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Abstract

Size-fractionated particulate **Th and acid polysaccharides (APS) were collected from stations along a transect in the Gulf
of Mexico, in order to examine the role of APS content in controlling the extent and rates of ***Th scavenging in the ocean and
to explore, for the first time, the relationship between Th scavenging and biochemical composition of particulate matter.
Oceanographically consistent vertical profiles of dissolved and particulate >>*Th concentrations were observed, with a
considerable **Th deficit relative to ***U in the upper water column and in benthic nepheloid layers, but reaching secular
equilibria between 2**Th and 2**U in intermediate waters. Within the total particulate ***Th pool (>0.5 um), the 10—53 um
fraction had the largest share of >**Th (37—57%), followed by the >53 um (13—36%), the 1—10 um (10—-21%), and the 0.5—1
um (8—17%) fractions, resulting in a decrease of POC/***Th ratios with increasing particle size. Residence times of **Th in
size-fractionated particles, calculated with a serial multi-box model, were, as expected, consistently shorter than those for total
particulate 2**Th, with the shortest residence times (<0.5 day at coastal stations and <1—-5 days at deep stations) observed in
the smaller particulate fractions (0.5—10 um), and the large particles >53 um. These results suggest that submicron and micron-
sized particles are the most important intermediary in the Th scavenging and that >**Th on smaller particles (<10 pm) can
coagulate into the 10—53 pm particles very rapidly, within a time scale of <1 day. A positive correlation between >**Th/POC
and OC-normalized total APS content was observed, suggesting that exopolymeric fibrillar APS, the surface active substances
in seawater, are the most effective organic compounds for Th(IV) scavenging. Most importantly, residence times of particles in
the size ranges of 1—10 and the >53 pm were also significantly and inversely correlated with uronic acid (URA, a fraction of
total APS) concentrations, indicating that the APS content controls not only rates and amounts of >**Th sorption, but also rates
of coagulation of particles. Thus, the biochemical composition of marine particles needs to be considered in improved Th(IV)
scavenging models. © 2002 Elsevier Science B.V. All rights reserved.
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occurring Th isotopes, 2**Th, with a half life of 24.1
days, has been widely used to trace upper ocean
particle dynamics and fluxes of particulate organic
matter out of the euphotic zone through the use of
B4Th/OC and ***Th/**®U ratios (e.g., Bruland and
Coale, 1986; Murray et al., 1989; Cochran et al.,
1992; Buesseler et al., 1992a, 1995; Santschi et al.,
1999). In addition, ***Th has also been used as a tracer
to examine the residence times of colloidal macro-
molecular organic matter in the ocean (e.g., Baskaran
et al.,, 1992; Moran and Buesseler, 1993; Huh and
Prahl, 1995; Santschi et al., 1995; Guo et al., 1997).
Despite the wide applications of Th isotopes in marine
organic carbon cycling studies, the detailed molecular
mechanisms and the interactions of Th isotopes with
different organic matter phases, in particular biomo-
lecules, are still not well understood (Santschi and
Honeyman, 1991; Guo et al., 1997). Whether Th(IV)
tracks the bulk marine organic matter or preferentially
interacts with certain organic compounds, as was
recently suggested by Quigley et al. (2002), is of
paramount importance when using thorium isotopes
as a tracer in marine organic carbon cycling studies.
Recent studies have shown that ratios of ***Th/OC
could vary with study area, water depth, and particle
size fractions in the ocean (e.g., Cochran et al., 1995;
Buesseler, 1998 and references therein; Santschi et al.,
1999; Burd et al., 2000). The increase of ***Th/OC
ratios with increasing particle size appears to be
inconsistent with the sorption and sinking pathways
in the Th(IV) scavenging model, since smaller par-
ticles have larger specific surface areas and should
have higher ***Th/OC ratios, if non-specific and non-
selective sorption reactions are controlling ***Th
uptake (Quigley et al., 1996). Therefore, differences
in 2**Th/OC ratios imply that the interactions of Th
isotopes with marine organic matter could be highly
selective and chemical composition related, or that
other processes, such as bacterial and zooplankton
activities and coagulation of surface-active ligands,
are coupled to the sorption reaction. Indeed, ***Th
studies have been interpreted by assuming that trans-
parent exopolymeric particles (TEP) could play an
important role in the **Th scavenging (e.g., Niven
et al., 1997). However, acid polysaccharide (APS)
containing TEP particles had not been measured, and
there are no studies that tested this assumption in the
field. Most recently, Quigley et al. (2002) tested this

assumption in controlled laboratory experiments, and
the results revealed that most of the Th(IV) is tightly
bound to surface-active APS biopolymers, which
rapidly coagulate into larger particles (Quigley et al.,
2002). Since this conclusion, derived from controlled
laboratory experiments, may not necessarily be appli-
cable to field situations, oceanic observations on
234Th—APS relationships are therefore indispensable.
In addition, to better use Th isotopes as tracers for
POC fluxes and organic carbon cycling, our knowl-
edge regarding the distribution and partitioning of Th
isotopes among dissolved and particulate phases, and
the relationship between Th(IV) uptake and chemical
composition of particles in the ocean, needs to be
improved.

In the present study, the scavenging of ***Th and
its phase partitioning among different size fractions,
namely, the <0.5, 0.5-1, 1-10, 10-53, and >53 pm,
were examined in contrasting oceanographic settings,
a cold-core ring (CCR) vs. a warm-core ring (WCR),
in the Gulf of Mexico. At the same time, the parti-
tioning of total acid polysaccharides (APS), total
carbohydrate (CHO), and total uronic acids (URA, a
fraction of total APS) among different particle sizes
was also investigated. This allowed us, for the first
time, to derive relationships between the size-fractio-
nated 2**Th and total APS content, as well as between
234Th-derived residence times and APS content, using
a serially linked multi-box model approach.

2. Materials and methods
2.1. Study area

Seawater samples were collected for measurements
of ***Th and polysaccharides in the Gulf of Mexico
during July 1-10, 2000, aboard the R/V Gyre. Sam-
pling stations were designed to cover different oce-
anographic settings, including a cold-core ring (CCR)
and a warm core ring (WCR), along a transect at
~ 95°W in the northwest Gulf of Mexico. Details of
the sampling locations and ancillary data for surface
waters are listed in Table 1. Note that station 5 with a
surface water temperature of 28.81 °C, was located
within a CCR, whereas station 7 was a WCR, with a
surface water temperature of 29.40 °C. As shown in
Table 1, surface water salinity increased from station 1
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Table 1
Sampling locations and surface water ancillary data
Station Location Water depth Surface water Temperature Chl-a
(m) salinity (°C) (ng/l)
1 28 5IN; 94 19W 25 35.289 28.85 0.202
2 28 50N; 94 59W 20 35.400 29.69 0.194
3 28 28N; 95 25W 25 35.751 29.42 0.180
4 28 00N; 95 26W 75 36.100 28.87 0.174
5 27 30N; 95 11W 985 36.322 28.81 0.087
6 26 55N; 95 16W 1500 36.556 28.89 0.071
7 26 O0N; 95 20W 1600 36.680 29.40 0.042

to station 7, while surface water Chl-a concentrations
decreased consistently from station 1 to station 7.

2.2. Filter impregnation procedures

Dissolved **Th was extracted from seawater on
MnO, impregnated polypropylene fiber cartridges
(Baskaran et al., 1993). The MnO, impregnated filters
were manufactured using the following procedure.
First, the filters were rinsed for 5 to 10 min using
filtered tap water (through a series of filters including
two MnO, impregnated filters) and soaked overnight
in a 0.5- to 1-M NaOH solution heated at ~ 60 °C.
Then, filters were soaked in a heated 3 M HCI solution
overnight. Between chemical solutions, filters were
rinsed with filtered tap water for 10 to 20 min to
remove any residual chemicals. Finally, the cleaned
filters were introduced into a heated (60—80 °C) 0.4 M
KMnOy, solution for 8—10 h. After a final rinse, each
filter was bagged wet and dated. Laboratory spike
234Th experiments were carried out to ensure high
extraction efficiency and quality of impregnated MnO,
filters (Santschi et al., 1999).

2.3. Sampling of dissolved and size fractionated
particulate >*Th

Dissolved and size fractionated particulate >**Th
were extracted from seawater using either a submer-
sible pump for the upper water column (shallower
than 120 m) or a multiple in situ pumping system
(MIPS) for deep waters (Baskaran et al., 1993; Guo
et al., 1995; Santschi et al., 1999). Both submersible
pump and MIPS were equipped with a series of six
filters (polypropylene, Sparkling Clear Industries),

with nominal pore sizes of 53, 10, 1, 0.5 um,
followed by two MnO,-impregnated 0.5 pm pore-
sized filters. The first four consecutive filters were
designed to collect **Th in size-fractionated partic-
ulate phases (>0.5 um), while the last two MnO,-
impregnated filters were intended to extract the <0.5
pm dissolved 2**Th, with the last filter used for the
extraction efficiency correction (Buesseler et al.,
1992b; Cochran et al., 1995). Therefore, the six filters
resulted in five different size fractions of 2>*Th, name-
ly the >53, 10-53, 1-10, 0.5—1, and <0.5 pm. Large
volumes of seawater (up to 1000—4000 1) were
used to ensure that all size-fractionated particulate
234Th fractions had sufficiently high activity and
precision.

After a predetermined amount of water was
pumped through the filters, the volume and pumping
time were recorded. Similar flow rates were held for
most samples, but in some cases were varied in order
to examine the relationship between ***Th extraction
efficiency and pumping flow rate (see next section).
When pumping was completed, filters were removed,
labeled and placed in individual ziplock bags to be
analyzed for 2**Th in the laboratory.

2.4. Determination of >**Th

Filter samples, including two Mn-impregnated fil-
ters and four different pore-sized filters, were com-
busted at 550 °C for 4 h. After cool-down, the
samples were then individually packed into counting
vials to result in weight to volume ratios similar to
those of standard solutions that were used to calibrate
the detector’s geometry. The gamma emission of
234Th was determined at 63 keV on a Canberra ultra
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high purity Germanium well detector (Santschi et al.,
1999). Counting times were adjusted to result in a
propagated error of <2—-10% or better, depending on
sample sizes. Decay corrections were applied to
correct to the mid-time of sampling. Errors reported
here are one-sigma standard errors.

2.5. P*Th extraction efficiency

The extraction efficiency, Eff, was calculated using
the following relationship:

[234Th]B

Eff =1 — 55—
234
[ Thi,

(1)

where [***Th], is the 2**Th activity of the first filter,
filter A, and [**Th]g is the ***Th activity of the
second filter, filter B (e.g., Buesseler et al., 1992b;
Baskaran et al., 1993; Cochran et al., 1995). The
extraction efficiency, tested under laboratory condi-
tions using coastal seawater and low pumping rates
(~ 10 Vmin), was high, ranging from 93.6% to
96.7%. However, field samples using higher pumping
speeds (or flow rates) resulted in lower extraction
efficiencies, varying from 70% to 92%. Extraction
efficiency decreases with increasing flow rates, espe-
cially for deep-water samples, which had a relatively
high and constant dissolved ***Th activity. The rela-
tionship between extraction efficiency (Eff) and flow
rate (FR, 1/min) can be described as:

Eff = 0.898 — 0.00277 x FR (R = 0.762) )

with p <0.005. However, this relationship for surface
water samples is somewhat weaker. Our results on the
decreased extraction efficiency with increasing flow
rate are consistent with those reported previously
(e.g., Cochran et al., 1995; Charette and Moran,
1999). In addition, our consistently high efficiency
values (with an average of 0.84 + 0.07) indicate that
all experimental procedures, including Mn-impreg-
nated filter preparation, sample processing, and
gamma counting were optimal, which ensured that
>34Th data presented here are reliable. Excellent
duplicate results of a surface water sample at 2 m
from station 5 further confirmed the precision of our
Z34Th data (Table 2).

2.6. Measurements of polysaccharides in different
particle size fractions

The different size fractionated particles (0.7-10,
10—53, and >53 pum) were also collected for organic
carbon and polysaccharide determinations (Hung et
al., submitted for publication). After samples were
dried, filters were cut and weighed for OC measure-
ments after removing inorganic carbon by HCI acid
fume (Hedges and Stern, 1984) and for determinations
of polysaccharide fractions, i.e., total APS, uronic
acids (a fraction of total APS), and total carbohydrates
(Hung et al., 2001). Organic carbon was quantified on
a CHNS/O elemental analyzer (Guo and Santschi,
1997). Detailed procedures for total polysaccharides
and uronic acids are described in Hung and Santschi
(2000) and Hung et al. (2001), while those of total
APS are presented in Hung et al. (submitted for
publication).

Briefly, the concentration of APS in the particulate
phase was measured by an alcian blue stain method
(Passow et al., 1994), using extensive re-calibrations
and other modifications (Hung et al., submitted for
publication). Particles were stained by alcian blue for
2 s and washed with d-H,O to remove the excess
alcian blue dye. The stained particles were dissolved
in 4 ml of 80% sulfuric acid for 2 h and centrifuged at
1000 rpm for 5 min. Finally, the absorbance of the
supernatant solution was measured at 787 nm in a 1-
cm cuvette. Standard curves with different APS stand-
ard compounds were determined after correction for
the actual amount of standard CHO (rather than
artifact-prone filter net weight increase), which was
retained by the filter. The concentration of APS was
expressed as uM-C alginic acid equivalents, as alginic
acids are major classes of APS.

Conditions, under which results reported as pM-C
alginic acid equivalents can be considered in a
quantitative way, require that sulfated polysacchar-
ides make up only a minor fraction of APS, as
carrageenan standard curves were different from
those of alginic acid. Since producers of sulfated
polysaccharides, such as macroalgae (e.g., Sargassum
n. or Chondrus crispus), present only in surface
waters, and diatoms, which were present in the water
column at low abundance (i.e., less than 10% of Chl-
a equivalents), and because sulfated APS are only a
minor component in total APS excreted by Prochlor-



Table 2

Water depth, salinity, and activity concentrations of **U, dissolved, particulate, total >>*Th, and size fractionated particulate ***Th (dpm/I)

Station Depth Salinity ***U Dissolved Particulate Total 2**Th Z4Th380 0.5—1 pm 1-10 pm 10—53 pm >53 um
(m) (dpm/l) (<0.5 pm) (>0.5 um) (dpm/1) Ratio particulate particulate particulate particulate
1 2 35289 2499  0.708+0.010 0.087+£0.015 0.79540.018 0.318 0.0073 + 0.0005 0.0119 £ 0.0009 0.0585 + 0.0028  0.0096 + 0.0007
2 2 35400 2.507  0.367+0.010 0.127+£0.015 0.494+0.018 0.197 0.0121 £ 0.0011  0.0381 £0.0021  0.0408 + 0.0019  0.0362 + 0.0022
3 2 35751 2532 0.493+0.007 0.135+0.011 0.628+0.013 0.248 0.0121 + 0.0006  0.0305 £+ 0.0020  0.0584 + 0.0039  0.0343 + 0.0019
3 22 35751  2.532 0.261 £ 0.006 0.141 £0.013 0.403 +£0.014 0.159 0.0087 + 0.0006  0.0223 £ 0.0014  0.0958 + 0.0096 0.0148 £ 0.0009
4 2 36.100 2556 0.932+0.015 0.131 £0.022 1.063 +£0.027 0.416 0.0144 + 0.0005 0.0115 £ 0.0005 0.0710 + 0.0036 0.0341 £+ 0.0017
4 50 36.100 2.556  0.876+0.023 0.216+0.034 1.092+0.042 0.427 0.0092 + 0.0006  0.0354 £ 0.0023  0.0934 + 0.0063  0.0777 £ 0.0047
5 2 36322 2.572 1.308 £0.026 0.112+0.037 1.420+0.045 0.552 0.0143 +0.0008 0.0192 £+ 0.0008 0.0612 +0.0029 0.0177 £ 0.0011
2-B 36322 2.572 1.261 £0.025 0.229+0.036 1.489+0.044 0.579 0.0282 + 0.0017  0.0514 £0.0023  0.0875 + 0.0063  0.0615 + 0.0030
10 36317 2.572 1.371 £0.024 0.141 £0.034 1.512+0.042 0.588 0.0310 + 0.0016  0.0340 £ 0.0020  0.0443 + 0.0036 0.0317 £ 0.0025
30 36319  2.572 1.471 £0.030 0.142+0.043 1.613+£0.052 0.627 0.0149 + 0.0009  0.0477 £0.0034 0.0562 + 0.0027 0.0237 £ 0.0017
65 36.409  2.578 1.620 £ 0.024 0.116 £0.034 1.736 £0.042 0.673 0.0174 £ 0.0011  0.0324 £0.0025 0.0476 + 0.0025 0.0184 £+ 0.0012
75 36.414  2.579 1.568 £ 0.020 0.105+0.028 1.674+0.034 0.649 0.0117 £ 0.0008  0.0190 £ 0.0010  0.0606 + 0.0046  0.0139 + 0.0011
300 36.387  2.577 1.800 £ 0.038  0.449 +0.056 2.247 +0.068 0.872 0.0365 + 0.0010  0.0840 £ 0.0070  0.0660 + 0.0041  0.2622 + 0.0101
800 35.832 2537 2.190£0.021 0.319+0.032 2.506+0.038 0.988 0.0467 + 0.0015  0.0330 £0.0024 0.1548 + 0.0087  0.0849 + 0.0052
6 2 36.556  2.589 1.756 £ 0.035 0.157+0.049 1.913+£0.060 0.739 0.0248 + 0.0011  0.0244 £0.0017  0.0632 + 0.0029  0.0445 £ 0.0022
10 36.605  2.592 2.079+0.039 0.119+0.055 2.199+0.067 0.848 0.0195+0.0012  0.0221 +£0.0014 0.0574 + 0.0027  0.0203 + 0.0011
30 36.599  2.592 1.790 £ 0.043 0.214+0.061 2.004 £0.075 0.773 0.0292 + 0.0015  0.0557 £0.0048 0.0681 + 0.0037 0.0612 £ 0.0055
40 36.558  2.589 1.964 £ 0.041 0.195+0.058 2.158+£0.071 0.834 0.0306 + 0.0016  0.0311 + 0.0023  0.1045 + 0.0093  0.0284 + 0.0022
74 36.451  2.581 2265+ 0.039 0.237£0.056 2.502 +0.068 0.969 0.0303 + 0.0015  0.0315 £ 0.0025 0.0879 + 0.0091 0.0875 £ 0.0075
120 36.417 2,579  2.221+0.037 0.163+0.011 2.38440.039 0.924 - - - -
500 36.417  2.572 2.320+£0.037 0.308 £0.021 2.624+ 0.043 1.020 - - - -
1000 34.920 2473 2.120+£0.026  0.139 £0.006 2.257+0.027 0.913 - - - -
1360 34971 2476  2.020%+0.041 0.118£0.004 2.141 £0.041 0.865 - - - -
7 10 36.672  2.597 1.900 + 0.031 0.222+0.045 2.122+0.055 0.817 0.0428 + 0.0021  0.0515 £ 0.0040 0.0976 + 0.0084 0.0304 + 0.0020
35 36.674  2.597 1.942 £ 0.034 0.152+£0.048 2.094 £0.059 0.806 0.0156 + 0.0009  0.0320 £ 0.0016  0.0804 + 0.0040 0.0241 £+ 0.0013
45 36.509  2.585 2.078 £ 0.045 0.180+0.063 2.258+0.077 0.873 0.0094 + 0.0012  0.0553 £ 0.0034 0.0904 + 0.0054 0.0248 + 0.0015
75 36.512  2.585 1.951+£0.033 0.239+0.047 2.190 £ 0.057 0.847 0.0446 + 0.0023  0.0539 £ 0.0039 0.1069 + 0.0084 0.0332 + 0.0017
121 36.484 2.583 1.820 £ 0.033 0.181 +£0.046 1.998+ 0.057 0.773 0.0154 + 0.0009  0.0270 + 0.0012  0.0823 + 0.0022  0.0559 + 0.0037
202 36.442  2.581 2.08+0.015 0.253+£0.021 2.332+£0.026 0.904 0.0278 + 0.0004  0.0522 £0.0016  0.1036 + 0.0020  0.0690 + 0.0021
500 36.754  2.603 2.139+0.046 0.421 £0.068 2.559+0.082 0.983 0.0276 + 0.0015  0.0828 +0.0059 0.2358 + 0.0172  0.0743 £ 0.0047
1000 34.909 2472 1.934+£0.029 0.274+0.042 2.207 £0.051 0.893 0.0576 £ 0.0023  0.0451 £0.0032 0.1144 £+ 0.0085  0.0566 + 0.0030
1500  34.969 2476 1.784 £ 0.028 0.217 £0.041 2.002 + 0.050 0.808 0.0387 +0.0025  0.0463 £+ 0.0034 0.0982 + 0.0079  0.0341 + 0.0021
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ophytes, Cyanobacteria and Haptophytes (e.g., De
Philippis and Vincenzini, 1998), the dominant species
encountered at that time in the Gulf of Mexico water
column, we maintain that our improved APS tech-
nique can be used in a quantitative sense. Results on
distributions and production of polysaccharides are
presented elsewhere (Hung et al., submitted for pub-
lication).

3. Results and discussion

3.1. Variations of dissolved and particulate >*Th in
the water column

Activity concentrations of dissolved, particulate
and size-fractionated 2**Th are listed in Table 2. While
238U concentrations (calculated using the relationship
238U (dpm/1)=0.07081 X salinity, Ku et al., 1977)
changed little at all stations and water depths, total
234Th concentration varied significantly from Sta-1 to
Sta-7, ranging from 0.5-0.8 dpm/l at nearshore sta-
tions to 1.42-2.56 dpm/l at offshore and open gulf
stations. Using the **Th/***U ratio as a scavenging
index, Sta-1 to Sta-4 had relatively low ***Th/***U
ratios, with values <0.42 (Table 2). Lower >*Th/***U
ratios and thus more intensive >**Th scavenging rates
are coincident with, and likely related to higher Chl-a
concentrations at these stations (Table 1). The
234Th/?*8U ratios at Sta-5 (CCR station) were lower
than those at Sta-6 and Sta-7, consistent with their
higher nutrient, POC and Chl-a concentrations due to
upwelling at the CCR station.

Vertical profiles of dissolved (<0.5 pm), particu-
late (>0.5 um) and total >**Th activity concentrations,
along with 281 concentration (dpm/l) are shown in
Fig. 1. As is evident from these vertical profiles, a
significant deficit of total >>*Th, relative to its mother
nuclide, ***U, was observed in the upper water
column at all three stations. At Sta-6 and Sta-7, this
intensive 2**Th scavenging occurred not only in the
upper water column, but also in the bottom waters
below 1000 m (Fig. 1).

Station 5 is a CCR station which contains more
coastal waters and high Chl-a concentrations, and
therefore shows the most extensive scavenging of
Z4Th (up to 1.0 dpm/l ***Th deficit) in the upper
water column compared to both Sta-6 and Sta-7.

2%4Th or 28U (dpm/l)
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Fig. 1. Vertical distributions of dissolved, particulate, and total
234Th (dpm/I) and ?**U at stations 5, 6, and 7, showing two distinct
regions with 234Th deficiencies, i.c., the euphotic and benthic
boundary layer zone, separated by a secular equilibrium zone
between 500 and 800 m water depth. Station 5 was within a cold-
core ring and station 7 was within a warm-core station while station
6 was located in the boundary between the CCR and WCR.
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Station 7 is a WCR station, which contains mostly
oligotrophic Caribbean waters and lower Chl-a con-
centrations (Table 1). Consequently, the total ***Th
deficit at Sta-7 is only <0.5 dpm/1 in the upper water
column (Fig. 1). While 2*Th /**®U disequilibria
existed in the upper water column at all three stations,
a ***Th deficit in bottom waters was not observed at
the shallower Sta-5, in contrast to bottom waters at the
deeper Sta-6 and Sta-7, where disequilibrium of >**Th
/>®¥U prevailed. Bottom water >**Th /***U disequili-

Sta-3 Surface water

e
3

Sta-5 Surface water

Sta-7 Surfa_ce water

bria have recently been reported for different oceanic
environments (e.g., Bacon and Rutgers van der Loeff,
1989, for the Pacific, Baskaran et al., 1996, for the Gulf
of Mexico, Santschi et al., 1999, for the Middle
Atlantic Bight, Moran and Smith, 2000, for the Arctic).
Significant ***Th deficiencies in bottom waters at Sta-6
and Sta-7 are likely due to the existence of benthic
nepheloid layers, caused by strong bottom currents in
the Gulf of Mexico (e.g., Hamilton and Lugo-Fernan-
dez, 2001).

Sta-4 Surface water

Sta-6 Surface water

1 >53 ym
10-53 ym
1-10 ym
[J 0.5-1 ym
[ <0.5 ym

Fig. 2. Partitioning of ?**Th between dissolved and particulate and size-fractionated particles in surface waters at stations in the Gulf of Mexico.
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3.2. Partitioning of *>*Th between dissolved and size-
fractionated particulate phases

Activity concentrations of ***Th in dissolved and
particulate phases as well as in size fractionated
particulate fractions, are listed in Table 2 and sum-
marized in Figs. 2 and 3. In general, the total partic-
ulate »**Th (>0.5 um) concentrations decreased from
nearshore to offshore stations in both surface and
bottom waters. Partitioning of ***Th between dis-
solved and particulate phases show that the percentage
of the dissolved (<0.5 um) ***Th in surface waters
ranged from 78% to 92%, increasing from nearshore
to offshore stations, whereas the particulate (>0.5 pm)
234Th percentage in surface waters varied from 8% to
22%, decreasing from nearshore to offshore stations
(Fig. 2). For bottom water samples, the percentage of
particulate **Th was relatively higher than that of
surface waters. For example, the percentage of the
dissolved (<0.5 um) ***Th in bottom waters was only
65% at Sta-3 but 89% at Sta-7 (Fig. 3).

>53 ym
10-53 ym
1-10 ym
0.5-1 ym
<0.5 ym

O0OEdAE

Sta-3 Bottom water

Sta-5 Bottom water

OOEEE
eHioh
22588
55 5% 3
3533

[

Within the total particulate phase, the 10—53 pm
fraction had the highest percentage of **Th, followed
by the >53 pm particulate fraction, and then the 1-10
and the 0.5—1 pm fractions. The last two size frac-
tions thus had the lowest share of the total particulate
234Th phase. Using available size fractionation POC
and #**Th data (Tables 2 and 3), the >53 pm particles
had the lowest POC/***Th ratio (with an average of
3.1 pumol/dpm), followed by the 10—53 pum (an
average POC/***Th of 3.6 umol/dpm) and the 0.7—
10 pm particulate fraction (an average POC/***Th of
37 umol/dpm). In other words, POC/***Th ratios
increased with decreasing particle size.

Surface waters, the Chl-¢ maximum layer, and
bottom waters all show a similar >>*Th partitioning
pattern in the particulate phase (Table 4 and Figs. 2 and
3). Higher percentages of **Th in the 10—53 and the
>53 pm particle fractions indicate that either the
medium and larger particles scavenge *>*Th much
more efficiently compared to smaller particles, or that
234Th is transferred from small particles to medium

OCIEEEE

Sta-7 Bottom water

Fig. 3. Partitioning of **Th between dissolved and particulate and size-fractionated particles in bottom waters at stations in the Gulf of Mexico.



Table 3
Concentrations (UM-C) of particulate organic carbon (POC) total carbohydrate, uronic acids, and total acid polysaccharides (APS) in size-fractionated particulate fractions

Station Depth (m) POC (uM) Total carbohydrate (uM) Uronic acids (uM) Total acid polysaccharides (M)
0.7-10 pm  10-53 pm >53 ym 0.7-10 pm 10-53 pm >53 pm 0.7-10 pm 10-53 um >53 pum 0.7-10 pm  10-53 pm  >53 pm

1 2 6.35 0.55 0.42 1.053 0.123 0.035 - 0.0058 0.0023  n.d. n.d. n.d.

2 2 4.05 0.17 0.28 0.860 0.052 0.031 0.0256 0.0016 0.0012  0.106 0.0062 0.0009
3 2 4.96 0.19 0.23 0.830 0.077 0.026 0.0193 0.0012 0.0012  0.045 0.0074 0.0008
4 2 4.90 0.075 0.21 0.549 0.027 0.024 0.0165 0.0010 0.0013  0.037 0.0073 0.0005
5 2 2.47 0.26 0.083 0.481 0.053 0.011 0.0198 0.0010 0.0008  0.0535 0.0012 0.0009
5 10 1.98 0.36 0.12 0.344 0.050 0.012 0.0068 0.0018 0.0003  0.0712 0.0012 0.0005
5 30 2.11 0.62 0.11 0.403 0.064 0.017 0.0128 0.0029 0.0003  0.0765 0.0055 0.0005
5 65 2.04 n.d. 0.083 0.353 n.d. 0.017 0.0148 n.d. 0.0003  0.0446 n.d. 0.0004
5 73 2.41 0.49 0.14 0.693 0.069 0.022 0.0144 0.0019 0.0006  0.0627 n.d. 0.0001
6 2 2.03 0.22 0.10 0.361 0.033 0.016 0.0129 0.0008 0.0004  0.0488 0.0037 0.0037
7 1 1.85 n.d. 0.083 0.374 n.d. 0.012 0.0149 n.d. 0.0002  0.0218 n.d. 0.0027
7 10 1.27 n.d. 0.050 0.407 n.d. 0.013 0.0103 n.d. 0.0002  0.0265 n.d. 0.0022
7 35 1.30 n.d. 0.066 0.327 n.d. 0.012 0.0122 n.d. 0.0003  0.0441 n.d. 0.0012
7 45 1.47 n.d. 0.075 0.387 n.d. 0.008 0.0097 n.d. 0.0003  0.0475 n.d. 0.0002
7 75 2.28 n.d. 0.058 0.403 n.d. 0.006 0.0055 n.d. 0.0002  0.0447 n.d. 0.0007

Concentrations of total acid polysaccharides are given in alginic acid equivalents (UM-C).
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Table 4

Variations of size-fractionated particulate 2>*Th (percent of the total
particulate) at surface water, Chl-a maximum layer and bottom
water

Station  0.5—1 um 1-10 pum 10-53 pm  >53 um
(% of total (% of total (% of total (% of total
particulate particulate particulate particulate
247y 2347 2347 2347

Surface water

5 12.70 17.07 54.45 15.78

6 15.78 15.57 40.28 28.37

7 14.28 17.68 40.56 27.48

Chl-a max layer

5 11.16 18.09 57.58 13.17

6 12.76 13.26 37.07 36.9

7 8.52 14.94 45.58 30.96

Bottom water

5 14.63 10.32 48.47 26.58

6 _ _ _ _

7 17.79 21.30 45.20 15.71

and large particles more rapidly than organic carbon is.
Since the smaller particles generally have higher
specific surface areas and larger particle numbers,
the smaller particles should sorb more Th and thus
contain higher ***Th activities (in terms of dpm per
unit weight of particles or POC), if surface adsorption
would be the only factor controlling the Th scavenging
in seawater. However, the opposite is true, i.e., 24T/
POC ratios increased with increasing particle size.

As shown in Table 4 and Fig. 2, Th(IV) scavenging
and its partitioning between different particulate size
fractions does not follow what one would expect from
the point of view of direct sorption to different particle
size classes of similar chemical composition. How-
ever, our observations agree well with coagulation
model results, which predict higher **Th activity
concentrations in the large particles (Burd et al.,
2000). Indeed, recent observations indicate that large
particles could have lower POC/***Th ratios and thus
higher OC-specific 2**Th activities (e.g., Buesseler et
al., 1995; Bacon et al., 1996; Murray et al., 1996; Guo
et al., 1997).

Recent laboratory experiments, using organic mat-
ter passing a 0.45-um filter, have shown that Th(IV)
preferentially sorbs to a specific surface-active fibril-
lar exopolymeric APS of 12.5 kDa molecular weight
(Quigley et al., 2002). Marine suspended particles

contain different types of particles and compounds
(e.g., Buffle, 1990). It is likely that those surface-
active organic components coagulate quickly into
larger particles after their production, and, at the same
time, strongly interact with particle-reactive Th(IV).
This mechanism could be responsible for our obser-
vations of large and medium particles having the
largest amounts of ***Th (Figs. 2 and 3) and a
decrease of POC/***Th ratio with increasing particle
size. This had previously been observed by Coale and
Bruland (1985), Buesseler et al. (1995), and Murray
et al. (1996), and it is consistent with model predic-
tions (Burd et al., 2000). Therefore, Th(IV) appears to
follow a more reactive carbon pool and to be trans-
ferred much more efficiently from small particles to
large particles than organic carbon does (Quigley
et al., 2001, 2002), causing higher **Th activity in
the larger particles. It seems that, in addition to
physicochemical sorption, other important factors,
such as coagulation and active bacterial and zooplank-
ton activities, which can change the chemical compo-
sition of particle surfaces, affect the Th(IV) removal
and partitioning in the ocean.

3.3. Residence times and fluxes of dissolved, total
particulate and size-fractionated particulate *>*Th in
the water column

According to a simple one-dimensional box model
(Bacon and Anderson, 1982; Coale and Bruland,
1985; Buesseler et al., 1992a) and assuming steady
state conditions and negligible advective and diffusive
transport rates of 2**Th, the residence time (7, days)
and flux (Fy and F,, dpm/l/day) of dissolved (d) and
particulate (p) ***Th can be calculated from the
following equations:

M 3)
Joza(Aass — ASyy)
A5y,
T, = (4)
P asa(Anss — A3y, — A3y)
and
Fy = J34(Axss — A%34) (5)

Fy = Fy— A5, 0034 = Josa(Aazs — A%yy — A5yy)  (6)
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Where, A is the decay constant of ***Th (0.0288
day ~ 1, Ansg is the activity of 2380, and A,3,Y and
Ays4P is the activity of dissolved (d) and particulate
(p) ***Th, respectively.

For size-fractionated particulate fractions, we con-
sider a multi-box model with only serial reactions. In
other words, Th(IV) is assumed to sorb only onto
small particles, which then coagulate from smaller
particles into larger particles, without simultaneous
(parallel) reactions with all particle size fractions. The
predominance of serial over parallel reactions has
been verified for ***Th sorption to marine particles
in the laboratory (e.g., Quigley et al., 2001). These
authors showed that 90% and more of the particulate
234Th originated from slower coagulation rather than
the rapid initial sorption reaction. Thus, the residence
times (7, days) and fluxes (F, dpm/l/day) of different
size fractions of particulate ***Th, namely, 0.5—1 pm
(Py), 1-10 pm (P;), 10—53 um (P3), and the >53 pm
(P4), can be estimated from the following equations:

dThyg

T - J234(Aazs — A%y) — Fy (7)
% = Fyq — Ap3adp — Fy (8)
del;pz = Fy1 — Josadp — Fy )
d];il;m = Fp2 — J234dp3 — Fi3 (10)
dl;;m = Fp3 — Zo3adps — Fa (11)

where F is the flux for dissolved (d, <0.5 pm), 0.5—1
pm (P;), 1-10 pm (P,), 10—53 um (P3), and the >53
um (P,) particulate fractions. F}4 is the sinking term for
large particles (>53 um). Accordingly, the residence
time of each particulate fraction can be calculated by:

A

‘L'ple—]]: (12)
Ap

1, — 22 13

p2 sz ( )

A

Tp3 :F_Ez (14)
A

Tp4 :F_pj (15)
p

As shown in Table 5, residence times of dissolved
234Th ranged from 4—20 days at shallow stations (sta-
2 to sta-4) to about 100 days in the upper water
column at the deep stations. Residence times of total
particulate ***Th (the >0.5 um fraction), on the other
hand, were much shorter compared to those of dis-
solved #**Th, varying from 2—3 days at the shallow
stations to 4—20 days in the upper water column of
the deep stations (Table 5). According to this serial
multi-box model, the residence times for the four
different particulate ***Th size fractions, i.e., the
0.5-1, 1-10, 10-53, and >53 pum, were also signifi-
cantly shorter than those of dissolved 2**Th. Further-
more, the smaller particulate fractions, both the 0.5—1
and 1-10, and the >53 pum fraction had the shortest
residence times, whereas the 10—53 pm particulate
fraction had a residence time close to that of the total
particulate 2**Th. Short residence times indicate that
the smaller particles and the >53 pum particles are
turning over in the upper water column on a much
shorter time scale. Thus, smaller particles (submicron
and micron sized) are the most important intermediary
in the scavenging of **Th and other trace elements in
the ocean, likely due to their high acid polysaccharide
concentrations (see later section).

Using data given in Table 2, the dissolved and
particulate ***Th fluxes from the upper 75 or 125 m
water column can be estimated. In the upper 75 m
water column, the predicted integrated >>*Thy fluxes
ranged from 1334 dpm/m*/day at Sta-6 to 2390
dpm/m*/day at Sta-5, while the predicted 234Thp
fluxes varied from 918 dpm/m?/day at Sta-7 to
2124 dpm/m?/day at Sta-5. Considering the upper
125 m water column, the integrated flux was 2067—
3787 dpm/m*/day for the dissolved ***Th and 1416—
3148 dpm/m?/day for the particulate **Th flux. In
general, dissolved and particulate **Th fluxes were
highest at Sta-5 (the CCR station) followed by Sta-7
and Sta-6.

Higher particulate 2>*Th fluxes at the CCR station
Sta-5 (2124-3148 dpm/m?*/day) are consistent with



Table 5

Residence times (days) and fluxes (dpm/I/day) of dissolved, particulate and size fractionated particulate **Th

Station Depth Salinity Tdiss Tpart Tos5-1 Ti_10 T10-53 T>53 Fluxgq Flux, Flux,, Flux, Flux,s Fluxpy
(m) (day) (day) (day) (day) (day) (day) (dpm/I/d) (dpm/I/d) (dpm/1/d) (dpmv/1/d) (dpmv/1/d) (dpm/1/d)
1 2 35.289 13.7 1.8 0.14 0.23 1.19 0.20 0.0516 0.049 0.051 0.051 0.049 0.049
2 2 35.400 5.9 2.2 0.19 0.63 0.69 0.63 0.0616 0.058 0.061 0.060 0.059 0.058
3 2 35.751 8.4 2.5 0.21 0.53 1.05 0.63 0.0587 0.055 0.058 0.057 0.056 0.055
3 22 35.751 4.0 2.3 0.13 0.35 1.55 0.24 0.0654 0.061 0.065 0.065 0.062 0.061
4 2 36.1 19.9 3.1 0.31 0.25 1.61 0.79 0.0468 0.043 0.046 0.046 0.044 0.043
4 50 36.1 18.1 5.1 0.19 0.75 2.10 1.84 0.0484 0.042 0.048 0.047 0.044 0.042
5 2 36.322 359 3.4 0.40 0.54 1.82 0.53 0.0363 0.033 0.036 0.035 0.034 0.033
2-B 36.322 334 7.4 0.76 1.45 2.66 1.97 0.0378 0.031 0.037 0.036 0.033 0.031
10 36.317 39.6 4.6 0.92 1.04 1.41 1.04 0.0346 0.031 0.034 0.033 0.031 0.031
30 36.319 46.6 5.1 0.48 1.59 1.99 0.86 0.0317 0.028 0.031 0.030 0.028 0.028
65 36.409 58.7 4.8 0.64 1.24 1.92 0.76 0.0276 0.024 0.027 0.026 0.025 0.024
75 36.414 53.9 4.0 0.41 0.67 2.29 0.53 0.0291 0.026 0.029 0.028 0.027 0.026
300 36.387 80.5 47.6 1.71 4.45 3.88 27.8 0.0224 0.009 0.021 0.019 0.017 0.009
800 35.832 218 391 5.39 4.28 47.6 106 0.1000 0.001 0.009 0.008 0.003 0.001
6 2 36.556 73.2 8.1 1.07 1.08 3.05 2.29 0.0240 0.019 0.023 0.023 0.021 0.020
10 36.605 140 10.5 1.37 1.63 4.81 1.79 0.0148 0.011 0.014 0.014 0.012 0.011
30 36.599 71.5 12.6 1.31 2.69 3.65 3.62 0.0231 0.017 0.022 0.021 0.019 0.017
40 36.558 109 15.7 1.79 1.92 7.91 2.29 0.0180 0.012 0.017 0.016 0.013 0.012
74 36.451 248 104 3.68 4.30 18.3 38.5 0.0091 0.002 0.008 0.007 0.005 0.002
120 36.417 215 28.9 - - - - 0.0103 0.006 - - - -
500 36.417 311 - - - - - 0.0073 - - - - -
1000 34.920 208 22.6 - - - - 0.0102 0.006 - - - -
1360 34.971 154 12.1 - - - - 0.0131 0.009 - - - -
7 10 36.672 94.7 16.2 2.27 2.97 6.71 2.22 0.0201 0.014 0.019 0.017 0.015 0.014
35 36.674 102 10.5 0.85 1.83 5.29 1.66 0.0189 0.014 0.018 0.018 0.015 0.015
45 36.509 142 19.1 0.66 434 8.91 2.63 0.0146 0.009 0.014 0.013 0.010 0.009
75 36.512 107 20.9 2.62 3.49 8.65 2.91 0.0183 0.011 0.017 0.015 0.012 0.011
121 36.484 82.8 10.8 0.72 1.30 4.47 3.33 0.0220 0.017 0.022 0.021 0.018 0.017
202 36.442 144 35.5 2.04 431 11.4 9.66 0.0144 0.007 0.014 0.012 0.009 0.007
500 36.754 160 343 2.19 8.14 69.7 59.8 0.0134 0.001 0.013 0.010 0.003 0.001
1000 34.909 124 36.1 4.16 3.59 12.4 7.44 0.0155 0.008 0.014 0.013 0.009 0.008
1500 34.969 89.5 159 2.06 2.65 6.69 2.49 0.0199 0.014 0.019 0.018 0.015 0.014

40!
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its higher nutrient concentrations and phytoplankton
biomass due to upwelling (Table 1). Station 7 is a
WCR station, which contained mostly oligotrophic
waters and lower Chl-a concentrations (Table 1).
Therefore, relatively lower particulate ***Th fluxes
at sta-7 (918—1643 dpm/m*/day) are in agreement
with what one would expect for oligotrophic waters.
Station 6 is at the boundary between CCR and WCR,
but its particulate ***Th fluxes (936—1416 dpm/m?/
day) were very similar to those measured at the WCR

115

3.4. Relationship between particulate *>*Th and
polysaccharide contents

Concentrations of POC, total APS, uronic acids
(URA), and total carbohydrates (CHO) in size-fractio-
nated suspended particles are listed in Table 3. These
data were used, along with ***Th data (Table 2), to
explore the relationship between ***Th scavenging
and particulate chemical composition. While we
found negative or no significant direct relationship
between 2**Th activity concentration and POC, CHO,
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Fig. 4. Relationship between OC-normalized ***Th and total carbohydrate (CHO) or acid polysaccharide (APS) contents in suspended particles
(the >53 and the 10—53 pm fractions). Notice that APS is only a small fraction of the CHO in particles but the correlation coefficients between
234Th and APS are consistently higher than those between 2**Th and CHO (p <0.005 vs. p<0.2 for the 10—53 pm fraction; and p<0.002 vs.
p<0.1 for the >53 um fraction).
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APS or uronic acid concentrations in size-fractionated
suspended particles, linear correlations were greatly
improved after normalizing the values of compounds
other than POC to organic carbon, which corrects for
compositional differences (Fig. 4). For example, OC-
normalized ***Th correlates not only with OC-nor-
malized total CHO (R=0.615 and p<0.02 for the
10—53 pum particles, and R=0.49 and p<0.1 for the
>53 um particles), but also with OC-normalized APS
concentrations (R=0.945 and p <0.005 for the 10—53
um particles and R=0.78 and p<0.002 for the >53
pm particles). Since total carbohydrate (CHO) is
usually the largest POC component (e.g., Wang
et al., 1996) and total APS is only a minor fraction
of CHO (Hung et al., submitted for publication),
significantly higher correlation coefficients for the
relationship between OC-normalized APS and ***Th
than those between OC-normalized CHO and ***Th
indicate that APS is likely the polysaccharide compo-
nent controlling the 234Th uptake in the ocean (Fig. 4).

Even more importantly, residence times of size-
fractionated particulate ***Th are significantly corre-
lated with URA (but weakly correlated with total
APS, p>0.2) concentrations (Fig. 5), indicating that
specific acid polysaccharides (but not all polysacchar-
ides) may control **Th scavenging and coagulation
rates of particles. In general, residence times of
particulate **Th decreased with increasing URA
concentrations, especially when URA concentrations
were lower. When assuming a liner relationship, it is
significant (R=0.67 and p<0.05 for the 10—-53 pm
fraction and R=0.64 and p<0.05 for the >53 pum
fraction). Why here uronic acids (a subfraction of total
APS), but not total APS, are better predictors of the
dynamic behavior of particles and 2**Th, is not clear.
It might indicate that not all APS are equally impor-
tant in **Th scavenging, or that the analytical assess-
ment of the surface-active compounds still needs
improvements.

Extracellular APS had been previously implicated
in trace metal removal (e.g., Croot et al., 2000; Shah
et al., 2000), and are among the most surface-reactive
compounds in the marine organic carbon pool (All-
dredge and Silver, 1988). They also have relatively
fast turnover rates in the ocean, as they have modern
or younger radiocarbon ages, despite the fact that the
bulk organic carbon can be quite old (Santschi et al.,
1998). For example. A polysaccharide-enriched
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Fig. 5. Relationship between residence times of size-fractionated
particulate >**Th and uronic acid (URA) concentrations in the water
column. The linear correlation coefficient is 0.64 (p<0.05) for the
>53 pm fraction and 0.67 (p<0.05) for the 1-10 pm particulate
fraction, respectively.

COM sample, with a 98% polysaccharide content,
had a A'C value of +26%0 vs. — 112%0 for the
bulk COM (Santschi et al., 1998). Our field study
demonstrates a quantitative relation between particle-
reactive *>*Th and surface-active exopolymers, further
supporting our recent laboratory results on Th(IV)
complexation to marine organic compounds, which
showed highest affinity of Th(IV) to acid polysac-
charides (Quigley et al., 2002). Furthermore, our
conclusions about the role of APS in Th(IV) scaveng-
ing and coagulation are consistent with the surface-
active nature of exopolymeric organic matter widely
observed in oceanic environments (e.g., Alldredge
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and Silver, 1988; Passow et al., 1994; Mopper et al.,
1995).

4. Summary and conclusions

Oceanographically consistent vertical profiles of
dissolved and particulate ***Th concentrations were
observed at all three deep stations, with considerable
24Th deficit relative to **®U in the upper water
column, but reaching a secular equilibrium between
234Th and ***U in intermediate waters between 500
and 800 m depth. However, in contrast to Th-profiles
in central ocean gyres, >>*Th/***U disequilibria were
observed not only in the upper water column but also
in bottom waters at the 1500-m-deep WCR station,
likely due to the presence of bottom nepheloid layers,
caused by strong boundary currents.

Particulate >*Th was size fractionated into four
size fractions, namely the 0.5—1, 1-10, 10-53, and
>53 pm fractions. It was found that the 10—53 pum
particulate phase had the largest share of particulate
24Th (37-57%), followed by the >53 pm (13—-36%)
and the 1-10 pm (10-21%) and 0.5—1 pm (8—17%)
fractions, giving rise to a decrease of POC/***Th
ratios, or an increase of >>*Th/POC ratios, with
increasing particle size, suggesting a control of
POC/***Th ratio by particulate chemical composition.

Residence times of size-fractionated particulate
234Th, calculated using a serial multi-box model, were
consistently shorter than those for the total particulate
234Th. Both smaller particles, i.e., 0.5-1 and 1—10
um, and larger particles, i.e., the >53 um, had the
shortest residence times, ranging from <0.2—1 days at
shallow stations to <1-5 days in the upper water
column at the deep stations. Short residence times for
smaller particles indicates fast coagulation rates, while
rapid sinking rates are responsible for the short resi-
dence time for the >53 pm particles. Thus, micron-
sized and submicron particles are critical intermedia-
ries in the Th(IV) sorption and coagulation process,
whereas large (>53 um) particles are important in the
removal of particulate 2**Th through the sinking path-
way.

Particles of a specific size class showed increasing
OC-normalized acid polysaccharide, APS, contents
with increasing OC-normalized ***Th activity concen-
trations and decreasing 234Thp residence times. The

surface-active nature of APS makes them the most
effective 2**Th-specific scavenging compounds. This
is because APS control not only the sorption of >**Th,
but also the coagulation rates of particles in the upper
water column. Therefore, the chemical and biological
compositions of marine particles (e.g., APS content)
play an important role in the scavenging of ***Th in
the ocean and should be considered in Th(IV) scav-
enging models.
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