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Short residence time of colloids
in the upper ocean estimated
from ***U-***Th disequilibria
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RECENT observations of abundant, nonliving, submicrometre par-
ticles in the upper ocean'™ and new measurements of ‘dissolved’
organic carbon*~” have fuelled speculation concerning the role of
colloidal matter in ocean chemistry and biology. Colloids may act
as reactive intermediates in the marine geochemistry of trace
metals® "2, and a biologically labile pool of colloidal matter would
affect models of ocean carbon cycling">'®. Here we report the use
of naturally occurring ***Th as an in situ tracer to estimate the
residence time of colloidal matter in the surface waters near
Bermuda. The **Th activity of colloidal matter (size range 10,000
nominal molecular weight to 0.2 jum) is similar to that of small
particles (0.2-53 pwm). Modelling of our results indicates a mean
residence time of colloidal 2**Th with respect to aggregation into
small particles of 10 days, which is roughly the same as for
small-particle >>*Th, yet a factor of ~6 less than for the dissolved
pool. These results suggest that, more generally, macromolecular
colloidal matter has a short residence time and hence a rapid
turnover rate in the upper open ocean.

The boundary between the dissolved and particulate phase
in the oceans has traditionally been defined operationally using
filters of 0.2-1 wm pore size. Owing to their small size, of order
1nm to 1 pm (ref. 17), and flexible nature', colloids can pass
through such filters and thereby be included in the ‘dissolved’
(<0.2-1 um) phase. Quantifying the role of colloids in oceanic
biogeochemical processes is particularly important if we are to
understand the dynamics of the marine carbon cycle. Here we
used cross-flow filtration'® to sample the colloidal size class
directly. Furthermore, measurements of the >**Th isotopic sig-
nature in dissolved, colloidal, and particulate phases reported
here allow estimates of the timescales over which these size
classes are cycled in the surface open ocean. Thorium-234 has
a strong chemical reactivity for marine particle surfaces'*~*! and
a well constrained radiogenic source function?’. In addition,
with a half-life of 24.1 days, ***Th is an excellent tracer for
quantifying rates of particle cycling on timescales of ~1-100
days'®?!, which correspond to rates of biogenic processes
occurring within the surface euphotic zone.

We collected seawater samples from the upper ocean at the
United States Joint Global Ocean Flux Study (JGOFS) Bermuda

FIG. 1 Vertical profiles of a, 23Th activity on the
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Atlantic time-series (BATS) station located in the western North
Atlantic (31°50' N, 64° 10’ W) during May 1991. Sea water was
pumped from discrete depths onboard through 53-um Nitex
screen (1,300-3,1001) to collect large particles, sequentially
through 1-um Nuclepore and 0.2-pm Gelman filters (240-2901)
to collect small particles, and a subsample of the filtrate (80-
1001) collected in acid-cleaned polyethylene containers. Filtra-
tion through 0.2-pm filters removes bacteria (evident from
bacterial counts) and all larger microorganisms. Pre-filtered
(<0.2 pm) sea water was ultrafiltered using a Millipore cross-
flow filtration system modified for oceanic trace-metal samp-
ling'® with a filter of 10,000 nominal molecular weight (NMW),
equivalent to a pore size of ~1-10 nm (ref. 18). The high flow
rate (~251h™!) of the cross-flow system facilitated the collection
of large-volume (80-1001) samples required for radiochemical
determination of 2**Th in the colloidal and dissolved
(<10,000 NMW) phase. Cross-flow filtration of each sample
was completed in 4-5 hours and all samples were processed
within 48 hours of collection.

Sorptive loss of ***Th to the container walls and cross-flow
system was <2% of the total **Th activity (determined by
leaching with 1 M HCI). This is consistent with mass-balance
results that indicated that total 2*Th activities (sum of all size
classes) were within 10% of activities determined independently
using large-volume sampling and y-ray counting techniques®.
By comparison, a study of colloidal thorium isotopes in the
shelf and slope waters in the Gulf of Mexico''reported sorptive
losses of 10-40% of total 2>*Th. Several factors may account for
our relatively low sorptive losses. First, our cross-flow filter is
made of regenerated cellulose which has lower sorption charac-
teristics'® than the polysulphone filter used inthe Gulf of Mexico
study''. Furthermore, the surface area of our Millipore filter
(0.46 m?) and system walls'® is roughly half that of the Amicon
system (0.88 m? filter)''. In addition, loss of colloids and associ-
ated >**Th due to fouling of the cross-flow filter is expected to
be less problematic in open ocean waters than in particle-rich
shelf and slope waters.

Vertical profiles of “**Th activity (Fig. 1a) are characterized
by low dissolved values and elevated colloidal pli;s particulate
levels in the upper 100 m relative to the deeper water. The
deficiency of total 2**Th relative to 2®*U (Fig. 1a) in the more
biologically productive upper 100 m (Fig. 1¢) is consistent with
scavenging and export of ***Th by biologically produced col-
loidal and particulate matter. Colloidal ***Th activities range
from 0.15-0.20 d.p.m. 17" and show no systematic variation over
the depth range sampled (Fig. 1b). 2*Th activities in the 0.2-
1 wm particulate fraction are high in the near-surface waters
and decrease toward the base of the euphotic zone. A broad
maximum in 2**Th activity is evident in the 1-53 um size class,
slightly below the chlorophyll a maximum. Large-particle
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ocean at the BATS station (31°50’N, 64°10' W),
14 May 1991. Colloidal and particulate 23*Th
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collected on MnO, impregnated cartridges and Sum
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were determined from counting statistics. Particu-

late organic carbon and chlorophyll a concentra-
tions were determined using standard methods®*.
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TABLE 1 Average of size-fractionated 23*Th results from 0-150 m off Bermuda

Quantity Dissolved Colloidal Small particle Large particle
234Th (d.p.m. 1I7Y) 162+0.10 018+0.01 0.25+0.01 0.0040 +0.0002
7 (days) 61.3+7.4 96+14 18.3+38 03+0.1
Percentage of particulate — 415+27 57.6+3.0 09+01
Percentage of total 788+6.2 88+0.7 122+08 02+01

Size classes defined as: dissolved, <10,000 NMW, colioidal, 10,000 NMW to 0.2 pm; small particle, 0.2-53 um; large particle, >53 pm. Errors were
propagated from counting statistics and average 23*Th inventories (0-150 m) using trapezoidal integration. Results from 14 May 1991.

(>53um) P*Th activities are extremely low (0.002-
0.008 d.p.m.17') and correlate to some extent with particulate
organic carbon (r*=0.67, n=5).

A striking aspect of the size-fractionated data is that, on
average, **Th activities in the colloidal size range and on small
particles are similar in magnitude (Table 1). As a percentage of
the total 2*Th activity, colloids and small particles each con-
stitute ~10%, with the balance primarily in the dissolved
(<10,000 NMW) phase. The implication of these results is that
oceanic colloidal matter may be as important as traditionally
defined suspended particulate matter (0.2-53 um) in the cycling
of Th'®"2*, and possibly other reactive elements®'>2°-?7 between
dissolved and particulate forms.

We calculated mean residence times of 2*Th in the dissolved,
colloidal and particulate phases using an existing scavenging
model'®?° that includes colloidal and large particle size classes
(Fig. 2). The principal model assumptions are that the 2**Th
activity is at steady state, scavenging of ***Th is essentially
irreversible, and advection and diffusion terms are negligible
relative to net removal fluxes'®°, The activity of dissolved >*Th
is controlled by a balance between production from its soluble
parent, 2®U (half-life 4.5 x 10° years), loss by radioactive decay,
and removal on colloids and larger particles. Colloid-particle
interactions are simplified as a sequential process such that the
***Th activity in each pool is maintained by production from a
smaller size class, loss by radioactive decay and a net transfer
to the next larger size class. Rapid export of **Th from the
surface waters occurs only on large, fast-sinking aggregates.
With these assumptions, the differential equations describing
scavenging of »**Th in the upper ocean are

dAT/ 01 =0= AyA — AS A — Jp,

AT/ 0t =0=Jp,— ATpA — Cry,

9AR, /91 =0= Cpp— AR A — Pry

9AL ot =0= Py — A\ A— Ly,
where Ay is the activity of 222U (0.069 x salinity??), A is the
decay constant for 2*Th (0.0288 day™') and Arp, is the activity

(d.p.m.17") of *Th in dissolved (d), colloidal (c), small-particle
(p), and large-particle (1) size classes. The terms Jgy,, Cyy, Pry,
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FIG. 2 Particle cycling model used to calculate mean residence times of
234Th in dissolved, colloidal, small particle, and large particle size classes
|2r; 4the upper ocean. Jy,, Cy,, Pr, and Ly, represent net removal fluxes of

Th from the various pools and A represents the radioactive decay constant
for 224Th, Also shown is the percentage of the total 2>*Th activity associated
with each size class and the corresponding residence time.
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and L, represent net removal fluxes (d.p.m. ™! day ') of dissol-
ved, colloidal, small- and large-particle 2**Th, respectively.

Clearly, interactions between colloids, small particles, and
large particles are complex®® and presumably mediated by a
combination of biotic (bacterial and other microorganism
activity, zooplankton grazing) and abiotic (adsorption, aggrega-
tion, disaggregation) processes. The critical aspect of our model
that determines colloidal »*Th residence times is the coagulation
of colloids with small particles. It is conceivable that additional
interactions, for example scavenging of dissolved ?**Th directly
onto the surfaces of picoplankton and fine detritus, may operate
to bypass the colloidal pool; such interactive effects could be
investigated using additional Th isotopic information®**.
Recent theoretical® and laboratory'® studies, however, support
our model assumptions that coagulation is the rate-limiting step
for the transfer of reactive metals from the dissolved to the
particulate phase. Moreover, the simplified scavenging model
used here allows the calculation of residence times using a single
Th isotope'®2".

The mean residence time () of 2**Th in the ith size class is
calculated using 7, = A%,/ R;, where AL, is the Z*Th activity
and R, is the net removal flux. We calculated residence times
for each size class using average **Th values for the upper
150 m (summarized in Table 1). The mean residence time of
~10 days calculated for »*Th in the colloidal fraction is within
a factor of 2 of the residence time of 2**Th on small particles
and 6 times less than for the dissolved pool. The extremely short
residence time of ?**Th on large particles (<1 day) is consistent
with their rapid export from the surface waters.

One of the intriguing aspects of the recent ‘dissolved’ organic
carbon (DOC) data is the large vertical and horizontal gradients
in the surface oceans*’. Although the amount of DOC in the
oceans is at present controversial®”’, such spatial variability is
unlikely to be eliminated because of DOC blank corrections®.
The observed gradients imply that DOC is produced and
remineralized more rapidly than previous estimates sug-
gested>'°, Our size-fractionated 2*Th results allow for an esti-
mate of the time-scale over which high-molecular-weight col-
loidal matter is cycled in the upper ocean. In relating the
residence time of colloidal >**Th to colloids in general, we must
assume that 2>*Th adsorbs on all colloids. Given the high reac-
tivity of 23*Th for oceanic particle surfaces'®-?!, this is a reason-
able approximation. The implication of our results is that, on
average, the high-molecular-weight component of ‘dissolved’
organic carbon is cycled on the order of ~1-2 weeks in the
surface open ocean. Moreover, such high colloidal turnover
rates have recently been reported in the Gulf of Mexico'®.

The mean residence time of the colloidal size class reported
here is comparable to DOC residence times of 30-40 days
estimated from incubation experiments and of 10-160 days
determined in situ during a spring phytoplankton bloom®. Such
rapid turnover times are considerably shorter than the previous
estimate for the mean apparent *C age of DOC in the upper
ocean of >1,000 years®', further suggesting that some fraction
of DOC is actively involved in carbon cycling in ocean surface
waters®'. Indeed, Benner et al’® report that high-molecular-
weight components of dissolved organic matter are reactive and
support much of the heterotrophic activity in the surface ocean.
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Thus, the size-fractionated ***Th results reported here pro-
vide new evidence for a more dynamic role of ‘dissolved’
organic carbon in the ocean carbon cycle than previously
believed?”. O
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