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Size-fractionated 234Th in continental shelf waters off New 
England: Implications for the role of colloids in oceanic 

trace metal scavenging 

by S. Bradley Moran1T2 and Ken 0. Buesseler’ 

ABSTRACT 
Measurements of 234Th (tr12 = 24.1 days) in dissolved, colloidal, and particulate forms have 

been made to investigate the role of colloids in reactive metal scavenging in the surface waters 
of Buzzards Bay, over an annual cycle, and in the shelf and slope waters off New England. 
At-sea sampling involved prefiltering seawater through 0.2 pm filters followed by cross-flow 
filtration using a 10,000 nominal molecular weight filter to collect colloidal (10,000 NMW- 
0.2 km) and dissolved ( < 10,000 NMW) phases. Total 234Th activities increase with distance 
from shore, indicative of enhanced scavenging in the particle-rich nearshore waters. Clearly 
seen in Buzzards Bay are seasonal changes in total 234Th, with activities ranging from 
- 0.7 dpm 1-l in the winter, preceeding a phytoplankton bloom, to -0.2 dpm 1-r in the 
summer. Throughout the annual cycle, 2-16% of total 234Th is colloidal, 22240% is dissolved, 
and 45-75% is particulate. In the offshore waters, - 1% of total u4Th is colloidal, 2-6% is 
particulate, and 93-98% is dissolved. The 234Th size-distribution exhibits a systematic increase 
in the association of U4Th with particulate and, to a lesser extent, colloidal matter with 
increasing suspended particle concentration (C,). Moreover, a first-order prediction of the 
fractionation of 234Th between the various size classes is demonstrated using measured 
solid-solution partition coefficients. Box model calculations indicate a mean residence time of 
colloidal *j4Th with respect to aggregation into particles of 0.3 days in Buzzards Bay, which 
compares with 2 days for dissolved and 4 days for particulate 234Th. In the offshore surface 
waters, colloidal and particulate 234Th residence times are -0.5 days and 2-3 days respec- 
tively, compared with 30-85 days for the dissolved phase. The short and relatively invariant 
residence time of colloidal 234Th suggests that colloidal aggregation may not be rate-limiting in 
controlling the scavenging of thorium and, by analogy, other particle-reactive trace metals. An 
implication of these results is that colloidal 234Th may be tracing a reactive intermediate in the 
bacterially mediated decomposition of large, rapidly-sinking biogenic aggregates. Using the 
size-fractionated 234Th data, we demonstrate that & values for thorium are invariant with C,, 
and that scavenging rate constants exhibit a first-order dependence on C,. Thus, “particle- 
concentration effects” are negligible for oceanic waters (C, -0.01-l mg 1-l). 
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Woods Hole, Massachusetts, 02543, U.S.A. 

2. Present address: The University of Rhode Island, Graduate School of Oceanography, Narragansett, 
Rhode Island, 02882-1197, U.S.A. 
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1. Introduction 

Oceanic particulate matter plays an important role in the sorptive removal of 
reactive chemicals, inorganic and organic, from seawater and in rapidly transporting 
organic matter and associated elements to the sediments. Studies of this removal 
process, referred to as “scavenging” (Goldberg, 1954), have traditionally been 
conducted using filters of 0.2-l p,rn pore size to define dissolved and particulate 
species. An important caveat of this operational size definition is that submicron 
colloidal matter (-0.001-l p,m; Stumm, 1977) is included in the “dissolved” 
( <0.2-l km) phase. Although measurements of the colloidal size range have rarely 
been reported, evidence is accumulating to suggest that colloids may play a role in 
marine scavenging (Honeyman and Santschi, 1989, 1991; Moran and Moore, 1989, 
1992; Moran and Buesseler, 1992; Baskaran et al., 1992). 

Several recent studies have provided new evidence for the importance of colloids 
in ocean biogeochemistry. High concentrations (up to lo8 ml-l) of nonliving, 
submicron (0.38-l Frn) particles have been reported in the surface waters of the 
North Pacific (Koike et al., 1990) and in coastal waters off Nova Scotia, Canada 
(Longhurst et al., 1992). Wells and Goldberg (1991) extended the size range of these 
abundant colloids down to -5 nm in the surface waters off California. These 
observations provide direct evidence that a significant fraction of “dissolved” organic 
matter (DOM) and hence organic carbon in the oceans exists in the colloi- 
dal size range. Indeed, Benner et al. (1992) reported that 22-33% of “dissolved” 
(<0.2 km) organic carbon is in the 1,000 NMW-0.2 p,rn size range in North Pacific 
surface waters. Moreover, these authors suggested that macromolecular components 
of DOM are reactive, largely composed of polysaccharides, and may support much of 
the heterotrophic activity in the surface ocean. The suggested reactive nature of this. 
material is consistent with the short residence time of colloidal 234Th reported in the 
surface waters near Bermuda (Moran and Buesseler, 1992) and in the Gulf of 
Mexico (Baskaran et al., 1992). The implication of these recent studies is that colloids 
may play an important role in oceanic trace metal scavenging and particle cycling. 

Thorium isotopes (234Th, 228Th, and 230Th), due to their strong chemical reactivity 
for marine particle surfaces and in-situ radiogenic source (238U, 228Ra, and 234U, 
respectively), are useful tracers for studying trace metal scavenging and particle 
dynamics in the oceans (e.g. Bacon and Anderson, 1982; Nozaki et al., 1981, 1987; 
Coale and Bruland, 1985,1987). Rates of scavenging can be quantified by measuring 
the disequilibrium between the parent and daughter nuclides that results from the 
removal of thorium from the water column on suspended and sinking particulate 
matter. Thorium-234, with a half-life of 24.1 days, is an excellent tracer for quantify- 
ing rates of dissolved metal-particle interactions on time-scales of l-100 days (e.g. 
Coale and Bruland, 1985,1987; Buesseler et al., 1992a; Moran and Buesseler, 1992) 
which correspond to rates of biogenic processes occurring in the upper ocean. 

In this study, we used 234Th as a tracer to investigate the role of colloids in oceanic 
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Figure 1. Map showing sampling stations (0) occupied in Buzzards Bay, BB-1-7 (water depth 
10 m), and on the Gulf of Maine cruise, GM-l (water depth 251 m) and GM-2,3,4 (water 
depth 3660 m). Total 234Th activities (dpm 1-l) in the surface waters are proportional to the 
length of the line shown in the legend. Seasonal range in total 234Th in Buzzards Bay 
indicated by dashed line. Data near Bermuda (BATS-32) from Moran and Buesseler 
(1992). 

trace metal scavenging. Our primary aim was to quantify the temporal and spatial 
scales of variability of colloidal 234Th (10,000 NMW-0.2 urn) in continental shelf 
waters off New England. The strategy was to collect samples over a range in 
suspended particle concentration and hence total 234Th activity, which in turn is 
reflected in the size-distribution of 234Th. Estimates of the temporal and spatial 
variability in 234Th residence times in the various size classes are made using a simple 
box model. In addition, we use the size-fractionated data to examine the effect of 
colloids on the solid-solution partition coefficients &‘s) and scavenging rate con- 
stants (k;) of thorium as a function of particle concentration. 

2. Materials and methods 

a. Sampling. Seawater samples were collected at a single site in Buzzards Bay 
(BB-l-7), MA, from June 24,1991, to July 28,1992, and during a cruise to the Gulf of 
Maine (GM-1,2,3,4), July 17-30,199l (Fig. 1, Table 1). In Buzzards Bay, a peristaltic 
pump was used to pump seawater ( -50-70 liters) from a depth of 2 meters through 
acid-cleaned Bevaline tubing and acid-cleaned 0.2 km Gelman Mini-Capsule filters 
(filtration area 500 cm2). Prefiltered ( < 0.2 Frn) seawater was collected in a Millipore 
Pellicon cross-flow filtration system (described below). During the Gulf of Maine 
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cruise, approximately 100 liters of seawater were collected at each station using 30 
liter Go-F10 bottles. Seawater was prefiltered through 0.2 pm Gelman Mini-Capsule 
filters using a peristaltic pump and the filtrate collected in the cross-flow filtration 
system. 

In order to calculate a mass balance, separate unfiltered samples were collected at 
all stations for determination of total 234Th. Subsamples of the traditionally defined 
“dissolved” ( < 0.2 urn) phase were also collected. 

b. Cross-flow filtration. A Millipore Pellicon cross-flow filtration (CFF) system 
modified for trace metal sampling was used to collect dissolved (in this work: 
< 10,000 nominal molecular weight, NMW) and colloidal (10,000 NMW-0.2 pm) 
samples. Details of the design and operation of the modified CFF system are 
described in Moran (1991). The sustained high flow rates (10-25 liters hr-l in this 
study) of CFF facilitated the collection within several hours of the large sample 
volumes (50-100 liters) required for the determination of size-fractionated 234Th. 

The CFF system was fitted with a 10,000 NMW filter (N l-10 nm pore size; 
0.464 m2 filtration area) made of regenerated cellulose, which is reported to have 
reduced protein binding characteristics (Millipore Corp.). The CFF system was 
initially cleaned in the lab by soaking for N 48 hours in 2 M HCl and then thoroughly 
rinsed with Mini-Q water (Moran, 1991). Cross-flow filtration of all samples was 
conducted at sea and completed within 3-6 hours of sample collection. Immediately 
following prefiltration, the CFF system was rinsed by pumping 2-3 liters of prefil- 
tered sample through the system with the permeate and retentate lines going to 
waste. The CFF filter was then preconditioned by soaking the filter in prefiltered 
seawater sample for 15-30 minutes. Preconditioning reduces the retention of solutes 
onto the filter (polarization) and adsorptive losses of thorium (Niven and Moore, 
1988; Moran, 1991). Samples were then cross-flow filtered in the concentrate mode, 
resulting in the separation of the dissolved phase and the concentration of the 
colloidal phase (Moran, 1991). No significant decreases in filtration rate were 
observed during cross-flow filtration that would indicate clogging of the CFF filter. 
Final sample volumes in the CFF reservoir were typically 5-10 liters, resulting in 
volume concentration factors of 6-10 for Buzzards Bay samples and lo-25 for the 
Gulf of Maine cruise samples. After processing each sample, the CFF filter was 
leached for 15-20 minutes with 1 M HCI to determine any sorptive loss of 234Th. 
When not in use, the CFF filter was cleaned with 1 M HCl, rinsed with Mini-Q water, 
and stored in dilute ( -0.01 M) HCl. 

Total, dissolved, colloidal, “dissolved” ( < 0.2 km), particulate ( > 0.2 urn) and 
acid-leach samples were transported to WHOI for 234Th determination. 

c. 234Th determination. To each of the total, dissolved, colloidal and acid-leach 
samples were added N 30 ml of concentrated HN03, N 7 dpm of 230Th yield monitor, 



898 Journal of Marine Research w, 4 

and 5 ml of 50 mg ml-’ FeC& carrier (cf Anderson and Fleer, 1982; Fleer and Bacon, 
1991). Samples were stirred for -24 hours at room temperature to equilibrate the 
yield monitor and Fe with the sample. The pH was increased to - 8 with NH40H and 
the Fe precipitate containing Th and U isotopes was allowed to settle for - 12 hours. 
The supernatant was drawn off and the precipitate collected by centrifugation. The 
precipitate was washed with pH 8 Milli-Q water to remove salts, centrifuged, and the 
precipitate dissolved in 40 ml of 8 M HCl. Thorium-234 was separated from 238U by 
passing the Fe solution through an anion exchange column (10 ml of AG l-X8, 
100-200 mesh) conditioned with 8 M HCl. The eluant and column rinses containing 
234Th were heated to dryness and taken up in 20 ml of 8 M HN03. Thorium-234 was 
further purified of 238U by passing the solution through an anion exchange column 
(10 ml of AG l-X8,100-200 mesh) conditioned with 8 M HN03. Thorium was eluted 
with 8 M HCl and the eluant evaporated to dryness in the presence of concentrated 
H2SO4 and held for electroplating. 

Particulate 234Th was determined by combusting the Gelman filters at 500°C for 
12-14 hours. Approximately 300 ml of 8 M HN03 and 7 dpm of 230Th yield monitor 
were added to the ash and heated for - 24 hours. The sample was cooled and filtered 
through a glass fiber filter (Whatman GF/F). To digest residual organic matter, 30% 
H202 was added dropwise to the filtrate while heating gently until effervescence 
stopped. The solution ( - 100 ml) was passed through an anion exchange column 
(25 ml of Ag l-X8, 50-100 mesh) conditioned with 8 M HN03. 234Th was further 
purified of 238U using 8 M HCl and 8 M HN03 conditioned columns as described 
above and then held for electroplating. 

In preparation for electroplating, samples were taken up in 5 ml of deionized 
water plus 10 drops of 14 M NH40H and the solution neutralized with 18 M H2SO4. 
The solution was transferred to a plating cell and the pH adjusted to 2-3 using 2 M‘ 
NH40H. Thorium was electroplated onto stainless steel planchets for 2 hours with a 
1 amp current at - 10 volts. Planchets were rinsed with deionized water and acetone, 
mounted on acrylic cards, and covered with aluminum foil (9 mg cmw2) to absorb low 
energy beta emissions. Low background (0.4-0.5 cpm), anticoincidence, gas-flow 
beta detectors were used to count samples once per week for 4-5 weeks. The 234Th 
activity was quantified by counting the stronger beta emissions of its daughter 234mPa 
(E = 2.29 MeV, tl12 = 1.2 min.). Beta detectors were calibrated using deep ocean 
samples in which 234Th is in secular equilibrium with 238U. Uranium-238 activities 
(dpm 1-l) were calculated from salinity using the relationship 238U = 0.07097 x 
salinity (u! 35 psu (Chen et al., 1986). Thorium-230 yield monitor was determined by 
alpha counting using silicon surface barrier detectors. Thorium-234 activities (dpm 
1-l) were corrected for ingrowth from 238U, chemical yield, and decay-corrected to 
the mid-point of sample collection. Errors in the 234Th data were propagated from 
counting statistics, based upon the fit of the raw counts to the 234Th decay curve. 

Total 234Th activities were determined in three surface water samples (BB-1, 
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GM-l and GM-4) by large-volume (-500-1000 liters) pumping through Mn02 
impregnated cartridges and gamma counting (Buesseler et al., 1992b). Cartridges 
were ashed at 500°C overnight and the 63.3 keV energy of the ash counted using a 
pure Ge detector. 

d. Ancillary measurements. Samples for chlorophyll a and particulate organic carbon 
(POC) analysis were collected using precombusted glass fiber filters (Whatman 
GF/F). Chlorophyll a concentrations were determined by extraction in 90% acetone 
and measuring the fluorescence using a Turner fluorometer (Strickland and Parsons, 
1972). POC concentrations were quantified using a Perkin Elmer CHN autoanalyzer. 
Bacterial counts on unfiltered and 0.2 pm filtered seawater samples were made using 
the acridine orange method (Watson et aZ., 1977). Reactive phosphate, silicate, and 
nitrate concentrations were determined using standard calorimetric methods (Strick- 
land and Parsons, 1972) in filtered (0.2 p,rn) samples. The concentration of sus- 
pended particulate matter (C,) was determined using preweighed 0.2 pm, 142-mm 
diameter, Poretics filters. Salinities were determined on stored samples at WHO1 
using a Guildline Autosal. In-situ seawater temperature was measured using a 
thermometer in Buzzards Bay and a CTD on the Gulf of Maine cruise. 

3. Results 

a. 234Th mass balance. The 234Th mass balance results are illustrated in Figure 2. 
Total 234Th in unfiltered samples are, with the exception of two samples, within 
5-10% of the sum of the dissolved, colloidal, and particulate activities. As an 
independent check, the sum of “dissolved” (<0.2 pm) (which should equal the 
dissolved plus colloidal fractions) and particulate activities also agree well with total 
234Th (Fig. 2). These results indicate that losses of 234Th to the CFF system were 
minor and are consistent with the low (often undetectable) activities ( < 2% of total) 
determined in the acid-leach samples. By comparison, Baskaran et al. (1992) 
reported 234Th losses to their Amicon CFF system ranging from <20% in 9 of 14 
samples to 23-49% of the total for the remaining samples. The higher losses reported 
in the Gulf of Mexico study may be due to higher water temperatures (20-30°C; 
mean = 27°C; P. Santschi, personal communication), longer cross-flow filtration 
times (7-12 hours) or, possibly, to differences in the CFF system (polysulfone 
membrane compared with regenerated cellulose used in this study). 

b. Seasonal changes in total 234Th and biological activity in Buzzards Bay. The annual 
cycle of total 234Th is characterized by lower activities in the spring and summer 
(0.1-0.2 dpm 1-l) than in winter (0.6-0.7 dpm 1-l) (Fig. 3, Table 2). Total 234Th 
activities follow chlorophyll a, particulate organic carbon, and suspended particle 
(C,) concentrations. Bacteria numbers range from 0.4-4.0 x lo6 ml-l and correlate 
to some degree with temperature (r2 = 0.79, n = 7). Bacteria were essentially 
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2.5 r - -, I I 
0 dissolved + colloidal + particulate 

I 
I 

2.0 0 <0.2&m + particulate 
, 

Sum 234Th (dpm I -‘) 

Figure 2. Mass balance results for samples of size-fractionated 234Th from Buzzards Bay and 
the Gulf of Maine cruise. Total 234Th activities were measured in separate, unfiltered 
samples. Sum 234Th represents (0) the sum of dissolved, colloidal and particulate 234Th and 
(El) the sum of “dissolved” ( < 0.2 pm) and particulate u4Th. 

undetectable ( < 1 x lo4 ml-*) in the 0.2 urn filtrates, indicating that bacteria were 
excluded from the 10,000 NMW-0.2 brn colloidal samples. Temporal changes in. 
nutrients are characterized by high levels of nitrate in the winter, elevated silicate 
concentrations in the summer, and relatively invariant phosphate levels. Total 234Th 
increased from fall to winter, reaching a maximum ( N 0.7 dpm 1-l) in February, 1992. 
A winter phytoplankton bloom is evident at this time, when chlorophyll a, POC, and 
C, concentrations were maximum and coincident with a marked decrease in nitrate. 
The timing of the bloom is consistent with previous studies of phytoplankton in this 
region (Glibert et al., 1982, 1985). Following the bloom, total 234Th decreased to a 
minimum in the spring, followed by a slight increase in the summer. 

c. Size-j?uctionated 234Th. Seasonal changes in dissolved, colloidal and particulate 
234Th activities in Buzzards Bay are shown in Figure 4 and listed in Table 2. Colloidal 
activities are low (0.01-0.04 dpm 1-l) and follow the temporal changes evident in 
dissolved and particulate 234Th. Particulate activities are highest, ranging from 0.05 
to 0.4 dpm 1-l. As a percentage of the total activity (Fig. 5a), colloidal 234Th was 
highest during the spring and summer (lO-16%) compared with the winter (2-5%). 
The fraction of what is typically defined as “dissolved” (i.e. <0.2 km) that is 
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Figure 3. Seasonal changes in total 234Th, chlorophyll a, particulate organic carbon (POC), 
bacteria, suspended particle concentration (C,), nutrients, salinity, and temperature in the 
surface waters (2 m) of Buzzards Bay. Shown in the plot of total 234Th are measurements of 
234Th in (0) unfiltered samples and (0) the sum of dissolved, colloidal, and particulate 
activities. 

colloidal ranges from 5-29% of total 234Th. The dissolved fraction ranges from 22% 
to 40%, with a higher percentage observed in the spring and summer. The particulate 
phase represented the majority (45-75%) of the total activity throughout the year 
and, unlike the dissolved and colloidal fractions, was a higher percentage during the 
winter. 

In the shelf and slope waters, where total 234Th activities are higher (Fig. l), the 
size-fractionated results are characterized by high dissolved 234Th compared with 
colloidal and particulate activities (Table 2). As a percentage of the total activity 
(Fig. 5b), colloidal 234Th activities range from -1% (0.01 to 0.02 dpm 1-l) in the 
surface waters to < 1% (0.001 dpm 1-l) in the deep waters (2000 m and 3552 m). 
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Figure 4. Seasonal changes in dissolved, colloidal, and particulate 234Th in Buzzards Bay 
surface waters. 

Dissolved values range from 93-96% (1.04-1.60 dpm 1-l) in the surface waters to 
95-98% (1.85-1.95 dpm 1-r) of the total in the deep waters. Particulate 234Th is 
slightly higher than the colloidal fraction, ranging from -3-6% of the total (0.05- 
0.06 dpm 1-l) in the surface waters to N 2-4% (0.04-0.09 dpm 1-l) in the deep waters. 

d. 234Th partition coeficients. Coefficients for the partitioning of 234Th between the 
dissolved and particulate phase (I$,), the dissolved and colloidal phase (I&) and the 
traditionally defined “dissolved” ( < 0.2 pm) and particulate phase (I&) are listed in 
Table 3 (Eqs. Bl-B3, Appendix B). Values for KP are fairly constant 
(1.7 of: 1.2 x lo6 ml g-l), as are values for Kd (1.5 + 1.2 x lo6 ml g-l), for these 
oceanic regions (Table 3). KC values were estimated using the relationships Cc/C, = 2 
(Moran and Moore, 1989) and log C, = 0.7 . log C, - 2.6 (Honeyman and Santschi, 
1989). With these values, KC’s range from 1.0 5 1.1 x lo5 ml g-r using CJC,, = 2 
(Moran and Moore, 1989) to 1.0 f 1.2 x lo6 ml g-l using Honeyman and Santschi’s 
(1989) estimate for C,. 

4. Solid-solution partitioning of 234Th as a function of particle concentration 

Particle concentration, as a surrogate parameter for surface site concentration, 
has been suggested (Honeyman et al., 1988) as the master variable controlling the 
scavenging of thorium and other reactive trace metals. The primary source of 
particles onto which thorium is scavenged, particularly in the open ocean and 
upwelling regions, is biological production; indeed, scavenging rates of dissolved 
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Figure 5. Partitioning of 234Th between dissolved, colloidal, and particulate fractions in 
samples from (a) Buzzards Bay and (b) the shelf and slope waters from the Gulf of Maine 
cruise. 

thorium correlate with new production (Bruland and Coale, 1986; Beak and 
Bruland, 1993). Moran and Moore (1989) and Honeyman and Santschi (1989) have 
further shown that the concentration of colloids is directly proportional to particle 
concentration. Thus, if particle concentration is the master variable controlling trace 
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Table 3. 234Th partition coefficients. 

Sample Kf 
Code (105 2g-1) (105 !? g-1) (105 Zg-1, ( lo5 ml g-l) 

BB-1 8.4 11.7 
BB-2 16.8 18.8 
BB-3 12.7 14.8 
BB-4 14.1 14.9 
BB-5 6.4 7.3 
BB-6 18.2 24.8 
BB-7 11.1 13.9 
GM-l 6.0 6.1 
GM-2 47.6 47.6 
GM-3 22.6 22.6 
GM-4 6.3 6.3 

*Calculated using CJC,, = 2 (Moran and Moore, 1989). 

2.0 25.6 
0.3 5.2 
0.6 8.5 
0.2 3.0 
0.3 5.0 
3.8 38.0 
1.4 17.5 
0.8 5.1 
0.3 0.9 
0.4 1.2 
0.6 3.2 

TCalculated using log C, = 0.7 . log C, - 2.6 (Honeyman and Santschi, 1989). 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

_-.-_-.- ._____...--.-..-- 
Cp (ms 1-9 

Figure 6. Partitioning of 234Th between dissolved (m), colloidal (O), and particulate (0) 
phases as a function of suspended particle concentration (C,) in samples from Buzzards Bay 
and the shelf and slope waters. Also shown are dissolved (A), colloidal (a), and particulate 
(x) 234Th data for the upper ocean near Bermuda (Moran and Buesseler, 1992). Solid lines 
represent the fraction of dissolved (fd) and particulate (f,) 234Th and were calculated 
(Appendix B) using the K,, = lo6 ml g-l. The fraction of colloidal 234Th (fJ is calculated 
using K,, = lo6 ml g-l and; (a) solid line, log C, = 0.7. log C, - 2.6 (Honeyman and Santschi, 
1989) and Kc = lo6 ml g-l and; (b) dashed line, CJC, = 2 (Moran and Moore, 1989) and 
Kc = lo5 ml g-l. Dash-dot line is an upper estimate offc calculated using Kc = 2 x lo6 ml g-l 
and log C, = 0.7 * log C, - 2.6. 
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metal scavenging, then the solid-solution partitioning of our size-fractionated 234Th 
data would be expected to be a function of C,. 

The distribution of 234Th between the various size classes shows a systematic 
dependence on suspended particle concentration (Fig. 6). The overall pattern of the 
solid-solution partitioning of 234Th is a progressive shift from dissolved to particulate 
form with increasing C,. The colloidal fraction follows the particulate distribution 
but to a lesser extent, increasing from the low C, deep waters to the particle-rich 
shelf region. The colloidal 234Th data shows some evidence of a maximum at C, = 
0.5-l mg 1-l and then decreases for C, > 1 mg 1-l. Thus, in the surface open ocean 
and deep waters, where suspended particle concentrations and scavenging rates are 
lowest, 234Th exists predominantly in the dissolved phase. With increasing C, and 
hence scavenging rate in the surface shelf and slope waters, 234Th is increasingly 
partitioned onto particulate and colloidal matter. In the particle-rich nearshore 
waters (C,, 2 1 mg I-‘), where total activities are lowest due to intense scavenging 
and particle export, 234Th is associated largely with particulate matter. 

The dependence of the 234Th size-distribution on C, can be calculated using the 
partition coefficients Kp and KC (Eqs. Bl, B2; Appendix B). The fraction of dissolved 
(fd) and particulate (f,) 234Th is calculated (Eqs. B6, BS) using our average Kp = 
lo6 ml g-l. The fraction of colloidal 234Th (fc) is calculated (Eq. B7) using (a) KC = 
lo5 ml g-l, estimated using Cc/C, = 2 (Moran and Moore, 1989) and (b) KC = lo6 ml 
g-l, estimated from log C, = 0.7 * log C, - 2.6 (Honeyman and Santschi, 1989). In 
addition, an upper estimate offc is calculated using KC = 2 x lo6 ml g-l. 

The 234Th size-distribution calculated using our measured partition coefficients is 
compared with the observed data in Figure 6. Good agreement exists between the 
observed and calculated distributions of dissolved and particulate 234Th. For the 
colloidal fraction, both KC = lo5 ml g-l (Moran and Moore, 1989) and KC = lo6 ml g-i 
(Honeyman and Santschi, 1989) give essentially the same good agreement with the 
data for C,, = 0.01-l mg 1-l and then diverge at C, = > 1 mg 1-l. The higher colloidal 
values at C, N 0.5-l mg 1-l are more closely predicted using the upper estimate for 
K,of2 x lO”mlg-*. 

These results demonstrate the primary importance of the concentration of sus- 
pended particles and hence surface sites in controlling the size-distribution of 234Th. 
In fact, the systematic dependence of 234Th solid-solution partitioning on C, suggests 
that CP is a reasonable surrogate parameter for the surface functional groups that are 
likely to be involved in 234Th sorption. This is particularly striking considering the 
potentially large range of particle types that were sampled within the different 
oceanic regimes. 

5. z34Th scavenging model 

Estimates of the temporal and spatial variability in residence times of total and 
size-fractionated 234Th are made using the box model shown in Figure 7. In this 
model, the activity of 234Th is maintained by a balance between production from 238U, 
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Dissolved Colloidal Particulate 
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Figure 7. Scavenging model used to calculate residence times of 234Th in the dissolved, 
colloidal, and particulate size classes (note: 10K represents 10,000 NMW). The termsJth, Cth 
and Pfh represent the net removal fluxes of 234Th from the various size classes and A is the 
234Th decay constant. 

radioactive decay of 234Th, and scavenging by colloidal and particulate matter. The 

model assumes irreversible scavenging of 234Th and that advection and diffusion 
terms are negligible compared with net removal fluxes (Coale and Bruland, 1985, 
1987; Buesseler et al., 1992a; Moran and Buesseler, 1992). The differential equations 
for the surface water 234Th scavenging model are: 
for total 234Th, 

aA;;/& = A, . A -A& . A - PT,, (1) 

and for 234Th in each size class, 

aA&,/,% = A,. A -A, d . A - JTh (2) 

aA;,,,lat = JTh -A&,. A - CT, (3) 

aA Fhiat = cn - A ch . h - PTh (4) 

where A, is the 238U activity, A (0.0288 days-l) is the decay constant of 234Th, A tot is 
the total 234Th activity, Ad, is the dissolved (< 10,000 NMW) activity, A;h is the 
colloidal (10,000 NMW-0.2 pm) activity, and A&, is the particulate (> 0.2 pm) 
activity. The terms Jrh, Crh, and Prh represent the net removal flux of 234Th from the 
dissolved to the colloidal phase, from colloids to particles, and of 234Th on sinking 
particles, respectively (Fig. 7). 

At steady-state (&&/at = 0), the mean residence time (7) of 234Th in the ith 
size-class is defined as (Moran and Buesseler, 1992) 

Ti = A~,IRi (5) 

where A ih is the 234Th activity and Ri is the net removal flux. For the non-steady-state 
case (aAT,,lat f 0), net removal fluxes are calculated assuming that the flux terms JTh, 
Cn, and PTh remain constant over a given time interval (Buesseler et al., 1992a), 

JT, = A 
- e-“) + A&,_,emU - Aghm2 

(1 - e-“) I 
(6) 
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Figure 8. Temporal variability in residence times of dissolved, colloidal, particulate and total 
234Th in Buzzards Bay surface waters calculated for steady-state (SS) and non-steady-state 
(NSS) conditions. 

CT, = JTh - A 
4h-,e 

[ 

-Af -AP 
Th-2 

(1 - e-“) 1 (7) 
A,(1 I - e 

PT,, = A 
-“) + A$,e-ti - A?;-2 

(1 - e-“‘) 1 (8) 
where Arh-r and An-2 are 234Th activities at sampling times ti and t2. For the 
non-steady-state case, the residence time of 234Th in the ith size class is given by, 

Ti = (A&-2 + A&-,)/Z, (9) 

a. Temporal variability. In Buzzards Bay, temporal variations in the residence time of 
total and size-fractionated 234Th are shown in Figure 8 and listed in Table 4. 
Residence times of total and size-fractionated 234Th calculated for steady-state and 
non-steady-state conditions are short (- < 1-14 days), indicative of high scavenging 
rates occurring within the particle-rich nearshore waters. Throughout the annual 
cycle, colloidal 234Th residence times are low, averaging 0.3 days, and show only a 
slight seasonal variation. By comparison, residence times of dissolved and particulate 
234Th are higher, averaging 2 days and 4 days, respectively. In addition, unlike the 
colloidal fraction, the dissolved and particulate 234Th residence times exhibit a strong 
seasonal cycle, with maximum values observed during the winter. 

The steady-state and non-steady-state models provide comparable 234Th residence 
times, with the steady-state results bracketing the non-steady-state values over each 
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Table 4. Residence times (in days) of dissolved (Q) colloidal (q), particulate (TV) and total 
(rtot) 234Th calculated using the irreversible scavenging model (Fig. 7) for steady-state and 
non-steady-state (shown in parentheses) conditions.* 

Sample 
Code 

BB-1 

BB-2 

BB-3 

BE-4 

BB-5 

BB-6 

BB-7 
GM-l 
GM-2 
GM-3 
GM-4 

rd 

1.68 f  0.05 
(1.28 + 0.07) 
0.91 r 0.06 

(1.16 k 0.10) 
1.38 + 0.12 

(2.55 + 0.18) 
3.57 2 0.21 

(3.63 5 0.17) 
3.63 +- 0.11 

(1.96 r 0.10) 
0.66 + 0.06 

(1.07 -c 0.17) 
1.46 + 0.25 

29.17 2 1.08 
102.43 h 9.84 
127.59 k 17.48 
85.75 r 4.29 

0.68 ” 0.08 
(0.38 r 0.07) 
0.11 +- 0.09 

(0.18 f  0.10) 
0.24 5 0.12 

(0.23 + 0.18) 
0.20 + 0.21 

(0.38 zt 0.21) 
0.57 t 0.13 

(0.37 + 0.15) 
0.24 + 0.08 

(0.31 + 0.20) 
0.38 + 0.26 
0.47 + 0.84 
0.06 k 3.17 
0.09 k 4.61 
0.54 k 2.18 

TP 

2.08 + 0.09 
(2.74 + 0.14) 
3.39 + 0.18 

(3.33 + 0.10) 
3.2 + 0.02 

(6.5 ? 0.10) 
8.32 -I- 0.17 

(8.93 + 0.30) 
8.86 + 0.37 

(3.36 -t 0.24) 
0.86 + 0.08 

(1.38 2 0.11) 
1.91 * 0.14 
1.91 f  0.19 
5.69 2 1.06 
3.15 * 1.46 
2.98 sz 1.13 

Ttot 

4.62 k 0.13 
(4.56 2 0.18) 
4.51 k 0.22 

(4.79 * 0.22) 
4.98 k 0.19 

(10.16 r 0.33) 
13.01 -+ 0.42 

(14.15 k 0.47) 
14.21 + 0.13 
(5.76 + 0.31) 
1.74 2 0.13 

(2.86 k 0.30) 
3.86 zk 0.41 

33.60 2 1.76 
125.14 c 19.61 
142.78 t 30.55 
98.11 + 9.44 

*Errors propagated from counting statistics. 

sampling interval (Fig. 8; Table 4). This agreement can be attributed to the extent of 
234Th/2”8U disequilibria being large throughout the year and to the relatively small 
changes in &I~~/& (Fig. 3). Wei and Murray (1992) also reported good agreement 
for 274Th residence times calculated using steady-state and non-steady-state models 
during monthly sampling in Dabob Bay, WA. A non-steady-state model is required 
when significant changes in 234Th activity occur over short time-scales (e.g. l-2 
weeks), for example during phytoplankton blooms (Tanaka et al., 1983; Buesseler et 
al., 1992a). 

The seasonal cycle in the residence time of total 234Th is presumably a function of 
temporal changes in biological production and sediment resuspension rates. The 
shorter residence times of 234Th observed during the summer may result from 
elevated rates of biological production that lead to enhanced scavenging of 234Th 
from the water column. Figure 3 shows that C, values were not particularly high 
during the summer, however we may have missed short-term increases in C,. During 
the winter, when biological activity is typically reduced in these waters (Glibert et aZ., 
1982, 1985), 234Th residence times are greater. The main exception to this is during 
the winter bloom, when biological processes evidently played an important role in 
the removal of total 234Th (Fig. 3). 

In addition, studies of particle concentration and flux (measured by sediment 
traps) in Long Island Sound showed that an important factor in the settling flux of 
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Figure 9. Spatial variability in residence times of total (T& and size-fractionated 234Th (TV, 
colloidal; rP, particulate; Q, dissolved) in the surface waters. Residence times are calculated 
for steady-state conditions and are proportional to the length of the line shown in the 
legend. Data near Bermuda from Moran and Buesseler (1992). 

234Th was the viscosity of seawater (J. K. Cochran, personal communication), which is 
temperature-dependent and thus at a maximum in the winter. High viscosity can 
result in lower settling velocities of particles and hence a lower 234Th sedimentation 
flux. Santschi et al. (1979) reported a similar seasonal cycle in 234Th residence times in 
Narragansett Bay and suggested the residence time of 234Th was longer in the winter 
due, in part, to a higher water viscosity. 

The higher 234Th activities and corresponding longer residence times during the 
winter may also be attributed to an input of 234Th from resuspended bottom 
sediments. Martin and Sayles (1987) reported an average total of 234Th sediment 
activity (supported plus excess) of 5.5 + 1.9 dpm g-l over an annual cycle in the 
upper 2-3 cm (depth of bioturbation) in Buzzards Bay. Our measured specific 
activity of particulate 234Th in the water column is N 100-300 dpm g-l. Using our 
highest particle concentration of 2.6 mg 1-r and the average sediment 234Th activity, 
the contribution of 234Th from resuspended sediments is estimated to be 0.014 dpm 
l-r, or <5% of total 234Th in the water column. This estimate is a lower limit since 
resuspended material may have a higher 234Th activity than the average activity of the 
upper 2-3 cm of sediment. 

b. Spatial variability. The spatial variability in residence times of total and size- 
fractionated 234Th in the surface waters is shown in Figure 9. As expected from the 
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total activities (Fig. l), total 234Th residence times increase from the nearshore to the 
surface open ocean, consistent with enhanced scavenging and export of 234Th from 
the water column occurring within the particle-rich shelf waters. The residence time 
of colloidal 234Th does not exhibit significant spatial variability, increasing only 
slightly in the Gulf of Maine ( -0.4 days) and beyond the shelf break ( -0.5 days), 
with the highest value (10 days) found near Bermuda (cf, Moran and Buesseler, 
1992). In addition, colloidal 234Th residence times are consistently short compared 
with values determined for the dissolved phase of l-4 days in Buzzards Bay, -30 
days in the Gulf of Maine and 61-85 days in the surface open ocean. By comparison, 
particulate 234Th residence times are within a factor of about 2-3 of the colloidal 
fraction in the Gulf of Maine and the surface open ocean. 

It is evident that the residence time of colloidal 234Th is consistently short and does 
not exhibit the degree of temporal or spatial variability as observed for dissolved 
234Th. The relative constancy of the colloidal 234Th residence time would seem 
surprising, given the range in total activity and hence overall scavenging intensity. 
For example, the dissolved 234Th residence time varies by a factor of -30-40 
between the nearshore and the surface open ocean. By comparison, colloidal 234Th 
residence times vary by a factor of -2-10, similar to the -4-5 fold variation for the 
particulate fraction. The short and relatively constant colloidal 234Th residence times 
may be at least partly related to our model which does not include terms for 
disaggregation and therefore provides minimum estimates of 234Th residence times. 
However, as discussed later, these results would imply that colloidal aggregation is 
not a rate-limiting step in thorium scavenging. In fact, colloidal 234Th may be tracing 
a reactive intermediate in the decomposition of large, rapidly-sinking biogenic 
particles. 

6. Particle-concentration effects 

Evidence for the involvement of colloids in oceanic trace metal scavenging comes 
primarily from observations of: (1) distribution coefficients (&‘s) for thorium and 
other particle-reactive species that vary inversely with C, and; (2) a less than 1:l 
log-log correlation between scavenging rate constants (k;) for thorium and C, (e.g. 
Gschwend and Wu, 1985; Morel and Gschwend, 1987; Honeyman et al., 1988; Moran 
and Moore, 1989). These so-called “particle-concentration effects” have been inter- 
preted as resulting from the inclusion of colloids in an operationally defined 
“dissolved” ( <0.2 pm) phase. The size-fractionated 234Th data can be used to 
examine under what oceanic regimes such particle-concentration effects are mani- 
fest. 

Figure 10 shows a log-log plot of Kd values for 234Th against C,. The Kd values are 
calculated (Eq. B3, Appendix B) using the size-fractionated 234Th data reported in 
this study and from the upper ocean near Bermuda (Moran and Buessler, 1992). 
Also plotted are Kp values for the partitioning of 234Th between dissolved (< 10,000 



912 Journal of Marine Research w, 4 

8.0,,,,,,, , , , , , , , , 

Kc=106mlg-' 

log Cc=0.7 log CD-2.6 

4.01 c '* '8 "'m 'I 'I ' 
-2.5 -2.0 -1.5 -1 .o -0.5 0.0 0.5 1.0 

log Cp (mg I -‘) 

Figure 10. Log-log plot of 234Th Kd values against suspended particle concentration (C,) 
calculated using (x) the size-fractionated 234Th data reported in this study and from the 
upper ocean near Bermuda (Moran and Buesseler, 1992); also shown are (0) Kp values for 
the partitioning of 234Th between dissolved ( < 10,000 NMW) and particulate (> 0.2 km) 
phases. Data defined by open symbols (after Honeyman et al., 1988 and Moran and Moore, 
1992): 0, surface and deep Arctic Ocean (Bacon et al., 1989); A, deep western Pacific 
(Nozaki et al., 1987); 0, deep eastern Pacific (Bacon and Anderson, 1982); 0, California 
Current (Coale and Bruland, 1985), 0, Funka Bay, Japan (Minagawa and Tsunogai, 1980). 
Lines calculated (Appendix B) using Kp = 106.s ml g-l and: 1) solid line, K, = lo6 ml g-r and 
log C, = 0.7 . log C, - 2.6 (Honeyman and Santschi, 1989); 2) dashed line, Kc = lo5 ml g-r 
and Cc/C,, = 2 (Moran and Moore, 1989). 

NMW) and particulate (>0.2 km) phases. For comparison, Kd values are included 
from independent studies in which the “dissolved” and particulate phase was defined 
using 0.2-0.4 pm filters and the colloidal fraction was not reported. As shown in 
Figure 10, Kd values are slightly lower than the respective Kp values for C, - 1 mg l-l, 
where colloidal 234Th activities are highest. Importantly, within the scatter of the 
data, Kd values are essentially invariant over the C, range characteristic of oceanic 
waters ( -0.01-l mg 1-l). 

The relationship between Kd and C, can be quantified using (Appendix B), 

Kp 
Kd = 1 + K, . C, * 

Eq. 10 was used to calculate the dependence of Kd on C, using a constant Kp = 106.5 
ml g-l and our estimated values of K, and C,: (1) K, = lo6 ml g-l and log C, = 0.7 . 
log C, - 2.6 (Honeyman and Santschi, 1989) and; (2) K, = lo5 ml g-l and Cc/C, = 2 
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Figure 11. Log-log plot of forward scavenging rate constants (4;) for 234Th against suspended 
particle concentration (C,) calculated using (0) dissolved (< 10,000 NMW) 234Th and (x) 
dissolved ( < 10,000 NMW) + colloidal (10,000 NMW-0.2 km) 234Th data reported here and 
for the upper ocean near Bermuda (Moran and Buesseler, 1992). Open symbols are defined 
in Figure 10. Solid line is linear regression of all data. Dashed line represents an upper limit 
for scavenging rate constants predicted by the Brownian-pumping model calculated using 
k; = Bh . Ci3 .fcld (Eq. 11). Critical coagulation parameters are h = 6 m, cub = 0.5, pe = 
2.5 g cme3, KC = lo7 ml g-i and log C, = 0.7. log C, - 2.6 (Honeyman and Santschi, 1989). 

(Moran and Moore, 1989). Figure 10 shows the calculated Kd is constant for C, - 
0.01-l mg I-‘, consistent with the data, and then decreases for C, > 1 mg 1-l. 

It is evident from our size-fractionated 234Th data and model calculations that 
particle-concentration effects on Kd are essentially negligible for most oceanic 
waters. That is, there is no strong evidence for an inverse relation between Kd and C, 
(Fig. 10). 

Figure 11 shows a log-log plot of k ‘i values for 234Th against C,. Net scavenging rate 
constants for the removal of dissolved ( < 10,000 NMW) 234Th onto colloidal matter 
are defined ask; = l/rd and are calculated using the size-fractionated data reported 
here and from the surface waters near Bermuda (Moran and Buesseler, 1992). 
Values of k’* were also calculated for the net removal of “dissolved” 234Th (A$, + 
A $,,) onto particulate matter. For comparison, scavenging rate constants are plotted 
using data from independent studies in which the colloidal fraction was not sampled. 
Scavenging rate constants calculated using the “dissolved” activities are slightly 
lower than the respective dissolved values in Buzzards Bay, where colloidal activities 
represent a higher percentage of the total (Fig. 11). However, within the scatter of 
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the data, it is clear that 8 log k’,ld log C, - 1, indicating a first-order dependence of 
k’, on C,. 

Figure 11 also shows scavenging rate constants for thorium calculated using the 
Brownian-pumping model (Honeyman and Santschi, 1989) as a function of C,. In 
this model, the rate of transfer of metals from dissolved to particulate form is limited 
by the rate of colloid-particle aggregation. Scavenging rate constants were calculated 
as a function of C,, using the Brownian coagulation coefficient (&) and the fraction 
( fcld) of “dissolved” ( < 0.2 pm) 234Th associated with colloids, 

k; = Bb * q . fcld (11) 
Bb was calculated using values suggested by Honeyman and Santschi (1989) for the 
critical coagulation parameters of h = 6 m, q, = 0.5 and pe = 2.5 g crne3 (Appendix 
C). As noted by Moran and Moore (1992) because pe and ob are upper estimates and 
h is a lower estimate, the calculated rate constants represent maximum values. 
Figure 11 shows the predicted scavenging rate constants diverge from the linear 
regression line with increasing C,,. However, the predicted values are consistent with 
the data for C, - 0.01-l mg 1-l. 

The relatively high rate constants for Buzzards Bay (C, N 1 mg 1-l) compared with 
the model curve (Fig. 11) may be due to higher shear coagulation caused by high 
energy dissipation rates from tidal mixing. Honeyman and Santschi (1992) reported a 
good agreement between 234Th scavenging rate constants determined for the Irish 
Sea and predicted rate constants that included a term for shear coagualtion. These 
authors assumed an energy dissipation rate of 2.3 x 10m3 m* ss3 in the bottom 
boundary layer, a value which is relatively high compared with dissipation rates of 
2 x lo-’ - 6 x 10 -4 m* s3 reported for coastal waters. Assuming a similar energy 
dissipation rate in the bottom boundary layer in Buzzards Bay, the predicted rate 
constant at C,, = 1 mg 1-l is N 1O-o.5 day-‘, which is consistent with 234Th scavenging 
rate constants determined for Buzzards Bay (Fig. 11). 

It is important to note that the mechanisms controlling the apparent first-order 
dependence of k; on C, (Fig. 11) are not well characterized. This is likely to include a 
combination of surface-adsorption and Brownian and shear coagulation/sedimenta- 
tion processes. Based on our size-fractionated 234Th data, there is no evidence for 
particle-concentration effects causing a less than unity dependence of k; on C,, 
(Fig. 11) that would be expected from rate-limiting aggregation of colloids control- 
ling the removal of thorium. Moran and Moore (1992) made a similar observation in 
a comparative study of oceanic scavenging rate constants of aluminum and thorium. 

7. Summary and implications for the role of colloids in oceanic trace metal 
scavenging 

The size-fractionated 234Th results presented here indicate that l-16% of total 
234Th is in the high molecular weight colloidal size range. The activity of colloidal 
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234Th is a function of the suspended particle concentration, with higher colloidal 
values observed in the particle-rich nearshore region. Our results are generally 
consistent with the few recent oceanographic studies of colloidal 234Th. In particular, 
Moran and Moore (1989) conducted 234Th tracer experiments using colloids (10,000 
NMW-0.45 km) collected off Nova Scotia and reported colloidal 234Th activities of 
l-4% of “dissolved” ( < 0.45 pm) in shelf and slope waters and, in one sample, up to 
50% in nearshore waters. In the upper ocean near Bermuda, Moran and Buesseler 
(1992) reported colloidal 234Th activities averaging 9% of the total activity. Niven 
(personal communication) recently measured colloidal 234Th (10,000 NMW-0.2 km) 
during a phytoplankton bloom in Bedford Basin and found activities ranging from 
l-15% of the total activity. The highest oceanic colloidal 234Th activities have been 
reported for the Gulf of Mexico (Baskaran et al., 1992) where colloidal 234Th (10,000 
NMW-0.4 urn) averaged 28 + 14% of the total activity in 6 of 14 samples for which 
total activities could be calculated. 

The importance of these results is that what is considered as “dissolved” can in 
fact exist to a significant extent in a colloidal form, particularly in nearshore waters. 
Our results indicate that up to N 30% of traditionally defined “dissolved” ( < 0.2 pm) 
234Th is in the high molecular weight colloidal size range in Buzzards Bay. The 
implication is that scavenging of thorium, and by analogy other particle-reactive 
trace metals, may involve coagulation-disaggregation processes rather than adsorption- 
desorption reactions on particle surfaces alone. 

It is surprising that coefficients for the partitioning of 234Th between dissolved and 
colloidal forms (KC) are less than, or in some cases similar to, Kp values determined 
for dissolved and particulate forms. Baskaran et al. (1992) also reported similar Kp 
and KC values for 234Th in the Gulf of Mexico. As discussed by Moore and Hunter 
(1985) based on particle surface area, one would expect colloids to have a greater 
capacity than larger particles ( > 0.2 pm) for adsorbing trace metals and hence KC z+ 
Kp. However, our results indicate that the thorium complexation capacity and hence 
binding site density of colloidal and particulate matter is similar. This would imply 
that the thorium binding site density of marine particles may not increase markedly 
in the submicron size range, despite the increase in surface area per unit mass. It is 
important to note, however, that the concentration and nature of binding sites of 
marine colloidal matter is not well characterized. 

Based on the irreversible scavenging model, residence times of colloidal 234Th are 
short, ranging from < 1 day in the shelf waters to N 10 days in the upper ocean near 
Bermuda. Moreover, while dissolved and particulate 234Th residence times exhibit 
significant temporal and spatial variability, this is not observed for colloidal 234Th. 
The short and relatively invariant residence time of colloidal 234Th would imply that 
colloidal aggregation is not a rate-limiting step in thorium scavenging, which clearly 
does vary spatially with particle concentration and flux (Figs. 1,9). Such rapid 
turnover rates are evidently not representative of the bulk of “dissolved” organic 
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matter, which has a mean 14C age on the order of N 1000 years in the surface waters 
of the Atlantic and Pacific (Bauer et al., 1992). 

Our short colloidal 234Th residence times would imply that 234Th is tracing some 
component of colloidal organic matter that is labile and rapidly turning over in the 
upper ocean, possibly involving heterotrophic activity (Kirchman et al., 1991; Benner 
et al., 1992). This is consistent with the view of particle cycling linked to bacterial 
decomposition and hydrolytic enzyme activity proposed by Cho and Azam (1988), 
Karl et al. (1988) and more recently by Smith et al. (1992). These studies provide 
evidence for the importance of large-scale production of suspended particles via 
bacterially mediated decomposition of large biogenic aggregates. It is possible that a 
major fraction of organic-rich colloids are also generated by heterotrophic decompo- 
sition of large biogenic particles. An important implication of our observations is that 
the dominant pathway in our particle cycling model (Fig. 7) may be in the reverse 
direction; large biogenic particles + organic-rich colloids + dissolved organic 
matter. Thorium may be released from fast-sinking particles as they decompose, or 
retained preferentially relative to organic carbon, but in either case the result may be 
a KC which is smaller than Kp. Thus, colloidal 234Th may be tracing a reactive 
intermediate in the decomposition of large, rapidly-sinking biogenic particles into 
colloids and DOM. 

The size-fractionated 234Th results indicate that so-called “particle-concentration 
effects” are negligible for most oceanic waters (C, N 0.01-l mg 1-l). Furthermore, 
because 234Th is highly particle-reactive (Kd - 106-10’ ml g-l), the association of 
234Th with colloids and hence the corresponding particle-concentration effect is likely 
to be greater for thorium than for less reactive trace metals. For example, Moran and 
Moore (1989, 1992) demonstrated that aluminum (Kd N lo6 ml g-l) is associated to 
a lesser extent with colloids and that particle-concentration effects are reduced 
compared with thorium. In terms of using Kd’s to model trace metal transport in 
aqueous systems, our data suggest that an inverse dependence of Kd on C, may be 
significant in regions characterized by high particle concentrations (C, > 
N 1 mg I-‘), such as freshwaters, estuaries, nearshore waters, pore-waters and 
groundwater environments. 

It is important to consider the possible significance of colloidal matter in the 
l,OOO-10,000 NMW size range. In this regard, Benner et al. (1992) reported 22-33% 
of “dissolved” (<0.2 Frn) organic carbon was in the 1,000 NMW-0.2 l.r,rn colloidal 
size range off Hawaii. These data are consistent with results of Carlson et al. (1985) 
who reported N 34% of persulphate-oxidizable “dissolved” organic carbon was 
> 1,000 NMW in North Atlantic surface waters. By comparison, Moran and Moore 
(1989) found organic carbon concentrations in the 10,000 NMW-0.45 urn colloidal 
size range represented 5-15% of UV-photooxidizable organic carbon ( < 0.45 pm) in 
the shelf and slope waters off Nova Scotia. It is interesting that this range (5-34%) 
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for the percentage of “dissolved” organic carbon in the high molecular weight size 
range is consistent with estimates by Wells and Goldberg (1991) that the recently 
observed submicron particles (Koike et al., 1990; Wells and Goldberg, 1991; Long- 
hurst et al., 1992) may account for N 10% of DOC. These results suggest that there is 
a pool of organic carbon in the l,OOO-10,000 NMW size range that would not be 
sampled using our 10,000 NMW filter. However, these data also suggest that 
(assuming a constant Th/C ratio) inclusion of a l,OOO-10,000 NMW fraction would 
increase our colloidal 234Th activities from -5-15% to = 20-30% of the total for 

CP N 0.05-0.1 mg 1-l (Fig. 6). Moreover, such a higher fraction (fJ of 234Th 
associated with colloids can be reasonably predicted from (Appendix B), 

(12) 

and using K, = 10’ ml g-l and log C, = 0.7 * log C, - 2.6 (Honeyman and Santschi, 
1989) although this needs to be confirmed. 

It is important to emphasize that our understanding of the mechanisms of oceanic 
trace metal scavenging and particle cycling is limited. The irreversible box model 
(Fig. 7) provides useful information on the residence times and scavenging rate 
constants for 234Th. However, as noted above, it is apparent that reverse processes, 
i.e. desorption, disaggregation, and bacterial remineralization, are important in trace 
metal scavenging and particle cycling in the water column (Bacon and Anderson, 
1982; Nozaki et al., 1981, 1987; Clegg and Whitfield, 1990, 1991; Cho and Azam, 
1988; Karl et al., 1988; Smith et al., 1992). A key area for future research is to quantify 
the complex interplay between the chemical, biological, and physical processes that 
control metal-particle and particle-particle interactions throughout the size spec- 
trum. One approach to this problem is to measure at least two thorium isotopes, as 
this would allow the mechanisms of scavenging and particle cycling to be investigated 
using a reversible model (e.g. Murnane et al., 1990; Clegg and Whitfield, 1990, 1991; 
Cochran et al., 1993). 
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APPENDIX A 

Symbols 
q, = Brownian collision efficiency factor 

An, = 234Th activity (dpm 1-l) 
A, = 238U activity (dpm 1-l) 
Bb = Brownian coagulation coefficient (P3 mg-“.3 day-l) 
C, = colloid concentration (mg 1-l) 
C, = suspended particle concentration (mg 1-l) 
fc = fraction of total 234Th associated with colloids (10,000 NMW-0.2 km) 
fd = fraction of total 234Th in dissolved ( < 10,000 NMW) form 

fcid = fraction of “dissolved” ( < 0.2 pm) 234Th associated with colloids 
fp = fraction of total 234Th in particulate ( > 0.2 pm) form 
g = gravitational acceleration (980 cm se2) 
h = mixed depth (m) 
k = Boltzman constant (erg “K-l) 

ki = pseudo-first-order scavenging rate constant for dissolved 234Th (days-l) 
Kb = Brownian coagulation kernel (cm3 s-l) 
KC = partition coefficient for 234Th in colloidal and dissolved forms (ml g-l) 
Kd = partition coefficient for 234Th in particulate and “dissolved” forms (ml g-l) 
Kp = partition coefficient for 234Th in particulate and dissolved forms (ml g- ‘) 

A = 234Th decay constant (days-‘) 
pe = particle density (g cm-3) 
pf = fluid density (g cm-3) 
Ri = net removal flux of 234Th (dpm 1-l days-l) 

S/h = dimensional parameter grouping for Stokes settling (cme2 s-l) 
C= A$A$, 
T = absolute temperature (“K) 
7 = residence time (days) 
l.r, = dynamic viscosity (g cm-l s-l) 
v = kinematic viscosity (cm2 s-l) 

APPENDIX B 

Partitioning of 234Th between dissolved, colloidal and particulate forms 

Coefficients for the partitioning of 234Th between the dissolved and particulate 
phase (K,), the dissolved and colloidal phase (KC), and between the traditionally 
defined “dissolved” ( < 0.2 km) and particulate phase (Kd) are given by (Honeyman 
and Santschi, 1989; Moran and Moore, 1989) (units: ml g-l), 

A;h 106 
Kp =A-j* c 

Th P 
(Bl) 
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AL Kp 
Kd = (Ad,, + A”,,& = 1 + K, * C,’ 033) 

As shown by Honeyman and Santschi (1989), since 

A~=A&+A&+A~ Fw 

then 

AT’ = Ad,,((K, * C,) + (Kp * C,) + l] = A$,, . I$. W) 

From Eqs. (Bl-B5), the fraction of 234Th in the dissolved (fd), colloidal (fJ, and 
particulate (f,) size class is defined as, 

036) 

037) 

APPENDIX C 

Scavenging rate constants calculated using the Brownian-pumping model 

In the Brownian-pumping, or colloidal-pumping, model (Honeyman and Santschi, 
1989, 1992) the Brownian coagulation coefficient (Bb) is calculated from (Farley and 
Morel, 1986) 

Bb = 1.33 (Slh)0.6p,-0.3@KKb0.4 (Cl) 

S/h = (1/67F2)o.33(g/3uh)(pe - pf)Ipf ((2 
Kb = 2kTl3p. ((3 

Oceanic values for the various parameters suggested by Honeyman and Santschi 
(1989) are: h = 6 m; pe = 2.5 g cm-3; a = 0.5 (Edzwald et al., 1974); g = 980 cm s-*; 
u = 0.0098 cm* s-r; pr = 1.025 g cme3; t.~ = 0.01 g cm-l s-l; k = 1.4 x lo-i6 erg “K-l; 
and, T = 293°K. While some of the terms in Eqs. (Cl, C2, C3) are clearly not constant 
for oceanic waters, Bb is affected most significantly by h, pe, and clb (Honeyman and 
Santschi, 1989; Moran and Moore, 1992). With these values, the Brownian coagula- 
tion coefficient is Bb = 1.47 x 10-l 1o.3 mg-“.3 day-*. As discussed earlier, shear 
coagulation becomes significant in high-energy coastal waters, and estimates are 
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made of scavenging rate constants that include shear coagulation in Buzzards Bay 
(Section 6). The fraction of “dissolved” (<0.2 pm) metal associated with colloids 

( fed is given by, 

(W 

When h.id = 1, all “dissolved” metal is associated with colloids and removed at a 
maximum rate; the rate of particle coagulation by Brownian motion. Values off& 
are calculated using KC = 10’ ml g-l and log C, = 0.7 . log C, - 2.6 (Honeyman and 
Santschi, 1989). 
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