
Biogeosciences, 11, 135–145, 2014
www.biogeosciences.net/11/135/2014/
doi:10.5194/bg-11-135-2014
© Author(s) 2014. CC Attribution 3.0 License.

Biogeosciences

O
pen A

ccess

Not all calcite ballast is created equal: differing effects of
foraminiferan and coccolith calcite on the formation and sinking of
aggregates

K. Schmidt1,*, C. L. De La Rocha2, M. Gallinari 2, and G. Cortese3

1Faculty of Mathematics and Natural Sciences, University of Groningen, the Netherlands
2CNRS UMR 6539, Institut Universitaire Européen de la Mer, Université de Bretagne Occidentale, Plouzané, France
3GNS Science, Lower Hutt, New Zealand
* now at: School of Environmental Science, University of East Anglia, United Kingdom

Correspondence to:C. L. De La Rocha (christina.delarocha@univ-brest.fr)

Received: 26 August 2013 – Published in Biogeosciences Discuss.: 10 September 2013
Revised: 21 November 2013 – Accepted: 2 December 2013 – Published: 9 January 2014

Abstract. Correlation between particulate organic carbon
(POC) and calcium carbonate sinking through the deep ocean
has led to the idea that ballast provided by calcium car-
bonate is important for the export of POC from the surface
ocean. While this idea is certainly to some extent true, it is
worth considering in more nuance, for example, examining
the different effects on the aggregation and sinking of POC
of small, non-sinking calcite particles like coccoliths and
large, rapidly sinking calcite like planktonic foraminiferan
tests. We have done that here in a simple experiment carried
out in roller tanks that allow particles to sink continuously
without being impeded by container walls. Coccoliths were
efficiently incorporated into aggregates that formed during
the experiment, increasing their sinking speed compared to
similarly sized aggregates lacking added calcite ballast. The
foraminiferan tests, which sank as fast as 700 m d−1, became
associated with only very minor amounts of POC. In addi-
tion, when they collided with other, larger, foram-less aggre-
gates, they fragmented them into two smaller, more slowly
sinking aggregates. While these effects were certainly exag-
gerated within the confines of the rolling tanks, they clearly
demonstrate that calcium carbonate ballast is not just calcium
carbonate ballast – different forms of calcium carbonate bal-
last have notably different effects on POC aggregation, sink-
ing, and export.

1 Introduction

The export of particulate organic carbon (POC) to the deep
ocean prior to its oxidation back to carbon dioxide (CO2)

plays a critical role in the control of atmospheric concentra-
tions of CO2 (Broecker, 1982; Kwon et al., 2009). But only
a small fraction of the carbon fixed into POC in surface wa-
ters is exported below 1500 m and therefore excluded from
exchange with the atmosphere for time periods longer than a
few hundred years (Suess, 1980; Martin et al., 1987; Antia et
al., 2001). This small fraction of material escapes from food
webs efficient at retaining and oxidizing organic matter in the
upper ocean, largely through the formation and sinking of
aggregates larger than 1 mm, including those made primarily
of phytoplankton and detritus (Alldredge and Silver, 1988;
Kiørboe, 2001; Turner, 2002; Boyd and Trull, 2007; Guidi
et al., 2008; Burd and Jackson, 2009; McDonnell and Bues-
seler, 2010; Ebersbach et al., 2011). In the deep sea, sinking
fluxes of POC and minerals (especially calcium carbonate)
are strongly correlated, suggesting that ballasting by miner-
als also plays a role in POC export. This has led to two con-
verse, but ultimately related suggestions. First, that because
the density of POC is similar to that of seawater, POC is not
dense enough to sink without ballast. Second, despite being
denser than seawater, typical mineral particles in the ocean
are too small to sink on their own; their export is dependent
upon incorporation (with particulate organic matter) into ag-
gregates larger than 1 mm (Deuser et al., 1981; Armstrong
et al., 2002; François et al., 2002; Klaas and Archer, 2002;
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Passow 2004; Passow and De La Rocha 2006; De La Rocha
et al., 2008; Thomalla et al., 2008; Engel et al., 2009a, b;
Fischer and Karakaş, 2009; Iversen et al., 2010).

Incorporation of coccoliths (small scales of calcite pro-
duced by coccolithophores) into aggregates is known to
decrease aggregate size but nonetheless increase aggregate
sinking velocity (De La Rocha et al., 2008; Engel et al.,
2009b; Iversen and Ploug, 2010; Sanders et al., 2010), sup-
porting the notion that POC and minerals need each other
to sink out of the surface ocean. However, not all pelagic
calcium carbonate is in the form of coccoliths. For exam-
ple, tests of planktonic forams make up roughly half of the
calcium carbonate settling through the deep sea (Schiebel,
2002). Planktonic foraminiferan tests are large and, devoid
of organic matter following gametogenesis, sink with speeds
up to or even exceeding 1000 m d−1 (Honjo et al., 2008). The
shear associated with such fast sinking should remove ad-
hering organic matter, preventing its export from the upper
ocean in association with sinking foraminiferan tests (Honjo
et al., 2008). Thus while a significant portion of the calcite
exported from the surface ocean should enable, enhance, or
at least be associated with sinking fluxes of POC, the other
significant portion of sinking calcite should have little influ-
ence over POC export.

In order to investigate the possibility that calcite in the
form of coccoliths has a different effect on the character
and sinking speed of aggregates than calcite in the form of
foraminiferan tests, we allowed diatom aggregates to form
in cylindrical rolling tanks in the presence of foraminiferan
tests or coccoliths (or neither) and observed the difference
in the number, size, mass, and sinking speed of the resulting
aggregates.

2 Materials and methods

2.1 Experimental set-up

This experiment was conducted in a set of cylindrical 4.5 L
tanks held in rotation on motorized roller tables so that par-
ticles could sink unimpeded by container walls for the du-
ration of the experiment (Shanks and Trent, 1980; Passow
and De La Rocha, 2006; Le Moigne et al., 2013). Tanks
were filled with a culture of the diatomChaetoceros gracilis
that had been grown in f/2 medium (Guillard, 1975) made
up in filtered seawater (0.6 µm) for 7 days at 13◦C under a
light : dark cycle of 14 h : 10 h. The cell concentration in the
final volume was 1.5× 105 cells mL−1. Three different treat-
ments were set up in triplicate (although a number of these
replicates were lost to accidents during the experiment): the
phytoplankton culture on its own (Phyto), the culture plus
4.6 mg L−1 of cleaned coccoliths (Cocco), and the culture
plus 4.6 mg L−1 of cleaned foraminiferan tests (Foram).

The suspension of coccoliths was prepared from Creta-
ceous (Maastrichtian) chalk from the cliffs of Rügen, Ger-

many. The chalk was disaggregated, soaked overnight in a
solution of 0.6 % bleach (to remove remnant organic matter),
and rinsed multiple times with Milli-Q water. The calcite
was suspended in water, and larger particles were allowed
to sink out. A similar suspension used by De La Rocha et
al. (2008) consisted of coccoliths generally < 5 µm in diame-
ter and smaller calcium carbonate debris.

The foraminiferan tests that were used in the Foram treat-
ment were taken from a Deep Sea Drilling Project (DSDP)
sample, officially discarded due to a buckled core liner.
The material, Pliocene in age, came from Leg 29 (Sta-
tion 284; 10–6; 140–150 cm) from the Challenger Plateau
(40◦30.48′ S, 167◦40.81′ E; 1066 m b.s.l.) west of New
Zealand. This material was sieved and intact foraminiferan
tests > 250 µm in size were selected via picking with the
aid of a binocular microscope. Like the coccoliths, the
foraminiferan tests were cleaned by soaking overnight in
0.6 % bleach followed by multiple rinses with Milli-Q wa-
ter.

The concentration of calcite used, 4.6 mg L−1, is higher
than concentrations of calcium carbonate observed, for ex-
ample, during coccolithophore blooms, which are on the or-
der of 0.4 to 0.8 mg CaCO3 per liter (Harlay et al., 2011).
But this mass represents a relatively low number compared
to how much calcite might be encountered in 48 h (the length
of the experiment) by an aggregate sinking 100 to 500 m per
day.

Following filling with the phytoplankton culture and,
where applicable, addition of the calcium carbonate, the
rolling tanks were immediately transferred onto the roller ta-
bles and rotated at 3 rpm. The tanks were kept in the dark at
16◦C for 48 h to allow aggregates to form prior to sampling.

2.2 Sampling and analysis

At the beginning of the experiment (T0), samples of material
suspended in the water in the tanks were taken for partic-
ulate organic carbon and nitrogen (POC and PON), particu-
late inorganic carbon (PIC), transparent exopolymer particles
(TEP), and biogenic silica (bSiO2).

After 48 h of rotation (Tf), each tank was taken down in-
dividually from the roller table and put to rest flat side down.
Each tank was left rotating on the table until it was its turn
to be sampled from. After aggregates were allowed to set-
tle for roughly 15 min, a photograph of the tank bottom was
made for later counting and sizing of the aggregates using
the ImageJ program (Version 1.44 p). Due to the amount
of work involved and the loss of some replicate tanks for
some of the treatments, this counting and sizing was done
from one tank for each treatment. At least 10 aggregates per
tank were removed by hand using a plastic, 10 mL, sero-
logical pipette whose conical tip had been sawed off. The
length and width of these aggregates was noted against a
grid. These aggregates were then gently transferred into a
graduated glass cylinder that was 8 cm in diameter and filled
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with filtered seawater at the temperature of the controlled-
temperature room the roller tables were in. The time the ag-
gregates needed to sink a marked distance (4 cm) that was
more than 7 cm below the aggregate introduction point was
timed using a stopwatch. After the sinking speed measure-
ments for each tank were completed, all visible aggregates
> 1 mm in the tank were collected and combined to form a
slurry which was subsampled for POC, PON, PIC, TEP, and
bSiO2. Aggregates < 1 mm were not quantitatively sampled
because they represented a small part of the total aggregate
pool and were difficult to see and to collect. The exception to
this is the small aggregates containing a foraminiferan test;
those, being easy to locate and collect, were quantitatively
sampled. The material remaining in suspension in the tank
(termed background water in this manuscript) was also sam-
pled for these parameters.

Concentrations of POC and PON were determined accord-
ing to Lorrain et al. (2003). Samples of 5–20 mL were filtered
gently (< 150 mm Hg) onto pre-weighed, pre-combusted (4 h
at 500◦C) GF / F filters (Whatman) and rinsed once with
Milli-Q water to remove seasalt. Filters were dried at 60◦C
for at least 24 h and stored until analysis. Immediately prior
to analysis, filters were weighed again and then decarbonated
via fuming with concentrated hydrochloric acid in a desicca-
tor for 4 h. Samples were then dried overnight at 60◦C and
analyzed with a Perkin-Elmer 2400 CHN elemental analyzer
using atropine (≥ 99 %, Sigma Aldrich) as the calibration
standard.

Particulate inorganic carbon (PIC) was sampled and ana-
lyzed as described in Poulton et al. (2006). Samples of 5–
20 mL were gently filtered onto pre-weighed polycarbon-
ate filters (0.4 µm, Cyclopore) and rinsed with Milli-Q wa-
ter to remove salts then dried at 60◦C for 24 h. Dried filters
were digested in 10 mL of 0.4N HNO3 for 48 h. After filtra-
tion, the filtrate was analyzed for Ca (assuming that all PIC
was present as CaCO3) and Na (to verify that there was no
Ca contribution from seasalt) by ICP-AES (HORIBA Jobin
YVON / ULTIMA 2).

The abundance of transparent exopolymer particles (TEP)
was determined following the spectrophotometric method of
Passow and Alldredge (1995). TEP was collected by filtering
5–50 mL of sample under low pressure (< 150 mm Hg) onto
polycarbonate filters (0.4 µm, Cyclopore) and then stained
with 500 µL of an Alcian blue solution and rinsed with Milli-
Q water. Filters were folded and stored frozen until analysis.
For analysis, filters were soaked in 6 mL of 80 % H2SO4 for
2 h to dissolve the Alcian blue they had retained. The ab-
sorbance of the resulting solution was measured at 787 nm
using a PRIM Light and Advanced Spectrophotometer (Sec-
omam). Unfortunately, we were unable to calibrate the Al-
cian blue solution against xanthan gum. Values for TEP are
therefore reported in units of absorption at 787 nm per vol-
ume of sample, allowing comparison among the treatments
in this experiment.

Fig. 1. Average(A) number and(B) equivalent spherical diame-
ter (ESD) of the different types of aggregates formed in Tank 11
(Phyto), Tank 7 (Foram), and Tank 12 (Cocco), the three tanks from
which counts are available.

Biogenic silica (bSiO2) was determined according to a
method modified from Ragueneau and Tréguer (1994). Sam-
ples of 5–50 mL were filtered onto polycarbonate filters
(0.4 µm, Cyclopore) and dried at 60◦C. Biogenic silica was
digested in 0.2 M NaOH at 100◦C in polymethylpentene
(PMP) tubes. The reaction was stopped after 1 h by addi-
tion of 1 M HCl. After cooling, samples were centrifuged for
15 min at 3000 rpm and the supernatant retained for measure-
ment of dissolved silicon concentration (DSi). DSi was mea-
sured with a Shimadzu UV 1700 spectrophotometer follow-
ing the molybdate blue method of Mullin and Riley (1965).

3 Results

Aggregates formed in all of the rolling tanks during the ex-
periment (Figs. 1–2). The least number of aggregates formed
in the Phyto tanks (99 aggregates in Tank 11, the Phyto tank
that was counted). Almost twice as many aggregates formed
in the Cocco tanks (180 Cocco aggregates in Tank 12, the
Cocco tank that was counted). The Foram tanks, which held
the greatest number of aggregates, contained two different
types of aggregates (Figs. 1–2). In Tank 7, the Foram tank
which was counted, there were 59 tiny aggregates that con-
sisted of a single foraminiferan test plus a small amount of
particulate organic matter. These aggregates will be referred
to as Foram (w/foram) aggregates. There were also 557 ag-
gregates that lacked a foraminiferan test. These aggregates
will be referred to as Foram (no foram) aggregates.

Per aggregate the Phyto aggregates contained more POC,
PON, bSiO2, and TEP than aggregates in the other treatments
(Fig. 3), although with an average size of 4.9± 2.0 mm,
they were not significantly larger than the Cocco aggregates,
which averaged 4.3± 1.3 mm (Figs. 1–2). Unsurprisingly,
the Cocco and the Foram (w/foram) aggregates contained no-
tably greater amounts of PIC than the Phyto aggregates and
the Foram (no foram) aggregates (Fig. 4a).
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Fig. 2.Frequency of ESDs of aggregates inTank 11 (Phyto), Tank 7
(Foram), and Tank 12 (Cocco). The ESD bins are 0.5 mm wide.

Because aggregates formed during the experiment from
both suspended and sinking material, concentrations of POC,
PON, bSiO2, PIC, and TEP suspended in the background
water were lower at the end of the experiment than at the
beginning (Figs. 4b and 5). Because the foraminiferan tests
sank immediately to the bottom of the tanks when the tanks
were not in rotation, concentrations of suspended PIC in the
Foram treatment were negligible at both T0 and Tf (Fig. 4b)
despite the addition of 4.6 mg L−1 of foraminiferan calcite to
these tanks. In contrast, the initial concentration of suspended
PIC in the Cocco tanks (0.49± 0.02 mg L−1) is barely distin-
guishable from the total amount of PIC known to be added
as coccoliths (4.6 mg L−1 of CaCO3 = 0.55 mg L−1 of PIC),
indicating that the coccoliths remained in suspension for a
time even in the absence of rotation.

Within the scatter between replicate tanks and the preci-
sion of the measurements, there were not significant differ-
ences in the ratios of POC to bSiO2, to PON, or to TEP in
suspension at the beginning of the experiment and in the
aggregates that had formed by the end (Fig. 6). Likewise,
the difference in the POC to dry weight ratio of the calcite-
containing aggregates was not much greater than the variabil-
ity within aggregate types, although there were hints of dif-
ferences between aggregate types. The Foram (w/foram) ag-
gregates were 5± 1 % POC by weight compared to 11± 1 %
for the Cocco aggregates. In contrast, Phyto aggregates, lack-
ing in added PIC ballast, were 17± 4 % POC by weight. Un-
surprisingly, ratios of POC to PIC were significantly lower in
the Cocco and Foram (w/foram) aggregates than in the Phyto
and Foram (no foram) aggregates (Fig. 7).

Fig. 3.Average content of(A) POC,(B) PON,(C) bSiO2, (D) TEP
per aggregate for the different types of aggregates formed.

Fig. 4.Concentrations of PIC (in µ g C) in(A) aggregates at the end
of the experiment and(B) suspended in the water in the tanks of
the different treatments at the beginning (T0) and end (Tf) of the
experiment.

The different types of aggregates had different relation-
ships between their size (equivalent spherical diameter, ESD)
and sinking speed (Fig. 8). The aggregates that formed in the
Foram tanks without incorporating foraminiferan tests (the
Foram (no foram) aggregates) sank the most slowly, due to
the lack of added calcite ballast and to their relatively small
size (Fig. 8). Together with the similar calcite-free Phyto ag-
gregates, they showed a relationship between ESD and sink-
ing speed (W, in m d−1) of W = 70 (ESD)1.00 m d−1 (r2

=

0.82). The Cocco aggregates sank faster for a given ESD
than the Phyto and Foram (no/foram aggregates), showing
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Fig. 5.Concentrations of suspended(A) POC,(B) PON,(C) bSiO2,
and(D) TEP at the beginning of the experiment (To, representing an
average of all three treatments) and at the end of the experiment (Tf ,
representing an average of the replicate tanks for each treatment).

a relationship between sinking speed and ESD of W= 210
(ESD)0.54 (r2

= 0.55).
The Foram (w/foram) aggregates, essentially just

foraminiferan tests with a small amount of attached particu-
late organic matter dragging along behind them, sank both
the most rapidly (up to 700 m d−1) and the most rapidly for
their size. A clear relationship between sinking speed and
ESD was not observed for the Foram (w/foram) aggregates,
however. This may have been due to the difficulty of
discerning differences in the ESD of particles this small and
irregularly sized as the result of the variably sized clump of
organic matter adhered to their leeward side. Variability in
the POC/PIC ratio due to small differences in the amount of
adhered organic matter may also have helped to obscure the
relationship between ESD and sinking speed in the Foram
(w/foram) aggregates.

4 Discussion

4.1 Influence of coccoliths on the formation, size, and
compactness (porosity) of aggregates in the
rolling tanks

The addition of high concentrations of suspended ballast
minerals (0.1 to 1000 mg L−1) to rolling tanks that already
contain aggregates results in the fragmentation of those ag-
gregates into a set of smaller, more numerous, and more com-
pact aggregates with minerals now incorporated within them
(Passow and De La Rocha, 2006; De La Rocha et al., 2008).
Similarly high concentrations of suspended minerals when

present during the formation of aggregates also results in no-
tably smaller, more numerous, and more compact mineral-
containing aggregates than would have formed in the absence
of those minerals as a result of collisions due to differential
settling velocities (Ploug et al., 2008; Engel et al., 2009b;
Iversen and Ploug, 2010; Passow et al., 2014).

In this experiment, too, smaller aggregates were formed
in the presence of high concentrations of minerals, although
this is more clear from measures of the amount of POC,
PON, and bSiO2 per aggregate (Fig. 3) than of the measured
size of the aggregates. The average ESD of the Cocco aggre-
gates (4.3± 1.3 mm) is similar to that of the Phyto aggregates
(4.9± 2.0 mm), although the Cocco aggregates spanned a
slightly narrower size distribution with proportionally fewer
larger aggregates than was the case with the Phyto aggre-
gates. As Fig. 2 shows, 95 % of the Cocco aggregates fell
within the 2 to 6.5 mm ESD range while 95 % of the Phyto
aggregates fell within the range of 2 to 9 mm (n.b. these ESDs
are typical of aggregates formed in the upper ocean (Jackson
et al., 1997)). The average volume of Cocco aggregates, cal-
culated as for prolate spheroids from the measured length
and width of the aggregates, was 0.025± 0.016 cm3 for the
Cocco aggregates but 0.055± 0.078 cm3 for the Phyto aggre-
gates.

Contrary to expectations, the Cocco aggregates were not
measurably more compact than the Phyto aggregates and the
Foram (no foram) aggregates that were lacking calcium car-
bonate. The average porosity (P ) of the aggregates may be
calculated (Alldredge and Gottschalk, 1988) as

P = 1−
DW/ρ

V
, (1)

where DW is the dry weight,ρ is the average density of
the solid materials making up the aggregate (i.e. organic
matter, biogenic silica, and calcium carbonate), andV is
the volume of the aggregate. Based on the biogenic silica
and calcium carbonate measured per aggregate and assum-
ing that biogenic silica weighed 60 g mol−1 and had a den-
sity of 2.6 g cm3 (Smayda 1970), calcium carbonate weighed
100 g mol−1 and had a density of 2.8 g cm3 (Smayda 1970),
and that all dry weight that was not silica or calcium car-
bonate was particulate organic matter with an average den-
sity of 1.06 g cm3 (a typical value for diatom cytoplasm;
Smayda (1970)), the average porosity calculate for the Phyto
and Foram (no Foram) aggregates was 99.6± 0.08 % and
99.3± 0.2 %, respectively, compared to 99.4± 0.05 % for
the Cocco aggregates. Given the dense concentration of par-
ticulate organic matter in the rolling tanks (nearly 4 mg L−1;
Fig. 5), a greater amount of coccolith calcite may have been
needed for significant compaction of the Cocco aggregates to
have occurred.

In addition to the effect of minerals on aggregate size and
compaction, previous work has noted that addition of high
concentrations of ballast minerals can trigger (earlier) aggre-
gation in a system (Hamm 2002; Le Moigne et al., 2013) in
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part by increasing the frequency of collisions between par-
ticles (Burd and Jackson, 2009). There has always been a
temptation to extrapolate this observation to meaning that
high concentrations of ballast minerals result in a greater
overall amount of aggregation, but it is far from clear that
this is the case. Whether or not minerals affect the extent of
aggregation (as opposed to just the timing) likely depends on
the situation (or design of the experiment). This experiment
here suggests that, under conditions already conducive to ag-
gregation, the addition or minerals does not result in more
organic matter ending up in aggregates. In each rolling tank
in this experiment, 37 % to 38 % of the POC in suspension
at T0 had become incorporated into aggregates by the end
of the 48 h experiment regardless of whether the tank con-
tained an added 4.6 mg L−1 of calcite (and regardless of the
form of the calcite added) (Fig. 5). Likewise, the amount of
PON, bSiO2, and TEP incorporated into aggregates in the
different treatments was essentially the same (Fig. 5) even
while, necessarily given the experimental design, the amount
of PIC contained in aggregates varied greatly between treat-
ments (Figs. 4 and 7).

There have been a small number of other experiments that
report data for the percent of POC that wound up being incor-
porated into aggregates during the experiment. The numbers
reported are both similar and different to the 37 % to 38 %
reported here and does not appear to be related to the initial
concentration of POC in the experiments. For example, by
the end of the 8 day experiment of Le Moigne et al. (2013),
which contained coccolith and no-coccolith treatments plus
the added complication of live microzooplankton, 40 % of
the total POC at the end of the experiment existed incorpo-
rated into aggregates. These aggregates were composed of
Skeletonema marinoi, Chaetoceros gracilis, and, in some ex-
periment treatments, cleaned coccoliths and/or the marine ro-
tifer, Brachionussp. This experiment was carried out several
months earlier than the one reported here, at a lower initial
concentration of suspended POC (∼ 2 mg L−1), and at the
lower calcium carbonate concentration (in the tanks to which
it was added) of 1.3 mg L−1. But it was conducted in the
same rolling tanks on the same roller tables as the experi-
ment presented in this paper. In contrast, a different experi-
ment, run at 1.2 mg L−1 POC in another laboratory, observed
59 % of the POC from a mixture of seawater, cultures ofTha-
lassiosira weissflogiiandChaetoceros affinis, and sea urchin
fecal pellets becoming incorporated into aggregates within
48 hours, this time regardless of the pCO2 or suspended clay
concentration within the rolling tanks (Passow et al., 2014).

The exact extent of aggregation in the rolling tanks rep-
resents an equilibrium between aggregation and disaggrega-
tion in a closed container from which sinking particles cannot
escape and thus they continue to participate in the aggrega-
tion process after a time when, in the ocean, they would have
been exported out of the mixed layer. Despite this caveat, it
remains striking that the extent of POC incorporation into
aggregates within each of the experiments above was inde-

Fig. 6. The ratios of(A) POC to bSiO2, (B) POC to PON, and(C)
POC to TEP in suspension at T0 (the value reported represents an
average of the T0 samples for all three treatments) and in the aggre-
gates at the end of the experiment.

pendent of the size and number of aggregates that formed
and of whether or not extraneous minerals (clay or calcite)
were added. If interaction between particulate organic mat-
ter (POM) and sticky particles like TEP controls the overall
extent of aggregation, it is interesting that added mineral par-
ticles neither enhanced nor diminished the amount of POM
that TEP could bind into aggregates. This is even more inter-
esting in light of the clear effect the minerals have in terms of
enhancing the susceptibility of the aggregates to fragmenta-
tion (Fig. 1) (Passow and De La Rocha, 2006; De La Rocha
et al., 2008). Following this thought in a slightly different di-
rection, it would be interesting to know the extent to which
a given concentration of TEP results in a predictable amount
of incorporation of POC into the aggregate phase. Is it pre-
dictable, or is the potential predictability overwhelmed by
the variability in the composition, size, numerical abundance
(not the same thing as concentration as measured as xan-
than gum equivalents), and “stickiness” of TEP in the surface
ocean?

Interestingly, TEP in this experiment was not preferen-
tially incorporated into aggregates relative to POC or bSiO2.
The mean POC / TEP ratios for aggregates in the different
treatments (Fig. 6) are indistinguishable from one another
(ANOVA; α = 0.05;p = 0.07) as are the mean bSiO2 / TEP
ratios (ANOVA; α = 0.05;p = 0.10). The mean POC / TEP
ratios of the aggregates are also indistinguishable from those
of the material initially suspended in the rolling tanks and of
the material remaining in suspension at the end of the exper-
iment (ANOVA; α = 0.05;p = 0.08).

This is not what Engel et al. (2002) observed for aggre-
gates formed during a diatom bloom in nutrient-amended
unfiltered seawater in an indoor mesocosm. When aggre-
gates began forming on day 16 of their experiment, their
POC / TEP ratio was generally higher than that of the back-
ground water of the mesocosm. At first glance, this suggests
preferential exclusion of TEP from aggregates. It is more
likely that photosynthesis by phytoplankton in the aggre-
gates added POC while TEP in the aggregates may have been
more easily accessible than phytoplankton POC and thus was
preferentially consumed by bacteria and microzooplankton.
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Photosynthesis and preferentially grazing on TEP were not
possibilities in the roller tank experiments reported here, as
they were conducted in darkness and using filtered seawater
in part to avoid such complexity.

4.2 Impact of foraminiferan tests on aggregate size

Contrary to expectations, a small clump of particulate or-
ganic matter remained associated with each rapidly sinking
foraminiferan test (Figs. 3 and 7). In keeping with the ex-
pectation, however, that aggregates containing foraminiferan
tests would sink too quickly to be stable or long-lived, most
of the aggregates that formed within the Foram tanks did not
have foraminiferan tests incorporated within them. The large
number and small size of these Foram (no foram) aggregates
was caused by their frequent collisions with very rapidly
sinking foraminiferan tests. These collisions did not result
in the incorporation of a foraminiferan test into a Foram
(no foram) aggregate, but in the expulsion of some POM
from the Foram (no foram) aggregates. Thus a typical col-
lision reduced the size of the Foram (no foram) aggregate
by splitting it into one slightly smaller and one very much
smaller Foram (no foram) aggregate, both of which would
sink more slowly than the original, slightly larger, Foram
(no foram) aggregate (Fig. 8). Although such fragmentation
of aggregates by sinking foraminiferan tests may also occur
in the ocean, diminishing sinking fluxes of POC (the oppo-
site of the ballast effect) by fragmenting marine snow into
smaller, more slowly sinking forms, the destructive effect of
the foraminiferan tests was amplified in the confine of the
rolling tanks over the 48 h duration of the experiment.

As a point of comparison to our suggestion that fast-
sinking foraminiferan tests more inhibit than promote the ex-
port of organic matter from the upper ocean, it is both worth
noting that two recent studies have suggested that organic
matter may be exported from the surface ocean in associa-
tion with extremely large protist cells and worth noting that
neither of these studies may be relevant to the effects of the
foraminiferan tests reported here. In the first case, fluxes of
acantharian cysts made of the dense mineral celestite (stron-
tium sulfate) contained significant internal quantities of or-
ganic matter and thus served as a major vector of organic
matter flux out of the surface ocean (Martin et al., 2010).
In the second case, unidentified protists (but putatively ra-
diolarians, which produce an internal skeleton of silica and
are embedded in a gelatinous matrix) were collected in the
North Atlantic associated with fast sinking material (Riley
et al., 2012). Unfortunately, whether the large, unidentified
protist cells noted in this second study contained biominer-
als was not ascertained, presumably because a prohibitively
small amount of material was collected during the study.
Further work, primarily in the field, is needed to determine
whether or not large, dense, fast sinking tests, either empty
or still associated with the cellular matter of the large pro-

tist, enhance or diminish sinking fluxes of POC in aggregates
formed through coagulation.

4.3 Sinking speeds

As with previous studies, the sinking speeds of aggregates
in this experiment were related to both the size and com-
position of the aggregates (Ploug et al., 2008; Engel et al.,
2009b; Iversen and Ploug, 2010). In keeping with expecta-
tions, larger aggregates sank faster, and aggregates laden with
coccolith ballast sank faster than similarly sized aggregates
that lacked this additional ballast (Fig. 8).

The relationship between ESD and sinking speed for the
Phyto aggregates and the Foram (no foram) aggregates plot-
ted along the same trend (sinking speed= 70(ESD)1.00). This
reflects that the Phyto and the Foram (no foram) aggregates
had essentially the same composition (diatom POM plus
bSiO2 ballast in the form of diatom frustules but no added
calcite ballast). This is unsurprising as they were formed
over the same time period from the same starting culture
of Chaetoceros gracilis. The only real difference between
the Phyto aggregates and the Foram (no foram) aggregates
is their average ESD; the Foram (no foram) aggregates are
smaller because of fragmentation during collisions with the
rapidly sinking foramninferan tests, as described in Sect. 4.2.

The faster sinking of the Cocco aggregates for their ESD
compared to the Phyto and Foram (no foram) aggregates can
be mainly ascribed to their increase in excess density from
the incorporation of coccoliths into the aggregates. Another
possibility for increasing the sinking speed would have been
a decrease in porosity such as is known to occur with aggre-
gates heavily laden with mineral particles (De La Rocha and
Passow, 2007). The decrease in porosity likely reduced the
fluid flow through aggregates and therefore the drag expe-
rienced by the aggregate as it sinks. However, as there was
no calculable difference in the porosity of the Cocco and the
Phyto or Foram (no foram) aggregates (see Sect. 4.1), a de-
crease in porosity could not contribute to the faster sinking
speeds of the Cocco aggregates in this experiment.

This relationship between ESD and sinking speed for
the Phyto and Foram (no foram) aggregates is steeper than
measured for aggregates ofSkeletonema costatumformed
in notably smaller rolling tanks (1.15 L) by Iversen and
Ploug (2010) (Fig. 8). Likewise, the Cocco aggregates
from this experiment also show a steeper relationship be-
tween ESD and sinking speed than theS. costatumplus
coccolith-bearingEmiliania huxleyiaggregates of Iversen
and Ploug (2010) (Fig. 8). The sinking speeds of theS. costa-
tum aggregates were measured via a different method, by
suspending them in a known vertical, diffuse flow of wa-
ter (Ploug and Jorgensen, 1999). Although the sedimenta-
tion column method used here tends to yield slightly higher
estimates of sinking speed than the flow system (Ploug et
al., 2010), the differences in the estimates are too great to
be solely ascribed to this. It is more likely that they relate
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Fig. 7.Ratios of POC / PIC in(A) calcite-containing aggregates and
in (B) aggregates lacking calcite and ratios of(C) POC to dry weight
in all aggregates.

to differences in the character and composition of the ag-
gregates such as their shape, porosity, wet density, and the
amount of bSiO2 ballasting (diatoms of different species or
grown under different conditions have vastly different ratios
of POC to bSiO2). Different techniques used to size the ag-
gregates prior to the sinking speed measurement may have
also contributed to the different ESD versus sinking speed
slopes.

On this same note, the sinking speeds versus ESD for
all but most of the Foram (w/foram) aggregates in this ex-
periment were slower (Fig. 8) than those reported for ag-
gregates of benthic fluff, bacteria, andS. costatum(Zier-
vogel and Forster, 2005). The aggregates of Zievogel and
Forster (2005), however, containing mainly material resus-
pended from the seafloor, contained a very notable quantity
of minerals, as indicated by the excess density (over seawa-
ter) of these aggregates of 8 mg cm−3. The excess density of
aggregates in this experiment (calculate from dry weight to
volume ratios, and the wet density of the material in the ag-
gregates) was notably lower, at 0.7 mg cm−3 for the Phyto ag-
gregates, 0.6 mg cm−3 for the Foram (no foram) aggregates,
and 4.5 mg cm−3 for the Cocco aggregates.

4.4 Geographic context

To begin to extrapolate the results of this laboratory study
to the ocean, we must note that the distributions of coc-
colithophores and forams are not uniform throughout the
oceans, and thus the importance of the reported effects of
coccoliths and large planktonic foraminiferan tests on ag-
gregate character and sinking should also not be uniform
throughout the ocean.

Coccolithophores have a cosmopolitan distribution, but
they are clearly more abundant in some areas than others
(Brown and Yoder, 1994; Iglesias-Rodriguez et al., 2002;
Alvain et al., 2008). Immense coccolithophore blooms may
form during the growing season in the North Atlantic, the
region of the ocean most intensely dominated by coccol-
ithophore biomass. Smaller scale coccolithophore blooms
are also important in places like the Baltic Sea, the Bering
Sea, and parts of the Southern Ocean. Based on the maps

Fig. 8. Sinking speeds versus size (equivalent spherical diameter)
of the different types of aggregates formed in this experiment. The
solid curves shown for the aggregates from this experiment are
y = 21(ESD)0.54 for the Cocco aggregates (r2

= 0.55), andy =

70(ESD)1.00 for the Phyto and the Foram (no foram) aggregates
taken together (r2

= 0.82). The dotted and the dashed lines show
for comparison the relationships reported forSkeletonema costatum
aggregates and aggregates of a mixture ofS. costatumandEmilia-
nia huxleyiby Iversen and Ploug (2010) and for aggregates ofS.
costatummixed with resuspended fluff from the seafloor (Ziervogel
and Forster, 2005).

that have been produced of coccolithophore distributions and
abundance (Brown and Yoder, 1994; Iglesias-Rodriguez et
al., 2002; Alvain et al., 2008), aggregates in the North At-
lantic would be the ones with the greatest tendency to experi-
ence fragmentation, compaction, and elevated sinking speeds
due to ballasting by coccoliths. This is also a region where
overall ballasting by biogenic silica is relatively unimpor-
tant, based on the low concentrations of silicic acid in surface
waters and relatively low fluxes of biogenic silica into deep
sea sediment traps (Honjo et al., 2008). Overall, the trans-
port efficiency (François et al., 2002) of export production
to the deep sea in the North Atlantic ranges from low (av-
eraging 0.5 % in the polar regions of the North Atlantic) to
middling (averaging 6 % in the North Atlantic drift) (Honjo
et al. 2008).

Planktonic forams, in contrast, are not resoundingly more
present in one ocean basin versus another (Schiebel, 2002).
Instead, they tend to be more abundant where there is an
abundant supply of primary production to support the growth
of zooplankton. Thus relatively high abundances of plank-
tonic forams are found along ocean margins and in the
Antarctic Circumpolar Current, resulting in an export of
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10–35 g m−2 y−1 of CaCO3 at 100 m from these regions.
Their highest abundances occur in coastal upwelling zones
and result in an export of 35–90 g m−2 y−1 of CaCO3 at
100 m from these regions (Schiebel, 2002). Thus the most
intensive production of the potentially disruptive planktonic
foraminiferan tests occurs exactly in the areas where intense,
episodic growth of phytoplankton blooms favors the export
of POC in aggregates.

The margins of the North Atlantic Ocean (i.e. the North
Sea, the Baltic Sea, and between Greenland and Iceland)
represent an area of overlap between the areas of intense
coccolithophore bloom and the areas of high abundances
of planktonic forams, especially as abundances of both
types of calcite-producing organisms would peak during
the phytoplankton growth season. But the release of indi-
vidual foraminiferan tests following gametogenesis (when
foraminiferan organic matter is generally given over to the
gametes) generally occurs at a few hundred metres depth
within the ocean, potentially deeper than the regions of the
epipelagic and upper mesopelagic where the highest con-
centrations of aggregates occur, vertically separating the
areas where the effects of coccoliths and the effects of
foraminiferan tests would be important.

5 Conclusions

This experiment has confirmed a simple principle, that differ-
ent physical forms of calcium carbonate (e.g. coccoliths ver-
sus planktonic foraminiferan tests) could have significantly
different effects on the export of POC from the surface ocean
to the deep sea. These differences need to be considered if
PIC fluxes are used to estimate or improve estimates of POC
sinking fluxes into the deep sea and would help to explain
regional variability in the relationship between POC and PIC
sinking fluxes (Wilson et al., 2012).

Individual coccoliths, such as shed by coccolithophores,
become efficiently incorporated into aggregates. Although at
high concentrations they may reduce the size and mass of
aggregates through compaction and fragmentation, their in-
corporation into aggregates results in higher sinking speeds
(Fig. 8). In this experiment, they neither enhanced nor in-
hibited the total transfer of suspended POC into aggregates.
Overall, coccoliths should increase the export of POC by in-
creasing its sinking velocity, improving its chances of sinking
out of the surface ocean before being oxidized back to CO2
and nutrients.

Large foraminiferan tests, on the other hand, sink so
rapidly, they are not an efficient vector for the export
of POC from the surface ocean. During the experiment,
foraminiferan tests became associated with POC at a ratio
of roughly 5 g of POC per gram of PIC compared to coc-
coliths’ 9 g g−1 at the same overall PIC concentration and
ratio to total POC (Fig. 7). Thus while any POC associated
with foraminiferan tests would sink more rapidly out of the

surface ocean than that incorporated into aggregates contain-
ing coccoliths (Fig. 8), it would take a much greater mass of
foraminiferan calcite than coccolith calcite per gram of POC
to be hastened out of the surface ocean. In addition, any ag-
gregates struck by a rapidly sinking foraminiferan test would
be potentially fragmented into two more slowly sinking par-
ticles.
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