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Abstract

The concentrations and size distributions of small (<200 nm) colloids were measured at three stations
in the North Atlantic and two stations in the Southern Ocean. The stations were chosen to cover a range
of oceanographically distinct regimes, from highly productive nearshore environments to oligotrophic
open-ocean waters. Colloid number concentrations decreased appreciably from the surface to ~150-m
depth at three of these stations. Concentrations in deep waters of the North Atlantic were high but erratic,
suggesting that colloid abundance is regulated by rapid rates of reactions. The colloids were mainly organic
and their immediate sources appear to include both autotrophic and heterotrophic activity as well as
sediment resuspension. Transmission electron microscope examination of colloid size distributions and
morphology indicates that aggregation is the principal removal mechanism for these colloids. Evidence
from the cumulative size spectra of small colloids indicates that colloid aggregation is most intense in
vertically delineated zones near the surface, around the main thermocline (~1,000-1,500 m), and in
bottom waters. These findings show that the marine colloidal state is abundant but discontinuous in both

space and time throughout a wide range of oceanographic environments.

Marine colloids are attracting increasing in-
terest because they appear to be significantly
involved in biogeochemical cycles. Colloids
sized between 0.4 and 1.0 um occur at con-
centrations of 107 particles ml~! in nearshore
and pelagic waters (Koike et al. 1990; Long-
hurst et al. 1991); smaller colloids (5-200 nm)
are even more abundant (> 10° particles ml—! —
Wells and Goldberg 1991, 1992). Colloid
numbers increase nearly logarithmically with
decreasing size, creating a continuum of par-
ticle sizes that link nanometer-sized matter to
large particles (Wells and Goldberg 1993),
which ultimately remove matter from the
oceans by sinking. Theoretical arguments and
limited laboratory studies suggest that colloid
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aggregation, rather than simple adsorption onto
particle surfaces, may be the primary means
for transferring dissolved metals into the par-
ticulate realm (Farley and Morel 1986; Ho-
neyman and Santschi 1991). Indeed, recent
studies in surface waters of the Sargasso Sea
and Gulf of Mexico indicate that colloid ag-
gregation is responsible for the rapid transfer
of dissolved Th into particulate phases (Moran
and Buesseler 1992; Baskaran et al. 1992).
Clearly, the role of colloids needs to be eval-
uated within the conceptual framework of ma-
rine biogeochemical cycles.

The prominence of marine colloids in bio-
geochemical cycling will depend on their abun-
dance and reactivity in seawater. Here we de-
fine the colloidal state as encompassing
particles having at least one dimension be-
tween ~1 and 1,000 nm (Hunter 1989). Evi-
dence indicates that the bulk of marine colloids
are organic in nature (Koike et al. 1990; Wells
and Goldberg 1991, 1992); thus their abun-
dance and dynamics in seawater will be cou-
pled to biological processes. For example, mid-
to high molecular weight organic constituents
fall within the colloidal realm; a spherical col-
loid 2 nm in size with a density of 1.07 g ml~!
corresponds to an organic molecule of ~2,500
Daltons (Dean 1948).

Components of the colloidal state have
unique behaviors that are determined mainly
by their surface charges. At the small end of
the colloidal spectrum, typically defined as
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“dissolved” in the oceanographic literature
(<~0.4 um), the chemical behavior of col-
loidal constituents often will not be predicated
on bulk solution chemistry considerations
alone. Similarly, the upper size boundary of
colloidal matter (~1.0 um) represents the ap-
proximate transition in the dominant physical
forces acting on particles, from Brownian dif-
fusion to turbulent shear and gravity. In other
words, entirely different physical processes
regulate the behavior of colloidal and partic-
ulate substances. Thus, distinguishing among
soluble (<~1-2 mm), colloidal (~1-1,000
nm), and particulate (>1,000 nm) phases will
be essential if we are to understand the cycling
of matter in the oceans.

As a first step in evaluating the potential
importance of colloids in marine systems, we
have measured their concentrations and size
distributions in North Atlantic waters on the
Scotian Shelf, the Scotian slope, in the Sar-
gasso Sea, and in shelf and open-ocean waters
off the Antarctic peninsula in the Southern
Ocean. In general, colloids are equally abun-
dant across these highly productive to oligo-
trophic regimes. Transmission electron micro-
scope (TEM) images show that colloids have
similar morphologies among \these diverse en-
vironments. The distribution of total colloid
volume with depth points to a biogenic source
for small colloids. Even so, colloid concentra-
tions are not tightly coupled to biological pa-
rameters such as chlorophyll g, nutrients, or
DOC concentrations, although strong relation-
ships can occur at individual stations. Size dis-
tribution data strongly suggest that colloid ag-
gregation is the dominant removal mechanism
for colloidal matter and that aggregation is most
intense in vertically stratified zones of high
biological and physical activity.

Methodology

North Atlantic samples were collected in
April 1991 during CSS Hudson cruise 91001
as part of JGOFS (Joint Global Ocean Flux
Study). Water was sampled with 8-liter PVC
Niskin bottles on an 18-bottle rosette equipped
with a CTD. Three stations were chosen: one
on the Scotian Shelf (43°20'N, 65°10'W) in
~150 m of water, one at the seaward margin
of the Scotian slope (40°18'N, 64°55'W) in
~4,200 m of water, and one in the Sargasso
Sea (36°00'N, 63°30'W) in ~4,800 m of water.
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Surface (<200 m) profiles also were collected
near the ice margin (64°27.18'S, 65°39.10'W)
in 500 m of water and in open waters
(63°33.03'S, 64°53.30'W) (3,500-m depth) off
the Antarctic peninsula during RV Polar Duke
cruise 91-9 (Palmer LTER) in the austral spring
(November 1991). Five-liter Go-Flo bottles
were used to collect the Antarctic samples. Im-
mediately after collection, samples were trans-
ferred to 60- or 100-ml Teflon bottles and poi-
soned by adding HgCl, to give a concentration
of 1 or 3 uM. The samples were stored cold
(5°C) and in the dark until processing ashore.
The longest period between collection and pro-
cessing was 16 d (Scotian Shelf and Southern
Ocean stations); the others were 10 d or less.

Once ashore, the small colloid fraction was
isolated with ultracentrifugation to sediment
colloids directly onto TEM specimen grids
mounted at the bottom of 13-ml polyallomar
centrifuge tubes (Wells and Goldberg 1991,
1992). The 200-mesh Cu specimen grids with
C-stabilized Formvar membranes were pre-
treated by 60 s of glow discharge under vac-
uum to render them hydrophilic. This pre-
treatment was found to improve colloid
recoveries in laboratory tests; charging also re-
duces particle movement on the grid surface
during drying (Fleisher et al. 1967). Seawater
samples were centrifuged (Beckman LM-70)
in a swing bucket rotor (SW-41) at 41,000 rpm
(288,000 x g) for 4.1 h at 25°C. The super-
natant was drawn off and the grids rinsed of
salt (in place) with five tube volumes of deion-
ized water (Milli-Q). Initial tests demonstrated
that colloid recoveries were lower when the
grids were rinsed by repeated dipping into
deionized water, possibly due to stripping of
colloids off the grid surface as it passed through
the high-energy air-water interface.

After air-drying, the specimen grids were
stored in a desiccator for a minimum of 24 h
before examination by TEM. The grids were
viewed with a Phillips CM-30 TEM operated
at 100 kV. Grid openings were viewed at low
magnification and those openings where col-
loidal material was dispersed evenly were ex-
amined at high magnification (45-89,000 x).
Photomicrographs of four separate fields were
taken for colloid enumeration, each field from
a different grid opening. The developed TEM
micrographs were digitized and colloid num-
bers and size distributions measured by image
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analysis (IMAGE, Wayne Rasband) on a Mac-
intosh Ilci. Part way through the investigation,
a Gatan video camera was added to the TEM,
and digitized images were stored directly on
computer disks for analysis. In most cases, there
were >200 colloids per field; many samples
had >400 colloids per field, while a few sam-
ples were below the detection limit for colloid
enumeration (see below). Colloid sizes were
calculated as 2 X the minor axis of ellipse hav-
ing the same area as the colloid. These mea-
surements correlated well with hand measure-
ments of the narrowest dimension of the same
colloids [R? = 0.88, n = 38 means of computer
(n = 3,316 particles) and hand (n» = 2,728 par-
ticles) measurements].

Colloid concentrations were calculated from
field enumerations with the taper method to
correct for nonparallel particle trajectories
during centrifugation (Mathews and Buthala
1970). The detection limit for colloid concen-
trations was ~ 107 particles ml~—!, which cor-
responded to 1-2 colloids in a microscope field.
Recovery efficiencies of synthetic colloids from
seawater were determined with monodis-
persed sols of colloidal hematite (~800 nm;
Matijevic and Scheiner 1978) and latex (89
nm) and were 97+13 and 93+0.2%, respec-
tively (1 SD). The sedimentation rates of
colloidal silica (22 nm; Ludox) in seawater
during centrifugation were described ade-
quately by Stokes’ law (J. Morrison and M.
Wells unpubl. data).

Colloid counts in replicate microscope fields
showed good agreement (standard deviations
are typically <10%, n = 4); analyses of du-
plicate specimen grids placed in the centrifuge
tubes and replicate samples (# = 3) drawn from
the same rosette bottles displayed a similar
level of precision. Because experience dem-
onstrated that we could not ultracentrifuge
samples at sea, it was necessary to store the
samples for later centrifugation ashore. Al-
though there is concern that colloid abundance
or size distributions could change with storage,
we have found that the immediate poisoning
of freshly collected coastal water with 1 uM
HgCl,, followed by dark, cold (5°C) storage for
5 d results in no significant changes in colloid
concentrations or size distributions.

All apparatus was detergent washed (RBS-
35; VWR Scientific) and rinsed thoroughly with
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deionized water to minimize particle contam-
ination. The final rinses were done in a laminar
flow hood (class 100), as were the preparation
and mounting of TEM specimen grids, sample
transfers, and rinsing of the specimen grids.
The centrifugation tubes were sealed during
centrifugation. Specimen grid blanks were pre-
pared frequently by placing grids in the cen-
trifuge tube, adding 10 ml of deionized water,
and rinsing the grids in the same way as the
samples (the deionized water was not centri-
fuged because we were interested only in the
contamination resulting from grid handling and
rinsing). Very few, if any, particles were found
on the grid blanks.

Dissolved organic carbon (DOC) concentra-
tions were measured at the Scotian Shelf, Scotian
slope, and Sargasso Sea stations with high-tem-
perature catalytic oxidation and are reported
elsewhere (Kepkay and Wells 1992).

Results

Concentrations of small colloids —Small col-
loids were found throughout the water column
at each station, with concentrations on the or-
der of 10° particles ml~! (Fig. 1). In only a few
cases were concentrations below our (numer-
ical) detection limit (107 particles ml—'), but
even then colloids were readily apparent on
the specimen grids.

Colloid concentrations decreased with depth
in the upper 50 to ~150 m (i.e. above the
seasonal thermoclines) at the Scotian Shelf,
Sargasso Sea, and open Southern Ocean sta-
tions, but not at the Scotian slope and ice mar-
gin stations. The lowest colloid concentrations
in surface waters were found at the Southern
Ocean open-water station. However, this re-
sult is misleading since the colloids here were
larger (~80-200 nm) and accounted for the
highest volume of colloidal material found (see
below). Two samples not included in the pro-
files are the 100-m depth at the Sargasso sta-
tion and the 20-m depth at the Southern Ocean
open-water station. These samples could not
be enumerated because of extensive overlap-
ping of colloids on the grid surface due to high
concentrations. We estimate that colloid con-
centrations at these depths were at least an
order of magnitude higher (=10!° particles
ml~!) than elsewhere in the water column.
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Fig. 1. Depth distribution of small (5-200 nm) colloid concentrations (x 10° ml-') at the five stations. Each value

is calculated from the means of counts from four or more microscope fields with the taper correction method of
Mathews and Buthala (1970). Error bars (+1 SD) are shown where larger than the symbol size. Colloid concentrations
at 100 m in the Sargasso Sea and 20 m at the Southern Ocean open-water station were too large to quantify; data
points above and below these depths are shown connected by dashed lines.

Colloid concentrations were variable in deep
waters at the Scotian slope and Sargasso Sea
stations and did not increase in close proximity
to the bottom sediments, in contrast to earlier
findings in Santa Monica basin (Wells and
Goldberg 1991). However, there was a marked
increase in colloid size in close proximity to
the bottom (see below). On average, deep-wa-
ter colloid concentrations were 3 X higher at
the oligotrophic Sargasso station than at the
more productive Scotian slope site. Deep-wa-
ter samples were not collected at the Southern
Ocean open-water station.

In general, colloid numbers increased nearly
logarithmically with decreasing size, except for
the smallest size class (0~10 nm) which often
was somewhat less abundant than the next
larger (10-20 nm) size class. This latter result
is due to incomplete sedimentation of the fine-
sized colloids during centrifugation (see be-
low). Representative size distributions at the
Sargasso station are shown in Fig. 2.

Small colloid morphology—The physical
appearance of the colloid fraction was re-
markably similar among these distinct ocean-
ographic regimes (Fig. 3). The very small col-
loids (<30 nm) tended to be irregularly shaped,
while larger ones (~30-60 nm) usually were

roughly spherical and often composed of small
granules (~2-5 nm), some of which were darker
in contrast (i.e. contained higher atomic num-
ber elements). The colloid morphology was
identical to that seen in coastal and shelf waters
off California (Wells and Goldberg 1991, 1992).
Colloids larger than ~60 nm typically seemed
to result from the adhesion of two or more
smaller (~30-60 nm) colloids (Fig. 3B-D). The
specific composition of these colloids is un-
known (see discussion). Indirect evidence sug-
gests that they are composed mainly of organic
matter, although they also may contain some
trace metals (Wells and Goldberg 1991, 1992).

Integrated volumes of the small colloid frac-
tion—The total colloid volume in each 10-nm
size class was calculated assuming spherical
colloid shape and summed to give an inte-
grated colloid volume for each sample (Fig. 4).
Integrated colloid volume provides an esti-
mate of the amount of matter in the colloidal
fraction, in contrast to colloid numbers which
reflect the size classes in which this colloidal
matter is packaged. In general, colloid volume
decreased from maximum levels in near-sur-
face waters to a minimum between 100- and
150-m depth. In deeper waters, colloid vol-
umes were highest between 1,000 and 2,000
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Fig. 2. Size distribution plots for colloids < 200 nm
in size from different depths at the Sargasso Sea station.
These results are representative of distributions at other
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m and in bottom waters at the Scotian slope;
the deep-water distribution in the Sargasso Sea
was more variable but contained trends similar
to those at the Scotian slope station. Middepth
waters (1,000-2,000 m) of the Sargasso Sea
also had higher numbers of bacteria than above
or below this zone (W. Li pers. comm.); bac-
teria data are not available for deep waters at
the Scotian slope station, but a similar trend
is expected. On average, colloid volumes in
deep waters of the Scotian slope station were
~1.5X greater than those at the oligotrophic
Sargasso Sea station despite the ~3-fold lower
colloid concentrations at the Scotian slope (see
above).

The integrated colloid volume covaried with
Chl a concentrations in surface waters (<200
m) at each station (Fig. 5). However, there was
no correlation between Chl a concentrations
and colloid volumes when data from all sta-
tions were grouped. For example, the open-
water station (Southern Ocean) had the highest
integrated colloid volume but was low in Chl
a. By contrast, the Scotian Shelf station had
high Chl a concentrations but relatively low
colloid volumes. There also was no consistent
covariance between total colloid volume and
DOC (<0.4 um) concentrations (Kepkay and
Wells 1992); there was a positive relationship
between colloid volume and DOC at the Sco-
tian Shelf station (» = 0.82, n = 6) but not at
the Scotian slope or Sargasso Sea stations (data
not shown).

Cumulative number distributions —The pro-
cesses of production and removal regulate the
cumulative size distribution of particulates
(McCave 1984). Macroparticle (>1.0 um)
number distributions in ocean waters can near-
ly always be fitted by the power-law expression

N = kd"*. ¢))

—

depths and other locations, the common feature in all cases
being the general increase in colloid numbers with de-
creasing size. Values for the <30-nm size fractions (O) are
underestimates of the actual concentrations because these
colloids did not sediment quantitatively during 4 h of
ultracentrifugation (see text). The <30-nm values never-
theless are presented to show that these colloids are the
most abundant particules in the oceans. Each point is cal-
culated from the mean values from =4 separate micro-
scope fields. Error bars are =1 SD.
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A

Fig. 3. TEM micrographs of small colloids: A—25-m depth, Scotian Shelf. B—300-m depth, Scotian slope; C—
2,500-m depth, Sargasso Sea; D—30-m depth, open-water station in the Southern Ocean. Scale bars are 100 nm.

N is the number of macroparticles having di-
ameters >d, k a constant with units of particles
cm~3, and 8 a dimensionless constant (Junge
1969; McCave 1984). Log plots of N vs. d yield
straightline distributions with slope 3 when the
rates of particle production or input are min-
imal (e.g. the clear-water minimum in mid-
depth ocean waters). Nonlinear, peaked dis-
tributions occur when particle production or
input rates exceed removal rates, such as in
nepheloid layers and in the photic zone
(McCave 1984).

The cumulative number distributions of
small colloids at our five stations are shown
in Figs. 6-9. In all cases, values plateau sharply
in the <30-nm size fractions. This result is
due to the incomplete sedimentation of the
smallest sized colloids during the 4-h ultra-
centrifugation used to isolate the colloids from

seawater. The abundance of fine-sized (<30
nm) colloids increases greatly with longer pe-
riods of ultracentrifugation (e.g. 20 h), but ex-
tensive overlapping of colloids on the speci-
men grids makes it impossible to enumerate
them. Nevertheless, we have included the <30-
nm values in our distribution plots to provide
a lower estimate of the concentrations in this
fraction and to demonstrate that these small
colloids are the most abundant particles in the
oceans. On the basis of Stokes’ law, incomplete
sedimentation of colloids <30 nm in size in-
fers a colloid density of <1.07 g ml~!, roughly
equal to the density of organic detritus.
Reference lines are drawn on the cumulative
number distributions to aid in evaluating the
linearity of these data (see discussion). The lines
connect data points for the 30-40-nm size frac-
tion (the smallest fraction that we feel confi-



