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a b s t r a c t

We have examined alkenone distributions, specifically the temperature proxy UK′
37, in sinking particulate

organic matter (POM) intercepted at three depths by time-series sediment traps deployed between 2004
and 2007 on the Northwest Atlantic margin. The goal was to assess physical and biogeochemical
processes acting upon alkenones during passage through the water column. UK′

37 did not exhibit any
systematic trend with increasing depth despite several-fold attenuation in alkenone flux. Because of the
extensive reduction in C37 alkenone flux in the water column and more efficient alkenone degradation
during the period of high alkenone flux, the temperature bias toward that of more productive seasons
was reduced with increasing trap depth. The temporal variation of UK′

37 and alkenone-derived
temperature compared best with the satellite-derived SST at an upstream region approximately
160 km east of the mooring site with a time lag of about 30 days, suggesting this region as the dominant
source of alkenone-bearing POM. The alkenone-derived temperature of core-top sediments (15 1C) at the
study site was lower than the flux-weighted average alkenone-derived temperature of sinking POM at
50 m above the seafloor. This discrepancy may reflect additional supply of resuspended sediment
carrying alkenones produced in cooler waters to the northeast, and transported in bottom nepheloid
layers.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Since the first discovery of the relationship between alkenone
unsaturation and the temperature of water where the organisms
grow (Brassell et al., 1986; Prahl and Wakeham, 1987), the alkenone
unsaturation index ðUK′

37Þ proxy, defined as a ratio of di-unsaturated
C37 methyl ketone ([C37:2]) to the sum of di- and tri-unsaturated C37
methyl ketones ([C37:2þC37:3]), has been widely used in paleoceano-
graphic reconstructions (for example, Sachs et al., 2000; Herbert,
2003). One persistent question is why UK′

37 of surface sediment is
correlated strongly with mean annual sea surface temperature (SST)
despite strong seasonal variations in alkenone production and export
flux that could potentially bias the temperature towards periods
of maximum growth. This temperature bias may thus be more
severe over continental margins where rapid transit to sediment
and high sedimentation rates may not provide enough time for

remineralization of the pulse of sinking particulate organic matter
(POM). However, this process has yet to be confirmed by field
studies.

A related issue is whether UK′
37 is altered by various biotic and

abiotic degradation during passage through the water column
and subsequent burial (see a recent review of Rontani et al., 2013
and references therein). Tiered sediment trap arrays are useful tools
for answering these questions since they facilitate examination of
how alkenones signals (e.g., UK′

37 values) are transferred from surface
waters to depth (for example, Rosell-Melé and Prahl, 2013).

In addition to the application of UK′
37-derived temperature (here-

after Talkenone) for reconstruction of past ocean conditions, alkenones
can provide insights into the oceanic processes that influence POM
cycling. In particular, because these compounds are exclusively
synthesized by a specific class of marine phytoplankton, they serve
as excellent tracers of alkenone-bearing POM derived from surface
ocean productivity. One example is the use of these compounds to
reveal an important role for lateral transport in the dispersal of POM
by ocean currents, especially on the continental margins (Benthien
and Müller, 2000; Mollenhauer et al., 2006; Ruhlemann and Butzin,
2006; Hwang et al., 2009a; Kusch et al., 2010). UK′

37 measurements
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combined with radiocarbon analysis of alkenones have revealed
long-range transport of organic matter associated with resuspended
sediments (Ohkouchi et al., 2002). By comparison of temporal
variations in Talkenone of sinking POM intercepted at depth with that
of SST, insights on the processes such as packaging and export of
POM, and sinking speed of particles may be gained (Knappertsbusch
and Brummer, 1995; Müller and Fischer, 2001; Conte et al., 2003).
Temperate oceans, with large seasonal variations in SST are especially
appropriate for this application due to high-amplitude variations in
Talkenone that can be tracked through the water column.

A recent time-series biogeochemical flux study was established
to examine POM cycling on the NW Atlantic margin (Hwang et al.,
2009a). This region of the New England slope has been the subject
of a sustained physical oceanographic observation program
designed to explore the variability of the Deep Western Boundary
Current (DWBC), a deep limb of the Atlantic meridional over-
turning circulation, and the Gulf Stream system (Joyce et al., 2005;
Toole et al., 2011). A particular focus of this time-series study was
an assessment of the influence of the DWBC and associated lateral
particle transport on the biogeochemical properties of sinking and
suspended particles and bottom sediments along the path of this
undercurrent (Hwang et al., 2009a, 2009b). Radiocarbon measure-
ments in association with other biogeochemical data such as
aluminum concentrations and long-chain saturated fatty acid
concentrations indicated that supply of laterally transported
resuspended sediment contributed considerably to sinking and
suspended POM at the study site (Hwang et al., 2009a, 2009b). As
a part of this time-series biogeochemical flux study, we utilize UK′

37
data as a window into POM cycling over this highly productive
continental margin. We also take advantage of the UK′

37 data of
sinking POM to provide insights into some of the unresolved
questions mentioned above concerning the transfer of molecular
proxy signals emanating from surface waters to depth.

2. Methods

Various types of samples were collected on the NW Atlantic
margin from 2004 to 2007.

Three conical sediment traps (McLane Mark-7, Honjo and
Doherty, 1988) were deployed at three nominal depths – 1000 m,
2000 m, and 3000 m (�50 m above the bottom) – on a single
bottom-tethered mooring on the NW Atlantic margin (39128′N,
68122′W; Fig. 1; see Table 1 for details of trap depths, bottom depths,
and sampling intervals for the three deployments). Sinking particles
were collected from June 27, 2004 to April 27, 2005, from July 1, 2005
to June 1, 2006, and from June 27, 2006 to June 1, 2007. About 5 g/L of
sodium chloride was added to seawater that was used to fill the
collection cups. For 2004–5, and 2005–6 deployments, collection
cups of the 1000 m and 2000 m traps were filled with seawater
treated with various preservatives such as HgCl2, formalin, Lugol’s
solution, DMSO (dimethyl sulfoxide), and HISTOCHOICETM for the
purpose of testing their relative efficiency for DNA preservation
(Dennett and Manganini, 2006; not discussed further in this paper).
Collection cups for the other samples were filled with seawater
treated with HgCl2 (0.3% by wt). Samples were stored at 4 1C until
subsampling and further analyses. Each sieved sample (o1 mm) was
divided into ten equal aliquots using a wet sample splitter (WSD-10,
McLane Research Laboratories, Inc.) and used for biogeochemical
analyses.

Surface water suspended particles were collected by filtration
of water from the ship’s uncontaminated seawater intake (nominal
sampling depth¼2.4 m) using 293 mm diameter filters (Gelman
Science, type A/E glass fiber) for several hours per sample (Hwang
et al., 2009b) during cruises aboard the R/V Endeavor in June
25–July 2, 2005 and the R/V Oceanus in June 22–27, 2006 (Table 2).

Because the water was not pre-filtered using a large-mesh screen,
the surface POM samples also include plankton. Each filter was
folded and stored frozen at –20 1C in a pre-combusted aluminum
foil pouch until analysis.

One tenth splits of each sediment trap sample, equivalent to
�30 to 4000 mg dry weight, were freeze-dried and used for
determination of UK′

37. Total lipid extracts were extracted into a
mixture of methylene chloride and methanol (93:7 by volume)
using an accelerated solvent extraction system (DIONEX ASE 200).
Sample #9 of the 1000 m trap, 21 samples of the 2000 m trap, and
samples #4, 6,8, 10, 12,14, 16, 18, 20 of the 3000 m trap from the
2006–7 deployment were extracted using a microwave acceler-
ated reaction system (MARS, CEM Corporation) (these samples are
indicated as half-filled symbols in Fig. 2). Although this has not
been rigorously tested, we suspect that MARS has a greater
extraction efficiency than ASE (Valier Galy, personal communica-
tion), as the saw-tooth concentration pattern observed for the
3000 m trap samples of the 2006–7 periods appears suspicious.
However, this saw-tooth pattern was also observed for the 2000 m
trap every sample of which was extracted using MARS. We have
not found any suspicious pattern in UK′

37 for the corresponding
samples. This uncertainty does not affect our interpretation
because the majority of the samples were extracted with the
ASE system and hence the results maintain consistency. Also, our
discussion on alkenone concentration and flux is focused on
comparison among our own samples collected at different depths
rather than comparison with other reported data.

Details of treatment of lipid samples for alkenone analysis have
been published elsewhere (Hwang et al., 2009b). Alkenone con-
centrations and distributions were determined using an HP-5890II
gas chromatograph/flame ionization detector (GC/FID) equipped
with a capillary column (Varian, CP-SIL 5CB, 0.25 mm ID�0.25 μm
film thickness, either 60 m or 30 m in length) at Woods Hole
Oceanographic Institution. 21 samples of the 2000 m trap from the
2006–7 deployment were analyzed using an Agilent 7890A GC/FID
at ETH, Zürich. Alkenones were quantified by comparison to a C36
n-alkane external standard added immediately before injection to
GC. Usually peaks of C37 alkenones are resolved well by baseline
separation. However, for the samples #12 of the 1000 m trap and
#19 of the 3000 m trap of 2006–7 deployment, the peaks of C37:2

and C37:3 were broad and incompletely separated resulting in
erroneous peak area determination and consequently, no UK′

37

Fig. 1. Satellite-derived sea surface temperature (SST) on January 1, 2005 over-
lapped with bathymetry in the northwest Atlantic. Sediment trap mooring station
is indicated.
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Table 1
Sampling time, number of samples, time interval of each sample, trap depths, water depth for three deployments, and average values of alkenone�related properties.

Sampling period
(mm/dd/yy)

Water
depth (m)

Trap
depth (m)

Sampling
interval (days)

# of samples C37:2þC37:3, average
flux (μgC/m2d) [min–max]

C37:2þC37:3, average
conc. (μg/g dry matter)
[min–max]

C37:2þC37:3, average
conc. (mg/g POC)
[min–max]

UK′
37 Flux-weighted UK′

37

1st year 06/27/04�04/27/05 2988 968 23.38 13 3.9 24 0.26 0.675 0.732
[0.92–9.4] [6.8–106] [0.09–0.54] [0.414–0.847]

1976 14.48 21 1.3 7.3 0.13 0.694 0.623
[0.27–6.1] [1.0–16] [0.02–0.27] [0.396–0.849]

2938 14.48 21 1.0 4.1 0.08 0.665 0.557
[0.33–8.2] [1.1–21] [0.04–0.21] [0.419–0.807]

2nd year 07/01/05�06/01/06 2980 1011 25.77 13 3.7 25 0.28 0.688 0.736
[0.49–8.7] [6.0–54] [0.11–0.53] [0.531–0.848]

1968 15.95 21 1.1 6.1 0.10 0.731 0.734
[0.09–4.3] [0.8–15] [0.02–0.23] [0.583–0.847]

2930 15.95 21 0.65 3.5 0.08 0.681 0.693
[0.14–1.7] [1.1–9.8] [0.03–0.19] [0.581–0.810]

3rd year 06/27/06�06/01/07 2961 992 26.08 13 2.0 13 0.18 0.674 0.712
[0.18–3.7] [4.6–22] [0.05–0.28] [0.487–0.862]

1949 16.14 21 0.78 5.4 0.11 0.675 0.659
[0.12–2.5] [0.8–21] [0.02–0.39] [0.386–0.859]

2911 16.14 21 0.65 3.0 0.09 0.670 0.669
[0.09–3.3] [0.4–9.9] [0.02–0.25] [0.417–0.832]

Entire period 06/27/04 �06/01/07 1000 3.2 21 0.24 0.679 0.730
[0.18–9.4] [4.6–106] [0.05–0.54] [0.414–0.862]

2000 1.1 6.3 0.11 0.699 0.670
[0.09–6.1] [0.8–21] [0.02–0.39] [0.386–0.859]

3000 0.78 3.5 0.09 0.672 0.621
[0.09–8.2] [0.4–21] [0.02–0.25] [0.417–0.832]

J.H
w
ang

et
al./

D
eep-Sea

R
esearch

I
83

(2014)
115

–123
117



results. The associated uncertainty and the standard deviation
previously determined by analysis of core-top samples of 6 indivi-
dual barrels from a single multi-core deployment at the trap
mooring site was 70.010 (average UK′

37¼0.559), corresponding
to 70.2 1C.

3. Results

3.1. Alkenone concentration and flux

C37 alkenone concentration in the 1000 m trap samples, repre-
sented as the sum of [C37:2] and [C37:3] normalized to POC
concentration, ranged between 0.05 and 0.54 mgC/gPOC with a
three-year average of 0.24 mgC/gPOC (Fig. 2a and Table 1). Alke-
none concentrations at 1000 m depth exhibited considerable
seasonal variability. The concentration was high in August,
September, and October, especially in 2004 and 2005. The con-
centration was also elevated in late March and April in 2004 and
2005, although the magnitude was smaller compared to that in
summer-early fall period. Concentrations also exhibited consider-
able interannual variability. During the 2006–7 period, the max-
imum concentration at 1000 m was not as conspicuous as in
the other two deployment periods. C37 alkenone concentration
decreased with sampling depth in general, by a greater extent
between 1000 m to 2000 m than between 2000 m to 3000 m. The
mean concentration was several-fold higher at 1000 m than at
2000 m and 3000 m (0.24 vs. 0.11 and 0.09 mgC/gPOC, respec-
tively). The amplitude of temporal variability in concentration also
decreased with increasing depth, with the peaks in the summer
and early fall and in April becoming far less conspicuous.

C37 alkenone flux to the 1000 m trap ranged between 0.2 and
9.4 μgC/m2d with a three-year average of 3.2 μgC/m2d (Fig. 2b).
In general, there was enhanced alkenone flux during August,
September, and October, especially in 2004 and 2005. There was
also another sharp increase in alkenone flux in April (Fig. 2b).
These periods of high alkenone flux coincide with those of high
alkenone concentration. Interannual variability in alkenone flux
can be seen more clearly in Fig. 3. Year-to-year variability in
alkenone flux appears to be large in August through October when
maximum alkenone flux occurs (see Shutler et al., 2012 for timing
of coccolithophore blooms in the North Atlantic). The enhanced
flux in April appears more persistent. This time coincides with the
spring bloom as reflected by maximum chlorophyll-a concentra-
tions based on satellite observation (Yoder et al., 2001), although
the spring bloom is mainly related to diatom productivity (Hwang
et al., 2009a). The flux decreased substantially between 1000 m
and 2000 m but by a much smaller amount between 2000 m and
3000 m. Variability in alkenone flux became smaller in concert
with the marked reduction in alkenone flux.
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Fig. 2. Biogeochemical properties of sinking POM at 1000 m, 2000 m, and 3000 m
nominal depths. (a) Concentration of di- and tri-unsaturated C37 alkenones
normalized to POC, (b) flux of C37:2 and C37:3 alkenones in μgC/m2d, and
(c) temporal variation of UK′

37 and satellite-derived SST (solid line) at the mooring
site. Samples indicated as half-filled symbols were extracted with MARS (micro-
wave accelerated reaction systems) instead of ASE (accelerated solvent extraction
system).

Table 2
Talkenone of suspended POM samples collected from ship’s clean seawater intake and the corresponding CTD temperature averaged over the surface mixed layer. The
calibrations for surface water production and core-top sediment (values in parenthesis) by Conte et al. (2006) were used for Talkenone.

Sample ID Sample location and collection time UK′
37

Talkenone (1C) CTD T (1C) MLD (m) ΔTa

EN407 39128′N, 68122′W 0.957b 27.4 (27.3) 26.5 12 þ0.9 (þ0.8)
Filter #7 Jun 27 2005, 02:26�15:08
EN407 38137′N, 68151′W 0.948b 27.1 (27.0) 27.6 33 �0.5 (�0.6)
Filter #12 Jun 29 2005, 02:34�13:14
EN407 39145′N, 69145′W 0.763b 22.3 (21.5) 22.8 46 �0.5 (�1.3)
Filter #21 Jul 1 2005, 10:22�15:12
OCE426 39142′N, 69107′W 0.738 21.7 (20.7) 21.2 40 þ0.5 (�0.5)
Filter #5 Jun 23 2006, 10:36�18:34
OCE426 39128’N, 68116’W 0.737 21.7 (20.7) 24.0c Not Defined �2.3 (�3.3)
Filter #9 Jun 24 2006, 14:06�20:30
OCE426 38133′N, 68158′W 0.943 27.0 (26.8) 25.0 20 þ2.0 (þ1.8)
Filter #12 Jun 26 2006, 07:33�13:14
Average7standard deviation þ0.071.5 (�0.571.8), þ0.571.0 (0.071.3)d

a ΔT¼Talkenone�CTD T.
b These results have been reported by Hwang et al. (2009b).
c This value is an average temperature of the surface 20 m layer
d Average7standard deviation when OCE426 filter #9 is excluded.
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3.2. Alkenone unsaturation index, UK′
37

UK′
37 values of sinking POM varied between 0.40 in April 2005

and 0.86 in early September in 2006 (Fig. 2c). A seasonal minimum
in UK′

37 was observed in April in 2005 and 2007. A noticeable
anomaly was observed in the winter 2005–6, when UK′

37 values
were considerably higher than those in the other two years, and
the seasonal minimum was observed in December and January.
The seasonal variation in UK′

37 values did not follow a smooth
sinusoidal curve. Instead, abrupt increases and decreases were
frequently observed. These deviations from a smooth curve,
forming both dips and peaks, were often observed at more than
one depth and thus considered a distinct natural phenomenon.

UK′
37 values at the 3 depths temporally co-varied mostly within

0.1 (equivalent to about 3 degrees on the temperature scale),
without showing any obvious time lag among the traps. The
considerably higher UK′

37 values at 2000 m than those at 1000 m
and 3000 m in February and March, 2006 may be an exception.
The three-year average UK′

37 values were 0.679, 0.699, and 0.672 at
1000 m, 2000 m, and 3000 m depths, respectively, without show-
ing any obvious trend with trap depth. In fact, the three-year
average value at 2000 m was higher than those at 1000 m and
3000 m. Another interesting observation is that UK′

37 values were
higher (lower) at 1000 m than at 3000 m in the summer (winter)
(see Fig. 7 also).

3.3. Comparison between Talkenone and SST

First, we examine whether alkenone-producing organisms
reflect the seawater temperature faithfully at the study site by
comparing CTD-measured temperature of the surface water with
Talkenone of suspended POM collected by filtration of seawater from

the ship’s clean seawater intake for a few hours while the ship
was at or in the vicinity of the sediment trap mooring site
(Table 2). Talkenone estimated by both calibrations for global
surface water production [Talkenone¼–0.957þ54.293 (UK′

37)�
52.894 (UK′

37)
2þ28.321 (UK′

37)
3] and core-top sediment [Talkenone¼

–1.334þ29.876 (UK′
37)] (Conte et al., 2006) mimicked CTD-

measured temperature within the uncertainty of this temperature
proxy (Table 2). Therefore, the Talkenone appear to reflect surface
water temperature within a reasonable level of uncertainty at the
study site, at least in the temperature range between 21.2 and
27.6 1C.

SST at the mooring site was not a smooth sinusoidal curve and
fine-scale structure was evident, as in the temporal variation in
UK′

37 of sinking POM. When temporal variation in UK′
37 was com-

pared to that in SST at the mooring site, a time lag was apparent,
especially between the maximal and minimal values of each
property (Fig. 2c). The latter is somewhat expected considering
the time lag between alkenone production and collection as
sinking POM at depth. However, when UK′

37 values were translated
to temperature, Talkenone estimated by calibrations for global sur-
face water production and core-top sediment ranged between
�14 1C and 24 1C, and between �10 1C and 24 1C, respectively
(also see web Supplementary Fig. S1). These temperature ranges
were not identical to that of the SST at the mooring site (�5 1C to
27 1C). As suggested by Rosell-Melé and Prahl (2013), sinking POM
may have different alkenone-related properties from suspended
POM. We therefore used the calibration for core-top sediment
(Conte et al., 2006) for temperature conversion for the subsequent
discussion.

4. Discussion

4.1. Provenance of alkenone-bearing sinking POM

It is not feasible to establish the provenance of alkenone-
bearing POM by examining the correlation between SST and
Talkenone, because seasonal fluctuations in SST would dominate
the correlation between the two properties in the temperate
ocean. However, short-term deviations from a smooth sinusoidal
curve, which were apparent both in UK′

37 and SST and reflect
dynamic features such as the Gulf Stream and/or warm core rings,
may provide clues on the source regions for alkenone-bearing
sinking POM. The deviation in Talkenone was obtained by subtracting
the Talkenone from a pure sinusoidal function fitting of the Talkenone
time-series. For deviation in SST, the existing SST time-series data
for the NWAtlantic (a daily product with 0.251 by 0.251 resolution
provided by National Climatic Data Center, NOAA, which is
optimally interpolated from AVHRR and AMSR satellite data;
http://www.ncdc.noaa.gov/oa/climate/research/sst/griddata.php)
were used. The daily SST data of each grid were bin-averaged in
time for each sampling period of sinking POM. Then we determine
the time lag between these two “de-seasoned” time-series data set
that produces the best correlation.

The time lag appears to increase as the reference site moves
away from the trap mooring site (Fig. 4a; only 3000 m trap results
are shown; the results for all three traps are shown in web
Supplementary Fig. S2). It shows that time lag values are positive
toward the northeast, and negative toward the west. Because SST
variation should lead Talkenone variation in time, the regions of
negative time lags can be ignored. Fig. 4b shows the maximum
correlation between the de-seasoned time-series of SST
and Talkenone that are shifted by the corresponding time lag
for each grid. The maximum correlation was found at around
66.5–67.51W and 39.5–401N, about 160 km east of the trap moor-
ing site. For comparison of temperatures, root-mean-square values
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(RMS �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSST�TalkenoneÞ2=n

q
, where n is the number of data) were

calculated between SST and Talkenone that was shifted by the
corresponding time lag. The lowest RMS values were obtained in
the region slightly south of the region of maximum correlation
(Fig. 4c). Together with the maximum correlation, the lowest RMS
values at the location �160 km east of the trap mooring site
implies that the temporal variation in Talkenone of the sinking POC is
most likely to be influenced by the SST upstream of the DWBC.

These results appear reasonable considering particle settling
velocities up to a few hundred meters per day (Conte et al., 2001;
Müller and Fischerm, 2001; Berelsonm, 2002) and a typical
current velocity of 5 cm/s (4.3 km/day; Toole et al., 2011) of the
prevailing DWBC current system. Sinking POM is expected to be
transported southwestward to the site along the DWBC, once it
settles below the upper layer of a few hundred meters that is
sporadically influenced by warm core rings and the Gulf Stream.
The Talkenone shifted forward by 30 days and SST at 39.61N and
66.51W are shown in Fig. 5 (and also Fig. S1) as an example.
Considering the complex current system in the study region
(Fig. 1), it is surprising that fine structure in temporal variations
in Talkenone can be matched well with that of the SST.

The resultant distributions of time lag, maximum correlation,
and RMS for the three trap depths were not different, perhaps
with the exception that the time lags for 1000 m samples were
slightly shorter than those for 2000 m and 3000 m samples
(Fig. S2). This result implies that although there is time lag
between production and initiation of sinking of POM, once
initiated, sinking is fast enough to produce no distinction between
the traps within the time frame of sampling resolution (2 weeks).

Considerable discrepancies do exist between Talkenone and SST
values. As shown in Fig. 5, the best fit of Talkenone to the time-series
data of SST results in lower Talkenone than SST during summer and
higher Talkenone than SST during winter. Our results may imply that
increasing the slope of the linear calibration equation will expand the
predicted temperature range, and hence mimic the SST better (this
issue was raised by F. Prahl upon reviewing the manuscript).
However, more in-depth examination of the hydrographic data and
modeling of the currents, potentially coupled with measurement of
other geochemical tracers, will be necessary to pinpoint the actual
“source funnels” of the collected sinking POM (Siegel and Deuser,
1997; Siegel et al., 2008) for more meaningful analysis of this type.

4.2. Degradation of alkenones and its impact on UK′
37 during

the vertical transit

In this section, we examine the potential alteration of UK′
37

and flux-weighted UK′
37 values in association with degradation of
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Fig. 5. Satellite-derived SST at 39.61N and 66.51W (solid line) and alkenone-derived
temperatures shifted forward by 30 days.

Fig. 4. Spatial distribution of (a) the time lag in days that maximizes the correlation
presented in (b) between the de-seasoned SST and alkenone-derived tempe-
rature of 3000 m trap samples. Only data with499% statistical significance of
the correlation are presented for the time lag. See text for the method of de-
seasoning of the temperature data. (c) Root-Mean-Square in 1C between alkenone-
derived temperature of 3000 m trap samples and SST shifted by the corresponding
time lag presented in (a). The black line in (b) denotes 99% of the statistical
significance of the correlation. The gray line denotes the time-mean position of the
Gulf Stream obtained from satellite altimeter data. The filled circle denotes the
mooring station and the open circle denotes the site for which SST is presented
in Fig. 5.
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alkenones during the vertical transit through the water column.
From 1000 m to 3000 m, alkenone flux decreased on average by a
factor of five. Also, alkenone concentration decreased by a factor of
two. This may imply that alkenones are more prone to degradation
compared to the bulk sinking POC. One possibility for the observed
difference in alkenone concentration and flux at different sam-
pling depths is that they reflect different source regions. However,
the current field at the 3000 m isobath in this region is barotro-
pically southwestward (Joyce et al., 2005; Toole et al., 2011).
Because meridional SST gradient is large in this region, it is not
very likely that sinking particles collected at 1000 m and 2000 m
have originated from different locations that have similar SST but
distinctly different E. hux productivity.

In the present study, UK′
37 does not appear to show any clear

systematic change with increasing sampling depth in the water
column, despite the strong attenuation in the flux and concentra-
tion. We compared Talkenone after interpolation of the results of the
2000 m and 3000 m traps to fit the 23–26 day sampling intervals
of the 1000 m trap (i.e., reducing the number of data points from
21 to 13 for each trap deployment). The average difference on a
temperature scale corresponded to 0.7 1C (71.3) and –0.1 1C
(71.8) between 2000 m and 1000 m, and between 3000 m and
1000 m, respectively (Figs. 2c and 7).

Although UK′
37 values are not altered, flux-weighted UK′

37 values
can be altered by attenuation of alkenone flux. A few studies,
including our own, which examined alkenone fluxes from tiered
sediment traps have found that alkenone flux was attenuated
much more extensively during the high alkenone-flux periods
than low alkenone-flux periods (e.g., Harada et al., 2001; Müller
and Fischer, 2001; Seki et al., 2007). If this is the case, temperature
bias will be reduced and flux-weighted Talkenone may approach the
annual average Talkenone or annual average SST. Indeed, alkenone
flux at 3000 m exhibited much smaller seasonal variability than
that at 1000 m (Fig. 2), presumably because of extensive degrada-
tion of alkenones. We compared C37 alkenone fluxes at 1000 m
and 3000 m after interpolation of the flux values from the 3000 m
trap to fit the 23–26 day sampling intervals of the 1000 m trap.
The % reduction of C37 alkenone flux from 1000 m to 3000 m
revealed a positive correlation with the C37 alkenone flux at
1000 m (Fig. 6). This finding demonstrates that degradation of
alkenones occurs more efficiently during the high flux period.
Consequently, flux-weighted UK′

37 values decreased from 0.730 at
1000 m to 0.670 and 0.621 at 2000 m and 3000 m, respectively,

showing that warm-temperature bias (in this specific case, warm-
temperature bias is caused by elevated alkenone production
mostly in summer) is reduced with increasing depth. Our results
suggest that caution should be exercised when interpreting time-
series data of Talkenone of sinking POM collected only at one depth,
especially when the depth is not near the seafloor. Depending on
particle interception depth, the flux-weighted Talkenone may not
accurately reflect Talkenone that is ultimately transferred to the
underlying sediments. The extent to which the temperature bias is
reduced is likely to be influenced by parameters such as bottom
depth (near shore vs. open ocean; Prahl et al., 1993), dissolved
oxygen levels (Goni et al., 2001), exposure time to oxic degrada-
tion and so on. We postulate that, in the absence of other factors
(e.g., see below), the temperature bias will be greater at near shore
sites with short vertical transit times than at open ocean sites.

4.3. Potential causes of UK′
37 signal modification in sinking POM

One interesting observation is that the UK′
37 values at 3000 m

were systematically lower than those at 1000 m in the summer,
but were higher in the winter (Figs. 2 and 7). The difference was
generally larger between 1000 m and 3000 m than between
1000 m and 2000 m. Diagenetic alteration would only result in
an increase in Talkenone due to preferential degradation of the
tri-unsaturated C37 ketone (Rontani et al., 2013 and references
therein) and hence, is not likely the cause of the observed
discrepancy.

One possible explanation is material exchange between sinking
POM and suspended POM during the vertical transport in the
water column. A Talkenone signal of suspended POM will represent
the integral of production (and decomposition) over a longer time
period (months to years Bacon et al., 1985), and hence, is expected
to exhibit smaller seasonal variability than corresponding signals
in sinking POM. The average UK′

37 value of suspended POM
observed in summer 2005 (0.654) was virtually constant from
1000 m to 2500 m, equivalent to 18.2 (71.2) 1C, much lower that
the SST of the corresponding time (Hwang et al., 2009b). There-
fore, inclusion of suspended POM to sinking POM in the water
column would decrease the seasonal amplitude in Talkenone and
hence may be responsible for the observed difference in UK′

37
between depths. However, exchange between sinking POM and
suspended POM is not well understood and a field of active
research (Sheridan et al., 2002; Abramson et al., 2010).

Sinking POM likely also contains alkenones supplied from
resuspended sediment whose UK′

37 value is close to that of the
annual average SST. Based on radiocarbon isotope mass balance,
about 30% (710%) of sinking POM collected in the three sediment
traps during the 2004–5 period was estimated to be derived
from lateral transport of resuspended sediment (Hwang et al.,
2009a). The contribution of alkenones from sediment resuspen-
sion is, however, likely much smaller because of the difference in
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alkenone concentration between sinking POM and resuspended
sediment.

4.4. Lateral supply of alkenones from resuspended sediment in the
bottom nepheloid layer

The flux-weighted UK′
37 value at 3000 m (0.621) is much closer

to the UK′
37 value of core-top sediment (0.559) at the trap mooring

site than the corresponding value at 1000 m (0.730). Nevertheless,
the UK′

37 values correspond to a discrepancy of 1.8 1C between
sinking POM at 3000 m and core-top sediment, with the latter
recording a lower Talkenone. While this discrepancy approaches the
overall uncertainty inherent in this approach that stem from
global calibrations, it is well beyond analytical uncertainty and
one would anticipate closer agreement betweenwater column and
sedimentary signals from the same location. We discuss potential
causes of the discrepancy below.

Diagenetic processes resulting in alkenone degradation can be
excluded for the reasons described above. Mixing with older
sediment by bioturbation may be disregarded for the following
reasons: Considering that the sedimentation rate at a site
(39.781N, 70.81W) near our mooring site was 13 cm/kyr (Tanaka
et al., 1991), and that the sediment mixed layer is likely to exceed
14 cm (Tanaka et al., 1991; Anderson et al., 1994), the core-top
sediment (0–1 cm) will contain the organic matter produced over
several hundred years. However, there is no evidence that SST was
markedly colder in this region during the recent history (Keigwin
et al., 2003; Sachs, 2007). SST during the Little Ice Age was
reported to be only about 1 1C lower than today in the Sargasso
Sea (Keigwin, 1996), and hence inclusion of alkenones produced
during that time is unlikely to be the cause of the colder Talkenone
recorded in the core-top sediment.

The most feasible cause of the discrepancy is lateral supply of
resuspended sediment containing a colder Talkenone signal. Talkenone
values preserved in sediments “upstream” in the DWBC are cooler
because of lower annual average SST (for example, annual average
SST at 411N and 671W is only 10.8 1C). Hence, entrainment of POM
derived from sediments further upslope or upstream of the DWBC
would lower Talkenone of sinking POM. It would be necessary to
invoke considerably more lateral supply of POM containing a cold
Talkenone signal below the 3000 m trap, situated 50 m above the
bottom, in order to induce the observed discrepancy between
sinking POM and core-top sediment at our site. This may be
feasible given the exponential increase in particle concentrations
commonly demonstrated by transmissometry gradients near sea
floor (John Toole, unpublished data) and the observed low UK′

37
value of suspended POM collected at 2930 m (0.556 equivalent to
15.3 1C) (Hwang et al., 2009b).

Clearly, there are a number of questions associated with the
transfer of alkenones – and more generally POM – from the water
column to the underlying sediments. Additional constraints on the
provenance and age of alkenones and associated components of
sinking and laterally transported particles are needed to resolve
these questions. Overall, it is important to consider both vertical
and lateral processes in understanding links between surface
ocean productivity, water column fluxes, and their manifestations
in underlying sediments.

5. Summary

Findings from a study of concentration and flux of C37 alke-
nones, and UK′

37 values in sinking POM collected at three depths
and in the underlying surface sediment on the NWAtlantic margin
can be summarized as follows.

� Temporal variations in Talkenone resembled that of the satellite-
derived SST at an upstream region in the northeast of the
mooring site.

� Although fine-scale variability in Talkenone tracked SST in an
upstream region reasonably well, there was significant discre-
pancy between Talkenone and SST.

� Alkenone flux decreased markedly between 1000 m and 2000
m but by a much lesser degree between 2000 m and 3000 m.
UK′

37 does not appear to be significantly altered during the
vertical transit despite a five-fold decrease in alkenone flux.

� Degradation of alkenones was more efficient when alkenone
flux was high. Potential temperature bias toward the tempera-
ture of high flux period was ameliorated with increasing water
depth, implying that temperature biases may vary as a function
of the depositional setting (e.g., length of the water column).

� The smaller amplitude of seasonal variation in Talkenone at
2000 m and 3000 m than 1000 m may have been caused by
incorporation of suspended POM, potentially including resus-
pended sediment.

� Talkenone of core-top sediment was lower than flux-weighted
Talkenone of sinking POM at 50 m above the seafloor by about
2 1C, which may reflect the additional supply of resuspended
sediment carrying alkenones produced in cooler waters to the
northeast and transported in the bottom nepheloid layer.
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