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[1] Particulate organic carbon (POC) generated by primary production and exported to
depth, is an important pathway for carbon transfer to the abyss, where it is stored over
climatically significant timescales. These processes constitute the biological carbon pump.
A spectrum of particulate sinking velocities exists throughout the water column,
however numerical models often simplify this spectrum into suspended, fast and slow
sinking particles. Observational studies suggest the spectrum of sinking speeds in the ocean
is strongly bimodal with >85% POC flux contained within two pools with sinking speeds
of <10 m day�1 and >350 m day�1. We deployed a Marine Snow Catcher (MSC) to
estimate the magnitudes of the suspended, fast and slow sinking pools and their fluxes
at the Porcupine Abyssal Plain site (48�N, 16.5�W) in summer 2009. The POC
concentrations and fluxes determined were 0.2 mg C L�1 and 54 mg C m�2 day�1 for
fast sinking particles, 5 mg C L�1 and 92 mg C m�2 day�1 for slow sinking particles and
97 mg C L�1 for suspended particles. Our flux estimates were comparable with
radiochemical tracer methods and neutrally buoyant sediment traps. Our observations
imply: (1) biomineralising protists, on occasion, act as nucleation points for aggregate
formation and accelerate particle sinking; (2) fast sinking particles alone were sufficient to
explain the abyssal POC flux; and (3) there is no evidence for ballasting of the slow
sinking flux and the slow sinking particles were probably entirely remineralised in the
twilight zone.

Citation: Riley, J. S., R. Sanders, C. Marsay, F. A. C. Le Moigne, E. P. Achterberg, and A. J. Poulton (2012), The relative
contribution of fast and slow sinking particles to ocean carbon export, Global Biogeochem. Cycles, 26, GB1026,
doi:10.1029/2011GB004085.

1. Introduction

[2] The transfer of particulate organic carbon (POC) from
the surface ocean to depth, is termed the biological carbon
pump [Boyd and Trull, 2007] and has the capacity to modify
atmospheric carbon dioxide concentrations over climatically
significant timescales [Sigman and Boyle, 2000]. As POC
sinks through the twilight zone (ranging from the base of the
euphotic zone to�1000 m depth [Buesseler and Boyd, 2009])
up to 90% may be remineralised [Martin et al., 1987] into
inorganic forms by heterotrophic activity and returned to the
surface ocean through vertical mixing [Robinson et al.,
2010]. Sequestration only occurs when POC sinks below
the maximum depth of the winter mixed layer (�1000 m)
and into the deep ocean [Buesseler et al., 2007b]. However,
the efficiency of oceanic POC sequestration (elaborated upon
by Boyd and Trull [2007]) is low with only �1% of total

primary production reaching abyssal depths of 3000 m
[Poulton et al., 2006].
[3] Two types of sinking particle are considered to be the

main vectors of POC export; faecal pellets and aggregates
(also called marine snow). Faecal pellets, formed by zoo-
plankton, have high densities and enhanced sinking speeds
[Wilson et al., 2008] which range between 5–2700 m day�1

depending on the species of origin [Turner, 2002]. Marine
snow is broadly defined as aggregates >500 mm [Alldredge
and Silver, 1988] with sinking rates between 10 and
386 m day�1 [Alldredge and Gotschalk, 1988; Nowald et al.,
2009]. The density and composition of individual aggre-
gates is dependent upon the local plankton community
structure [Alldredge and Gotschalk, 1990].
[4] Ballasting of POC with biominerals is thought to

facilitate its transfer to the deep ocean. However, the mech-
anism driving the relationship between POC and biominerals
is uncertain [De La Rocha and Passow, 2007]. Biomineral
or lithogenic ballasting of sinking POC potentially pro-
tects the sinking POC from mesopelagic remineralisation
[Francois et al., 2001; Armstrong et al., 2002]. Further-
more, the entrainment of extra density into sinking POC via
the incorporation of biominerals and lithogenic material
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facilitates POC transfer between the euphotic zone and the
deep (>1000 m) ocean [Klaas and Archer, 2002; Sanders
et al., 2010]. Alternatively, POC may act as a glue, sticking
biominerals together which would otherwise have been too
small to sink [Passow, 2004; Passow and De La Rocha,
2006]. Within the scope of this paper we use the term
ballast to discuss the addition of density into sinking POC
via heavy biomineral fractions.
[5] Direct observations of bulk POC fluxes can be made

using a range of instrumentation. The deployment of tethered
sediment traps is restricted to the deep (>3000 m) ocean
due to under-trapping effects in the upper ocean [Buesseler
et al., 2007a]. Tethered Indented Rotating Sphere Carousels
(IRSC) sediment traps, which collect data in both a tradi-
tional sediment trap and more novel settling velocity modes
[Peterson et al., 1993, 2005] and free drifting sediment
traps, including PELAGRA (Particle Export measurement
using a LAGRAngian trap [Lampitt et al., 2008]) and NBSTs
(Neutrally Buoyant Sediment Traps [Buesseler et al., 2000])
minimize POC under-trapping effects and are deployed in
the upper ocean. Radiochemical tracer techniques such as
thorium-234 (234Th) can also be used to estimate POC fluxes
throughout the water column [Buesseler et al., 1993; van der
Loeff et al., 2006]. Individual particles can be collected
throughout the water column using technologies such as
Marine Snow Catchers [Lampitt et al., 1993] and poly-
acrylamide gels [Lundsgaard, 1995; Ebersbach and Trull,
2008].
[6] When considering carbon export from a biogeo-

chemical perspective POC is often grouped (by sinking
speed) into three pools, consisting of a small proportion of
fast sinking particles, a second class of slower sinking
particles and a remaining suspended particle field, despite
this being an oversimplification of a complex spectra of
particle sinking speeds [Fasham et al., 1990; Kriest and
Evans, 1999; Boyd and Stevens, 2002]. Direct observations
of the spectra of particle sinking speeds, compiled from a
global data set using an IRSC suggest that slow sinking
particles (sinking speeds ranging between 0.7–11 m day�1),
account for �60% of the total POC flux while sinking
speeds >326 m day�1 contribute �25% to the total POC
flux. Overall >85% of the global carbon flux can be
explained by a strongly bimodal distribution of sinking
speeds although some geographical variability is apparent
[Alonso-González et al., 2010].
[7] In this study we present observational POC standing

stock and flux data, collected using a Marine Snow Catcher
(MSC). The MSC is a large volume (100 L) water bottle
(Figure 1) consisting of two detachable sections. Upon
deployment in the water column the MSC is closed at depth
using a messenger operated closure release. Water enters the
bottle during descent through the water column via two large
terminal openings, designed to minimize turbulent flow of
water into the bottle. Post deployment the MSC is placed on
deck for 2 h while any particles present settle onto the base
of the bottom 7 L chamber. After settling, the top 93 L of
water is drained off gently to avoid mixing of water in the top
and base sections. During this draining process no physical
separation of the top and base water samples occurs. The
upper section of the MSC is then detached, leaving any
particles on the bottom of the 7 L base section.

[8] This study presents upper ocean POC, calcite and opal
standing stock and flux data for three pools, suspended, fast
sinking and slow sinking which have been operationally
defined by the 2 h settling period. The suspended pool
consists of those particles which remain in the upper section of
the MSC following settling and have no flux. Fast sinking
material is defined as aggregated particles picked off the
bottom of the base chamber, while the slow sinking pool is
determined from the difference in particle concentrations
between the top and base sections of the MSC. We validate
our calculations with contemporaneous measurements of
POC fluxes and go on to discuss the potential formation
mechanisms of fast sinking particles and the transfer and
ballasting of POC fluxes into the deep ocean.

2. Methods

2.1. Site Description

[9] Sinking particles were collected at the Porcupine
Abyssal Plain (PAP) site (48�N, 16.5�W) using the MSC
during RRS Discovery cruise D341 (8th July to 13th August,
2009). The depth of the winter mixed layer at this site is
typically �350 m [Steinhoff et al., 2010] and the annually
integrated primary productivity �200 g C m�2 y�1 [Lampitt
et al., 2010].

2.2. Particle Collection

[10] The MSC was deployed nine times (see Table S1 of
the auxiliary material for precise locations) at 50 m depth,
which corresponded to the approximate depth of the mixed
layer at the time of sampling.1 In total, 459 individual
aggregates which had settled onto the bottom of the base
chamber during each settling period, were picked using a
Pasteur pipette and classified under an optical microscope.
Two categories of particles containing organic matter were
observed (Figure 2); Marine Snow Aggregates (MSA,
429 particles) and particles consisting of a distinct solid
biomineralising protist center enveloped in marine snow,
which we term as Aggregate Protist Complexes (APC,
30 particles). Post settling (2 h) water samples for POC, cal-
cite and opal analysis were collected from the top 93 L and
the bottom 7 L chamber of the MSC. Samples of POC,
calcite and opal from the top and base sections of the MSC
were only available for the last 5 stations. Thus the sinking
speed, aggregate area, aggregate POC content, stocks and
fluxes presented in this manuscript only corresponds to the
last 5 stations. However, when discussing the relative abun-
dance of MSA and APC particles, data from all 9 stations
will be used.

2.3. Particle Settling Experiments

[11] The sinking rates of 110 picked particles were deter-
mined by placing them in a glass 2 L measuring cylinder,
filled with surface seawater from the ship’s underway supply
and kept at ambient water temperature (�15�C). Individual
particles were placed into the measuring cylinder using a
Pasteur pipette, a few centimeters below the water surface
so any motion was due to natural sinking [Martin et al., 2010].

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GB004085.
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Two sinking times were recorded as individual particles
passed two discrete points within the measuring cylinder.
The two sinking rate observations of individual particles
from each experiment were highly reproducible, with
average standard errors of �4% for MSA and �19% for
APC.
[12] Particles were retrieved after each experiment using

a Pasteur pipette and initial photography of each particle
was undertaken on the ship to aid further classification.
Particles were then preserved in 5% buffered formalin. High
quality images (�4 magnification) of the preserved particles
were taken after the cruise, using a camera microscope (Meiji
Techno Japan MX microscope with an Infinity 1 camera).

Figure 1. General arrangement of the Marine Snow Catcher.

Figure 2. Examples of the types of particle identified. The
scale bar in each is 1 mm.
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Comparison of photographs for 11 particles taken at sea
and post cruise constrained changes in particle area due to
storage and preservation at � 17%.

2.4. POC, Calcite and Opal Determination

[13] Concentrations of POC in the top and the base of the
MSC were determined by filtration of 1.5–2 L of water onto
pre-combusted (450�C, 12 h) glass fibre filters (25 mm
diameter GF/F, Whatman). Filters were stored in petri dishes
at �20�C, acid fumed and analyzed using an elemental
analyzer (Thermo Finnegan Flash EA1112). The concentra-
tion of POC contained within the total aggregates collected
from each deployment was calculated using the empirical
relationship proposed by Alldredge [1998]. Calcite mea-
surements were made on 1–1.5 L water samples from the top
and base of the MSC, filtered onto 0.8 mm polycarbonate
membrane filters (Whatman). Samples were rinsed with a
slightly alkaline (pH 9) de-ionised water rinse solution to
remove any remaining seawater and frozen at�20�C prior to
analysis. In the laboratory samples were extracted in 2%
nitric acid and analyzed using Inductively Coupled Plasma
Optical Emission Spectrometry (Perkin Elmer Optima 4300
DV ICP-OES). For opal determination 1–1.5 L of seawater
was filtered onto 0.8 mm polycarbonate filters (Whatman),
digested using 0.2 M sodium hydroxide (80�C, 4 h) and then
neutralised with 0.1 M hydrochloric acid. Silicate con-
centrations were subsequently determined using a auto-
analyser (Skalar Sanplus) [Poulton et al., 2006].

2.5. Calculation of the Slow and Fast Sinking Particle
Concentrations

[14] Assuming the base concentration is greater than the
top concentration after the to hour settling period the slow
sinking particle concentrations were determined. The dif-
ference in concentration in the top and base of the MSC
enables the excess of carbon in the base (7 L) of the MSC to
be calculated. This difference must then be scaled to the ratio
of the base: total volume of the MSC:

Slow Sinking Concentration mg L�1
� �¼ Conc:Base�Conc:Top

� ��RB⋅T

ð1Þ

where Conc.Base and Conc.Top are the concentrations in the
base and top sections of the MSC respectively and RB:T is
the ratio of the base volume (7 L) to the total volume (100 L)

i.e.,
7

100
or 0.07.

[15] Fast sinking POC concentrations were determined by
calculating the total mass of POC carried in the fast sinking
aggregates as a fraction of the total volume of the MSC:

Fast Sinking POC mg L�1
� � ¼ POCAgg � N

.
VTotal ð2Þ

where POCAgg is the average mass of POC per aggregate
calculated following Alldredge [1998], N is the total number
of aggregates collected during each deployment and VTotal is
the total volume of the MSC (100 L; Figure 1). This equa-
tion cannot be applied to calculate the fast sinking opal or
calcite concentrations since no literature conversion factor is
available. Thus estimates for calcite and opal were not
calculated.

2.6. Calculation of Fluxes

[16] Fluxes were calculated following standard calcula-
tions dividing mass by area and time. However, given the
base volume of 7 L, a top volume of 93 L and an assumption
of a homogenous distribution of particles throughout the
entire MSC at the start of the settling period, 7% of the
sinking material must have originated in the base section.
Therefore we scale our final flux value to 93% to account
for this:

Flux mg m�2day�1
� � ¼ Mass=MSC Area

.
Sinking Time

� �
� FTop ð3Þ

where the term Mass applies to the mass of slow or fast
sinking particles indentified in the MSC, theMSC Area is the
horizontal footprint of the base chamber (0.06 m2; Figure 1),
the Sinking Time is the time taken for either the fast or slow
particles to sink (see section 3.3) and FTop is the fraction of
POC not in the base section at the start of the settling period
(i.e., 93 L out of 100 L or 0.93). The total flux was calcu-
lated from the sum of the slow and fast fluxes.

3. Results

3.1. POC, Calcite and Opal Concentrations
in the Top and Base Chambers of the MSC

[17] The average concentration of POC (�1 standard
deviation [S.D.]) in the water from the top section of the
MSC across all stations sampled after the 2 h settling was
97 (�17) mg C L�1 while the average concentration of POC in
the water from the bottom chamber was 170 (�24) mg C L�1.
The average concentrations in the top and base of the MSC

Table 1. Suspended, Fast Sinking and Slow Sinking POC and Opal Concentrations, Calculated After 2 h Settling Period

Station Number

Fast Sinking POC
Concentration

(mg L�1)

Slow Sinking POC
Concentration

(mg L�1)

Suspended POC
Concentration

(mg L�1)

Total POC
Concentration

(mg L�1)

Suspended Opal
Concentration

(mg L�1)

Slow Sinking Opal
Concentration

(mg L�1)

16589 0.2 5 109 115 5 0.1
16593 0.1 6 119 125 3 0.5
16605 0.1 4 78 82 No Data No Data
16620 0.2 5 89 94 4 0.4
16660 0.3 5 92 97 2 0.3
Average 0.2 5 97 103 3 0.3
SD 0.1 1 17 10 1 0.2
Av (%) 0.2 5 95 100 - -
RSDa (%) 47 12 17 9 - -

aRSD is the relative standard deviation, expressed as a percentage.
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were normally distributed and the differences between the
top and base were significantly different from one another
(Student t-test, p < 0.001), consistent with a slow sinking
flux of POC occurring within the MSC during the settling
period.
[18] The average concentrations of calcite in the top and

base water samples from the MSC were 4 (�3) mg L�1 and
8 (�3) mg L�1, respectively. Statistical analysis showed a
normal distribution of concentrations however a Student t-test
indicates that the mean top and base values were not signifi-
cantly different (p < 0.1). Further analysis using Pearson’s
correlation coefficient also showed no significant relation-
ship (p < 0.37) between the top and base concentrations. This
suggests either that there was little or no slow sinking flux
of calcite within the MSC during the settling period or that
the distribution of calcite was patchy across the sampling
site and more extensive sampling was needed to identify
any relationship.
[19] The average concentrations of opal within the top and

base of the MSC were 3 (�1) mg L�1 and 8 (�2) mg L�1

respectively. The range of concentrations was not normally
distributed and results of a Mann Whitney-U test indicated a
significant difference (p < 0.03) between the top and bottom
chambers. This implies that there was a flux of opal into the
base of the MSC during the settling period. (See Tables S2,
S3 and S4 of the auxiliary material for POC, calcite and opal
concentrations measured at each station.)

3.2. POC and Opal Concentration of Suspended,
Slow and Fast Sinking Pools

[20] Suspended concentrations were assumed to be the
material remaining in the top section of the MSC after the
2 h settling period, slow sinking concentrations were calcu-
lated following equation (1) (see Table 1 and Tables S4 and
S5 of the auxiliary material) and fast sinking concentrations
were calculated following equation (2) (see Table 2). We are
confident we have measured the total pool of POC present
within the MSC since all of the fast sinking particles were
picked and the total concentration of the slow sinking parti-
cles was measured by homogenising the remaining 7 L in the
base chamber (after removal of the fast sinking aggregates)
prior to filtering a 2 L sub sample.

[21] Concentrations of POC averaged across all stations
(�1 S.D.) within the fast sinking, slow sinking and suspended
fractions were 0.2 (�0.1), 5 (�1) and 97 (�17) mg C L�1

respectively (Table 1). Fast sinking POC contributed
(with relative standard deviations) 0.2 (�47) % while the
slow sinking fraction and suspended material contributed
�5 (�12) % �95 (�17) % in terms of total POC (Figure 3).
The mean suspended concentration of opal within the MSC
was 3 (�1) mg L�1 while the mean slow sinking pool was
0.3 (�0.2) mg L�1 (Table 1; see auxiliary material for full
data tables documenting the calculation of the slow sinking
pools of POC and opal). No data for opal content of the fast
sinking aggregated particles were available. Furthermore,
no concentrations of calcite were calculated for the three
pools since there was no significant difference between the
average top and base sections concentrations of the MSC
(section 3.1). Unfortunately the lack of opal and calcite data
for the fast sinking pool prevents us from investigating how
the fast and slow sinking biomineral pools scale relatively
to each other.

3.3. Sinking Speeds of Slow and Fast Pools

[22] The sinking speed of the slow settling fraction was
estimated assuming; first that all of the fast sinking MSA
particles had been picked from the base chamber, ensuring the
fast and slow particle pools are separated from one another;
and second that the slow sinking particles were homogenously
distributed within the MSC prior to settling. The sinking
speed of particles can be calculated following equation (4).
The sinking time was constant at 2 h (0.083 days), thus the
only variable is the distance the particles sank, assuming that
all of the slow sinking particles had reached the base section.
Assuming a homogenous distribution of particles at the start
of the 2 h settling period, particles are estimated to sink at an
average of 9 m day�1settling from the midpoint of the MSC
(0.75 m) but may range between�0 m day�1 and 18 m day�1

depending on the starting location of a slow sinking particle
in the MSC.
[23] The sinking speed of the fast pool was deter-

mined as a weighted average (�1 S.D.) of the MSA
(average of 180 (�22) m day�1) and the APC (average of
232 (�58) m day�1) settling speeds determined in the

Table 2. Data for Calculation of, Aggregate POC Content, Total Mass of Fast Sinking POC and Fast Sinking Concentration for Each
MSC Deployment

Station Number Na
Average ESVb

(mm�3)
Average POCc

(mg agg�1)
Total Massd

(mg C)
Total Concentratione

(mg C L�1)

16589 30 0.4 (�0.3) 0.6 (�0.1) 19 (�3) 0.2 (�0.03)
16593 17 0.2 (�0.2) 0.5 (�0.1) 8 (�1) 0.1 (�0.01)
16605 19 0.2 (�0.3) 0.5 (�0.1) 9 (�1) 0.1 (�0.01)
16620 30 0.5 (�0.6) 0.7 (�0.1) 21 (�3) 0.2 (�0.03)
16660 53 0.3 (�0.2) 0.5 (�0.1) 26 (�4) 0.3 (�0.04)
Average 0.3 0.6 17 0.2
SD 0.1 0.1 8 0.1

aThe total number of MSA and APC picked from the base of the MSC in 100 L.
bParticle areas were measured using the image analysis software Image-J [Abramoff et al., 2004], calibrated using a stage graticule under magnification

identical to the particle. From this average particle ESV was calculated per station with associated standard deviation (shown in brackets).
cCalculated using the average ESV and the empirical relationship proposed by Alldredge [1998]; POC (mg agg�1) = 0.99 � ESV (mm�3)0.52. The values

in the brackets represent the maximum and minimum range of possible concentrations for the particle carbon content, given the quoted standard errors in the
work of Alldredge [1998].

dThe total mass of fast sinking POC is calculated by from the average POC content per aggregate at each station by the number of aggregates
collected at each station (equation (2)).

eThe total concentration of fast sinking POC is then calculated by dividing the total mass by the volume of the MSC (100 L; equation (2)).
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sinking experiments. Overall, the weighted average sinking
speed of the fast sinking pool is 181 � 8 m day�1, with a
sinking time of �0.005 days.

Sinking Speed m day�1
� � ¼ Distance

Time:= ð4Þ

3.4. Export Fluxes of POC and Opal

[24] The average (�1 S.D.) fast sinking POC flux across
all stations was calculated to be 54 (�25) mg C m�2 day�1

(�37 (�47) % of the total flux) while the average slow
sinking POC flux, was 92 (�11) mg C m�2 day�1

(�63 (�12) % of the total flux; Table 3). Overall we deter-
mine a total flux of POC at the base of the mixed layer (both
fast and slow sinking pools) of 146 (�26) mg C m�2 day�1.
An opal export flux of 6 (�3) mg C m�2 day�1 (Table 3) was
calculated for the slow sinking fraction, no calculation could

be made for the fast or total fluxes since no data were avail-
able for the fast sinking particle opal content.

4. Discussion

4.1. Comparison of MSC POC Fluxes With Other
Upper Ocean Flux Estimates

[25] The averaged total POC fluxes at the PAP site for the
period 2003–2005, obtained from PELAGRA deployments,
were 72 mg C m�2 day�1 in the upper 175 m of the water
column (Figure 4) [Lampitt et al., 2008]. A PELAGRA
deployment (4th–6th August, cruise D341), concurrent with
the MSC deployments presented in this paper, determined a
POC flux of 84 (�8) mg C m�2 day�1 at 51 m, which was
close to the total POC flux determined using the MSC
(146 (�26) mg C m�2 day�1, Figure 4). The broad simi-
larity of flux measurements between PELAGRA and MSC

Figure 3. POC concentrations of the suspended, slow and fast sinking pools (note the logarithmic scale
on the y axis).

Table 3. Calculated Masses and Fluxes of POC and Opal After the 2 h Settling Perioda

Station Number
Mass of Fast

Sinking POC (mg)
Mass of Slow

Sinking POC (mg)

Flux of Fast
Sinking POC
(mg m�2 d�1)

Flux of Slow
Sinking POC
(mg m�2 d�1)

Mass of Slow
Sinking Opal (mg)

Flux of Slow
Sinking Opal
(mg m�2 d�1)

16589 19 488 61 88 13 2
16593 8 602 26 109 51 9
16605 9 444 30 80 No Data No Data
16620 21 470 67 85 41 8
16660 26 535 85 97 32 6
Average 17 508 54 92 34 6
SD 8 62 25 11 16 3
Av (%) - - 37 63 - -
RSD (%) - - 47 12 - -

aSee Tables S5 and S6 of the auxiliary material, for further details about the calculation of mass. Fluxes following equation (3)).
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suggests the MSC is capable of producing comparable
estimates of upper ocean POC fluxes.
[26] An alternative approach used to estimate POC export

uses the particle reactive tracer 234Th [Buesseler et al.,
1993; van der Loeff et al., 2006]. Export measurements
in the vicinity of the PAP site have been made on a
number of occasions since 1993 using the 234Th technique
(Figure 4). Thomalla et al. [2008] determined a POC flux
of 64 mg C m�2 day�1 at 100 m and Lampitt et al. [2008]
estimated a flux of 207 mg C m�2 day�1 at 100 m.

Measurements of 234Th made at the PAP site during cruise
D341 yielded a station average flux of 99 (�41) mg C m�2

day�1 at 56 m (Figure 4). It is clear that there is variability in
the estimates of C flux made using the 234Th technique,
however the contemporaneous data is comparable with the
flux estimates made using the MSC (146 mg C m�2 day�1).

4.2. Assessment of the Validity of the Calculations

[27] The calculation of the suspended and slow sinking
pools of both POC and opal rely upon the assumption that all

Figure 4. Comparison of C flux estimates using different sampling techniques with MSC data. Super-
imposed on top of this is the predicted POC flux values from the MSC based on the Martin et al. [1987]
equation.
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particles within the MSC were homogenously distributed at
the beginning of the two hour settling period. Therefore, on
average, a slow sinking particle will sink half the height of
the MSC (0.75 m) in two hours and have an average settling
velocity of 9 m day�1. However, some particles will clearly
settle faster or slower than this, resulting in an under or over
estimation of the sinking speed. An increase in the sinking
velocity of the slow sinking fraction, greater than 9 m day�1,
as assumed in section 3.3, would result in an even larger flux
than that estimated from the 234Th or PELAGRA, hence we
consider this scenario unlikely given the MSC flux is higher
than either the PELAGRA or the 234Th derived flux.
[28] Conversely, some particles will originate above the

midpoint of the MSC and not penetrate the base section dur-
ing the 2 h settling period, leading to a potential underesti-
mation of the slow sinking pool and an overestimation of the
suspended pool. We estimate the potential impact of such a
scenario by deriving two simultaneous equations, to calculate
the suspended and slow sinking POC, assuming 50% of the
slow sinking flux had not penetrated the base section. Under
this revised estimate the general distribution of material in the
various classes is similar to that found under our initial
assumptions, with POC concentrations in the suspended, slow
and fast sinking pools being 89%, 10% and <1% respectively
(see Table S7 and Text S1 of the auxiliary material).
[29] Using this new slow sinking pool size to estimate the

associated flux (assuming a sinking speed of 9 m day�1 and
that particles sank from the midpoint of the MSC in 2 h),
gives a slow sinking flux of 191 mg C m�2 day�1. When
added to the fast POC flux a total flux estimate of 245 mg C
m�2 day�1 was calculated. This total MSC POC flux is
approximately 40% greater than our initial estimate (146 mg
C m�2 day�1) and approximately 60% greater than inde-
pendent estimates made using PELAGRA (84 mg C m�2

day�1) and 234Th (99 mg C m�2 day�1). It therefore seems
likely that our initial estimate of the size of the slow sinking
pool was relatively robust and that the range of sinking
speeds between �0 and 18 m day�1 with an average of
�9 m day�1 is also reasonably close to reality.

4.3. Formation of Fast Sinking Particles

[30] Lee et al. [2009] suggest a ‘catalyst’ initiates the
aggregation process which forms fast sinking particles. An
increase in bulked POC flux observed at the PAP site during
2001 correlated with observed increases in radiolarian
populations [Lampitt et al., 2009], which may have acted
as a nucleation point promoting fast sinking particle aggre-
gation. Of the fast sinking particles identified across all
9 deployments 30 consisted of organic matter aggregated
around a biomineralised protist (APC, Figure 2). This sug-
gests that the presence of planktonic organisms can indeed
act as nucleation points for individual particle aggregation
and accelerate their sinking rate. However, since APC con-
tributed such a small proportion of total sinking material
collected, other ‘catalysts’ must also be important. These
may include the production of sticky transparent exopolymer
particles (TEP) [Alldredge and Gotschalk, 1990; Passow
et al., 2001] by diatoms.

4.4. Fluxes of POC to the Deep Ocean

[31] Large (>53 mm) rapidly sinking particles are thought
to be relatively rare within the water column [McCave,

1975], with estimates of fast sinking particle concentrations
in the Indian Ocean and Panama Basin contributing 3–15%
to total POC [Mullin, 1965; Bishop et al., 1980]. Alonso-
González et al. [2010] suggest fast sinking particles alone
supply the abyssal POC flux due to their rapid transit time
through the water column. The fast sinking particles col-
lected in this study, with an equivalent spherical diameter
of 195–1639 mm, contributed 0.2 (�47) % to the total POC
concentration (Figure 3). However, given the small contri-
bution of fast sinking particles and the remineralisation
processes which occur within the twilight zone it is unclear
whether these particles would truly sustain the observed
POC fluxes to the abyss.
[32] Applying the flux attenuation parameterization of

Martin et al. [1987] to our fast sinking flux estimates
(54 (�25) mg C m�2 day�1; section 3.4) we predict a deep
flux of 2 mg C m�2 day�1 (at 3000 m, Figure 4), close to the
deep sediment trap flux estimates of 1.8–10 mg C m�2 day�1

at 3000–3500 m [Antia et al., 2001; Lampitt et al., 2009].
Applying the same Martin et al. [1987] parameterization to
our 50 m total flux value (146 mg C m�2 day�1; the sum of
the fast and slow flux values) yields a deep flux estimate of
4 mg C m�2 day�1, also within the range of the deep
sediment trap fluxes. Thus based on the predicted attenu-
ated flux values we are unable to determine whether fast
sinking particles alone or a combination of fast and slow
fluxes supply POC to the deep ocean.
[33] Deep sediment trap data indicate a seasonal flux of

POC to the seafloor, with peak fluxes lagging the maxima in
surface productivity by �40 days [Lampitt et al., 2010]. The
determined sinking speeds of 181 m day�1 and 9 m day�1

(see section 3.3) for the fast and slow sinking particles
results in a transit time between 50 and 4500 m of �30 and
500 days respectively. The 40 day lag time between primary
maxima in primary productivity and deep POC fluxes, and
the estimated transit time of the fast sinking flux are com-
parable, implying fast sinking particles are the major con-
tributor to the deep sediment trap fluxes [Alonso-González
et al., 2010] undergoing reduced remineralisation [Wakeham
et al., 2009]. The long transit time of the slow sinking POC
suggests complete remineralisation in the upper water
column. Furthermore, if the slow sinking particles were to
reach the abyss, the long transit time to the deep ocean would
likely mask any seasonal signal observed in the deep sedi-
ment traps. Thus we surmise slower sinking particles are at
this site equally important in terms of total flux out of the
euphotic zone but contribute negligibly to abyssal carbon
transfer.

4.5. Does a Biomineral Ballasting Effect Occur?

[34] We are unable to quantitatively comment upon the
relationship between biomineral and POC concentrations of
the fast sinking particles due to a lack of data on the calcite
and opal contents. Despite this, the APC sank approxi-
mately 50% faster (�232 (�58) m day�1) than MSA
(�180 (�22) m day�1; section 3.3). This implies that some
component of the fast flux is actively ballasted. This is
consistent with the observed pulses of POC to the abyss
associated with increases in biomineralising organisms at
the PAP site [Lampitt et al., 2009]. Whether the remaining
MSA flux is ballasted or simply sinks quickly because the
aggregates are large enough to overcome the viscous effects
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of seawater [Alldredge and Gotschalk, 1988] is a question
we cannot address and is an area for future investigation.
[35] The average slow sinking POC flux showed no

corresponding flux of calcite in the MSC during settling
(section 3.1), suggesting no ballasting relationship with
calcite. However, if the distribution of calcite is patchy
across the PAP site, a ballasting relationship may still exist
in discrete areas. In comparison, a slow sinking flux of opal
was calculated (section 3.4) but correlation analysis of the
slow sinking opal and POC fluxes revealed no significant
relationship (Spearman’s Rank Correlation Coefficient, p <
0.75, 0.05 confidence level), implying the average flux of
POC was not ballasted by opal. From the 234Th derived
POC and biomineral fluxes presented by Sanders et al.
[2010], it was concluded that an upper ocean ballasting
relationship was likely. Critical re-examination of their
findings identifies a small flux of POC occurring with no
associated biomineral flux. We hypothesize this small flux
of POC represents the slow sinking flux, which may be
unballasted by either calcite or opal.

5. Conclusion

[36] Our work contributes to the growing body of evidence
that POC in the surface ocean can be best conceptualised
using a three pool model; consisting of suspended, slow
sinking and fast sinking fractions, despite being an over-
simplification of the global variability in particle sinking
speeds. The key findings of this study suggest the following:
[37] 1. The MSC provides a comparable alternative to

other technologies as a method of measuring POC stocks
and fluxes in the upper ocean, enabling both the occurrence
and magnitudes of the fast and slow sinking POC fluxes to
be examined.
[38] 2. Nucleation around a biomineralising organism may

aid particle formation. This supports the argument by
Lampitt et al. [2009] that biomineralising protist mediated
export may be important at the PAP site.
[39] 3. Fast sinking POC, produced in the euphotic zone

contributes negligibly to total POC stocks, but is sufficient
to supply POC to the abyss. Further to this we suggest it is,
at least in part, ballasted by biominerals and is most impor-
tant in terms of carbon sequestration.
[40] 4. Slow sinking POC is likely to be remineralised in

the twilight zone due to its slow transit time though the water
column. Furthermore the slow sinking flux may not be
ballasted. We therefore suggest the slow sinking particles
are an unlikely source of POC to the abyss.
[41] The geographical extent over which this three pool

model is valid is uncertain. However, the synthesis of
studies from the Mediterranean and subarctic and subtrop-
ical Pacific, presented by Alonso-González et al. [2010]
strongly support the conclusions drawn here. Therefore it
seems likely to have a wider significance than simply the
North East Atlantic Ocean. A key question for future
research is to define the processes which regulate the relative
sizes of the fast and slow sinking pools and the magnitudes
of their respective fluxes. For example, it may be the case
that a constant background flux of slow sinking material
occurs with a fast sinking pool superimposed on it by epi-
sodic events such as upwelling, storms, eddies or the spring
diatom bloom. Potential shifts in the relative magnitudes of

the fast and slow sinking pools, favoring the formation of
slow sinking POC may result in a change in the partitioning
of CO2 between the atmosphere and ocean. Thus greater
quantities of POC would be respired in the upper ocean, with
consequences for global climate [Kwon et al., 2009].
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