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a b s t r a c t

Sequentially sampling conical sediment traps were maintained at Ocean Station Papa (OSP; 50�N, 145�W)
in the Alaska Gyre from September 1982 to June 2006. The time series began with a single trap at 3800 m
and traps were added at 1000 m and 200 m in March 1983 and May 1989, respectively. A trap at 3500–
3700 m also was moored 5� north of OSP from May 1990 to August 1992. Total mass, biogenic silica (BSi),
calcium carbonate (CaCO3), particulate organic carbon (POC) and particulate nitrogen (PN) were routinely
measured. In this paper, we develop climatologies of sediment flux and composition at OSP, describing
the characteristic features for comparison to sedimentary conditions globally. We then expand our use
of the climatologies to arrive at four main conclusions regarding ecology and geochemistry at OSP. Fluxes
of BSi and CaCO3 at 200 m and 1000 m lag by one month the annual cycle of irradiance and arrive at
3800 m �16 d later, with maximum export occurring several months later for POC. Next, the annual cycle
of BSi flux shows that diatom production in late winter and spring is higher than indicated by spring
decline of surface nutrients. We then show that the annual cycle of POC flux implies a net community
production of organic carbon (NCPOC) of 3.6–5.3 mol m�2 y�1, double estimates based on mixed layer
tracers but similar to estimates unaffected by mixing. NCPOC, combined with a CaCO3:POC production
ratio of 0.18 determined from trap fluxes, gives a net community production of CaCO3 (NCPIC) of 0.65–
0.95 mol m�2 y�1, in agreement with CaCO3 dissolution in the water column plus abyssal CaCO3 flux.
Lastly, the flux climatologies at 1000 m and 3800 m are used to infer particle transformations in the
bathypelagic zone including disaggregation and remineralization. Fluxes at 3800 m are best described
as the sum of a primary flux sinking rapidly and a slowly-sinking secondary flux. Disaggregation of the
primary flux is the likely source of secondary fluxes, with a lithogenic component transported horizon-
tally also reaching the 3800-m traps. A detailed description of the sampling also is provided so future
experiments can benefit from the successes and failures encountered at OSP.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Setting

The sequestration of sinking particles into the ocean’s interior is
a critical marine biogeochemical pathway that can be continuously
monitored using bottom-tethered sediment traps, but only a few
time series span more than 15 years (Honjo et al., 2008). The lon-
gest trap record, from the Sargasso Sea in the North Atlantic Ocean
(Ocean Flux Program; 31.8�N, 64.1�W) (Conte et al., 2001; Deuser,
1996), has been maintained since 1978, and in the Arabian Sea
(Haake et al., 1996) and the Bay of Bengal (Ittekkot et al., 1991)
traps have been maintained since 1987. Another long time series
was collected in the California Current upwelling region (34.8�N,
123.0�W) between 1989 and 2004 (Smith et al., 2006), and traps
have been maintained since 1997 in the subarctic Northwest Paci-
fic Gyre (Honda et al., 2002). These and other sediment-trap collec-
tions (Buesseler et al., 2007; Honjo et al., 2008) have shown that
deep particle flux is closely linked to surface processes (Deuser
and Ross, 1980; Fischer et al., 1988; Wong et al., 1999), that trans-
formations including organic matter attenuation occur as particles
sink (Bacon et al., 1985; Bishop, 1989; Lee et al., 2004), and that
long-term trends may be observed in deep-ocean particle flux
(Deuser et al., 1995; Smith and Kaufmann, 1999).

At Ocean Station PAPA (OSP; 50�N, 145�W) in the southern
portion of the Alaska Gyre (Fig. 1), traps were moored from 1982
to 2006. The deep waters here are among the longest removed
from the surface in the global thermohaline circulation (Broecker
and Peng, 1982; Sarmiento et al., 2007), making the Alaska Gyre
a cornerstone for monitoring long-term responses of the oceans
to natural and anthropogenic forcing. OSP is well located within
this domain, since regionally low mesoscale variability (Cummins
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Fig. 1. Mooring locations.
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and Lagerloef, 2004) allows records from OSP to be extrapolated to
a large area. Oceanographic and atmospheric data were collected
routinely from weatherships at OSP between 1951 and 1981 (McC-
lain et al., 1996). Since then, oceanographic sampling has occurred
�three times a year along Line P from the continental shelf to OSP
(Fig. 1). The flux characteristics presented here are compared to
oceanographic and atmospheric climatologies (Fig. 2) determined
largely from data collected during the weathership era.

The cyclonic Alaska Gyre is a high-nitrate low-chlorophyll
(HNLC) iron-limited region (Harrison, 2006; Martin and Fitzwater,
1988) with weak wind-driven upwelling (�10–20 m yr�1) (Tabata,
1961) and prevailing winds and surface currents from the west
(Bograd et al., 1999). Primary production and export flux at OSP
follow the annual cycle of surface irradiance (Wong et al., 1999),
which peaks about a month before the summer solstice because
cloud cover is greater in June, July and August than in the spring
(Fig. 2a). Marine fog is an important component of summer clouds,
whereas in winter clouds are associated with storms of the Aleu-
tian low (Fig. 2b). Precipitation and continental runoff exceed
evaporation, creating a permanent halocline at about 100 m depth.
The surface mixed layer (Fig. 2e), which extends to the halocline in
winter, begins shoaling after April due to seasonal warming and
decreased winds. The mixed layer is shallowest (�20 m) during
July–September when sea-surface temperature is highest and
winds are weakest. Lowest surface salinity lags the shallow mixed
layer by about a month (Fig. 2d). Primary production shows a bi-
modal pattern (Fig. 2i) that may be an artifact of sparse measure-
ments in July and August. The peak in mesozooplankton biomass
occurs on average in June (Fig. 2j), but it has fluctuated over the
decades occurring in late May-early June in the 1950s, mid-late
July in the 1970s and early-mid May in the 1990s (Mackas et al.,
1998).

1.2. Previous plankton identifications

Biogenic silica (BSi) and calcium carbonate (CaCO3) together
comprise about 90% of the trapped material in deep waters at
OSP. Identifications of mineral-bearing plankton in the trap sam-
ples from portions of this time series thus provide an invaluable
background for linking these trap fluxes to surface ocean condi-
tions and plankton growth. Identifications of siliceous plankton, re-
ported as a group (Takahashi, 1997a; Takahashi et al., 1990;
Takahashi et al., 1989) and individually as diatoms (Takahashi,
1986; Takahashi, 1987b), radiolarians (Takahashi, 1987a,b) and sil-
icoflagellates (Takahashi, 1987c; Takahashi, 1989), are available for
1982–1986. Identifications of foraminifera are also available for
1982–1986 (Reynolds and Thunell, 1985; Reynolds and Thunell,
1986; Sautter and Thunell, 1989; Thunell and Honjo, 1987). Ptero-
pods were identified in samples collected from 1983 to 2000 (Tsu-
rumi et al., 2005). Coccolithophores are the only mineral-bearing
plankton yet to be described for any portion of this time series.

Diatom frustules comprise the majority of BSi fluxes at OSP,
with radiolarian tests constituting about 10% of this flux (Takah-
ashi, 1987a) and silicoflagellate skeletons a negligible amount
(Takahashi, 1987c). Radiolarians caught in the deep traps are pri-
marily epipelagic, and their fluxes together with those of silicofla-
gellates resemble the seasonal flux patterns of diatoms (Takahashi,
1997a; Takahashi et al., 1989). Takahashi (1986) describes five
groups of diatoms reaching the deep traps at OSP. The first group
is of the most abundant species, led by Neodenticula seminae which
numerically comprises >70% of diatom frustules year-round. Fluxes
of this group match the total mass flux, peaking in spring (March
and May), summer (July–August) and fall (October). The summer
and fall peaks are sometimes punctuated by fluxes of the second
group, the large pennate Rhizosolenia styliformis, which does not
bloom every year but dominates BSi fluxes when it does. Smaller,
weakly-silicified species comprise a third group of diatoms with
a significant flux-maximum also during July–August. Takahashi’s
(1986) fourth group consists of fall diatoms that are rare in spring
and summer and include the large species Rhizosolenia spp. and
Chaetoceros concavicorne. Fluxes of this group are highest in Octo-
ber and gradually decline into winter. Lastly, a winter group is rep-
resented by Coscinodiscus marginatus and C. oculus iridis, with
maximum fluxes between November and March (Takahashi
et al., 1989). Based on the composition of sediment caught at
1000 m and 3800 m at OSP (Haake et al., 1993a), the bulk of



Fig. 2. Climatology of physical, chemical and biological parameters at OSP, ±1 standard deviation where available. Unless otherwise noted, source is IOS archive of data
collected daily from weatherships 1951–1981 and opportunistically afterwards. (a) Radiation (1959–1981) and cloud cover (1951–1980; octas converted to percent of sky).
(b) Atmospheric pressure at sea level (1951–1980). (c) Wind speed (1951–1980) converted from 17 m or 28 m above sea level to 10 m above sea level (Benschop (1996) as per
Thomas et al. (2005)). (d) Monthly mean salinity (1956–1990) at 10 m from Tabata and Weichselbaumer (1992), and temperature at 10 m (1951–1980). (e) Monthly-mean
surface density from (d) and mixed-layer depth for 2002–2009 from Argo floats (http://www.argo.ucsd.edu, http://argo.jcommops.org). (f) and (g) Monthly-mean surface
nutrient concentrations from Peña and Varela (2007). Grey indicates onset of decline. (h) Surface Chla (1959–2009). Dots are the shallowest value of profiles, or single-depth
measurements provided depth <10 m. (Subsurface chlorophyll maxima are minor at OSP (Peña and Varela, 2007).) Heavy line is an 18-point (�1 week) running average.
Seven points >2 mg m�3 are plotted but not included in averaging. Eight points <0.1 mg m�3 are out of range. (i) Primary production from Welschmeyer et al. (1993) (black
triangles), Wong et al. (1995) (grey circles) and Boyd and Harrison (1999) (open squares). (j) Biomass of zooplankton >350 lm for the upper 150 m (Fulton, 1983; Miller et al.,
1984).
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organic matter originates from diatoms and other phytoplankton
during most of the year. From July to October, however, a signifi-
cant portion of POC trapped at 3800 m was the sinking remains
of copepods, which descend to 1000–2000 m in fall and winter
(Miller et al., 1984).

Coccoliths likely make up the bulk of CaCO3 fluxes, since they
comprise most of the CaCO3 in the <63 lm size fraction (Thunell
and Honjo, 1987) which dominates when CaCO3 fluxes are high
(Wong et al., 1999). Emiliania huxleyi is the most abundant cocco-
lithophore at OSP, usually contributing <10% but up to 67% of sur-
face phytoplankton biomass (Putland et al., 2004), and
Syracosphaera sp. and Gephyrocapsa oceanica are sometimes abun-
dant (Lipsen et al., 2007). Assessments of coccolithophore produc-
tion corroborate their significance to CaCO3 fluxes at OSP. Wong
and Crawford (2002) concluded the major source of CaCO3 fluxes
to OSP traps in June 1998 was a bloom of E. huxleyi, and Fabry
(1989) estimated that 59–77% of CaCO3 production at OSP is by
coccolithophores. Foraminifera, most abundant in the >63 lm size
fraction, also contribute significantly to CaCO3 fluxes. The calcite
tests of five species of epipelagic foraminifera (Globigerina quinque-
loba, Neogloboquadrina pachyderma, Globigerinita glutinata, Globige-
rina bulloides d’Orbigny and Orbulina universa) comprise about 10%
of the CaCO3 flux to the bathypelagic traps (Reynolds and Thunell,
1985), and during sporadic episodes in spring (April–June) and fall
(October–January) contribute upwards of 30–50% of total CaCO3

(Sautter and Thunell, 1989; Thunell and Honjo, 1987). Deep-dwell-
ing Globorotalia scitula is a negligible portion of the foraminifera
flux at OSP (Reynolds and Thunell, 1985) so that, like BSi, the
majority of CaCO3 fluxes originate from above the 200-m trap. Un-
like the planktonic sources of BSi that tend to occur in concert,
however, sinking fluxes of foraminifera and coccolithophores are
decoupled (Sautter and Thunell, 1989; Thunell and Honjo, 1987).
Pteropod aragonite shells comprise most of the remainder of CaCO3

fluxes. Fabry (1989) estimated that 4–13% of CaCO3 production is
by the two predominant pteropods Limacina helicina and Clio
pyramidata, and Tsurumi (2005) found that C. pyramidata makes
up 17% of the CaCO3 flux to the bathypelagic trap. Pteropod shells
are usually >1 mm in length (Fabry, 1989; Tsurumi et al., 2005), so
all but the smallest individuals and shell fragments have been
removed as swimmers during the program reported here.

http://www.argo.ucsd.edu
http://argo.jcommops.org
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2. Sampling and analyses

2.1. Sediment traps and field design

The OSP time series began in September 1982 with a sediment
trap moored in the bathypelagic zone at 3800 m, 440 m above the
bottom (mab). In March 1983 a mesopelagic trap was added at
1000 m and beginning May 1989 an epipelagic trap was positioned
at 200 m. Deployments at all depths ended in June 2006. A trap
was also moored at station AG (55�N, 145�W) 5� north of OSP, at
3700 m (200 mab) from May 1990 to February 1992, and at 3500
m (400 mab) from April 1992 to August 1992. Conical PARFLUX
sediment traps (Honjo and Doherty, 1988) with sequential
sampling bottles and a baffle grid at the mouth to reduce internal
turbulence (Gardner, 1980a) were used throughout. The polyethyl-
ene sampling bottles are attached to a carousel which rotates at
prescribed intervals by a motor and electronic interface. The carou-
sel has one open hole without bottle attachment designed to be in
the sampling position during deployment and recovery. Sample
interval was always about two weeks. MARK5 sediment traps (col-
lection area = 1.17 m2; bottom diameter = 59 mm; 12 � 500-mL
sampling bottles; �6 month deployments) were deployed until
October 1989, with servicing usually in the spring and late
summer. From October 1989 until September 1992, either MARK6
(collection area = 0.503 m2; bottom diameter = 30 mm; 13� 500-mL
sampling bottles; �6 month deployments) or MARK7 (collection
area = 0.503 m2; bottom diameter = 28 mm; 21 � 250-mL
sampling bottles; �12 month deployments) traps were deployed
at OSP and at station AG. From September 1992 onward, MARK7
traps were used, with the exception that MARK6 traps were
deployed at 1000 m in June 2000 (PA29) and at 3700 m in July
2002 (PA31A). After their initial deployments, the epipelagic and
mesopelagic traps were occasionally not deployed, but bathype-
lagic traps were a part of all moorings.

The transitional period between 1989 and 1992 coincided with
a series of lost moorings (PA18 and PA20) and a mechanical failure
(PA19, 3800 m), such that fluxes were not measured at OSP from
November 1990 to September 1992 (Fig. 3). After 1992, clogging
of MARK7 traps at 3800 m became problematic (Table A5). Consid-
ering the coverage at station AG (May 1990 to August 1992) and
Fig. 3. Total mass flux at
the relatively complete 1000-m time series after 1992, however,
the longest period for which there is no flux record from the Alaska
Gyre is the 281 days from 14 August 1995 to 21 May 1996.

2.2. Sample handling

Sample bottles were filled with seawater collected from depths
between 1500 m and 3000 m. 0.85 g NaN3 L�1 were added as a
poison except during the first two mooring deployments, and
4.15 g NaCl L�1 were added to minimize losses of poison and sedi-
ment due to mixing. NaN3 inhibits aerobic but not anaerobic
bacterial respiration. It poisons zooplankton swimmers attracted
to the trapped material, but does not prevent disintegration of bio-
logical tissues. Upon recovery of the traps, the bottles were
removed from the carousel, capped and kept at 4 �C in the dark
until processed at the Institute of Ocean Sciences. Qualitative
descriptions of the bulk sediments (e.g., color and odor) and
semi-quantitative microscopic analyses were made and, after June
1997, bottles from each deployment were photographed as a set.
Prior to October 1989, samples were filtered sequentially through
1000 lm and 63 lm mesh and the three resulting size fractions
were separately analyzed as described below. From October 1989
onward, samples were filtered through 1000 lm mesh to remove
swimmers and chemical analyses were performed only on the
<1000 lm size fraction. Using 3.2% NaCl solution as a rinse and for-
ceps where needed, small debris was removed from swimmers and
added to the <1000 lm sample. Zooplankton >1000 lm were iden-
tified under magnification and stored in 10% formalin and 3.2%
NaCl. The results presented here are for only the <1000 lm size
fraction, which for samples collected until September 1989 is the
sum of the <63 lm and the 63–1000 lm size fractions. This treat-
ment differs from previous studies (Wong and Crawford, 2002;
Wong et al., 1999) where the >1000 lm size fraction is included
as part of the total flux prior to October 1989.

2.3. Laboratory analyses

After sieving, samples were split into 1/4, 1/16 or 1/64 aliquots
using an Erez-Honjo rotary splitter (Honjo, 1978) or a Folsom
plankton splitter (McEwen et al., 1954). Aliquots were filtered
OSP and station AG.
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onto pre-weighed polycarbonate filters (0.8 or 1.0 lm) or pre-
combusted and pre-weighed silver filters (0.8 lm), rinsed with
deionised water and dried at 50–60 �C for 24 h. Dried filters were
weighed to determine the total mass of the sediment. Samples
were then decalcified by soaking in 4% HCl for 20 min, rinsed with
distilled water and dried. CaCO3 was determined as the difference
in weight before and after decalcification. The decalcified samples
were analyzed for POC and PN by combustion at 980 �C using a
Perkin-Elmer 240 or a CEC 440 Elemental Analyzer. A modified
version of the alkaline extraction method (DeMaster, 1981) was
used for BSi (SiO2�nH2O) analysis. 5–50 mg sediment were placed
into polypropylene centrifuge tubes containing 40 mL of 1% Na2-

CO3 (pH 11.2), digested in a water bath at 85 �C for 2 h, then cen-
trifuged at 2000 rpm for 5 min. 1 mL of the supernatant diluted
with 25 mL distilled water was analyzed for reactive silicate using
a Technicon Autoanalyzer (Barwell-Clarke and Whitney, 1996).
Aluminum (Al) was measured by graphite furnace atomic absorp-
tion spectrometry on 260 selected samples collected between
October 1987 (deployment PA12) and May 1999 (deployment
PA27).

2.4. Laboratory precision

Duplicate analyses were run on different splits throughout the
time series. Laboratory precision, here defined as the average
coefficient of variation (cv = standard deviation / mean) of these
duplicates, thus incorporates splitting error, instrument error, cal-
ibration error and handling error. The average cv of duplicates for
total mass is 4.7% (n = 388), for percent PN is 7.1% (n = 110), for
percent POC is 4.4% (n = 118), for percent CaCO3 is 4.4% (n = 130)
and for percent BSi is 2.8% (n = 80).

2.5. Flux reproducibility

Bathypelagic traps on moorings PA31A and PA31, separated by
6.2 km, collected simultaneously for seven 15-d sampling periods
from 7 September 2002 to 21 December 2002. The trap (MARK6;
3700 m) on mooring PA31A was recovered in December 2002
while the trap (MARK7; 3800 m) on mooring PA31 was recovered
in June 2003. Samples from both sets were analyzed in the winter
of 2003–2004. Flux differences between sets potentially include
contributions from variability in: flux to the traps; trapping effi-
ciency (TE = measured flux / true flux); remineralization within
bottles; and laboratory analyses. Fluxes to the trap on mooring
PA31A were usually higher than fluxes to the trap on mooring
PA31. Differences in total mass were usually less than 10% and al-
ways less than 20%, with differences in constituent fluxes some-
times higher. The means of the absolute values of the flux
differences (% ± standard error) are: POC = 15.0 (±4.8); BSi = 12.6
(±2.4); total mass = 8.3 (±1.9); CaCO3 7.4 (±1.4).

2.6. Quality assessment

Detailed chronologies of the successful sampling periods and
the unsuccessful or inactive periods are given in Tables A1–A4.
All data associated with bottles in the open position when the
mooring was recovered have been removed, as well as data from
bottles affected by clogs (Table A5), including the last sediment-
bearing bottle preceding the series of empty bottles characteristic
of clogs. A thorough quality assessment of the data also has been
conducted, referring to the original laboratory results and field
notes, to remove discrepancies and ensure that fluxes and compo-
sitions were calculated uniformly throughout. Accordingly, a num-
ber of corrections have been made and the data set archived as a
prelude to this paper.
3. Data treatment

The results presented here are based on discrete samples col-
lected sequentially over a 24-year period, but with irregular and
sometimes large gaps in the time series (Fig. 3). In this section,
we describe the analytical methods used to translate the time ser-
ies into forms that allow comparisons of flux and composition be-
tween depths and to other environmental parameters.

3.1. Climatological curves

3.1.1. Calculation and biasing
Climatological curves of flux (Figs. 4 and 5) and composition

(Figs. 6–8) are created by assigning to each day of successful sam-
pling the appropriate calendar day, 1 through 365. (Data from day
366 of leap years are not used.) Data collected on each of the cal-
endar days are then averaged together.

Xd ¼ ðxd1 þ xd2 þ � � � þ xdnÞ=n ð1Þ

Xd is the average flux or composition for calendar day d, and xdn is
the measured flux or composition on calendar day d of year n. An-
nual and seasonal fluxes and compositions are then calculated by
averaging Xd for the appropriate group of calendar days; e.g., annual
averages are the average of Xd for calendar days 1 through 365. This
method of calculating annual and seasonal averages (Table 1) gives
equal weight to all calendar days regardless of sampling frequency
for each calendar day.

The gross duration of each time series including periods when
data are missing was 17.07 y, 23.19 y and 23.70 y at 200 m,
1000 m and 3800 m, respectively. Subtracting data gaps from the
gross durations gives net durations of 9.51 y, 13.57 y and 14.52 y
for the time series at subsequently deeper traps (Tables A1–A3).
Gross and net durations at Station AG were 2.24 y and 1.72 y,
respectively (Table A4). The number of successful deployments
for any calendar day varied between 5 and 10 at 200 m, and be-
tween 9 and 17 at 1000 m and 3800 m (Fig. 4). Early June was un-
der sampled at all depths because of mooring turnover, and May
was under sampled at 3800 m due to mooring turnover and trap
failures. At 1000 m and 3800 m, the small sampling decrease in fall
is due to twice-yearly mooring turnover during deployments PA1–
PA17.

Climatologies of flux and composition for the entire time series
are presented in Tables 1 and 2 to ensure averages are based on the
maximum number of data available. When comparing fluxes at
two or three depths, however, only data collected simultaneously
at the depths were used to avoid biasing caused by interannual
variability and long-term trends. Table 3 summarizes the climatol-
ogies created from simultaneously-collected data. Net durations of
simultaneous sampling were 8.72 y at 200 m and 1000 m, 9.45 y at
1000 m and 3800 m, and 6.72 y at all three depths. Annual esti-
mates of total and constituent fluxes for these unbiased climatolo-
gies (Table 3) are within 13% of the Table 1 values.

3.1.2. Flux frequency distribution and extreme events
Flux frequency is skewed right (Fig. A1). Log transformation

(Fig. A2) results in flux frequencies that are skewed left for fluxes
at 200 m and 1000 m and �normally distributed for fluxes at
3800 m because low winter fluxes are less frequent at the deepest
trap (see Section 5.7.3). Our climatologies are generated from mean
fluxes without data transformations (Eq. (1)) to include the signals
of rare events. The peaks and valleys of climatological curves are
similar for the different treatments discussed here (Fig. A3), so
the choice of treatment does not affect descriptive conclusions.
Fig. A1 gives ratios of arithmetic mean fluxes and median fluxes,
and Fig. A2 gives ratios of arithmetic mean fluxes and means of



Fig. 4. Total and constituent fluxes at OSP (grey bars) plotted against calendar day. Climatological averages ± one standard deviation from Eq. (1) also are plotted with a
seven-day smooth applied. Bottom panels are the number of years traps were successfully operating on each calendar day, with grey lines depicting the average. Extreme
fluxes (Section 3.1.2) not included in the curves are indicated by arrows. Note scale changes for POC fluxes.
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log transformed fluxes. These ratios allow conversion from mean
fluxes (Table 1) to the most likely flux condition at OSP.

Three extreme flux events are included with minor impact in
the annual and seasonal means of Table 1, but they are not used
for the climatological curves of Figs. 4 and 5. Very high POC fluxes
were recorded in the second half of August 1983 at 3800 m (Wong
and Crawford, 2002; Wong et al., 1999) (we do not include the
>1 mm size fraction (Section 2.2) so our fluxes are lower than pre-
viously reported) and in the first half of August 2003 at 1000 m.
Removing these events from POC flux climatologies reduces the
August POC peak at 3800 m by 25% and, at 1000 m, by 19%, without
affecting the timing of either peak. A third extreme event, also re-
ported by Wong et al. (1999), occurred May 1990 when the highest
CaCO3 and mass fluxes at 200 m were recorded. Removing this
event from the climatologies reduces the May peaks at 200 m by
13% and 7% for CaCO3 and total mass, respectively, and causes both
peaks to occur 11 days later. One extreme %POC value at 1000 m
from February 1997 is similarly included in averaging (Table 2)
but excluded from climatological curves (Figs. 6 and 7).

3.1.3. Flux ratios
The average of flux ratios for constituents a and b can be calcu-

lated either as a weight ratio (WR = [a1 + a2 + � � � + an]/[b1 + b2 + -
� � � + bn]) or as the average of ratios (AR = [a1/b1 + a2/b2 + � � � + an/
bn]/n). For continuous periods over which sinking fluxes are eco-
logically or geochemically related, WR ensures that anomalous ra-
tios during low-flux periods do not bias ratio calculations. In
generating climatological averages across years (independent
fluxes), however, the use of AR avoids biasing towards conditions
of high-flux years. Differences between WR and AR are sometimes
large for this data set, so both are given in Table 2. AR is used for
the climatological curves of Figs. 6–8.

3.2. Seasonal delineation

Four flux seasons of equal length are delineated by passing a 91-
day running average through the climatological curve of total mass
flux, setting ‘summer’ and ‘winter’ seasons where the 91-day flux
averages are maximally different from one another (Fig. 9). For
fluxes at 200 m, 1000 m and 3800 m, the maximum difference oc-
curs when ‘summer’ begins, respectively, on calendar days 141 (21
May), 140 and 157 (6 June). The beginning of climatological sum-
mer is therefore set at 21 May for 200 m and 1000 m, and at 6 June
(16 d later) at 3800 m. The lag to 3800 m matches sinking rates
between 1000 m and 3800 m estimated next. 91-day running
averages also have been passed through the climatological curves



Fig. 5. Climatological fluxes at OSP. Climatologies on left from fluxes collected simultaneously at 200 m and 1000 m; climatologies on right from fluxes collected
simultaneously at 1000 m and 3800 m (Table 3). Extreme fluxes (Section 3.1.2) are not included. Note scale changes for POC fluxes.

Fig. 6. Sediment composition at OSP. See caption to Fig. 4. Climatologies are calculated from average ratios instead of weight ratios (Sections 3.1.3). One extreme %POC value
at 1000 m not included in the curves (Section 3.1.2) is indicated by an arrow. Note scale changes for %POC.
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Fig. 7. Climatology of sediment composition at OSP based on the curves of Fig. 6.
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without the constraint of having four equal seasons, with the result
that the 91-d window of maximum flux matches to within several
days the summer windows defined above. However, the 91-d win-
dows of minimum flux lags by 1–3 weeks the winter windows, and
this lag increases with depth. The choice of the winter window has
a small affect on average winter fluxes (Table 1) because temporal
flux gradients are small at this time of year. A secondary flux of
bathypelagic sediments (Section 5.7.3) is probably the main reason
the flux minimum at 3800 m is shifted towards spring.

A 91-d running average passed through the climatological curve
of irradiance at OSP (Fig. 2a) shows that solar summer begins on
calendar day 111 (21 April), one month before maximum fluxes
to the traps at 200 m and at 1000 m. Persistent cloudiness in
June–August results in solar summer beginning 16 d earlier than
if there were no clouds at OSP. The 91-d sunshine minimum begins
day 312 (8 November) and matches the beginning of solar winter
(day 310) under cloud-free conditions.

3.3. Average sinking rates

To estimate the average time required for sediments to pass
from shallow to deep traps, fluxes at deep traps were incremen-
tally shifted backwards to determine the best correlation in total
mass and constituent fluxes (Fig. 10). Shifting 1000-m fluxes rela-
tive to 200-m fluxes does not improve correlations, implying an
average transit time 60.5 bottle durations (8 d) and thus an aver-
age sinking rate (sr) greater than 100 m d�1. For the 1000–
3800 m depth interval, flux correlations are maximized with a
lag of one bottle duration, which gives transit times of 0.5–1.5
durations (8–24 d) and an average sr of 120 m d�1 to 350 m d�1.
Similar sinking rates of 175–300 m d�1 were determined based
on distinct flux events at OSP (Wong et al., 1999). Also from this
time series, a lag of one bottle duration for a range of diatom spe-
cies sinking between 1000 m and 3800 m has been attributed to
aggregates as the primary vector of export instead of different
species sinking separately (Takahashi, 1986). Correlation coeffi-
cients for the upper depth interval are lower than for the deep
interval (Fig. 10), possibly because a fraction of material caught
at 1000 m was missed at 200 m (Section 5.7.2).
3.4. Lithogenic content

A tracer for lithogenic material (LM) was not regularly mea-
sured on the samples collected at OSP. We thus estimate %LM by
subtracting the contents of the biogenic components from 100%.
%LM ¼ 100�%CaCO3 � ðPOM : POCÞ%POC� ðBSi : SiÞ%Si ð2Þ
POM is particulate organic matter. %LM includes minor contribu-
tions by authigenic and biogenic minerals other than BSi and CaCO3.
POM:POC and BSi:Si can be obtained from the literature, but %LM is
sensitive to these ratios especially at locations such as OSP where
%POC and %Si are both high.

Al was determined on selected samples collected from 1987 to
1999, allowing estimates using Eq. (3) of the weight ratios POM:-
POC, BSi:Si and LM:Al specific to sediment caught at OSP (Table 4).
Not only do these ratios allow better estimates of %LM than if lit-
erature values were used, but also POM:POC reflects the types of
organic compounds present and BSi:Si indicates the water content
of the opal.
ðtotal flux� CaCO3 fluxÞ ¼ðPOM : POCÞPOCflux
þ ðBSi : SiÞSi flux þ ðLM : AlÞAlfluxþ d ð3Þ
Eq. (3) has the form: y = ax1 + bx2 + cx3 + d, where fluxes y, x1, x2 and
x3 are known. The weight ratios a, b and c, and the intercept d, are
solved by least-squares regression. The independent variables (x1,
x2 and x3) show a low degree of multicollinearity, indicating the
data subsets applied to Eq. (3) are good representations of the entire
data set collected from OSP.

Beginning February 1990, Al fluxes were much higher than the
background of <7–14 lmol m�2 d�1, possibly because of an atmo-
spheric dust event (e.g., Wong and Matear, 1999). Eq. (3) regres-
sions with and without these samples give similar POM:POC and
BSi:Si ratios. Nevertheless, the high-Al samples heavily weight re-
sults, so only samples with background Al fluxes are included in
the regressions used to characterize OSP sediment. Resulting
POM:POC weight ratios range from 1.62 to 2.33, and BSi:Si weight
ratios from 2.28 to 2.39, depending on depth (Table 4). Error in the
LM:Al ratios of samples from 200 m and 1000 m is higher than the
ratios, indicating LM fluxes at these depths are not statistically dif-
ferent than zero in this regression model. The LM:Al ratio of sam-
ples from 3800 m (13 ± 5) is not statistically different from samples
affected by the dust event presented next. The high error again
may be caused by poor characterization of LM due to the low LM
fluxes. Estimates of %LM from Eq. (2) can be compared to %Al mea-
sured on this subset of data most characteristic to OSP. Average %Al
for these samples is 0.070% at 200 m, 0.080% at 1000 m and 0.32%
at 3800 m. Using a LM:Al weight ratio of 10 (see regression pre-
sented next) to 13 (LM:Al at 3800 m), LM content is 0.7–1% at
200 m and 1000 m and 3–4% at 3800 m, confirming the annual
average estimates of Table 2.

Eq. (3) also was fit to the Al-affected samples pooled from all
depths. The resulting LM:Al ratio of 9.7 ± 0.56 (n = 26) compares
reasonably with those of pelagic clay (11.9) and of Post-Archean
Australian shale (PAAS) (7.96–12.2; mean = 10.2) (Taylor and
McClennan, 1985). The POM:POC and BSi:Si ratios of this sample
group are not statistically different than those of Table 4.



Fig. 8. Flux ratios (molar) at OSP. See caption to Fig. 4. Climatologies are calculated from average ratios instead of weight ratios (Section 3.1.3). Note scale changes for BSi:POC
and CaCO3:POC.
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4. Results

4.1. Flux and composition at OSP

Annually-averaged mass flux (Table 1) is virtually the same at
200 m (111 mg m�2 d�1) and 1000 m (119 mg m�2 d�1) and de-
creases to 88.0 mg m�2 d�1 at 3800 m. Fluxes of CaCO3 mirror
those of the total mass, changing little from 200 m
(451 lmol m�2 d�1) to 1000 m (438 lmol m�2 d�1) and decreasing
to 3800 m (338 lmol m�2 d�1). As a result, annually-averaged
CaCO3 content (35–40%; Table 2) varies little with depth. BSi fluxes
increase significantly from 200 m (586 lmol m�2 d�1) to 1000 m
(948 lmol m�2 d�1), but decrease from 1000 m to 3800 m
(694 lmol m�2 d�1) similarly to total mass and CaCO3 flux declines
in the bathypelagic zone. BSi content thus increases from �35% at
200 m to �50% at 1000 m and 3800 m. POC fluxes decrease with
depth, from 1256 lmol m�2 d�1 (200 m) to 471 lmol m�2 d�1

(1000 m) to 226 lmol m�2 d�1 (3800 m), causing average POC con-
tent to decrease from �15% to �5% to �3% at consecutively deeper
traps.

Peaks in the biogenic fluxes at 200 m occur in April, June and
July–August (Figs. 4 and 5). The three BSi peaks are of similar mag-
nitude, while highest CaCO3 fluxes occur during the second peak in
early June. POC fluxes progressively increase throughout the sum-
mer and are highest in early August. A fourth peak in the fluxes of
all constituents at 200 m occurs in late September and is notable
because it translates into prominent maxima in early October at
1000 m and 3800 m. Peaks are less resolved in the deeper traps.
At 1000 m, BSi fluxes are high from April until June, then peak in
July–August and again in October. This pattern corresponds to
fluxes of diatom frustules collected at OSP from 1982–1986 (Sec-
tion 1.2). Fluxes at 3800 m reflect those at 1000 m, with high BSi
and CaCO3 flux attenuation between these depths from March until
early June (Fig. 7).

Based on the seasonal fluxes of Table 1, the summer:winter
flux ratio at 200 m is greatest for CaCO3 (11), less for BSi (7.6)
and least for POC (6.1), while spring:fall ratios show BSi and
CaCO3 fluxes are higher in the spring and POC fluxes are higher
in the fall. The summer:winter flux ratios decrease as particles
sink. At 3800 m, summer:winter flux ratios are 4.2, 2.9 and 4.0
for CaCO3, BSi and POC, respectively, such that the loss of season-
ality with depth is greatest for CaCO3 and BSi, and least for POC.
Also, the timing of deposition is shifted, with the flux of all con-
stituents higher in the fall than in the spring at 3800 m. Of the
three biogenic components, % POC shows the greatest variability,
both within (cv’s of Table 2) and between seasons (seasonal com-
positions of Table 2). At 200 m, %POC is highest in winter, lowest
in spring and intermediate in summer and fall (Figs. 6 and 7).
High wintertime %POC is also seen at 1000 m, but at 3800 m
%POC peaks in late summer and fall. %CaCO3 is lowest in winter
at all depths. %BSi varies little by season, but at 200 m is highest
in spring and at 3800 m is highest in winter.



Table 1
Annual and seasonal fluxes (Eq. (1)) at OSP and station AG. n is the number of years of sampling on each calendar day. Coefficients of variation (cv = standard deviation/mean) in
parentheses, are calculated for each calendar day then averaged over the appropriate period. cv for station AG is not shown because of low n. Seasons (Section 3.2) begin 16 days
later at 3800 m than at 200 m and 1000 m.

Averaging period avg n mass (mg m�2 d�1) BSi (lmol m�2 d�1) CaCO3 (lmol m�2 d�1) POC (lmol m�2 d�1) PN (lmol m�2 d�1) LM (mg m�2 d�1)

OSP: 200 m
Annual Jan 1–Dec 31 9.5 111 (0.8) 586 (1.0) 451 (0.9) 1260 (0.7) 96.4 (0.6) 1.9 (>10)
Winter Nov 20–Feb 19 10.0 26.1 (1.0) 134 (1.3) 82.5 (1.2) 401 (0.7) 32.0 (0.6) 1.1 (>10)
Spring Feb 20–May 20 9.4 113 (0.8) 710 (1.1) 431 (0.8) 1030 (0.7) 83.8 (0.7) 1.7 (>10)
Summer May 21–Aug 19 9.1 214 (0.6) 1020 (0.6) 948 (0.8) 2440 (0.6) 182 (0.6) 3.1 (>2)
Fall Aug 20–Nov 19 9.5 90.8 (0.7) 480 (1.1) 342 (0.7) 1160 (0.7) 87.9 (0.7) 1.8 (>2)

OSP: 1000 m
Annual Jan 1–Dec 31 13.6 119 (0.7) 948 (0.8) 438 (0.7) 471 (0.6) 52.9 (0.6) 0.0 (>10)
Winter Nov 20–Feb 19 13.6 30.5 (0.8) 264 (1.0) 94.3 (0.8) 147 (0.5) 17.4 (0.6) 0.0 (>10)
Spring Feb 20–May 20 13.2 130 (0.7) 1070 (0.8) 492 (0.7) 372 (0.6) 42.5 (0.7) 0.6 (>10)
Summer May 21–Aug 19 13.8 198 (0.6) 1500 (0.8) 778 (0.7) 798 (0.6) 89.1 (0.6) 0.2 (1.4)
Fall Aug 20–Nov 19 13.7 117 (0.7) 963 (0.8) 390 (0.6) 567 (0.7) 62.6 (0.7) 0.0 (0.8)

OSP: 3800 m
Annual Jan 1–Dec 31 14.5 88.0 (0.6) 694 (0.7) 338 (0.6) 226 (0.7) 25.7 (0.7) 3.5 (1.6)
Winter Dec 6–Mar 6 15.6 39.1 (0.6) 347 (0.7) 125 (0.5) 89.0 (0.4) 10.4 (0.4) 1.9 (1.3)
Spring Mar 7–Jun 5 13.4 80.8 (0.6) 625 (0.7) 318 (0.7) 175 (0.7) 20.0 (0.6) 4.1 (2.1)
Summer Jun 6–Sep 4 15.2 131 (0.6) 1000 (0.8) 524 (0.6) 355 (0.8) 41.0 (0.8) 4.6 (1.7)
Fall Sep 5–Dec 5 13.9 101 (0.5) 801 (0.6) 383 (0.6) 283 (0.7) 31.2 (0.7) 3.5 (1.3)

AG: 3700 m
Annual Jan 1–Dec 31 1.7 85.6 524 301 228 26.1 16
Winter Dec 6–Mar 6 0.6 35.6 200 105 112 13.0 9.2
Spring Mar 7–Jun 5 1.8 87.3 480 345 181 20.9 17
Summer Jun 6–Sep 4 2.8 140 893 512 403 46.0 21
Fall Sep 5–Dec 5 1.6 61.3 405 174 174 19.8 13

Table 2
Annual and seasonal composition and molar ratios at OSP and station AG. See Table 1 for n and seasonal delineations. Weight ratios (WR) are from the fluxes of Table 1 and
average ratios (AR) are from Eq. (1). cv of AR, in parentheses, is not shown for station AG because of low n. %LM is from Eq. (2). %BSi, %CaCO3 and %POC at station AG are LM-free for
comparison to sediments at OSP.

%BSi %CaCO3 %POC %LM POC:PN BSi:CaCO3 BSi:POC CaCO3:POC

WR AR WR AR WR AR WR AR WR AR WR AR WR AR WR AR

OSP: 200 m
Annual 36 33 (0.5) 41 36 (0.4) 14 18 (0.6) 1.7 1.9 (>2) 13 13 (0.2) 1.3 1.8 (0.8) 0.47 0.51 (0.8) 0.36 0.37 (0.7)
Winter 34 30 (0.6) 32 28 (0.4) 18 24 (0.5) 4.2 1.9 (>2) 13 12 (0.3) 1.6 2.0 (0.8) 0.33 0.32 (0.8) 0.21 0.20 (0.8)
Spring 42 37 (0.4) 38 37 (0.4) 11 15 (0.7) 1.5 1.8 (>2) 12 12 (0.2) 1.6 1.9 (0.7) 0.69 0.69 (0.6) 0.42 0.51 (0.8)
Summer 32 34 (0.4) 44 39 (0.4) 14 16 (0.6) 1.4 1.1 (>2) 13 13 (0.2) 1.1 1.6 (0.7) 0.42 0.55 (0.7) 0.39 0.44 (0.7)
Fall 35 30 (0.6) 38 39 (0.4) 15 17 (0.5) 1.9 2.7 (>2) 13 13 (0.2) 1.4 1.6 (1.0) 0.41 0.46 (0.9) 0.30 0.33 (0.5)

OSP: 1000 m
Annual 53 51 (0.3) 37 36 (0.4) 4.8 5.9 (0.4) 0.0 0.2 (>10) 8.9 8.9 (0.1) 2.2 2.7 (0.6) 2.0 2.0 (0.5) 0.93 0.98 (0.5)
Winter 57 51 (0.3) 31 32 (0.4) 5.8 8.0 (0.6) 0.0 0.0 (>10) 8.5 8.6 (0.1) 2.8 3.1 (0.6) 1.8 1.7 (0.7) 0.64 0.63 (0.5)
Spring 54 53 (0.3) 38 36 (0.3) 3.4 4.5 (0.4) 0.5 1.8 (>10) 8.7 9.0 (0.2) 2.2 2.8 (0.6) 2.9 2.6 (0.5) 1.3 1.3 (0.6)
Summer 50 49 (0.3) 39 41 (0.3) 4.9 5.0 (0.3) 0.1 0.0 (>10) 9.0 9.0 (0.1) 1.9 2.2 (0.7) 1.9 2.0 (0.4) 0.98 1.2 (0.5)
Fall 54 50 (0.3) 33 37 (0.4) 5.8 6.1 (0.4) 0.0 0.0 (>10) 9.1 9.0 (0.1) 2.5 2.6 (0.7) 1.7 1.7 (0.5) 0.69 0.85 (0.6)

OSP: 3800 m
Annual 50 51 (0.2) 38 38 (0.3) 3.1 3.2 (0.4) 4.0 4.1 (>2) 8.8 8.8 (0.1) 2.1 2.5 (0.6) 3.1 3.5 (0.5) 1.5 1.7 (0.4)
Winter 57 55 (0.2) 32 33 (0.3) 2.7 3.2 (0.4) 4.9 3.9 (>2) 8.6 8.6 (0.1) 2.8 3.1 (0.6) 3.9 3.8 (0.5) 1.4 1.4 (0.3)
Spring 49 51 (0.2) 39 38 (0.3) 2.6 2.8 (0.3) 5.0 4.8 (>2) 8.7 8.7 (0.1) 2.0 2.4 (0.5) 3.6 3.7 (0.4) 1.8 1.8 (0.4)
Summer 49 47 (0.3) 40 42 (0.3) 3.3 3.3 (0.4) 3.5 3.8 (>2) 8.7 8.8 (0.2) 1.9 2.1 (0.7) 2.8 3.2 (0.4) 1.5 1.9 (0.5)
Fall 51 50 (0.2) 38 38 (0.3) 3.4 3.4 (0.5) 3.5 4.1 (1.6) 9.1 8.9 (0.1) 2.1 2.3 (0.5) 2.8 3.5 (0.5) 1.4 1.6 (0.4)

AG: 3700 m
Annual 48 49 43 42 3.9 4.3 18 22 8.7 8.6 1.7 1.9 2.3 2.4 1.3 1.3
Winter 48 49 40 40 5.1 5.1 26 25 8.7 8.7 1.9 1.9 1.8 1.8 0.93 0.93
Spring 44 44 49 47 3.1 3.7 19 23 8.7 8.6 1.4 1.6 2.7 2.4 1.9 1.7
Summer 48 48 43 42 4.0 4.5 15 17 8.8 8.6 1.7 1.9 2.2 2.4 1.3 1.3
Fall 54 53 36 37 4.3 4.2 21 22 8.8 8.4 2.3 2.3 2.3 2.8 1.0 1.2
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Consistent with POC attenuation, BSi:POC and CaCO3:POC both
increase with depth (Table 2 and Fig. 8). The ratios of Fig. 8 further
demonstrate the relative suppression of winter CaCO3 fluxes at all
depths, the high CaCO3 fluxes from April to June, the effect of
increasing POC fluxes in late summer and fall and the low BSi
fluxes at 200 m. BSi:CaCO3 is notably invariant from 1000 m to
3800 m. POC:PN is highest at 200 m (13) and decreases to 8.8–
8.9 at 1000 m and 3800 m.
4.2. Flux and composition at station AG

Lithogenic fluxes to the traps at station AG are estimated using
the weight ratios for 3800 m at OSP (Table 4). These fluxes are four
to five times higher than at the deepest trap at OSP. They are also
about four times higher than at bathypelagic traps in the central
Subarctic Pacific Ocean (49�N, 174�W) but comparable to litho-
genic fluxes to deep traps moored in the Aleutian Basin (53.5�N,



Table 3
Comparison of climatologies generated from time series of different lengths. The first row of each depth is for the climatology of all data available at that depth. Subsequent rows
are for climatologies of data collected simultaneously at the depths indicated in the second column. ‘‘200–1000 m’’ and ‘‘1000–3800 m’’ subsets are used for Fig. 5 and Fig. 10 and
Section 5.7. ‘‘200–1000–3800 m’’ subsets are used for Table 5. Net length is number of days of successful data collection. Central date is the temporal average for each time series.
Annual fluxes are calculated from Eq. (1).

Depth (m) Time series Net length (d) Central date Annual flux averages

Mass (mg m�2 d�1) BSi (lmol m�2 d�1) CaCO3 (lmol m�2 d�1) POC (lmol m�2 d�1)

200 All 200 m 3472 1999 May 30 111 586 451 1260
200 200–1000 m 3183 1999 Nov 25 102 543 422 1130
200 200–1000–3800 m 2452 1999 Sep 10 104 568 409 1190

1000 All 1000 m 4957 1997 Sep 14 119 948 438 471
1000 200–1000 m 3183 1999 Nov 25 117 940 442 430
1000 1000–3800 m 3448 1997 Jan 29 117 927 441 447
1000 200–1000–3800 m 2452 1999 Sep 10 118 979 428 445
3800 All 3800 m 5302 1993 Dec 23 88.0 694 338 226
3800 1000–3800 m 3448 1997 Jan 29 88.9 733 321 228
3800 200–1000–3800 m 2452 1999 Sep 10 90.0 794 304 213

Fig. 9. 91-day running average passed through climatological curves of sunshine and mass flux at 200 m, 1000 m and 3800 m.
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177�W) (Takahashi et al., 2000). After removing the lithogenic
component, the composition of sediment caught at station AG is
similar to sediment from the deep traps at OSP (Table 2). POC
fluxes are also similar at both stations (Table 1). Annual fluxes at
station AG, however, are �80% for BSi and �90% for CaCO3 of those
at 3800 m at OSP, with especially low fluxes in fall and winter. Dur-
ing the 2+ years of deployment at station AG, traps sampled
418 days of spring-summer but only 210 days of fall-winter, so un-
der-sampling may have biased low the estimates of annual flux.
5. Discussion

5.1. Characteristics of sediment flux and composition

The global average sediment-trap flux at 2 km depth is 112–
120 mmol m�2 y�1 for each of the biogenic components, BSi, CaCO3

and POC (Honjo et al., 2008). Assuming exponential flux decline
from 1000 m to 3800 m, OSP fluxes (Table 1) interpolated to
2 km are 310 mmol BSi m�2 y�1, 146 mmol CaCO3 m�2 y�1 and
132 mmol POC m�2 y�1. These fluxes are higher than the global
averages by factors of 2.7 for BSi, 1.3 for CaCO3 and 1.1 for POC.
Most often BSi or CaCO3 predominates the settling flux (Honda,
2003; Honjo et al., 2008), allowing the oceans to be classified into
siliceous basins, occurring at high latitudes, and calcareous basins,
usually found at mid and low latitudes. The ecology and geochem-
istry at OSP are thus unusual, since they occur in a siliceous basin
but where CaCO3 fluxes are higher than the global average. The
small lithogenic fluxes at OSP also are not usual, but they may
not extend throughout the Alaska Gyre since lithogenic fluxes were
high at station AG. In this section we consider further some of the
characteristics of sediment flux and composition at OSP.
5.1.1. POM:POC and BSi:Si weight ratios
The POM:POC weight ratio (Table 4) of sediment collected at

200 m (1.62) is lower than �1.87 characteristic of fresh plankton
(Anderson, 1995; Hedges et al., 2002) likely because of the pres-
ence of swimmer-associated lipids (POM:POC = 1.27–1.64 Laws,
1991). Higher POM:POC ratios (2.16–2.33) for sediments from
1000 m and 3800 m, in agreement with the ratio of 2.2 determined
by Klaas and Archer (2002), can be explained by preferential loss of
lipids from the sinking flux and by synthesis of compounds with
high POM:POC ratios. Organic compounds caught by shallow traps
(Lee et al., 2004; Wakeham et al., 1997) are similar to those of
overlying plankton but, at deep traps, lipids are preferentially lost



Fig. 10. Correlation coefficient of mass fluxes at 200 m and 1000 m, and at 1000 m
and 3800 m, as deep fluxes are shifted backwards by one bottle duration.

Table 4
Weight ratios (±standard error) from Eq. (3) fit to data from OSP bottles for which Al
was measured, excluding those that sampled an Al flux event beginning February
1990 (Section 3.4). Three outliers from 3800 m also have been removed. r2 > 0.99 and
F > 3000 for all regressions. Low LM:Al ratios at 200 m and 1000 m with high standard
error indicate LM fluxes are too low for detection with this model.

Depth
(m)

POM:POC BSi:Si LM:Al Intercept
(mg m�2 d�1)

n

200 1.62 ± 0.04 2.39 ± 0.03 3.65 ± 7.2 0.63 ± 1.02 52
1000 2.16 ± 0.10 2.35 ± 0.03 3.18 ± 9.8 �0.82 ± 0.58 96
3800 2.33 ± 0.13 2.28 ± 0.03 13.0 ± 4.7 �0.37 ± 0.81 83

Table 5
Flux-flux correlation coefficients (r) at each depth, for fluxes collected simultaneously
at all three depths (Table 3); n = 151.

Mass BSi CaCO3 POC

BSi
200 m 0.84
1000 m 0.90
3800 m 0.91

CaCO3
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while carbohydrates and amino acids with POM:POC typically >2
(Anderson, 1995; Laws, 1991) are preserved. Lee et al. (2004) also
suggest that at least some of the uncharacterized POM, comprising
P70% of total POM at deep traps, consists of transparent exopoly-
mers (Zhou et al., 1998), extracellular polymeric substances (Alli-
son and Sutherland, 1987) and structural macromolecules such
as peptidoglycan (Benner and Kaiser, 2003; Hedges et al., 2001).
Sugars and amino acids comprise the bulk of these molecular
groups, giving the uncharacterized fraction of marine POM a likely
POM:POC ratio >2.

The BSi:Si ratios of Table 4 are in close agreement with 2.4 for
BSi that is 10% water by weight as determined for sediments youn-
ger than 30 M y (Mortlock and Froelich, 1989). The small decrease
from 2.39 at 200 m to 2.28 at 3800 m is consistent with a preferen-
tial loss of water from the BSi matrix as it dissolves (Schmidt et al.,
2001).
200 m 0.95 0.67
1000 m 0.88 0.59
3800 m 0.85 0.55

POC
200 m 0.67 0.46 0.54
1000 m 0.81 0.75 0.63
3800 m 0.85 0.74 0.73

PN
200 m 0.83 0.63 0.70 0.93
1000 m 0.80 0.71 0.66 0.98
3800 m 0.87 0.78 0.73 0.97
5.1.2. C:N ratios
POC:PN (C:N) ratios of the sinking particles at OSP, as discussed

previously (Wong et al., 1999), reflect the variability normally seen
in oceanic plankton (Antia et al., 1963; Parsons et al., 1961; Red-
field et al., 1963), but decreases in C:N with depth (Table 2 and
Fig. 8) contradict the generalization that more rapid N recycling
should lead to increases (Toth and Lerman, 1977; Verity et al.,
2000). Average C:N (13) at 200 m is likely elevated by lipids carried
by copepod swimmers (Wakeham et al., 1993; Wong et al., 1999),
suggested also by the low POM:POC ratio at 200 m and by the
higher flux correlations at 200 m for PN than for POC (Table 5).
Grazing of trapped particles may have been minimized by the
use of NaN3 poison (Gardner, 2000), but small swimmers and body
parts including lipid sacks would have passed the 1000 lm screens
during sample preparation. Lipid accumulation within the grazer
community (Mackas et al., 1998) can explain the July peak in C:N
(Fig. 8) lagging maximum copepod biomass by about a month
(Fig. 2j). Fig. 2j implies mesozooplankton are absent in winter.
However, copepods are active year-round at OSP (Goldblatt et al.,
1999), possibly explaining why no 200–1000 m sample pair
showed increasing C:N with depth, even in winter (not shown).

The C:N ratio does not increase on going from 1000 m to
3800 m at OSP, again contrary to expectation. However, in the
South Atlantic Ocean, C:N decreases from the mesopelagic zone
into the bathypelagic zone (Table 3 of Schneider et al., 2003) and
below 3000 m the C:N ratio normally decreases with depth
(Fig. 5 of Schneider et al., 2003). POM solubilization after sediment
has been trapped (Antia, 2005) might affect these changes, as
might swimmer contamination by copepods that exceed 1000 m
during ontogenic migration (Kobari and Ikeda, 2001; Miller et al.,
1984). Sorption of ammonium and/or nitrogen-rich dissolved or-
ganic matter also may cause the decline in C:N with depth ob-
served globally below 3000 m, as proposed for deep-sea
sediments (Müller, 1977) and in experiments where C:N decreases
with increasing BSi and CaCO3 content for various sediment mix-
tures suspended in seawater (De La Rocha et al., 2008).
5.1.3. Compositional variability and flux-flux correlations
Compositional variability at OSP (Fig. 6 and cvs of Table 2) is

higher than for a similar trap time series in the subtropical Sar-
gasso Sea (Conte et al., 2001), where cvs for %POC are 0.53, 0.21
and 0.15 at 500 m, 1500 m and 3200 m, respectively, and for
%CaCO3 are 0.26, 0.12 and 0.08 at progressively deeper depths
(BSi composition not available at all depths). Compositional vari-
ability of POC and CaCO3 thus decreases threefold from shallow
to deep traps in the Sargasso Sea, whereas at OSP it decreases by
a factor of only �1.5 (Table 2). Conte et al. (2001) attribute most
of the depth-homogenization in the Sargasso Sea to an active
mesopelagic zooplankton community. Primary production mea-
sured by 14C uptake in both the Sargasso Sea and the Alaska Gyre
is similar (40 ± 15 mmol m�2 d�1 Harrison, 2002; Lohrenz et al.,
1992; Lomas et al., 2009), but bathypelagic fluxes at OSP are
2.5� higher for total mass and 1.6� higher for POC, indicating less
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active water-column recycling in the Alaska Gyre than in the Sar-
gasso Sea.

Despite high compositional variability at OSP, constituent fluxes
are well correlated (Table 5) because flux variability is much higher
(Fig. 11). Such low variability of POC content, compared to flux, led
to the proposal that POC flux is determined by its association with
dense minerals (Armstrong et al., 2002), with POC transfer effi-
ciency reasonably predicted by fluxes of CaCO3 without consider-
ation of BSi fluxes (François et al., 2002; Klaas and Archer, 2002).
Klaas and Archer (2002) attributed this to high CaCO3 density,
whereas François et al. (2002) attributed it to tight coupling be-
tween primary and secondary producers causing export largely
in the form of fecal pellets in low-latitude calcareous oceans, with
lower coupling in high-latitude siliceous oceans causing export in
the form of aggregates. They proposed the lower POC transfer effi-
ciencies to 2000 m for siliceous ecosystems thus is a packaging ef-
fect, since aggregates disintegrate and decompose more readily
than do fecal pellets. This latter interpretation is supported by
the flux comparisons between high-latitude OSP and low-latitude
Sargasso Sea. At OSP, POC fluxes at 1000 m are better correlated
with BSi fluxes than with CaCO3 fluxes, but convergence to
r = �0.7 for both associations at 3800 m (Table 5) suggests POC
passes through the bathypelagic zone more efficiently with CaCO3.
This may result from differential ballasting between minerals
Fig. 11. Content versus flux for BSi, CaCO3 and POC at each depth at OSP. ‘‘Summer’’ is fr
Section 3.2.
(Armstrong et al., 2002; Klaas and Archer, 2002), or from changes
in package integrity as the ecosystem shifts from siliceous to cal-
careous (De La Rocha et al., 2008; De La Rocha and Passow,
2007; François et al., 2002; Passow, 2004; Passow and De La Rocha,
2006).

5.1.4. Dilution of POC by BSi and CaCO3

POC content at OSP tends to be highest in winter when mass
flux is low (Fig. 6), except at the deepest trap where it is highest
in fall, possibly due to high winter secondary fluxes impoverished
in POC (Section 5.7.3). The high seasonality in fluxes of BSi and
CaCO3, compared to POC flux seasonality (Section 4.1), translates
into weak or negative correlations between %POC and POC flux
(Fig. 11) and between %POC and mass flux (Fig. 12). One possible
reason for these comparative seasonalities is that POC flux is sup-
pressed in summer because a higher proportion of POC production
is respired above 200 m. Another possibility is that bio-mineral
fluxes are suppressed in winter because the energy demands of
buoyancy (Richardson and Cullen, 1995; Smayda, 1970; Smetacek,
1985; Waite et al., 1992) when light and iron co-limit photosyn-
thesis (Maldonado et al., 1999) provide a measureable advantage
for the growth of un-armoured phytoplankton.

A positive correlation between %POC and mass accumulation
exists when a wide range of depositional regimes is compared
om mid spring to mid fall and ‘‘winter’’ is from mid fall to mid spring, as defined in
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(e.g., Müller and Suess, 1979), possibly because a component of or-
ganic matter escapes degradation when sedimentation rate is high
and because the correlation exists in sediment delivered to the sea-
floor (Emerson and Hedges, 1988). This latter explanation should
not be generalized to single oceanic locations, since a positive cor-
relation between %POC and the mass flux caught by traps does not
exist in the Sargasso Sea (Conte et al., 2001) or at OSP. Indeed,%POC
is inversely proportional to mineral flux when comparing deltaic
and non-deltaic continental-shelf sediments (Mayer, 1995) and,
in the Alaska Gyre, a sediment core collected by McDonald et al.
(1999) shows low %POC in some opal-rich facies deposited during
high-flux events.
5.2. Timing and mechanisms of BSi, CaCO3 and POC export

Export flux follows an annual cycle defined by sunshine (Fig. 9),
while surface chlorophyll concentration shows little seasonality
(Fig. 2h). Chlorophyll-normalized photosynthesis is proportional
to irradiance below light saturation (e.g., Cullen et al., 1993), so ex-
port flux tracks changes in the rate of primary production at OSP. In
the Northeast Atlantic Ocean, high fluxes to 3100-m traps lagged
spring peaks in primary production and chlorophyll biomass by
about a month (Newton et al., 1994), and in the Sargasso Sea
(Deuser et al., 1990) and at a station near the Canary Islands (Neuer
et al., 1997), the lag between peaks in satellite-derived chlorophyll
biomass and �3000-m flux was 1.5 months and one month,
respectively. These lags are remarkably similar to the 1.5 months
between irradiance and sinking flux at 3800 m at OSP, since the
physical conditions and plankton ecology in the Northeast Atlantic
Ocean (Savidge et al., 1995) and in the subtropical Atlantic Ocean
(Lohrenz et al., 1992) differ considerably from those in the HNLC
waters at OSP.
Fig. 12. %BSi, %CaCO3 and %POC versus total mass flux at each depth at O
Unlike fluxes of BSi and CaCO3, POC fluxes progressively in-
crease throughout summer, peaking in July–August (Fig. 7). A num-
ber of factors can contribute to the separation of bio-mineral and
POC fluxes, including microzooplankton grazing, mesozooplankton
mortality and molting, and POC accumulation in the mixed layer.
Microzooplankton are thought to maintain low chlorophyll bio-
mass by grazing new phytoplankton growth at OSP (Harrison,
2002; Landry et al., 1993; Miller et al., 1988; Strom and Welsch-
meyer, 1991; Welschmeyer et al., 1991; for opposing view see Riv-
kin et al., 1999). Microzooplankton grazing exports phytoplankton
shells stripped of organic matter, consistent with flux climatologies
of BSi and CaCO3 that track photosynthesis while POC is retained
and respired in the mixed layer. Grazing by mesozooplankton
copepods causes <10% of POC export at OSP (Thibault et al.,
1999), with trapped material containing few copepod fecal pellets
and undamaged diatom frustules (Takahashi, 1986; Takahashi,
1987c) as occurs from grazing by microzooplankton (Buck and
Newton, 1995; Jacobson and Anderson, 1986). Copepod death
and molting, however, contribute significantly to POC fluxes in
the subarctic North Pacific Ocean (Haake et al., 1993a; Kobari
et al., 2008), and may cause the high fluxes of large (>1000 lm)
particles in August–September at 200 m and at 1000 m, and in
fall-winter at the deepest trap (Fig. 13). Lastly, mixed-layer POC
concentrations at OSP at least double from spring into summer,
based on increases in C:chla ratios (Booth et al., 1993; Peña and
Varela, 2007) and invariant chla. These higher POC concentrations
must translate into increased POC export and/or recycling, since
phytoplankton with high growth rate constitute chlorophyll
biomass.

The drop in POC flux in late August and September (Fig. 5) is
notable because primary production is still high at this time of year
(Fig. 2i). High respiration rates (e.g., Laws et al., 2000; Sakshaug,
1993) by dinoflagellates, large diatoms and microheterotrophs,
SP. Caption of Fig. 11 explains ‘‘summer’’ and ‘‘winter’’ delineations.
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all common in the warm waters of late summer (Fig. 2d) (Booth
et al., 1993; Strom et al., 1993; Takahashi, 1986), may contribute
to these low POC fluxes.
5.3. BSi export in relation to Si(OH)4 climatology

Delayed diatom growth in spring has been inferred from declin-
ing mixed-layer concentrations of nitrate (NO�3 ) beginning in
�March followed two months later by declining concentrations
of silicic acid (Si(OH)4) (Fig. 2) (Harrison, 2002; Harrison et al.,
1999; Peña and Varela, 2007; Whitney and Freeland, 1999). This
inference is not supported by the flux climatologies of BSi, CaCO3

and POC, however, which all ramp-up at the onset of spring
(Fig. 5). Nor is there a scarcity of diatoms in surface waters of the
Alaska Gyre in late-winter and spring. Examples from OSP include
a sustained population of large diatoms observed in November–
February 1980–1981 (Clemons and Miller, 1984); a significant
population of Nitzschia cylindroformis extending from OSP to at
least 170 km to the west in May 1988 (Booth et al., 1993); high
mixed-layer abundance of large diatoms identified as Fragilariopsis
sp. and Chaetoceros sp. (and of the coccolithophorid Emiliania hux-
leyi) in February 1996 (Lam et al., 2006); and high diatom contribu-
tions to primary production in spring (Boyd and Harrison, 1999).

Weathership data collected �daily at OSP (Fig. 14) permit us to
examine spring nutrient decline. Within the tremendous inter-an-
nual variability in surface [NO�3 ] and [Si(OH)4] in late-winter and
spring, there is no evidence of NO�3 drawdown unaccompanied
by Si(OH)4 drawdown. Both nutrients declined during spring of
some years (e.g., 1972, 1973, 1974, 1979), whereas during spring
of other years (e.g., 1975, 1976, 1977, 1980) neither nutrient de-
Fig. 13. The proportion of the three size fractions to the total mass flux based on
trap fluxes collected from 1983 to 1989. The equivalent of 2.0 and 5.1 years of size-
fractioned data were collected and analyzed at 1000 m and 3800 m, respectively,
but at 200 m size fractionations were analyzed only for deployment PA15 (8 May
1989–29 September 1989).
clined. Additionally, [Si(OH)4] was prone to singular drops in
spring, likely the result of diatom growth. The reason for the con-
trast between ½NO�3 � and [Si(OH)4] spring climatologies (Fig. 2),
however, lies in the pronounced rebounds in [Si(OH)4] not matched
by ½NO�3 � (e.g., May–June 1972, March–April 1973, April-June 1976
and April–May 1980), leading at times to [Si(OH)4] exceeding pre-
spring values (Fig. 14). These events probably result from the steep
vertical [Si(OH)4] gradient at the base of the mixed layer (Fig. 15),
causing storm erosion of the pycnocline during spring when strat-
ification is weak (high surface density and deep MLD; Fig. 2e) to
mix more Si(OH)4 than NO�3 towards the surface. In contrast, the
prolonged Si(OH)4 depletions of �July–September (Fig. 14) (Wong
and Matear, 1999) are restricted to the period of minimum Si(OH)4

supply from mixing. Indeed, the May–August decline in surface
[Si(OH)4] (Fig. 2g) coincides much better with mixed-layer shoal-
ing (Fig. 2e) than with diatom growth occurring �one month prior
to BSi export (Fig. 5), suggesting that only during the short period
when the mixed layer is most stratified can it be assumed mixing
does not play a significant role in surface Si(OH)4 mass balance.

5.4. Flux stability index

A seasonality index based on the number of months required for
1/2 of annual production to occur (production half-time), was pro-
posed as a means to account for high export efficiency (export flux
/ primary production) when primary production is episodic (Berger
and Wefer, 1990). The concept of production half-time was later
used to define the flux stability index (FSI) as the time required
for half of annual sediment-trap fluxes to accumulate (Antia
et al., 2001; Lampitt and Antia, 1997). To avoid the problems of
generating annual FSI values from multi-year time series with
gaps, we have calculated one FSI value for each depth at OSP:
FSI = (time required for 1/2 the flux to accumulate)/(length of time
series). Accordingly, FSI (t/t) equals 0.5 for constant flux and de-
creases as fluxes become more episodic. At OSP, 200-m fluxes of
BSi and CaCO3 are the most episodic (FSI � 0.16), with fluxes of
POC (FSI � 0.19) and total mass (FSI � 0.20) slightly less episodic
(Fig. 16). This ordering may result from the fluxes of each plankton
species having a unique phase, with fewer species contributing to
fluxes of BSi and CaCO3 than to fluxes of total mass and POC.

FSI of total mass, BSi and CaCO3 increases with depth at OSP
(Fig. 16), consistent with the global trend for FSImass (Lampitt and
Antia, 1997), but FSIPOC slightly decreases from 1000 m to
3800 m and globally there is no clear trend with depth in FSIPOC

(Lampitt and Antia, 1997). Increases with depth in FSImass have
been attributed to the larger catchment area of deep traps (Lampitt
and Antia, 1997). Interactions between particles of varying settling
rates will also increase FSI with depth, and heterotrophic commu-
nities can modify FSI by delaying or hastening material transport.
In contrast, Greater degradation of POC during periods of low flux
at OSP (Haake et al., 1993a) will tend to decrease FSIPOC at depth by
amplifying the difference between high and low flux events. Com-
bined with the factors that increase FSImass at depth, this degrada-
tion effect might explain the small and irregular depth variability
in FSIPOC observed at OSP and globally.

An increase in FSImass of 9.8/182.5 (d/d) per km depth is esti-
mated for the global data set of Lampitt and Antia (1997). At
OSP, however, FSImass increases by only 0.68/182.5 and 1.6/182.5
per km at the shallow and deep depth intervals, respectively,
reflective of the compositional heterogeneity that is maintained
as particles sink at OSP but not in the subtropical North Atlantic
Ocean (Section 5.1.3). Lampitt and Antia (1997) also estimated
FSImass of 0.14, 0.25 and 0.26 for three one-year intervals of the
3800-m time series from OSP, which on average agrees with the
long-term FSImass at 3800 m of 0.23, but indicates considerable
interannual variability in the episodicity of bathypelagic fluxes at



Fig. 14. NO�3 and Si(OH)4 concentrations at 5 m during weathership occupation at OSP. The entire time series (1970–1981) is presented by Wong and Matear (1999) who
discuss summer Si(OH)4 depletions of 1972, 1976 and 1979. Data collected prior to 1972 are noisy and not included here. Grey vertical lines highlight the months when
climatological curves (Fig. 2f and g) show declines in NO�3 but not in Si(OH)4.

Fig. 15. Vertical profiles of nutrient concentration, the NO3:Si(OH)4 molar ratio and density (rh), 17 May 1990 at OSP.
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OSP. According to Berger and Wefer’s (1990) categorizations, the
total flux at OSP is ‘‘pulsed’’ at 200 m and ‘‘strongly seasonal’’ at
3800 m.

5.5. POC export efficiency

POC export efficiency, or the e-ratio (Downs, 1989), again is de-
fined as (POC export flux)/(primary production). Comparing
yearly-averaged primary production of �40 mmol C m�2 d�1 (Har-
rison, 2002) to annual POC flux (Table 1), export efficiency at OSP is
3.1%, 1.2% and 0.57% at 200 m, 1000 m and 3800 m, respectively. At
steady state, the f-ratio (new nutrient assimilation / total nutrient
assimilation) is identical to the e-ratio determined at the base of
the euphotic zone (e.g., Laws et al., 2000). Measures of the f-ratio
at OSP range from �27% (Varela and Harrison, 1999) to �36%
(Wheeler and Kokkinakis, 1990). Export efficiency of 3.1% at
200 m thus appears very low. However, at least half of sinking
POC is expected to decay between the base of the euphotic zone
and 200 m (Bishop, 1989; Primeau, 2006; Timothy, 2004) and
DOC production equivalent to �25–50% of primary production at
OSP (Bishop et al., 1999) may be an important component of export
that escapes sediment traps. Trapping efficiency (Buesseler et al.,
2007), solubilisation within traps (Antia, 2005) and swimmers (Mi-
chaels et al., 1990) present other uncertainties especially in the
epipelagic zone. Results from the deeper traps, less prone to these
biases, are consistent with the relationship between FSImass and ex-



Fig. 16. Flux stability index (FSI) of constituent and total fluxes at OSP.
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port efficiency of Lampitt and Antia (1997), which predicts an ex-
port efficiency at 2000 m of 1.2% using FSImass measured at 1000 m
or 3800 m at OSP.

5.6. Net production

5.6.1. Organic carbon
Net community production of organic carbon (NCPOC) repre-

sents the upper limit of the biological pump of CO2 into the deep
ocean. NCPOC, new production and export production should be
equivalent at steady state (Platt et al., 1989), so POC fluxes at
200 m are at least a factor of two lower than expected based on
the above comparison of the e-ratio and the f-ratio. Nevertheless,
the climatology of POC flux generates a valuable description of
the seasonality of NCPOC, provided there is little distortion of the
seasonal cycle of POC flux caused by trap biases. In this section,
we estimate annual NCPOC at OSP by normalizing the climatologi-
cal curve of POC flux to a seasonal measure of NCPOC.

Emerson and Stump (2010) estimate NCPOC from O2 accumula-
tion in the mixed layer at OSP from June 2007 to February 2008.
They obtain an O2 accumulation rate of 0.022–0.027 mol m�2 d�1

for calendar days 170 to 290 (mid June to mid October), with O2

accumulation undetectable after October. Assuming O2 production
over 150 d (Emerson, 1987) of 0.024 mol m�2 d�1 and an O2:OC
production ratio of 1.45, they estimate NCPOC is 2.5 mol m�2 y�1

at OSP.
Fluxes at 200 m and 1000 m are similarly related to surface pro-

duction at OSP, with a one-month delay between primary produc-
tion and trap flux at both depths (Section 3.2). The measures of O2

accumulation over calendar days 170–290 (Emerson and Stump,
2010) are therefore equivalent to trap fluxes over days 200–320.
POC fluxes over days 200–320 constitute 42% of annual POC flux
at 200 m and 50% of annual POC flux at 1000 m. Assuming
0.022–0.027 mol O2 m�2 d�1 accumulating over 120 days repre-
sents 42–50% of NCPOC and using an O2:OC production ratio of
1.45, we estimate NCPOC is 3.6–5.3 mol m�2 y�1 at OSP. This esti-
mate is about double those based on nutrient and gas tracers with-
in the mixed layer (Emerson and Stump, 2010; Goes et al., 2001;
Wong et al., 2002) and based on 234Th mass balance at OSP (Cha-
rette and Moran, 1999), probably because the tracer estimates
are forced to assign NCPOC = 0 to much of the year surrounding
winter when surface signals of biological activity do not accumu-
late. This lack of accumulation must be due to strong mixing
(e.g., Large et al., 1986), because winter rates of primary production
are high at OSP, equivalent to about 50% of rates in spring and sum-
mer (Harrison et al., 2004), and there is no evidence the f-ratio is
low in winter (Varela and Harrison, 1999). Our estimate, however,
does match others not affected by mixing. It matches estimates of
new production (3.2–6.5 mol OC m�2 y�1) based on bottle mea-
surements of primary production (12–18 mol OCm�2 y�1; Harri-
son, 2002) and f-ratios of 0.27–0.36 (Varela and Harrison, 1999;
Wheeler and Kokkinakis, 1990), and it matches export production
at OSP (4.2 mol OC m�2 y�1) determined from global modeling of
ocean chemistry (Schlitzer, 2004). It also agrees with the estimate
of NCPOC (�4.4 mol m�2 y�1) based on organic carbon reminerali-
zation between 200 m and 900 m in the subarctic Pacific Ocean
(2.0 mol m�2 y�1; Feely et al., 2004b), assuming 1/2 of OC export
degrades above 200 m (e.g., Primeau, 2006) and a small POC flux
of �0.2 mol m�2 y�1 (as at 1000 m at OSP; Table 1) remains at
900 m. These comparisons show that tracer measures of NCPOC

may be accurate when mixing is low, but a realistic model of sea-
sonality such as trap fluxes of POC must be used when translating
to annual NCPOC.
5.6.2. CaCO3

Sediment-trap records can also constrain net community pro-
duction of CaCO3 (NCPIC), a fundamental baseline measurement
as calcifying plankton respond to future ocean acidification (Feely
et al., 2004a). Previous estimates of CaCO3 production range over
an order of magnitude at OSP, from 0.12–0.20 mol m�2 y�1 based
on plankton growth rates (Fabry, 1989) to 1.5 mol m�2 y�1 from
bottle measures of CaCO3 production (Lipsen et al., 2007). These
estimates do not distinguish between CaCO3 production before
and after biologically-mediated dissolution in the euphotic zone,
which can be significant (Antia et al., 2008; Bishop and Wood,
2008; Feely et al., 2002; Milliman et al., 1999). Following others,
we estimate NCPIC as the product of NCPOC and the CaCO3:OC pro-
duction ratio. This ratio determines ocean–atmosphere CO2 flux
(Archer et al., 2000; Broecker and Peng, 1982), but it, too, is poorly
constrained in the region of OSP, with estimates ranging from
0.05–0.1 based on global modeling (Jin et al., 2006; Sarmiento
et al., 2002) to 0.5 from measures of fCO2 and pH during sum-
mer-fall 2007 (Emerson et al., 2011). The long-term CaCO3:POC
flux ratio to traps at 200 m, 0.37 (Table 2), sets the upper limit of
the CaCO3:OC production ratio, since more rapid POC remineraliza-
tion increases the ratio at depth (our Table 2; Feely et al., 2004b).
Fluxes to surface-tethered traps at 200 m at OSP are 32% and 65%
for POC and CaCO3, respectively, of the fluxes at 50 m (Wong
et al., 1999), giving a CaCO3:POC flux ratio of 0.18 at 50 m. The
CaCO3:OC production ratio may be lower, since loss of POC is great-
er than loss of CaCO3 during storage in trap bottles (Antia, 2005),
and OC production exported as DOC also reduces the ratio.

The trap records setting an upper CaCO3:OC production ratio of
0.18, along with our estimate for NCPOC (3.6–5.3 mol m�2 y�1),
gives 0.65–0.95 mol m�2 y�1 as an upper estimate for NCPIC at
OSP. NCPIC should equal the sum of CaCO3 dissolution in the water
column and deep CaCO3 flux. CaCO3 dissolution is estimated to be
0.62 ± 50% mol m�2 y�1 between 200 m and 1500 m in the Pacific
Ocean north of 40�N (Berelson et al., 2007) and 0.051 lmol kg�1 -
y�1 below 1500 m (0.12 mol m�2 y�1 between 1500 m and
3800 m) in the Pacific Ocean (Feely et al., 2002), and CaCO3 flux
at 3800 m is 0.12 mol m�2 y�1 at OSP (Table 1). The required CaCO3

flux at 200 m of 0.43–1.2 mol m�2 y�1 (the lower bound excludes
dissolution attributed to waters below 1500 m since this dissolu-
tion might occur at boundary sediments (Berelson et al., 2007))
must be augmented by the amount of dissolution that occurs be-
tween the base of the euphotic zone and 200 m. Assigning to dis-
solution the 35% loss of sinking CaCO3 from 50 m to 200 m
measured by surface-tethered traps (Wong et al., 1999), the CaCO3

flux at 50 m required to balance dissolution and abyssal flux, 0.67–
1.8 mol m�2 y�1, overlaps with our estimate of NCPIC.
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The CaCO3:POC flux ratio of 0.18 at 50 m is virtually identical to
the CaCO3:POC production ratio of 0.17 estimated from bottle incu-
bations performed over three years at OSP (Lipsen et al., 2007).
About 70% of CaCO3 production determined from incubations,
therefore, must dissolve in the euphotic zone to match the POC
recycling described by the f-ratio at OSP. High rates of surface
CaCO3 dissolution were observed in a mesocosm experiment
where 27–70% of the CaCO3 stock dissolved daily in the acidic
digestive vacuoles of microzooplankton (Antia et al., 2008). Antia
et al. (2008) also show that microzooplankton grazing, prominent
at OSP (Section 5.2), dissolves more CaCO3 than mesozooplankton
grazing. Below the euphotic zone, less acidic microenvironments
caused by a shift towards bacterially mediated and/or slower
POC decay would result in less CaCO3 dissolution relative to POC
decay, as indicated by increasing CaCO3:POC flux ratios at depth
observed at OSP and elsewhere.

5.7. Flux changes with depth

Deployment of shallow and deep sediment traps has led to a
better understanding of water-column remineralization (Betzer
et al., 1984; Bishop, 1989; Martin et al., 1987; Primeau, 2006;
Suess, 1980; Timothy, 2004) and has provided the material to
study particle sources, biochemical transformations and interac-
tions between particle size classes (Bacon et al., 1985; Buesseler
et al., 1990; Clegg et al., 1991; Haake et al., 1993a; Lee et al.,
2004; Murnane, 1994; Murnane et al., 1990). Here, we assess mod-
ifications of sinking particles by comparing flux climatologies at
two depths created from time series collected simultaneously (Ta-
ble 3). First, however, we consider whether a one-dimensional
(vertical) view of particle flux and transformation is appropriate
at OSP by assessing the significance of horizontal gradients in ex-
port flux, and of local resuspension.

5.7.1. Horizontal transport and resuspension
Sinking particles transported horizontally between regions of

different export production can affect flux changes with depth
for a vertical array of traps (e.g., Siegel et al., 2008; Waniek et al.,
2000). For horizontal transport to produce long-term biases, export
flux from the area sampled by shallow traps must be persistently
different than export flux from the area sampled by deep traps.
How big an area might this represent? We estimate mean mesope-
lagic current speeds of �1 cm s�1 in the region of OSP, from bulk
transport between 200 m and 1000 m (Table 2 of Tabata, 1991)
for flow from the west–southwest (Bograd et al., 1999). Assuming
sinking rates of 100–350 m d�1 (Section 3.3) and bathypelagic cur-
rents 61 cm s�1, we derive a horizontal transport distance of 69–
30 km for particles sinking from 200 m to 3800 m. This result is
consistent with modeling of particle trajectories to traps at
4000 m near Hawaii, where mean displacement distances
654 km were found for particles with sr P 50 m d�1 (Siegel et al.,
2008). Considering mean currents and eddy diffusion, Siegel et al.
(2008) further estimated that the 95% surface containment radius
(the statistical funnel) for a trap at 4000 m was �350 km for mate-
rial sinking at 50 m d�1. At OSP, an area of this magnitude may be
considered biogeochemically uniform, based on sea level data
(Cummins and Lagerloef, 2004), satellite imagery (Wang and Shao,
2008) and decades of sampling (e.g., Booth et al., 1993; Clemons
and Miller, 1984; Harrison et al., 2004). Thus, we assume that
the climatological trends in flux with depth reflect one dimen-
sional processes at OSP.

Resuspended sediments do not appear to reach the bathype-
lagic traps at OSP, further supporting a one-dimensional view with
particles sinking from above. Within the bottom nepheloid layer
reaching 500 mab in several ocean basins, trap fluxes increase
exponentially and become more enriched in lithogenic material
(LM) as the seabed is approached (Dymond, 1984; Gardner and
Richardson, 1992; Honjo et al., 1982; Walsh et al., 1988). At OSP,
annually-averaged fluxes decrease from 1000 m to 3800 m (400
mab), but winter fluxes of BSi and CaCO3 increase to the deepest
trap (F3800m/F1000m � 1.3; Table 1). Nevertheless, LM content and
its seasonality are low at 3800 m (Fig. 7) indicating resuspension
to 3800 m is minor year-round. %LM was high for sediment caught
at Station AG (Table 2) where the traps were closer to the bottom
than at OSP, but even these traps were probably not in the bottom
nepheloid layer. Average LM fluxes were 17 mg m�2 d�1 during
deployments AG1, AG2 and AG3 (25, 16 and 9.5 mg m�2 d�1,
respectively) when traps were at 3700 m (200 mab), and during
AG4 were 18 mg m�2 d�1 when the trap was at 3500 m (400
mab). The similarity in LM flux at the two depths does not support
local resuspension as the source of the lithogenic debris at Station
AG. Rather, the source may be a chain of seamounts to the north,
Surveyor Seamount being the closest (120 km from station AG)
and rising to within 340 m of the surface.

5.7.2. Mesopelagic zone
Decreases in POC flux from 200 m to 1000 m (Fig. 17a) agree

with empirical models of POC decay (e.g., Primeau, 2006), but the
record from OSP is prone to the sediment-trap artifacts discussed
in Section 5.5. Actual POM fluxes, especially at 200 m, are probably
higher than measured by the traps, such that the true POM flux de-
cline with depth is likely steeper than shown here.

A puzzling feature of Fig. 17a is that BSi fluxes increase by a fac-
tor of 1.6 from 200 m to 1000 m, whereas CaCO3 fluxes remain un-
changed and POM fluxes decrease. Radiolarians cannot explain the
increase given that they constitute only �10% of the total BSi flux
at 1000 m at OSP (Takahashi, 1987a), with much of this in the
>1 mm size fraction removed from the data presented here. Signif-
icant BSi excretion below 200 m by migrating zooplankton feeding
near the surface is also implausible; this vector accounts for an
average of only 3% of POC transport past 150 m in the Sargasso
Sea (Schnetzer and Steinberg, 2002). Nor can high BSi dissolution
in the trap bottles explain the low fluxes at 200 m, since bottle con-
centrations of BSi (�10–100 mM) were much higher than the sat-
uration concentration of Si(OH)4 (�1 mM), resulting in <5%
dissolution of trapped BSi at all depths (Timothy and Macdonald,
submitted).

Trapping efficiency (TE) might explain the apparent increases in
BSi fluxes to 1000 m. For example, if TE200m were 60.6 TE1000m for
all constituents, while water-column dissolution removed much
more CaCO3 than BSi from the sinking flux, CaCO3 fluxes might ap-
pear constant with depth while BSi fluxes appear to increase. An
experiment in the subarctic northwest Pacific Ocean (Bishop and
Wood, 2008) found 92% of net CaCO3 production dissolved above
500 m compared to only 65% of net BSi production. Much of the
dissolution occurred above 200 m, however, so it remains uncer-
tain whether differential dissolution and TE variability can account
for our observations. Another explanation is that BSi fluxes at
200 m are low due to preferential removal of BSi from loosely con-
solidated aggregates entrained into the traps. Particle sorting at the
mouth of sediment traps has long been speculated (Blomqvist and
Kofoed, 1981; Buesseler et al., 2000; Butman et al., 1986; Gardner,
1980a,b; Gust et al., 1996; Gust and Kozerski, 2000; Hawley, 1988;
Stanley et al., 2004), but sorting is difficult to show conclusively
(Buesseler et al., 2007). Nevertheless, sorting is likely the reason
for compositional differences between sediments caught by traps
with different hydrodynamic properties (Stanley et al., 2004) and
is the most straightforward explanation for why BSi fluxes were
relatively low at 200 m at OSP. The mechanism could involve dia-
toms sinking slowly to 200 m, then accelerating below 200 m as
they lose buoyancy through senescence (Waite and Nodder,
2001; Waite et al., 1992) and as transparent exopolymers associ-



Fig. 17. Ratios of climatological fluxes for the depth intervals (a) 200–1000 m and (b) 1000–3800 m, with the latter forming the basis of the model of Section 5.7.3.
Climatologies are from fluxes collected simultaneously at two depths (Table 3). A 16-d shift of the 3800-m fluxes accounts for settling and a 31-d running average is passed
through all curves. Note scale change for mesopelagic ratios >1.
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ated with diatom aggregates are lost (Engel and Schartau, 1999).
Vertically migrating mats of Rhizosolenia spp. and other diatoms,
which thrive under calm conditions in N-limited gyres (Moore
and Villareal, 1996), probably do not play a role since the low BSi
fluxes at 200 m occur year-round (Fig. 17a) despite winter turbu-
lence. It is unclear whether these mats would occur in iron limited
HNLC waters (McKay et al., 2000), but to our knowledge they have
not been observed at OSP.
5.7.3. A model of particle transformation in the bathypelagic zone
The bathypelagic flux ratios (Fig. 17b) show some remarkable

features when compared to the flux ratios of the mesopelagic zone.
Attenuation of POM fluxes is similar in the two zones, but the pat-
terns of BSi and CaCO3 flux ratios are considerably different be-
tween zones. Bathypelagic flux ratios of BSi and CaCO3 are low in
spring, increase in summer and are maximum in winter. The spring
convergence of BSi and CaCO3 flux ratios with POM flux ratios is
striking, as is the growing divergence of BSi and CaCO3 flux ratios
away from POM flux ratios after April. Also curious is that the pat-
terns of BSi and CaCO3 flux ratios track each other throughout the
year. Dissolution kinetics in the deep North Pacific Ocean are com-
parable for both minerals (Fiadeiro, 1980), but this alone cannot
explain why fluxes of BSi and CaCO3 decrease and increase with
depth in a like manner. In the following discussion, we assume
the climatological bathypelagic flux ratios are not affected by per-
sistent horizontal gradients in export flux or by local resuspension.
As a caveat, however, the bathypelagic flux ratios would be af-
fected by changes in TE with depth. TE for bottom-tethered traps
positioned P3000 m is �1 ± 0.5 and decreases as water depth de-
creases at an average rate of 0.16 km�1 at five locations where
traps were moored at �1000 m and P3000 m (Figure 5.5 of Buess-
eler et al. (2007)), giving TE1000m = 0.55 TE3800m.

Examination of Fig. 17b has led us to a model that incorporates
a primary flux of particles passing quickly from 1000 m to 3800 m,
and a secondary flux of particles at 3800 m supported by processes
within the bathypelagic zone. The presence of a secondary flux
builds upon the idea (e.g., Conte et al., 2001) that this component
causes increases in flux with depth during low flux periods. We
see the need to incorporate four processes to explain Fig. 17b:
(1) disaggregative loss of particles from the primary flux; (2)
remineralization loss of POM from the primary flux; (3) remineral-
ization loss of POM, BSi and CaCO3 from particles disaggregated
from the primary flux; and (4) supply of secondary fluxes at
3800 m originating from within the bathypelagic zone. We do
not prescribe a source or composition to the secondary flux. Rather,
these are examined using model results describing secondary
fluxes (as per Timothy, 2004; Timothy and Pond, 1997). Aggrega-
tion and disaggregation, both critical to sinking, are commonly
parameterized in models of particle cycling (e.g., Bacon et al.,
1985; Clegg and Whitfield, 1990; Murnane, 1994; Murnane et al.,
1990). While our model quantifies disaggregation, it does not solve
for aggregation. Nevertheless, the importance of aggregation is as-
sessed from model results.

The total flux at 3800 m is the sum of primary and secondary
fluxes.

F3800m ¼ ðF1000m � DF � RPFÞ þ SF ð4Þ



114 D.A. Timothy et al. / Progress in Oceanography 116 (2013) 95–129
Here, F3800m and F1000m are fluxes at these depths, DF is disaggrega-
tion of the sinking flux between 1000 m and 3800 m, RPF is remin-
eralization within the primary flux as it passes from 1000 m to
3800 m and SF is the secondary flux at 3800 m. The terms in paren-
theses comprise the primary flux passing quickly from 1000 m to
3800 m. Normalizing to F1000m translates Eq. (4) into a form that
can be related to Fig. 17b.

F3800m=F1000m ¼ ð1� DFratio � RPFratioÞ þ SFratio ð5Þ

The subscript ‘‘ratio’’ indicates normalization to F1000m.
Of the four processes outlined above, only remineralization be-

tween 1000 m and 3800 m of particles disaggregated from the pri-
mary flux (RDFratio) is not considered in Eq. (5). For one-
dimensional conditions based on long-term (i.e., steady-state) cli-
matology, the fate of disaggregated particles is either remineraliza-
tion within the bathypelagic zone or sinking to 3800 m. RDFratio can
thus be quantified as the difference between total remineralization
(1 � F3800m/F1000m) and remineralization within the primary flux.
As such, it accounts for all remineralization in the broad spectrum
of particles with sinking rate less than that of the primary flux.

RDFratio ¼ ð1� F3800m=F1000mÞ � RPFratio ð6Þ

To solve the model, DFratio and RPFratio in Eq. (5) are estimated from
Fig. 17b and from trap data collected mid-April to mid-May. SFratio

and RDFratio are then calculated from Eqs. (5) and (6).
We assume disaggregation occurs non-selectively such that the

primary flux maintains its bulk composition as it attenuates from
disaggregation. Disaggregation is the precursor to most POM de-
cay, since POM consumption occurs largely within the suspended
pool (Cho and Azam, 1988; Nagata et al., 2000; Taylor and Karl,
1991). Diatom frustules and radiolarian shells appear unchanged
between 1000 m and 3800 m at OSP (Takahashi, 1986; Takahashi,
1987a), so as a first approximation we assume disaggregation also
precedes BSi dissolution (RPFratio = 0 for BSi). F3800m/F1000m for BSi
shows pronounced seasonality and is lowest at the end of April
(Fig. 17b), indicating DFratio most exceeds SFratio (Eq. (5)) at this
time of year. Assuming for BSi that SFratio = RPFratio = 0, rearranging
Eq. (5) gives (1 � BSi3800m/BSi1000m) in late April as a best estimate
Table 6
In the mesopelagic zone: weighted flux ratios from 200 m to 1000 m and POM reminerali
parameterization, and remineralization. Bathypelagic values are for TE1000m = TE3800m = 1

BSi

Mesopelagic measured ratios
Annual average F1000m/F200m

a 1.7

Mesopelagic remineralization (lmol m�3 y�1)
Total remin. from 200 m to 1000 mb –

Bathypelagic measured ratios
F3800m/F1000m annual averagec 0.79 (0.43)
F3800m/F1000m in late-Aprild 0.45 (0.25)

Bathypelagic model parameterization
Disaggregation of primary flux (DFratio) 0.55 (0.75)
Remin. from primary flux (RPFratio) 0 (0)
Remin. from disaggregated flux (RDFratio) 0.21 (0.57)
Secondary flux at 3800 m (SFratio) 0.34 (0.19)

Bathypelagic remineralization (lmol m�3 y�1)
Remin. from primary flux (RPF)e 0 (0)
Remin. from disaggregated flux (RDF)f 26 (127)
Total remin. from 1000 m to 3800 m 26 (127)

a From deployments collecting simultaneously at 200–1000 m (Table 3).
b Calculated as the product of F1000m/F200m (a) and all fluxes collected at 200 m (Table
c From deployments collecting simultaneously at 1000 m and 3800 m (Table 3).
d See text for late-April ratios; standard error is 15–20% of the ratios presented.
e Calculated as the product of RPFratio (this table) and all fluxes collected at 1000 m (T
f Calculated as the product of RDFratio (this table) and all fluxes collected at 1000 m (
of DFratio at any point of the year. There are 13 bottle pairs from
1000 m and 3800 m (applying a one-bottle shift to account for
sinking time from 1000 m to 3800 m) for which >50% of collection
occurred within the period mid-April to mid-May. For four of these
pairs, BSi3800m/BSi1000m > 1 and the mass flux at 1000 m was low
(<50 mg m�2 d�1) indicating collection occurred during winter-like
conditions when SFratio was high. We use the average BSi3800m/
BSi1000m ratio for the remaining nine pairs, 0.45 ± 0.067, to repre-
sent flux conditions when DFratio most exceeds SFratio. The resulting
DFratio of 0.55 (Table 6) is used for the entire year. This estimate is
high by the amount BSi dissolves from the primary flux and low by
the amount SFratio – 0 for BSi in late April. Below we estimate these
errors are largely offsetting.

The use of a truly conservative tracer to define DFratio might al-
low the model to separate RPF from RDF for all biogenic compo-
nents. Because BSi fluxes are used to set DFratio, however, and
because F3800m/F1000m in late April is similar for CaCO3 and BSi
(Fig. 17b), the model necessarily sets RPF of these bio-minerals to
zero, with all BSi and CaCO3 dissolution assigned to the disaggre-
gated flux. But the low POM flux ratios, even in April, indicate a loss
of sinking POM in excess of disaggregation, which we assign to
remineralization within the primary flux (RPOMPF). After applying
three model assumptions (DFratio is the same for POM and BSi;
RPFratio = 0 for BSi; SFratio = 0 in late April), subtraction of Eq. (5)
for BSi from Eq. (5) for POM gives:

RPOMPFratio ¼ ðBSi3800m=BSi1000mÞApril

� ðPOM3800m=POM1000mÞApril ð7Þ

This estimate of RPOMPFratio is a minimum, since it represents POM
loss from the primary flux in excess of BSi loss from the primary
flux. The nine bottle pairs used to estimate (BSi3800m/BSi1000m)April

are also used for estimates of (POM3800m/POM1000m)April (Table 6).
As with disaggregation, there is no direct way to determine the sea-
sonality of RPOMPFratio, so we use the late-April estimate for the en-
tire year.

Table 6 provides annual, flux-weighted estimates for the four
terms of the model based on the shortened time series where
zation. In the bathypelagic zone: weighted flux ratios from 1000 m to 3800 m, model
and, in parentheses, for TE3800m = 1 and TE1000m = 0.55.

CaCO3 POC PN

1.0 0.38 0.52

– 357 21

0.73 (0.40) 0.51 (0.28) 0.53 (0.29)
0.46 (0.25) 0.36 (0.20) 0.38 (0.21)

0.55 (0.75) 0.55 (0.75) 0.55 (0.75)
0 (0) 0.09 (0.05) 0.07 (0.04)
0.27 (0.60) 0.40 (0.67) 0.40 (0.67)
0.28 (0.15) 0.15 (0.08) 0.15 (0.08)

0 (0) 5.5 (5.5) 0.48 (0.48)
15 (62) 25 (75) 2.8 (8.4)
15 (62) 30 (80) 3.2 (8.9)

1).

able 1).
Table 1).



Fig. 18. Primary and secondary fluxes at 3800 m, with tabulation of their average composition.
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fluxes at 1000 m and 3800 m were collected simultaneously (net
length = 3448 d; Table 3) and on the nine bottle pairs representing
conditions from mid-April to mid-May. The seasonality and aver-
age composition of primary and secondary fluxes are given in
Fig. 18. Results of Table 6 assume TE3800m = 1 and that TE1000m

ranges from 0.55 to 1, based on the above discussion of depth-
changes in TE in the bathypelagic zone. If TE1000m is constant
throughout the year, it can be shown through Eq. (4) that the mag-
nitude and composition of primary and secondary fluxes (i.e.,
Fig. 18) are not affected by uncertainty in TE1000m.

Secondary fluxes are a large portion of the total flux at 3800 m,
annually contributing 42% to the mass flux, 43% to BSi fluxes, 38%
to CaCO3 fluxes, 26% to POC fluxes, and 86% to LM fluxes. Secondary
fluxes are thus depleted of POM and enriched in LM relative to the
total flux at 3800 m. The BSi:CaCO3 molar ratio of 2.6 for the sec-
ondary flux is slightly higher than that of bulk trap material, 2.1
at 1000 m and 2.3 at 3800 m for the shortened climatologies used
here. Thus, a key result of the model is that the secondary flux ap-
pears to derive from the primary flux, since its composition does
not resemble suspended material. For example, BSi:CaCO3 of the
secondary flux is much lower than 7, the BSi:CaCO3 ratio of the
<51 lm particle size class collected by in situ filtration at �800 m
in the subarctic Northwest Pacific Ocean (Bishop and Wood,
2008) where BSi:CaCO3 of sediment caught by bathypelagic traps
is �3.7 (Honda et al., 2002). (We have taken particulate Si concen-
trations presented as lM in Table 2 of Bishop and Wood (2008) to
be nM as indicated by their Fig. 15 and in their text.)

Another key result is that secondary fluxes arrive behind pri-
mary fluxes at 3800 m (Fig. 18), again suggesting secondary fluxes
have disaggregated from the primary flux. If so, we can estimate
from Fig. 18 the sinking rates of disaggregated fluxes reaching
3800 m. At the onset of spring, secondary fluxes begin to increase
(�1 April) about 50 d after increases in the primary flux (�10
March). At the end of summer, secondary fluxes begin to decline
(�20 October) about 120 d after declines in the primary flux
(�20 June). If disaggregation occurs, on average, halfway between
1000 m and 3800 m, and we take into account the 16 days for pri-
mary fluxes to sink from 1000 m to 3800 m, then the implied sink-
ing rate of disaggregated fluxes is 11–24 m d�1. These results apply
to total mass, BSi and CaCO3 fluxes, and to POC fluxes in spring.
However, the summer-fall lag between primary and secondary
fluxes is shorter for POC than for BSi and CaCO3 (Fig. 18), which
can be explained by a high POC decay rate and thus higher propor-
tional loss of POC in the most slowly sinking disaggregated parti-
cles. It is difficult to ascertain from Fig. 18 whether the lag
between primary and secondary LM fluxes fits this model, since
several flux events have high impact on these curves. However,
much of the secondary LM flux cannot be explained by disaggre-
gated primary fluxes (discussed below), requiring different mech-
anisms to deliver LM to the 3800-m traps.

The conclusion that secondary fluxes originate mostly from
primary fluxes with a delayed arrival at 3800 m of about one
season would explain increases in flux with depth during low-
flux periods at OSP without invoking biological production and
particle repackaging, the suggested mechanism for similar obser-
vations elsewhere (Conte et al., 2001 and references therein).
This conclusion allows us to assess the error in DFratio caused
by assuming that, for BSi in late April, SFratio and RPFratio of Eq.
(5) are zero. Winter BSi fluxes at 1000 m are 264 lmol BSi m�2 -
d�1 (Table 1), with 34% of this, or 90 lmol BSi m�2 d�1, later
becoming secondary fluxes at 3800 m (Table 6). Subtracting this
amount from the deep bottle of the nine bottle pairs used for



Fig. 19. Schematic of constituent fluxes in the bathypelagic zone, showing the primary flux, disaggregation leading to secondary fluxes, and remineralization. Values are for
TE1000m = TE3800m = 1 and, in parentheses, for TE3800m = 1 and TE1000m = 0.55. One value is given for fluxes unaffected by TE1000m. Total flux at 3800 m differs somewhat from
Table 1 values because it uses the time series collected simultaneously at 1000 m and 3800 m (F3800 = F1000 � F3800/F1000, where F1000 is from Table 1 and F3800/F1000 is from
Table 6).
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the late-April averages corrects DFratio for the assumption
SFratio = 0 in late April, increasing DFratio from 0.55 to 0.61
(10%). This is offset by assuming RPFratio = 0 for BSi. Primary
(disaggregated) fluxes are 45% (55%) of the 1000-m flux and
spend, on average, 16 d (100 d) in the bathypelagic zone. Assum-
ing all sinking BSi dissolves at the same rate and noting 21% of
the 1000-m BSi flux is lost in the bathypelagic zone (Table 6),
the resulting RPFratio for BSi, 0.06, is also 10% of DFratio. This anal-
ysis generates a BSi dissolution rate constant of 0.004 d�1 that
agrees with rates (0.002 d�1 to 0.01 d�1) determined from exper-
iments mimicking ocean conditions at 0 �C to 5 �C (Passow et al.,
2011), and thus lends support to the model partitioning of pri-
mary and secondary fluxes and their residence times. We can
also conclude that using a constant for DFratio probably does
not cause a seasonal bias in the climatological curves of primary
and secondary fluxes (Fig. 18). According to Eq. (5), POM flux ra-
tios are affected by DFratio, RPOMPFratio and SFratio. RPOMPFratio is a
small term and SFratio for POM is also relatively small because
of POM decay from disaggregated particles (summarized below),
so the low seasonality in POM flux ratios (Fig. 17b) should indi-
cate low seasonality in DFratio. Finally, high POM degradation
from disaggregated fluxes returns us to the striking seasonality
in the BSi and CaCO3 flux ratios (Fig. 17b) noted at the outset
of this section. Whereas disaggregated POM is largely lost in
the water column, much of the disaggregated BSi and CaCO3

eventually must sink past 3800 m to maintain mass balance,
causing the amplified seasonality in BSi and CaCO3 flux ratios.

Disaggregation of primary fluxes was also used to explain
spring-summer increases in suspended particle concentrations in
North Atlantic bathypelagic waters, with fall-winter declines
attributed to aggregation, remineralisation and solubilisation
(POM converted to DOM) of the suspended load (McCave et al.,
2001). Primary fluxes thus appear to be a net source, through dis-
aggregation, of the entire spectrum of particles down to fine sus-
pensions, instead of a net sink of finer particles through
scavenging as earlier believed (see McCave et al., 2001). This would
explain the uncertain results of a thorium cycling model applied to
data collected from the bathypelagic zone at OSP (Murnane et al.,
1990; Murnane, 1994). Of the three possibilities suggested by
Murnane et al. (1990), their simplification of the particle spectrum
to two classes most likely caused the uncertainty. Nevertheless, the
increase in LM flux from �0–1 mg m�2 d�1 at 1000 m to �3–
4 mg m�2 d�1 at 3800 m at OSP (Section 3.4 and Table 1) requires
a source of LM in addition to vertical fluxes to 1000 m. Horizontal
transport supplies suspended particles to the deep North Atlantic
Ocean, leading to a significant lithogenic component in the down-
ward flux (Conte et al., 2001; McCave et al., 2001). Suspended LM
in the bathypelagic zone at OSP may be delivered horizontally from
the continental margin (Lam et al., 2006) and from seamounts in
the Alaska Gyre, then settle to 3800 m through aggregation. Addi-
tionally, our argument that locally resuspended sediment does not
reach the bathypelagic traps cannot discount the possibility some
of the LM flux to 3800 m is delivered this way. Taken in their en-
tirety, our results suggest autochthonous material with residence
times of several weeks (primary flux) to several months (secondary
flux) comprise the majority of the total flux at 3800 m, with hori-
zontally transported suspended particles with 5–10 y residence
time (Bacon and Anderson, 1982) supplying mostly lithogenic



D.A. Timothy et al. / Progress in Oceanography 116 (2013) 95–129 117
fluxes. Compositional data for bathypelagic suspended particles at
OSP, including their lithogenic content, would be of considerable
value in testing this conclusion.

Our modeling (Table 6 and Fig. 19) has indicated the following
sequence of events when assuming TE1000m = TE3800m. Of the total
flux at 1000 m, 55% disaggregates within the bathypelagic zone,
generating a secondary flux with a mean sinking rate of �10–
20 m d�1 and with similar composition to the rapidly-sinking
(�120–350 m d�1) primary flux. Of the disaggregated POM, 73%
decays within the bathypelagic zone with the remainder settling
to 3800 m within several months. Additionally, 7–9% of the POM
flux at 1000 m degrades from the primary flux. Of the disaggregat-
ed BSi and CaCO3, 38% and 49%, respectively, dissolves before
reaching 3800 m. If TE1000m = 0.55 TE3800m, much more of the
1000-m flux must remineralise for the total flux at 3800 m to re-
main unchanged. In this case, DFratio increases to 0.75 and RDF of
the biogenic components increases by factors of three to five (Ta-
ble 6). Estimates of remineralization based on water-column trac-
ers in the bathypelagic zone of the Pacific Ocean are 0.058 and
0.0084 lmol kg�1 y�1 for BSi and ON, respectively (Sarmiento
et al., 2007), �0.07 lmol kg�1 y�1 for OC (Chen, 1990; Feely
et al., 2004b) and 0.051 lmol kg�1 y�1 for CaCO3 (Feely et al.,
2002), all within the ranges of Table 6. To the extent these esti-
mates can be applied to water-column remineralization at OSP,
they imply TE1000m is 0.6 (for OC, ON and CaCO3) to 0.8 (for BSi)
for TE3800m of 1. However it is possible that a portion of
bathypelagic remineralization determined from water-column
tracers occurs at the seafloor, as proposed for CaCO3 (Berelson
et al., 2007). By assuming TE1000m = TE3800m = 1, these trap results
constrain the minimum proportion of total remineralization
occurring in the water column at about 30% for CaCO3, 40% for
OM and 45% for BSi.

6. Conclusions

Time series of ocean biogeochemistry are crucial to understand-
ing the ecological consequences of the increased warming, storm-
iness and ocean acidification that are now occurring (Solomon
et al., 2007). A major objective of the few sediment-trap time series
carried out globally has been to detect biogeochemical trends
including shifts in ecology, and compare them with other observed
system changes. In this paper, we presented the climatologies of
particle flux and composition at OSP that are needed to establish
the significance of single events and long-term trends. We then
linked these climatologies to surface processes and used them to
describe particle transformations as they sink. The primary conclu-
sions are:

1. Fluxes normalized to 2000 m are 2.7, 1.3 and 1.1 times
higher than the global averages for BSi, CaCO3 and POC,
respectively. The Alaska Gyre is thus a siliceous basin with
unusually high calcareous fluxes. Lithogenic fluxes are minor
at OSP, making this site ideal to detect dust-fall events.

2. Fluxes of BSi and CaCO3 lag surface solar irradiance by about
one month at 200 m and 1000 m, and by another �two
weeks at 3800 m. POM is preferentially retained and recy-
cled in the mixed layer, with maximum export occurring
several months after maximum fluxes of BSi and CaCO3.

3. Export fluxes are episodic at OSP despite perennially low
chlorophyll concentrations showing little seasonality. As a
result of episodically high fluxes, 40–50% of MARK7 traps
with narrow sampling bottles became clogged during
deployment at 3800 m. Given the common occurrence of
this problem globally, traps with larger bottom orifices
should become standard protocol.
4. Sediment traps provide an excellent opportunity to test sedi-
mentary tracers of past ocean conditions. In this regard, POC
content at OSP is a poor indicator of mass or POC flux because
POC is diluted by BSi and CaCO3 when mass flux is high.

5. The annual cycle of BSi flux and a reanalysis of surface nutri-
ent data show the spring delay in [Si(OH)4] decline, based on
mixed-layer nutrient climatology, results from intense mix-
ing in spring rather than delayed diatom growth as previ-
ously proposed.

6. The annual cycle of POC flux, normalized to measures of net
community production of organic carbon (NCPOC) in sum-
mer-fall (Emerson and Stump, 2010), implies an annual
NCPOC of 3.6–5.3 mol m�2 y�1. This rate is similar to esti-
mates of new production and of water-column OC reminer-
alization plus deep POC flux, two equivalencies to NCPOC. It
is also similar to estimates of export production at OSP made
from global modeling, but it is double estimates of NCPOC

based on mass balance of mixed-layer tracers.
7. The estimate of NCPOC and a CaCO3:OC export ratio of 0.18

determined from trap data gives a net community produc-
tion of CaCO3 (NCPIC) of 0.65–0.95 mol m�2 y�1 in agreement
with water-column CaCO3 dissolution plus deep CaCO3 flux.

8. The similarity between the CaCO3:POC flux ratio at 50 m and
the CaCO3:POC production ratio from bottle incubations
(Lipsen et al., 2007) requires that �70% of CaCO3 production
must dissolve in the euphotic zone to match the rate of POC
recycling at OSP.

9. Flux climatologies at 1000 m and 3800 m imply sediments
caught at 3800 m include a component sinking rapidly (the
primary flux; �120–350 m d�1) and another component
sinking slowly (the secondary flux; �10–20 m d�1). A
mass-balance model finds that secondary fluxes contribute
�40% to the annual mass flux at 3800 m. Based on composi-
tional evidence and on the arrival times at 3800 m, the sec-
ondary flux likely derives from disaggregated primary fluxes
with an additional lithogenic component transported hori-
zontally to the bathypelagic zone at OSP.

10. Remineralization of BSi, CaCO3, OC and N estimated from
decreasing flux with depth in the bathypelagic zone agrees
with estimates for the Pacific Ocean based on water-column
tracers provided trapping efficiency at 1000 m is 0.6–0.8 and
at 3800 m is 1. Alternatively, the estimates based on tracers
may include a component of seafloor remineralization. In
this case, remineralization in the water column at OSP is at
least 30–45% of the remineralization determined by tracers,
with the remainder occurring at the seafloor.
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Appendix A.

A.1. Sampling schedules at OSP and station AG

Tables A1 through A4 give sampling schedules at OSP and Sta-
tion AG.
A.2. Clogs

Clogging of MARK7 traps was problematic during this time ser-
ies. The extent of the problem is documented here to aid future
experiments in the choice of trap design.

The traps at OSP sometimes had empty bottles, beginning at
bottle b1 and continuing to the last bottle of deployment. Where
no mechanical failure was evident, we attribute these empty bot-
tles to blockage at the base of the cone during the collection period
Table A1
Trap schedule at 3800 m. Dates are yymmdd.

ID Trap model Depth (m) Successful sampling dates Unsuccessful o

Begin End # Days Begin E

PA01 M5 3800 820923 830307 165
PA01 M5 3800 830307 830318 11

830318 8
PA02 M5 3800 830327 831005 192

831005 8
PA03 M5 3800 831014 840423 192

840423 8
PA04 M5 3800 840429 8
PA04 M5 3800 840513 840805 84
PA04 M5 3800 840805 840824 19

840824 8
PA05 M5 3800 840828 8

841112 8
PA06 M5 3800 841120 850413 144

850413 8
PA07 M5 3800 850510 851025 168

851025 8
PA08 M5 3800 851113 860201 80
PA08 M5 3800 860201 8

860423 8
PA09 M5 3800 860427 8

PA09 M5 3800 860525 860706 42
PA09 M5 3800 860706 8
PA09 M5 3800 860720 860831 42
PA09 M5 3800 860831 8

861012 8
PA10 M5 3800 861021 870404 165

870404 8
PA11 M5 3800 870407 870922 168

870922 8
PA12 M5 3800 871002 880506 217
of bottle b0 preceding the first empty bottle b1. Similar clogging has
been reported for PARFLUX traps in the Arabian Sea (Haake et al.,
1993b; Honjo et al., 1999), the Southern Ocean (Honjo et al.,
2000), the Bering Sea and the central Subarctic Pacific Ocean
(Takahashi et al., 2000), the western Subarctic Pacific Ocean (Hon-
da et al., 2002) and previously at OSP (Wong et al., 1999). Clogging
at OSP began after 1991 when MARK7 traps with narrow bottom
orifice (28 mm) were introduced, with the exception of the clog
to the MARK5 trap at 3800 m in September 1988 (Table A5). At
least seven different deposition pulses caused clogs at OSP, with
two events affecting traps at 1000 m and 3800 m. Nine traps thus
became clogged, resulting in 306, 561 and 1273 lost days of sam-
pling at 200 m, 1000 m and 3800 m, respectively. One clogging
event occurred in the second half of April (2005) with the remain-
ing six first detected between early-July and mid-September and
arriving at 3800 m as late as October–November. Surprisingly,
the traps at 3800 m were most affected. There were no clogs to
MARK6 traps (30 mm orifice), which were sparingly used at OSP
(1, 3 and 3 deployments at 200 m, 1000 m and 3800 m, respec-
tively). One clog (PA13 at 3800 m) occurred to MARK5 traps
(59 mm orifice), which were successfully employed 20 times (1,
4 and 14 deployments at 200 m, 1000 m and 3800 m, respectively).
MARK7 traps were mechanically successful during 34 deployments
(10, 12 and 12 deployments at 200 m, 1000 m and 3800 m, respec-
tively) and clogged eight times (1, 2 and 5 clogs at 200 m, 1000 m
and 3800 m, respectively) for clogging rates of 10%, 17% and 42% at
progressively deeper traps. The clogging rate for MARK7 traps at
3800 m increases to 50% if the first bottle of the deep trap of moor-
r inactive dates Cups Days/cup Comments

nd # Days

1–11 15 No poison
12 11 Scheduled cup duration; no poison

30327 9 Hiatus
1–12 16 First deployment with traps at

1000 m and 3800 m; no poison
31014 9 Hiatus

1–12 16 Successful deployment
(previously reported as failed
(Wong et al., 1999))

40429 6 Hiatus
40513 14 1 14 handling error at recovery

2–7 14
8–12 3–4 Scheduled cup durations

40828 4 Hiatus
41112 76 Carousel did not rotate
41120 8 Hiatus

1–12 12
50510 27 Hiatus

1–12 14
51113 19 Hiatus

1–6 12.5–14.5
60423 81 7 81 Carousel stopped rotating while

open on cup 7
60427 4 Hiatus
60525 28 1–2 14 Bottles broken from carousel

during rough recovery (weather)
3–5 14

60720 14 6 14 Bottle broken during deployment
7–9 14

61012 42 10–12 14 Bottles broken during deployment
61021 9 Hiatus

1–11 15 recovered while open to cup 12
70407 3 Hiatus

1–12 14
71002 10 Hiatus

1–12 18–19
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880506 880510.5 4.5 Hiatus
PA13 M5 3800 880510.5 880903 115.5 1–7 16.5
PA13 M5 3800 880903 881124.5 82.5 8–12 16.5 Beginning of clog set at cup 8

881124.5 881211 16.5 Hiatus
PA14 M5 3800 881211 890504 144 1–12 12 Difficult but successful recovery

(weather)
890504 890508 4 Hiatus

PA15 M5 3800 890508 890929 144 1–12 12 First deployment with traps at
200 m (M6), 1000 m (M5) and
3800 m

890929 891016 17 Hiatus
PA16 M6 3800 891016 900502 198 1–12 16.5 First deployment without

analyses on all size
fractionations

900502 900521 19 Hiatus
PA17 M6 3800 900521 901111 174 1–12 14.5

901111 910305 114 Hiatus
PA18 M7 3800 910305 911007 216 Mooring lost during recovery

911007 911023 16 Hiatus
PA19 M7 3800 911023 920410 170 carousel did not rotate

920410 920410 0 Hiatus
PA20 M7 3800 920410 920907 150 Mooring not found at time of

retrieval
920907 920926 19 Hiatus

PA21 M7 3800 920926 930510 226 1–16 14–16 Recovered while open to cup 17
930510 930524 14 Hiatus

PA22 M7 3800 930524 931024 153 1–9 17 Traps at 250 m and 850 m on
one mooring, trap at 3800 m on
another 5.7 km away

PA22 M7 3800 931024 940516 204 10–21 17 Beginning of clog set at cup 10
940516 940522 6 Hiatus

PA23 M7 3800 940522 950514 357 1–21 17 3800 m trap lost during recovery
950514 950521 7 Hiatus

PA24 M7 3800 950521 950814 85 1–5 17
PA24 M7 3800 950814 960512 272 6–21 17 Beginning of clog set at cup 6

960512 960521 9 Hiatus
PA25 M7 3805 960521 970513 357 1–21 17

970513 970620 38 Hiatus
PA26 M7 3800 970620 980528 342 1–19 18 Recovered while open to cup 20

980528 980615 18 Hiatus
PA27 M7 3800 980615 980702 17 1 17
PA27 M7 3800 980702 990607 340 2–21 17 Beginning of clog set at cup 2

990607 990904 89 Hiatus
PA28 M7 3800 990904 000603 273 1–16 16–18 Recovered while open to cup 17

000603 000612 9 Hiatus
PA29 M7 3800 000612 000716 34 1–2 17
PA29 M7 3800 000716 010604 323 3–21 17 Beginning of clog set at cup 3;

MARK6 trap deployed at 1000 m
010604 010622 18 Hiatus

PA30 M7 3800 010622 020614 357 1–21 17
020614 020709 25 Hiatus

PA31A M6 3700 020709 021221 165 1–11 15 6.2 km from PA31; stopped
rotating at cup 12 of 13;
recovered with PA31 (030604)

PA31 M7 3800 020907 030604 270 1–18 15 Recovered while open to cup 19;
cups 1–7 overlap with cups 5–11
of PA31A

030604 030608 4 Hiatus
PA32 M7 3800 030608 040530 357 1–21 17 All cups empty; clog preceding

bottle 1 or poor cup alignment
during rotation?

040530 040612 13 Hiatus
PA33 M7 3800 040612 050414 306 1–18 17
PA33 M7 3800 050414 050604 51 19–21 17 Beginning of clog set at cup 19

050604 050612 8 Hiatus
PA34 M7 3800 050612 060604 357 1–21 17

Total 5301.5 3353.5
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ing PA32 is deemed to have clogged during a separate event than
the one that caused clogging several months later at 200 m
(Table A5).

Clogs have occurred elsewhere because bottle b0 overflowed
creating a plug at the base of the cone (Honjo et al., 1999; Honjo
et al., 2000). Gelatinous or fibrous organisms have been implicated
(Honda et al., 2002; Honjo et al., 1999; Honjo et al., 2000; Takah-
ashi et al., 2000). From the total mass flux and photographic re-
cords, the bottles at OSP never filled to their capacity indicating
the clogs were not caused by small bottle volume. Identifications
of possible swimmers were not exceptional for the clogged bottles,
as expected since the deepest traps were most affected. In February



Table A2
Trap schedule at 1000 m. Dates are yymmdd.

ID Trap model Depth (m) Successful sampling dates Unsuccessful or inactive dates Cups Days/cup Comments

Begin End # Days Begin End # Days

PA02 M5 1000 830327 831005 192 1–12 16 No poison
831005 831014 9 Hiatus

PA03 M5 1000 831014 840423 192 Carousel did not rotate
840423 840429 6 Hiatus

PA04 M5 1000 840429 840824 117 Carousel did not rotate
840824 840828 4 Hiatus

PA05 M5 1000 840828 841112 76 Poor alignment for cups 1–3 and carousel
did not rotate past cup 3

841112 841120 8 Hiatus
PA06 M5 1000 841120 850119 60 1–5 12
PA06 M5 1000 850119 850504 105 6 105 Battery died when carousel open to cup 6

850504 850510 6 Hiatus
PA07 M5 1000 850510 851025 168 1–12 14

851025 851113 19 Hiatus
PA08 M5 1000 851113 860423 161 1–12 12.5–14.5

860423 860427 4 Hiatus
PA09–PA14 860427 890504 1103 Traps not deployed at 1000 m

890504 890508 4 Hiatus
PA15 M5 1000 890508 890929 144 1–12 12 First deployment with traps at 200 m

(M6), 1000 m and 3800 m (M5)
890929 891016 17 Hiatus

PA16 M6 1000 891016 900502 198 1–12 16.5 First deployment without size
fractionation

900502 900521 19 Hiatus
PA17 M6 1000 900521 901111 174 1–12 14.5

901111 910305 114 Hiatus
PA18–PA21 910305 930510 797 Traps not deployed at 200 m or 1000 m

except during PA20 when mooring was
lost

930510 930524 14 Hiatus
PA22 M7 850 930524 930610 17 1 17 Traps at 250 m and 850 m on one

mooring, trap at 3800 m on another
5.7 km away

PA22 M7 850 930610 930627 17 2 17 Sample lost
PA22 M7 850 930627 930817 51 3–5 17
PA22 M7 850 930817 940516 272 6–21 Beginning of clog set at cup 6

940516 940522 6 Hiatus
PA23 M7 1000 940522 950514 357 1–21 17

950514 950521 7 Hiatus
PA24 M7 1000 950521 950624 34 1–2 17
PA24 M7 1000 950624 950711 17 3 17 Bottle broken from carousel during

deployment
PA24 M7 1000 950711 950728 17 4 17
PA24 M7 1000 950728 960512 289 5–21 17 Beginning of clog set at cup 5

960512 960521 9 Hiatus
PA25 M7 1010 960521 970513 357 1–21 17

970513 970620 38 Hiatus
PA26 M7 1000 970620 980528 342 1–19 18 Recovered while open to cup 20

980528 980615 18 Hiatus
PA27 M7 1000 980615 990607 357 1–21 17

990607 990904 89 Hiatus
PA28 M7 1000 990904 000603 273 1–16 16–18 Recovered while open to cup 17

000603 000612 9 Hiatus
PA29 M6 1000 000612 000716 34 1–2 17 M7 traps deployed at 200 m and 3800 m
PA29 M6 1000 000716 010414 272 3–10 34 Rotation schedule designed to match M7

traps with 21 cups
PA29 M6 1000 010414 010604 51 11–13 17

010604 010622 18 Hiatus
PA30 M7 1000 010622 020614 357 1–21 17

020614 020907 85 Long hiatus due to ship obligations to
Fe fertilization at OSP (SERIES)

PA31 M7 1000 020907 030604 270 1–18 15 Recovered while open to cup 19
030604 030608 4 Hiatus

PA32 M7 1000 030608 040530 357 1–21 17
040530 040612 13 Hiatus

PA33 M7 1000 040612 050604 357 1–21 17
050604 050612 8 Hiatus

PA34 M7 1000 050612 060604 357 1–21 17

Total 4957 3513
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Table A3
Trap schedule at 200 m. Dates are yymmdd.

ID Trap model Depth (m) Successful sampling dates Unsuccessful or inactive dates Cups Days/cup Comments

Begin End # Days Begin End # Days

PA15 M6 200 890508 890929 144 1–12 12 M5 traps at 1000 m and 3800 m
890929 891016 17 Hiatus

PA16 M5 200 891016 900502 198 1–12 16.5 M6 traps at 1000 m and 3800 m; first
deployment without size fractionation

900502 900521 19 Hiatus
PA17 M5 200 900521 900816 87 1–6 14.5
PA17 M5 200 900816 901111 87 7–12 Mechanical failure after bottle 6

901111 910305 114 Hiatus
PA18–PA21 910305 930510 797 Traps not deployed at 200 m or

1000 m except during PA20 when
mooring was lost

930510 930525 15 Hiatus
PA22 M7 250 930525 930610 16 1 16 Traps at 250 m and 850 m on one

mooring, trap at 3800 m on another
5.7 km away;

PA22 M7 250 930610 940516 340 2–21 17 Mooring adjustment on 930526
caused duration of cup 1 (and 250 m
and 850 m depths)

940516 940522 6 Hiatus
PA23 M7 200 940522 950514 357 1–21 17 All bottles broken during deployment

950514 950521 7 Hiatus
PA24 950521 960512 357 Traps not deployed at 200 m

960512 960521 9 Hiatus
PA25 M7 230 960521 970513 357 1–21 17

970513 970620 38 Hiatus
PA26 970620 980528 342 Traps not deployed at 200 m

980528 980615 18 Hiatus
PA27 M7 200 980615 990417 306 1–18 17
PA27 M7 200 990417 990504 17 19 17 Bottle broken during deployment
PA27 M7 200 990504 990521 17 20 17
PA27 M7 200 990521 990607 17 21 17 Bottle broken after retrieval

990607 990904 89 Hiatus
PA28 M7 200 990904 000603 273 1–16 16–18 Recovered while open to cup 17

000603 000612 9 Hiatus
PA29 M7 200 000612 010604 357 1–21 17

010604 010622 18 Hiatus
PA30 M7 200 010622 020614 357 1–21 17

020614 020907 85 Long hiatus due to obligations to Fe
fertilization at OSP (SERIES)

PA31 M7 200 020907 030321 195 1–13 15
PA31 M7 200 030321 030405 15 14 15 Collection failure
PA31 M7 200 030405 030604 60 15–18 15 Recovered while open to cup 19

030604 030608 4 Hiatus
PA32 M7 200 030608 030729 51 1–3 17
PA32 M7 200 030729 040530 306 4–21 17 Beginning of clog set at cup 4

040530 040612 13 Hiatus
PA33 M7 200 040612 050604 357 1–21 17

050604 050612 8 Hiatus
PA34 M7 200 050612 060604 357 1–21 17

Total 3472 2764
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1997, a MARK6 trap positioned at 3100 m was retrieved from sta-
tion P16 (49�17’N x 134�40’W) along Line P (Fig. 1) when the car-
ousel was on bottle 11 of 13 so seawater did not flush the cone
during recovery. No sediment had collected in bottles 3–11 and a
clump of material we presume arrived when bottle 2 was sampling
(12 June to 7 July 1996) was intact at the base of the cone. The
clump was identified as Rhizosolenia spp., a common genus at
OSP (Section 1.2). These diatoms can form vertically-migrating
mats at the surface, but are known to do so only in N-limited
waters (Villareal et al., 1996; Singler and Villareal, 2005) as occur
seasonally at station P16 (Harrison et al., 2000), but not at OSP.
The composition of the material in bottle b0 (bottle 2) was
BSi = 53%, CaCO3 = 38% and POC = 2.9%. The high %BSi of the
clogged bottles from OSP (Table A5) suggest these blockages also
were caused by diatoms and possibly Rhizosolenia spp., with the
exception that the clogs of traps on mooring PA22 (1000 m and
3800 m) may have been caused by gelatinous organisms since
%POC was high in these bottles.

Clogs were most frequent at 3800 m, perhaps because sinking
aggregates tend to consolidate and accelerate with depth (Berelson,



Table A5
Failed deployments attributed to clogs at OSP with the status of all traps on the mooring when any trap clogged. Collection period, bottle number, PARFLUX trap model and
composition (%) of the sediment in clogging bottle b0 are given. PA22 traps were on two moorings separated by 5.7 km; one mooring for traps at 250 m and 850 m and another for
the trap at 3800 m (Tables A1–A3). If a clog were the cause of the empty bottles of PA32, 3800 m, it must have arrived during the short period after trap deployment and before
appreciable debris collected in bottle 1. No clogs were observed at station AG.

Nominal depth 1988
PA13

1993
PA22

1995
PA24

1998
PA27

2000
PA29

2003
PA32

2005
PA33

CLOG

200 m No traps Good
deployment

No traps Good
deployment

Good
deployment

7/29-8/15
bottle 4

Good
deployment

MARK 7 MARK 7 MARK 7 MARK 7 MARK 7
High fluxes
bottles 1–3
and high %POC
bottles 4–5

High fluxes bottles 1–4 High fluxes bottles 1–2 BSi
CaCO3

POC

59
19
13

Intermediate
fluxes bottles
19–21

1000 m No traps

CLOG CLOG

8/17–9/3
bottle 6

7/28–8/14 bottle 5 Good
deployment

Good
deployment

Good
deployment

Good
deployment

MARK 7 MARK 7 MARK 7 MARK 6 MARK 7 MARK 7

BSi
CaCO3

POC

39
32
9.6

BSi
CaCO3

POC

58
27
6.9

High fluxes bottles 2–4 High fluxes bottles 1–4 High fluxes
bottles 3–8

High fluxes
bottles 18–21

3800 m

CLOG CLOG CLOG CLOG CLOG CLOG? CLOG

9/3–9/20
bottle 8

10/24–11/10
bottle 10

8/14–8/31
bottle 6

7/2–7/19
bottle 2

7/16–8/2
bottle 3

4/14–5/1
bottle 19

MARK 5 MARK 7 MARK 7 MARK 7 MARK 7 MARK 7 MARK 7

BSi
CaCO3

POC

79
11
5.0

BSi
CaCO3

POC

40
34
12

BSi
CaCO3

POC

68
25
4.0

BSi
CaCO3

POC

53
41
2.3

BSi
CaCO3

POC

50
34
2.0

Fully rotated
but all bottles
empty

BSi
CaCO3

POC

72
27
1.8

Table A4
Trap schedule at station AG. Dates are yymmdd.

ID Trap model Depth (m) Successful sampling dates Unsuccessful or inactive dates Cups Days/cup Comments

Begin End # Days Begin End # Days

AG1 M6 3700 900522 901112 174 1–12 14.5
901112 910228 108 Hiatus

AG2 M7 3700 910228 911014 228 1–12 19 13-Cup model programmed for 12-
cup rotation

911014 911024 10 Hiatus
AG3 M7 3700 911024 920126.5 94.5 1–7 12.5–14.5 21-Cup model programmed for 13-

cup rotation; stopped rotating while
on cup 8

920126.5 920407 71.5 Hiatus
AG4 M7 3500 920407 920817 132 1–11 12 21-Cup model programmed for 13-

cup rotation; stopped rotating while
on cup 12

Total 628.5 189.5
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2002) and because current speeds generally decrease with depth.
We envision the horizontal approach angle at shallow traps mixing
weakly consolidated aggregates within the trap’s cone and spread-
ing the arrival time of singular pulses at the base of the trap. More
vertical approaches into deep traps would allow faster passage of
compact aggregates through the cone, decreasing arrival duration
of pulsed fluxes at the base and thus increasing the likelihood of
clogs. Regardless of the cause, the possibility that some traps are pre-
disposed to clogging must be considered before deployment where
moderately high or pulsed biogenic fluxes are expected.

A.3. Flux frequency distribution

Flux frequency distributions with linear (Fig. A1) and log
(Fig. A2) scales. Flux climatologies based on median and log-trans-
formed fluxes (Fig. A3).



Fig. A1. Frequency distributions for mass and constituent fluxes measured at 200 m, 1000 m and 3800 m at OSP. First quartiles, medians and third quartiles are given for each
distribution. Numbers in parentheses are the ratio (arithmetic mean flux):(median flux).
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Fig. A2. Frequency distributions for log transformed mass and constituent fluxes at 200 m, 1000 m and 3800 m at OSP. Arithmetic means of the log transformed fluxes are
given for each distribution. Numbers in parentheses are the ratio (arithmetic mean flux):(arithmetic mean of log transformed flux).
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Fig. A3. Climatological curves based on arithmetic mean fluxes (Eq. (1) and Table 1), median fluxes and arithmetic means of log transformed fluxes. Reproduced from Fig. 4
with log scale showing distributions of low fluxes. Extreme events (Section 3.1.2) are plotted but not included in curves.
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