliths.

Scanning electronic microscopic images for the

mainly lithogenic, and the signal of lithogenic particles did
not reach the surface water at the other coastal stations
located on the continental shelf and rise, indicating that
horizontal lithogenic particle transport from the Pearl
River to the SEATS is negligible (Ho et al. 2007).
Because bottom-up vertical transport and horizontal
riverine transport are both featured with lithogenic
particles in the region, the only possible source to cause
the highly enriched metals in the sinking particles of the
surface water is due to atmospheric deposition. Aerosol
input is known to be a major allochthonous trace-metal
source in oceanic surface water (Jickells et al. 2005). The
northern South China Sea is right next to populous
southern China, which has been one of most rapidly
industrializing regions globally. In particular, coal burning
is dominant in Chinese fossil-fuel consumption, which
accounts for about one-third of global coal consumption.
Results from the moderate resolution imaging spectro-
radiometer and the Quick scatterometer demonstrate that
anthropogenic fine aerosols reach the atmosphere of the
South China Sea and the Western Pacific Ocean during the
high-pressure northeastern monsoon period (Lin et al.
2007). In addition, huge population centers in surrounding
developing countries of the South China Sea region would
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also guarantee a steady and increasing input of anthropo-
genic aerosols from both fossil-fuel and biomass burning in
the region all year round. Indeed, studies show that
aerosols above the South China Sea feature anthropogenic
properties (Lin et al. 2007; Zhang et al. 2007).

A model for trace metal cycling in the upper ocean—We
propose a schematic model for trace metal cycling in the
surface water of the South China Sea (Fig. 9). Sinking
particles in the surface water are composed of biogenic,
lithogenic, and anthropogenic particles all together and the
relative contribution of each kind of particles to trace metal
composition in suspended and sinking particles varies
greatly with depth. Although biogenic particles serve as
major agents for transporting trace metals, the contribution
of intracellular trace metals to most of the trace metals in
the sinking particles is trivial. The major source for most of
the trace metals in the sinking particles of the mixed layer is
from aeolian deposition, in which most of the trace metals
are anthropogenic. Anthropogenic trace metals originating
either from dry or wet deposition through aeolian transport
are mostly soluble. Soluble trace metals may be either
chelated by soluble organic ligands or precipitated to
hydroxide metals or other chemical precipitates. Both
nonsoluble aerosol particles and precipitates adsorb on
biogenic particles, which serve as agents to vertically
transport the trace metals from the mixed layer to the
deep waters. The contribution of lithogenic particles to the
sinking particles increases with depth as the concentrations
of resuspended lithogenic particles increase with depth.
These lithogenic particles can be transported by biogenic
particles or sink down by themselves as shown in Fig. 9.

To validate this schematic model, we examine trace
metal composition in the sinking particles and compare the
trace metal fluxes estimated from floating traps with the
fluxes of their major sources: trace metal fluxes from
aeolian deposition and trace metal fluxes from vertical
water exchange below the mixed layer.

The highly enriched M : Al ratios indicate that most of
the metals are anthropogenic and most likely to originate
from aeolian deposition (Fig. 5). Using Zn as an example, a
trace metal known to be of anthropogenic origin in
aerosols, Zn: Al quotas ranged from 30 mmol mol~! to
100 mmol mol~! Al in the sinking particles—two to three
orders of magnitude higher than standard Zn:Al ratios
(0.54 mmol mol—1!) in the lithogenic particle in the sampling
site. These highly enriched Zn:Al ratios in the sinking
particles are comparable with averaged Zn: Al ratios in the
aerosol samples collected on Dongsha atoll, varying from
45 mmol mol~! to 300 mmol mol~! Al for July and
October 2007 (Table 3). Thus, >99% of Zn in the sinking
particles of the euphotic zone originates from anthropo-
genic aerosols. In addition to Zn, other trace metals,
including Ni, Cu, Mo, and Pb, also exhibit highly enriched
M : Al ratios in the aerosols and the sinking particles.

To estimate the contribution of bottom-up input of
dissolved metals from vertical water exchange to the trace
metal fluxes in the mixed layers, the input of dissolved trace
metals through water exchange from the water below the
mixed layer is estimated by multiplying water exchange
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rates to trace metal concentration transformed to sinking
particles in the mixed layer (Table 3). Under steady-state
assumption in the mixed layer, the approach may only be
meaningful to estimate the input when the elemental
concentrations transformed to sinking particles in the
mixed layer can be estimated. The elements that may be
qualified for the estimate include Cd, Zn, Fe, and P, which
are generally considered to be biologically active elements
with significant concentration gradients in the euphotic
zone due to intensive biological uptake. By multiplying the
water exchange rates using 0.15 m d—! by the averaged
dissolved concentrations of the trace metals at the bottom
depth of the mixed layer (Table 3), which are 1 nM, 0.2 nM,
and 0.02 nM for Fe, Zn, and Cd, respectively, estimated
fluxes for Fe, Zn, and Cd are 0.15 pumol m—2 d—1,
0.03 umol m—2 d—1, and 0.003 gmol m~—2 d—!, respectively,
only accounting for 0.9%, 0.4%, and 1.8% and 2%, 6%,
and 13% of the aeolian deposition fluxes in July and
October 2007, respectively. Thus, bottom-up input of the
dissolved metals through water exchange plays a minor role
in supplying the trace metals to the mixed layer. However,
it is worth noting that the input of vertical water exchange
becomes more significant for Cd and P during low aerosol
deposition season (Table 3). If biological regenerated
production is a major process for cycling trace metals in
the mixed layer, trace metal composition in the sinking
particles should also exhibit similar elemental composition
to intracellular trace-metal quotas in phytoplankton.

Indeed, Cd : P ratios in the sinking particles are comparable
to intracellular Cd quota in plankton (Ho et al. 2009).

In terms of top-down vertical fluxes, we compare trace
metal fluxes originating from aeolian transport, including
dry and wet deposition, with trace metal fluxes in the mixed
layer at 30 m during July and October 2007 (Table 3).
Considering the possible uncertainties that may be caused
and propagated through various processes during sam-
pling, analysis, and flux calculation between the two
independent studies, many of the trace metals exhibit
markedly similar fluxes between aeolian deposition and
vertical fluxes in the mixed layer, particularly for the
elements Mg, Ba, Al, Ti, Mn, V, Co, Cu, Zn, and Pb
(Table 3). These comparable data between the two fluxes
demonstrate that aeolian deposition is the major source for
most of the trace metals in the sinking particles of the
mixed layer.

As for the elements Ca, Sr, P, and Fe, the vertical fluxes
are much higher than the aeolian deposition. It is expected
that biological uptake and regeneration of Ca and Sr are
extensive in the surface water so that the sinking fluxes of
Ca and Sr would be much higher than the aeolian
deposition because coccolithophores are dominant phyto-
plankton in the region (Fig. 6). For Fe, the input of
particulate Fe from the deep water could be an important
source in the surface water. With the high Fe fluxes and
inputs in the surface water, Fe is unlikely to be a limiting
nutrient for phytoplankton in the oceanic region.
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Fig. 8. The comparison of Fe:Al ratios in the sinking

particles of the surface water with the ratios in the sinking
particles of the deep water collected by moored sediment traps
deployed at 600 m and 3300 m at the SEATS station (T.-Y. Ho
unpubl.). The data from October 2006, and January, July, and
October 2007 are presented by solid circle, open circle, solid
reverse triangle, and open reverse triangle, respectively. The
averaged ratios of Fe: Al is 0.253 mol : mol in the sinking particles
of the deep water, which is analytically the same as the Fe: Al
ratio 0.252 mol: mol observed in the sediments collected from the
northern South China Sea station (Calvert et al. 1993).

Even for lithogenic-type trace metals Fe, Mn, Ti, Co,
and U, their metal : Al ratios in the sinking particles of the
mixed layer are generally elevated although most of them
are under a factor of 10 to the standard lithogenic ratios
(Fig. 5). Using mass balance and the specific composition
of the two end members (resuspended lithogenic particles

Table 3.
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Fig. 9. A schematic model for trace metal cycling in the
surface water of the South China Sea. The trace metals originating
either from dry or wet deposition can be soluble (M’) or
nonsoluble (solid circle). The soluble trace metals may be either
chelated by soluble organic ligand (ML) or precipitated to
hydroxide metals or other chemical precipitates (open circle).
Both the nonsoluble aerosol particles (solid circles) and the
precipitates (open circles) may adsorb on biogenic particles,
represented by the porous large circle symbols. The diamond
symbols stand for the lithogenic particles originating from the
deep water. Their concentrations increase with depth. These
lithogenic particles can be transported by biogenic particles or just
sink down by themselves.

from the deep-water and atmospheric aerosols), the
relative contribution of the metals from the two different
sources at different depths may be approximately estimat-
ed. We split abiotic term in the previous mass balance
equation into two terms: lithogenic particles from the deep
water and sinking particles from aeolian deposition.
Because metal: P ratios in the sinking particles are much
higher than the known intracellular metal quota in
plankton assemblages (Fig. 4), the term for trace metals
originating from intracellular biogenic organic matter is
ignorable. We assume that the M : Al ratios in the sinking

The comparison of elemental fluxes through aeolian deposition on Dongsha atoll with the sinking fluxes estimated by the

floating traps in the mixed layer at 30 m (Table 2) and the bottom-up input of the selective dissolved elements to the mixed layer through

vertical water exchange. The unit for all numbers is yumol m—2 d—1.

Date Source P Mg* Ca* Sr*  Ba Al Fe Ti Mn A% Co Ni Cu* Zn Cd Pb
Jul 07  Aeolian 3.9 220 140 038 0.75 12 7.6 6.0 0.21 0.074 0.019 020 42 0.54 0.024 0.08
Jul 07  Sinking 64 150 900 7.9 0.27 45 36 1.0 0.39 0.059 0.023 2.7 14 22 0.006  0.27
Oct 07 Aecolian 6.8 600 280 0.87 2.6 38 17 10 1.1 0.13 0.037 0.7 26 82 0.16 0.90
Oct 07  Sinking 290 360 10,500 81 1.6 79 102 73 19 013 0.045 1.9 .1 7.7 0.05 0.93

Bottom-up 15 nd nd nd nd nd 0.15f nd nd nd nd nd nd 0.03f 0.003f nd

* The dry to total aeolian deposition fluxes were not determined (nd) for Mg, Ca, Sr, and Cu. We assume the fractions for Mg, Ca, Sr to be 0.1 (or 10%) by
referring to the fraction of Ba and the fraction for Cu to be 0.2 (20%) by referring to the fraction for Zn.

T The water exchange rates are available through three independent studies. Using physical terms including the mixed-layer deepening rate, the vertical
velocity of water parcel, and the advection of water parcels, Qu (2001) estimated the overall water entrainment or detrainment rates to vary seasonally,
ranging from 32 m yr=! to 95 m yr—! during June-October in the northern South China Sea. Using the mass balance of water and salinity, Chen et al.
(2001) reported the overall upwelling rate to be 55 m yr—! in the water column of the South China Sea. Using the mass balance between net primary
production and the limiting nutrient supply (nitrate and nitrite), Wong et al. (20075) estimated the overall vertical water exchange rate in the mixed layer
to be 41 m yr—! at the SEATS site. These rates are equivalent to 0.11 m d—1, 0.15 m d—!, and 0.09-0.26 m d—!. Here, we use 0.15 m d—! to be the vertical

water exchange rate for the estimate.
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Table 4. Trace metal fractions derived from atmospheric
fractions in the sinking particles in the surface water.*

Anthropogenic %

Date Depth

(month and yr) (m) Ti Mn Fe Co U
Oct 2006 30 9 47 48 66 53
100 10 48 34 50 71

Jan 2007 30 100 80 37 100 100
100 66 92 29 16 60

160 19 72 19 10 11

Jul 2007 30 11 16 54 31 40
100 0 15 17 10 28

160 1 54 29 13 38

Oct 2007 30 80 100 100 37 81
100 24 59 65 40 28

160 10 31 21 5 17

* The standard lithogenic ratios (M:Al) are 12, 5.7, 252, 0.18, and
0.0036 mmol mol~! for Ti, Mn, Fe, Co, and U, respectively. The ratios
are from either Calvert et al. (1993) or Taylor (1964). We use the lowest
Ti: Al ratio observed in the sample (12 mmol mol—!; Fig. 5), to be the
lithogenic ratios because it is lower than the lithogenic ratio
(20 mmol mol—1; Calvert et al. 1993). The data in Table 3 indicate that
the trace metal fluxes of the aeolian deposition and the sinking particles
are comparable. We assume the highest M: Al ratios in the sinking
particles at 30 m during high deposition reason to be the representative
ratios for anthropogenic particles. The M:Al ratios from aeolian
deposition are 113,29, 1298, 1.24, and 0.038 mmol mol~! for Ti, Mn, Fe,
Co, and U, respectively (Table 2).

particles collected at 30 m during high aerosol input
season may represent the trace metal composition in
aeolian aerosols, supported by their comparable fluxes
(Table 3). M:Al ratios in the sediments of the South
China Sea (Fig. 5) can generally represent the trace metal
composition in lithogenic particles from the deep water.
Then, the mass balance can be expressed as

[M : Al} = b(l - f)litho + C(f)atmos (2)

where ‘b’ is Al-normalized metal ratio in resuspended
lithogenic particles from the sediment, ‘c’ is Al-normalized
metal ratios in sinking particles through atmospheric
deposition, ‘f” is the fraction of trace metals in the sinking
particles derived from atmospheric deposition. ‘1 — f’ is
the fraction of trace metals in the sinking particles derived
from resuspended lithogenic particles.

Using Fe as an example, the Fe: Al ratio in resuspended
lithogenic particles is 252 mmol mol~! (b), which would be
the end member for lithogenic particles originating from
deep water (Fig. 5), and Fe: Al ratio is 1300 mmol mol—!
(c) at 30 m during high aerosol input season, which is the
end member of atmospheric aerosols, the fractions (f) of
atmospherically derived Fe at different depths can be
calculated by [(M: Al) — b]:(c — b), ranging from 17% to
65% at the depths of 100 m and 160 m (Table 4). The
relative contribution of aeolian and resuspended particles
in the sinking particles at different depths for Ti, Mn, Co,
and U are shown in Table 4. Overall, the atmospheric
fractions are higher at depths of 30 m and 100 m during
high aeolian deposition months but seasonal variability at
160 m is not significant. It may be attributed to the steady

Ho et al.

bottom-up fluxes of lithogenic particles at 160 m among
different seasons coupled with intensive internal cycling of
trace metals above 160 m during high aeolian deposition
seasons. In addition, elevated M:Al ratios for these
lithogenic-type metals suggest that anthropogenic aerosol
through aeolian deposition may play a significant role in
the sinking particles for these elements, particularly during
high aeolian deposition season.

In terms of seasonal pattern, the seasonal variabilities of
the sinking fluxes for many of the elements at 160 m are
much less significant than the ones at 30 m (Fig. 3).
Aeolian deposition is known to be the major source for the
elements Mg, Ti, Co, Zn, Cd, and Pb. With strong seasonal
variability of the aeolian deposition in the South China Sea,
comparable fluxes among different seasons at 160 m
suggest that most of the elevated input through aeolian
deposition in the surface water during high deposition
season would be recycled between the water below the
mixed layer and 160 m. Elemental concentrations in the
zone between 30 m and 160 m are expected to have seasonal
gradients for the elements with residence times shorter than
seasonal time scale. Trace metals in the zonation (at least
including Ti, Zn, and Pb) are expected to show elevated
concentrations during winter season when aeolian input is
high, and relatively low concentrations during summer
season from June to August.

Overall, this study shows that the trace metal input from
atmospheric deposition exhibits comparable value to the
sinking fluxes of many trace metals in the mixed layer,
demonstrating that aeolian input of anthropogenic trace
metals is a dominant source for most of the studied trace
metals in the surface water of the South China Sea. This
finding also validates our previous hypothesis that the
abiogenic and nonlithogenic trace metals adsorbed on
marine phytoplankton assemblages were mainly derived
from highly soluble anthropogenic aerosols (Ho et al.
2007). The relative contribution of resuspended lithogenic
particles to the trace metal fluxes in the sinking particles
increases with depth, especially for lithogenic-type metals
like Al, Fe, and Ti. Except Cd (Ho et al. 2009), intracellular
and biogenic trace metals account for an insignificant
portion of the trace metals in the sinking particles.
However, biogenic particles serve as dominant agents to
adsorb and transport trace metals from the surface water to
the deep water. With the lasting input of anthropogenic
aerosols during the past decades and with the relatively
short residence times of some anthropogenic trace metals in
the surface water, the dissolved concentrations of some
anthropogenic-type trace metals may increase with time in
the surface water and also have resulted in penetration to
the deep water. Due to the increasing input of anthropo-
genic aeolian deposition over large oceanic regions, the
coupling and transport of anthropogenic trace metals with
biogenic particles in oceanic surface waters (as shown in
Fig. 9) may be a common mechanism for trace metal
cycling in global oceans.
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