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ARTICLE INFO ABSTRACT

Editor: Michael E. B The elemental composition of the deep particle flux at 500 m, 1500 m and 3200 m was measured at the Oceanic
Flux Program (OFP) time-series site in the northern Sargasso Sea from September 2000 to March 2015. The
results clearly show that the deep particle flux is sourced from two components: an “extrinsic flux” component
that is derived from and temporally coupled with recent surface export fluxes, and an “intrinsic flux” component
that is derived from chemical scavenging and suspended particle aggregation within the deep water column.
Elemental fluxes show a seasonal cycle that is closely tied to the overlying cycle in primary production. Fluxes of
biogenic minerals and nutrient elements peak during the late winter-spring maximum in overlying primary
production. A small late winter-spring peak in fluxes of non-biogenic elements suggests that intrinsic flux
generation within the deep water column also covaries with overlying production and the extrinsic flux. Flux
elemental composition also shows a marked seasonal cycle that reflects dilution of the intrinsic flux in the late
winter and spring with fresh biogenic materials sourced from recent overlying production. Factor of four in-
creases in lithogenic element fluxes and lithogenic element ratios indicate that the source of the deep lithogenic
flux is not Saharan dust but North American margin sediments that have been resuspended and advected to the
region via Gulf Stream recirculation. High rates of authigenic mineral precipitation accompany organic matter
degradation in mesopelagic waters. The excess Mn flux (i.e. flux not supported by lithogenic minerals) increases
by an order of magnitude between 500 m and 1500 m, and the excess Ba flux increases by a factor of three. There
is a major reorganization of element associations with flux carrier phases with increasing depth. In particular,
the geochemical behavior and flux of P becomes increasingly independent of organic carrier phases and the
geochemical behavior of Fe, Co, Ni, Cu and, to a lesser extent, V and Pb becomes increasingly controlled by
manganese oxide scavenging.

This article is part of a special issue entitled: “Cycles of trace elements and isotopes in the ocean — GEOT-
RACES and beyond” - edited by Tim M. Conway, Tristan Horner, Yves Plancherel, and Aridane G. Gonzélez.
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1. Introduction processes of elemental substitution (e.g. Price and Morell, 1990; Morse

and Bender, 1990; Sunda and Huntsman, 1995; Ellwood and Hunter,

The oceanic particle flux controls the distributions and geochemical
behavior of many elements (Collier and Edmond, 1984; Bruland and
Lohan, 2003; Jeandel et al., 2015). Some elements are actively taken up
by phytoplankton as trace nutrients (e.g. Martin and Knauer, 1973;
Saito and Moffett, 2002; Morel and Price, 2003; Cullen and Maldonado,
2013; Twining et al., 2015) or as components of skeletal materials and
become directly incorporated into the biogenic particle flux. Other
elements become incorporated into biogenic particles through

2000; Gehlen et al., 2002; Sternberg et al., 2005), bioaccumulation (e.g.
Reinfelder and Fisher, 1991; Wang et al., 1996; Carvalho et al., 1999),
chemical scavenging onto particle surfaces (e.g. Balistrieri et al., 1981;
Yao and Millero, 1996; Clegg and Sarmiento, 1989; Gunnars et al.,
2002; Nelson et al., 2002), and precipitation of authigenic minerals
such as barite (Bishop, 1988; Griffith and Paytan, 2012) and Mn-Fe
oxyhydroxides (Cowen and Bruland, 1985; Statham et al., 1998;
Cowen, 1992; Tebo et al., 2004; Bargar et al., 2005). Elements in
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Table 1
Percent loss of elements from the flux material into the trap cup supernatant during deployment. Supernatants were analyzed in trap samples recovered in March
2009 (sampling dates Nov 2008-Mar 2009).

Element Depth
500m (n = 8) 1500m (n = 10) 3200m (n = 10)
Average Min Max Average Min Max Average Min Max
Mg <0.1 <0.1 <0.1
Al <0.1 0.1 0.8 <0.1 <0.1
Si 9.7 5.8 15.8 5.7 3.3 8.2 3.6 0.9 5.6
P 19.8 4.7 31.1 12.0 7.1 18.9 5.3 2.8 11.1
Ca <0.1 <0.1 <0.1
Sc 0.2 0.1 0.3 0.1 <0.1 0.1 <0.1
Ti 0.1 <0.1 0.2 <0.1 <0.1
\ 19.6 13.4 28.0 6.1 3.7 7.9 3.4 1.7 4.7
Cr n.d. n.d. n.d.
Mn 46.0 13.4 64.1 <0.1 <0.1
Fe <0.1 <0.1 <0.1
Co 7.3 0.1 15.4 0.4 <0.1 2.2 0.1 <0.1 0.2
Ni 5.2 1.0 11.5 2.0 0.6 4.5 0.3 0.3 0.3
Cu 0.6 0.1 1.1 1.5 0.2 6.3 <0.1
Zn 3.4 0.9 8.9 5.9 4.2 7.6 <0.1
Sr 40.0 2.2 76.3 8.9 1.0 18.9 <0.1
Cd 4.8 0.1 15.8 18.1 10.1 29.9 0.9 <0.1 2.8
Ba 3.4 2.0 5.1 0.6 0.5 0.9 0.6 0.4 1.0
Pb <0.1 <0.1 <0.1
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Fig. 1. Mass flux at the Oceanic Flux Program (OFP) site, shown for the time period corresponding to elemental data presented in this paper. The arrows indicate
plumes of Bermuda platform sediments that were resuspended by Hurricanes Fabian (Cat 3, Sep 2003) and Igor (Cat 1, Sep 2010) and advected to the OFP site.
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Fig. 2. Seasonal variation in fluxes of carbonate, organic carbon, opal and lithogenic material at the three trap depths. Lithogenic material is estimated from total Si
and Al data using the average clay composition in deep sea sediments (Li and Shoonmaker, 2003); opal is calculated by difference (see Section 3.3.1). The fluxes are
plotted July-July to better display the late winter-spring annual flux maximum. The years correspond to the year of the July start date (i.e. the symbol for 2001
denotes July 2001-June 2002). The y-axis is scaled to show the general seasonal trends and so may differ between trap depths (extreme fluxes associated with the

Hurricanes Fabian (2003) and Igor (2010) sediment plumes are off scale).

suspended particles become incorporated into the flux via particle ag-
gregation facilitated by zooplankton grazing activities, adhesion onto
the sticky surfaces of amorphous aggregates such as transparent exo-
polymer particles (TEP) (e.g. Passow, 2002), and particle coagulation
(e.g. Burd, 2013 and references therein).

The export of biogenic particles and other associated materials out
of the surface waters, either via particle settling or mixing, transfers
nutrient and particle-reactive elements to depth and efficiently cleanse
the upper ocean of accumulated materials. While the export of mate-
rials to depth removes nutrient elements from surface waters, limiting
plankton productivity, it provides the main food that supports deep
water ecosystems (e.g. Dall'Olmo et al., 2016 and references therein).

Only a small fraction of the surface export flux is carried by rapidly
sinking particles and efficiently transferred to the seafloor. Most of the
material exported out of the surface waters is subjected to myriad
particle recycling processes within the mesopelagic and bathypelagic
zones before it eventually makes its way to the seafloor.
Macrozooplankton grazing on particles results in repeated cycles of

particle fragmentation and aggregation. Gelatinous filter-feeding zoo-
plankton accumulate dissolved and particulate materials onto mucous
feeding nets, which are then discarded to become part of the sinking
flux. Passage of material through the gut environment provides recur-
ring opportunities for elements to desorb, bioaccumulate, form organic-
metal complexes, or be repackaged into fecal pellets. Microbial de-
composition of biogenic materials leads to solubilization of elements
and their release into the water column in dissolved, colloidal or sus-
pended form (Fisher and Wente, 1993; Lee and Fisher, 1992; Reinfelder
et al., 1993). Authigenic minerals such as barite precipitate within
particle microenvironments created as organic matter decomposes
(Bishop, 1988). Authigenic Mn-Fe oxyhydroxides (hereafter “Mn
oxides”) precipitate on particle surfaces by bacterially-mediated redox
reactions which also scavenge other redox sensitive elements from the
water column via co-precipitation and/or adsorption (e.g. Statham
et al., 2005; Moffett and Ho, 1996; Yao and Millero, 1996; Pohl and
Hennings, 1999).

Thus, the deep particle flux can be considered as the sum of two
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Table 2

Summary statistics of elemental fluxes (ugm~2d ') at the three trap depths.
Sediment plumes that were collected during Hurricanes Fabian (Sep 2003) and
Igor (Sep 2010) are not included in statistics. Q1 - 25% quartile, Q3 - 75%

quartile.

Depth
500 m 1500 m 3200 m

Mg Mean 118 224 236
(Min, max) (10.1, 744) (28, 947) (21, 905)
Median 73 197 217
(Q1, Q3) (44, 140) (136, 271) (166, 291)
Q-range 131% 69% 57%

Al Mean 108 372 535
(Min, max) (10.9, 444) (50, 1097) (65, 1122)
Median 86 349 526
(Q1, Q3) (45, 136) (252, 453) (407, 657)
Q-range 107% 58% 48%

Si Mean 1095 2714 3325
(Min, max) (74, 5046) (505, 11,704) (490, 8609)
Median 847 2355 3081
(Q1, Q3) (456, 1460) (1743, 3283) (2430, 4064)
Q-range 119% 65% 53%

P Mean 208 70 36
(Min, max) (8.69, 1027) (18, 325) (8,174)
Median 187 62 29
(Q1, Q3) (122, 267) (41, 78) (22, 44)
Q-range 77% 59% 76%

Ca Mean 8353 10,060 9225
(Min, max) (196, 59,404) (1491, 39,749) (1027, 31,187)
Median 5018 8441 8074
(Q1, Q3) (2430, 10,829) (6110, 11,850) (6268, 10,995)
Q-range 167% 68% 59%

Sc Mean 0.017 0.05 0.07
(Min, max) (0.002, 0.132) (0.01, 0.18) (0.01, 0.16)
Median 0.013 0.05 0.07
(Q1, Q3) (0.006, 0.024) (0.04, 0.06) (0.06, 0.09)
Q-range 138% 54% 47%

Ti Mean 5.1 16.2 22.7
(Min, max) (0.1, 23.6) (2.3, 63.1) (2.8, 48.3)
Median 3.7 14.6 22.0
(Q1, Q3) (2.0, 6.5) (11.1, 19.8) (16.3, 28.2)
Q-range 124% 60% 54%

A Mean 0.22 0.74 1.12
(Min, max) (0.01, 1.46) (0.10, 2.77) (0.13, 2.45)
Median 0.14 0.68 1.11
(Q1, Q3) (0.08, 0.26) (0.49, 0.91) (0.83, 1.28)
Q-range 134% 61% 49%

Cr Mean 0.39 0.45 0.59
(Min, max) (0.03, 2.99) (0.06, 1.34) (0.09, 1.41)
Median 0.22 0.41 0.57
(Q1, Q3) (0.10, 0.43) (0.30, 0.55) (0.42, 0.73)
Q-range 150% 60% 54%

Mn Mean 2.5 30.5 38.6
(Min, max) (0.2, 19.7) (4.6, 88.8) (5.0, 83.6)
Median 1.1 29.0 38.2
(Q1, Q3) (0.6, 2.8) (21.0, 38.5) (29.3, 47.5)
Q-range 196% 60% 48%

Fe Mean 74 221 326
(Min, max) (2.0, 447) (30, 705) (41, 686)
Median 56 208 324
(Q1, Q3) (30.1, 101) (153, 271) (245, 400)
Q-range 126% 57% 48%

Co Mean 0.09 0.36 0.42
(Min, max) (0.01, 0.42) (0.05, 0.95) (0.06, 0.86)
Median 0.06 0.36 0.41
(Q1, Q3) (0.03, 0.12) (0.27, 0.45) (0.32, 0.51)
Q-range 150% 50% 48%

Ni Mean 0.74 1.29 1.37
(Min, max) (0.06, 3.84) (0.29, 4.56) (0.18, 3.64)
Median 0.50 1.12 1.26
(Q1, Q3) (0.33, 1.05) (0.80, 1.57) (0.98, 1.67)
Q-range 145% 70% 55%
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Depth
500 m 1500 m 3200m

Cu Mean 1.16 2.16 2.77
(Min, max) (0.13, 5.20) (0.31, 7.44) (0.36, 6.42)
Median 0.89 1.97 2.71
(Q1, Q3) (0.42, 1.50) (1.50, 2.54) (2.14, 3.32)
Q-range 122% 53% 44%

Zn Mean 291 2.56 1.96
(Min, max) (0.02, 22.83) (0.31, 11.25) (0.11, 10.71)
Median 2.15 2.13 1.58
(Q1, Q3) (1.39, 3.40) (1.49, 3.29) (1.12, 2.36)
Q-range 93% 85% 79%

Sr Mean 50 69 64
(Min, max) (2, 298) 9, 271) (6, 230)
Median 33 59 57
(Q1, Q3) (16, 61) (45, 78) (44, 76)
Q-range 135% 56% 56%

cd Mean 0.095 0.033 0.018
(Min, max) (0.002, 0.829) (0.004, 0.203) (0.001, 0.120)
Median 0.051 0.024 0.015
(Q1, Q3) (0.023, 0.113) (0.016, 0.040) (0.010, 0.023)
Q-range 175% 100% 87%

Ba Mean 10.9 28.8 27.7
(Min, max) (0.4, 53.4) (3.6, 90.9) (3.4, 60.9)
Median 7.7 27.0 26.7
(Q1, Q3) (4.1, 13.8) (21.3, 35.0) (20.4, 34.0)
Q-range 127% 51% 51%

Pb Mean 1.3 2.8 3.4
(Min, max) (0.1, 8.0) (0.4, 10.4) (0.8,11.4)
Median 0.9 2.4 3.0
(Q1, Q3) (0.5, 1.4) (1.6, 3.4) (2.2, 4.0)
Q-range 107% 73% 60%

components. First, there is an “extrinsic” flux component that is sourced
from and closely temporally coupled with overlying plankton produc-
tion and surface export and efficiently transferred to depth. Second,
there is an “intrinsic” flux component that is generated within the water
column by processes including suspended particle aggregation, de novo
large particle production by zooplankton, chemical scavenging and
authigenic mineral precipitation.

While eventually particle-reactive elements arrive at the seafloor,
this may not occur until significant lateral advection has taken place. In
particular, dissolved and suspended materials from ocean margins can
be advected thousands of kilometers by ocean currents before removal
by intrinsic flux generation processes within the water column.

Despite the central role of particle flux processes on the cycling and
distributions of many elements within the ocean, there have been few
investigations of the detailed elemental composition of the particle flux.
Kuss and Kremling (1999a) and Kuss et al. (2010) analyzed the ele-
mental flux in the deep northeast Atlantic at three Kiel sediment trap
mooring sites (33° N, 47° N and 54° N) along the 20° W transect over the
time period from 1992 to 1996. Stern et al. (2017) made additional
measurements of Ba and lithogenic element fluxes at 2000 m depth at
the 33° N site over the time period from 2002 to 2008. Shorter studies
of elemental fluxes at coastal sites have also been conducted in the
Baltic Sea (Pohl et al., 2004), the Cariaco Basin (Calvert et al., 2015)
and the polynya area of Prydz Bay, Antarctica (Sun et al., 2016).

The Oceanic Flux Program (OFP) time-series of particle flux in the
northern Sargasso Sea is the longest time-series of its kind. Jickells et al.
(1984, 1990) conducted limited analyses of elemental fluxes in the deep
3200m trap and showed that the elemental flux has a seasonality
corresponding to the annual cycle of overlying primary production.
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Beginning in the late 1990s, we modified the OFP mooring design and
sample collection and processing methods to obtain flux samples of
highest purity for trace element (and organic) analyses. Huang and
Conte (2009) presented data on elemental fluxes in the three OFP traps
(500 m, 1500 m, 3200 m) covering the period between 2001 and 2005,
and provided an initial assessment of flux carrier phases.

In this paper we build upon the Huang and Conte (2009) study,
extending the time-series an additional ten years to 2015. We sum-
marize data from 668 individual sediment trap samples (137 at 500 m
depth, 224 at 1500 m depth and 308 at 3200 m depth) and provide a
uniquely detailed and comprehensive assessment of elemental fluxes in
the deep waters of the western North Atlantic gyre. The focus here is on
the seasonal cycle in elemental fluxes and flux composition, and on the
depth evolution of flux composition and elemental associations with
flux carrier phases. Non-seasonal drivers of deep flux temporal varia-
bility will be described in subsequent papers.

Chemical Geology 511 (2019) 279-313

2. Study area

The Bermuda Time-Series Site is located in the northern Sargasso
Sea within the Gulf Stream recirculation gyre (Joyce and Robbins,
1996; Talley, 1996). The site is one of the most extensively studied open
ocean regions in the world and hosts several ongoing, complementary
time-series: the Hydrostation S time-series (since 1954) of water
column hydrographic properties (Michaels and Knap, 1996; Steinberg
et al., 2001; Phillips and Joyce, 2007), the Oceanic Flux Program (OFP)
time-series (since 1978) of the deep ocean particle flux (Deuser, 1986;
Conte et al., 2001; Conte and Weber, 2014), the Bermuda Atlantic
Time-Series study (BATS, since 1988) time-series of upper ocean bio-
geochemistry (Michaels and Knap, 1996; Steinberg et al., 2001; Lomas
et al., 2013), and from 1994 to 2007, the Bermuda Testbed Mooring
(BTM) (Dickey et al., 2001). The Tudor Hill tower observatory on
Bermuda has been the site of multiple atmospheric campaigns, in-
cluding studies on long-range atmospheric transport and deposition of
Saharan dust and pollutants (e.g. Huang et al., 1999; Arimoto et al.,
2003; Sedwick et al., 2005). Together with remote sensing, these time-
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Fig. 3. Seasonal variation in elemental fluxes at the three trap depths. The fluxes are plotted July-July to better display the late winter—spring annual flux maximum.
The years correspond to the year of the July start date (i.e. the symbol for 2001 denotes July 2001-June 2002). The y-axis is scaled to show the general seasonal
trends and so may differ between trap depths (extreme fluxes associated with the Hurricanes Fabian (2003) and Igor (2010) sediment plumes are off scale). (a)
Carbonate elements (b) nutrient elements (c) lithogenic elements (d—f) authigenic and mixed source elements.
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Fig. 3. (continued)

series provide a uniquely detailed view of the complex interactions
among physics, chemistry and biology in the oligotrophic western
North Atlantic gyre.

The seasonal cycle in upper ocean biogeochemistry and primary
productivity has been previously described (Michaels and Knap, 1996,
Steinberg et al., 2001, Lomas et al., 2013). The mixed layer reaches a
maximum depth of 250-300 m in January to early February. With the
onset of seasonal stratification in late February—early March, a short
spring bloom develops and phytoplankton biomass and particulate or-
ganic carbon (POC) and nitrogen reach maximum concentrations. As
seasonal stratification intensifies, a shallow, nutrient-depleted surface
mixed layer develops with a subsurface chlorophyll maximum at the
base of the mixed layer. Strong thermal stratification in summer and
autumn results in low vertical mixing that limits nutrient availability
and primary production. Seasonal cooling in late autumn leads to
gradual mixed layer deepening, renewed nutrient entrainment into the
euphotic zone and increased productivity.

There is significant inter-annual variability in the seasonal cycle, as
well as episodic and sub-seasonal variability in upper ocean bio-
geochemistry and surface export fluxes (Lomas et al., 2013) as well as in
the deep water particle flux (Conte et al., 1998, 2001, 2003). Much of
the variability on time-scales of weeks to months arises due to short-

284

term physical forcing of the surface waters and nutrient upwelling that
is associated with the passage of synoptic-scale weather systems and
mesoscale features such as eddies (e.g. McGillicuddy et al., 1998;
McNeil et al., 1999; Dickey et al., 2001; Conte et al., 2003; Krause et al.,
2010; Shatova et al., 2012).

3. Methods
3.1. Sampling methods

The OFP mooring is located southeast of Bermuda (31°50” N, 64°10”
W) in 4500 m water depth. McLane Parflux sediment traps (0.5 m?
surface aperture area; McLane Labs, Falmouth, MA, USA) are deployed
at 500 m, 1500 m and 3200 m depths. The OFP mooring and sample
collection protocols are detailed in Conte et al. (2001). Mooring hard-
ware and operational protocols were updated in the mid-1990s with
316 stainless chain and hardware. Epoxy coated mooring terminations
are used in the proximity of traps to minimize organic and trace ele-
ment contamination during sampling. The OFP traps are not immune
from swimmers (e.g. fish, amphipods), which can seriously compromise
sample integrity. Although problems are not as severe as in more pro-
ductive areas, it has been necessary to install a high purity titanium
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Fig. 3. (continued)

screen (Grade 1 titanium, 1.25 cm mesh opening, 16 mm wire diameter)
on the 500 m trap honeycomb to prevent fish and large swimmers from
entering the trap funnel. (The screen was first installed in July 2004.)
Swimmers are only rarely a problem in the 1500 m and 3200 m traps so
no screens are installed at these depths.

The trap carousel is carefully cleaned and rinsed with deionized
water just prior to loading the sample bottles. The polyethylene sample
bottles are trace metal cleaned and leached with deionized water
during storage, using procedures described in Conte et al. (2001) and
Huang et al. (2007). Prior to deployment, the bottles are filled under a
laminar flow hood with a trace metal clean brine (~40 ppt) poisoned
with ultra-purity mercuric chloride (200 mg 1™Y to arrest bacterial
activity. The brine is made from unfiltered seawater collected at 3000 m
depth using trace-metal clean Go-Flo bottles on clean Kevlar line. The
seawater is concentrated to 40 ppt by freezing in a trace-element clean
LDPE carboy dedicated for this purpose. To assess for contamination
during brine preparation and/or sample collection, process and de-
ployment blanks are collected on each deployment.

3.2. Analytical methods

3.2.1. Sample processing

OFP sample processing protocols used for elemental analysis have
been previously described (Huang and Conte, 2009). All sample pro-
cessing is conducted under a laminar flow hood using trace metal
cleaned plastic and Teflon ware. Before sample processing, an aliquot of
supernatant is removed for dissolved analyses (P, Si and for select
samples multi-elemental determination by ICPMS). The > 1 mm sized
fraction of the trap material (which interferes with quantitative sample
splitting) is gently removed by screening before splitting. The < 1.0
mm material is split ( = 3% reproducibility) using a McLane 10-place
splitter equipped with a custom Teflon coated tray and spigots. Sample
supernatant brine is used for rinsing steps. One split (10% of the
sample) is collected in a trace metal cleaned LDPE centrifuge tube for
elemental analyses. This split is centrifuged, briefly rinsed with 18 Q[]
MilliQ water to remove the brine solution and then freeze-dried. Three
splits are removed for organic analyses and six splits (60% of the total
sample) are combined and further processed, as described in Conte
et al. (2001), for bulk compositional analyses.
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Fig. 3. (continued)

3.2.2. Elemental analysis

Elements are quantified using a fusion ICPMS method developed in
our lab for multi-elemental analysis of small (mg) quantities of sedi-
ment trap material (Huang et al., 2007; Huang and Conte, 2009).
Briefly, the dried < 1 mm sediment trap material is processed by fusion
with high purity lithium metaborate (LiBO,) flux at 1000°C in a
dedicated combustion furnace. Prior their use for sample analyses, Pt
crucibles are first repeatedly leached by conducting multiple fusion
cycles to reduce Pb blanks, which arise from impurities in the Au in the
crucibles. The sample to LiBO, flux ratio for fusion is approximately
1:2.5. The fused sample bead is subsequently dissolved in 1 M HNO3 for
ICPMS analysis. From 2000 to 2004, we used 1-2 mg of flux material
for analysis, but in 2005 we increased this to ~6 mg to reduce analy-
tical variability associated with particle heterogeneity. Blank analyses
of the LiBO, flux are run with each sample set to assess contamination.

The final sample solution was analyzed on a high resolution
Finnigan Element 2 ICPMS. A matrix-matching multi-element external
standard solution was used for determination of the trace element
concentrations.

To assess analytical reproducibility and uncertainty over the ana-
lysis period (2004-2015) and to allow for data intercalibration, we ran
the certified standard PACS-2 (National Research Council of Canada)
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with each fusion group, and also periodically ran well-characterized
working standards of OFP sediment trap material. (These are bimonthly
samples collected early in the time-series when a larger trap was em-
ployed.) The average coefficients of variation (CV) for element mea-
surements in PACS-2 standards analyzed within each ICPMS analytical
session, which includes fusion group variability as well as ICPMS
variability were: Mg (6.2%), Al (5.8%), Si (7.7%), P (8.2%), Ca (5.9%),
Sc (7.1%), Ti (5.4%), V (6.0%), Cr (6.4%), Mn (5.8%), Fe (5.3%), Co
(9.1%), Ni (19.9%), Cu (7.3%), Zn (11.4%), Sr (8.0%), Cd (15.4%), Ba
(6.7%), and Pb (10.4%). The average coefficients of variation (CV) for
the trap working standard SCIFF/OFP8/82 in five ICPMS sessions, with
between 4 and 14 trap working standard analyses per session, were
similar: Mg (5.7%), Al (6.9%), Si (7.3%), P (6.8%), Ca (5.9%), Sc
(7.6%), Ti (6.8%), V (7.7%), Cr (ND), Mn (7.6%), Fe (7.6%), Co
(14.0%), Ni (11.7%), Cu (15.8%), Zn (21.0%), Sr (9.3%), Cd (17.1%),
Ba (10.6%), and Pb (30.2%). The high CV for Zn and Pb in the trap
working standards arises from an intermittent crucible (Pb) and lab
(Zn) contamination that was a problem in early analyses (c.f. Huang
et al., 2007).

The overall CV for PACS-2 runs over the entire analysis period was
approximately twice that observed within each ICPMS session. This
indicated additional variability associated with the ICPMS analytical
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Fig. 3. (continued)

sessions, possibly resulting from slight differences in instrument tuning
or other ICPMS setup conditions. Therefore, to intercalibrate the data,
we normalized the raw ICPMS data using the average PACS-2 response
(i.e. measured versus certified value) within that ICPMS analytical
session. We used the PACS-2 standard as the basis for intercalibration
rather than sediment trap working standards because PACS-2 replicates
were routinely run whereas the OFP sediment trap working standards
were run infrequently given the limited quantities and valuable of the
trap material.

The P and Si data presented here include both the particulate
fraction and the dissolved fraction in the supernatant resulting from
dissolution of material in the trap cup during deployment. We measured
P and Si in sample supernatants in duplicate using a LACHAT auto-
analyzer (Lachat Instruments, Milwaukee WI), correcting for back-
ground concentrations in the brine blank of the corresponding de-
ployment. The masses of P and Si in the supernatant were added to
particulate mass determined by ICPMS to obtain total P and Si con-
centrations.

To assess dissolution losses of other elements, we analyzed the
elemental concentrations in supernatants by ICPMS for a recovery set of
samples spanning collection dates from Nov 2008 to April 2009. Excess
elemental concentrations in the supernatant were determined by

subtracting the brine blank for the deployment. The average percent
dissolution of each element in the flux material post-collection is given
in Table 1. At 3200 m depth, dissolution losses into the supernatant
were < 1% for all elements except P (5.3%), Si (3.6%) and V (3.4%). At
1500 m, losses were higher and more variable, averaging between 1 and
5% for Ni and Cu, between 5 and 10% for Si, V, Zn and Sr and > 10%
for P (12.7%) and Cd (18%). Losses at 500 m were significantly higher
and even more variable, averaging between 1 and 5% for Zn, Cd and Ba,
between 5 and 10% for Si, Co and Ni. Losses of P (20%), V (20%), Mn
(46%) and Sr (40%) were significant. The higher losses of nutrient
elements in the 500 and 1500 m traps likely reflect the greater solubi-
lity of these elements in labile organic phases, and possibly additional
sources from swimmers in the 500 m trap. The high losses of Sr in the
500m and 1500 m traps likely reflect the dissolution of the celestite
(SrSO,) tests of acantharia. The significant loss of Mn at 500 m depth,
but not in the deeper flux suggests its association with a labile phase at
mesopelagic depths. The reason for the high solubility of V in the 500 m
trap is not clear, but possibly reflects a weak association with a more
labile phase(s) in the mesopelagic. No seasonal trends were apparent in
this limited dataset, although the more extensive LACHAT dataset for
supernatant P concentration indicates greater P solubilization in the
500 m flux during high flux periods (data not shown), suggesting a



M.H. Conte, et al.

Chemical Geology 511 (2019) 279-313

<©2001 2002 A2003 22004 © 2005 @ 2006 ¢2007 ® 2008 ©2009 ¢2010 22011 22012 @ 2013 ©2014

50 V 500m Ni 500m o Cu 500m
g2.5 . 4 >
o ° a9 g °
£ 2.0 3 %) ..
.’. 4 ) ®
2 L4 * 6 o (] A %’ q
1 O e ® (OH[gEl_ | & 21 % /e 9
0 0 ®
Ni 1500m Cu 1500m
S 8 :
) 6 (0]
£ <o
g : °
= o o
x R ¢ ol o A
7 : 5
0 +—— : .A ‘. e | |

V 3200m 5 Ni 3200m

- 4

;E 3 m
(@]

= 2 p,,!,,,
x

= 1

T

0.0 +— 0 L |

JASONDJFMAMIJ

JASONDJFMAMJ

JASONDJFMAMIJ

Fig. 3. (continued)

possible influence of organic matter lability. Because of the large
sample variability in the supernatant ICPMS data, we did not apply any
universal correction factor to correct for losses of these elements into
the supernatant. Therefore, reported fluxes of V, Cd, Mn and Sr in the
500 m trap and Cd in the 1500 m trap should be considered minimum
values. As noted above, the P and Si data reported here were corrected
for post-collection dissolution losses.

We observed intermittent, but extreme, Cr contamination of the flux
material in the 500m trap (1-2 orders of magnitude higher than
median concentrations) but rarely in the deeper traps. Cr data was
excluded in the elemental database when concentrations were > 3 X
higher than the median. One possible source of Cr contamination is the
Ti screen installed on the 500 m trap, but this seems unlikely as the Ti
screen has only trace amounts of Cr and no obvious Ti co-contamination
was observed. A more likely source of the contamination is the 316
stainless chain and hardware just above the trap, as stainless steel has a
high Cr content (~18%). Microbes bioaccumulate Cr (e.g. Iyer et al.,
2004). Microbial growth, which forms a slimy mucous coating on
mooring surfaces, including stainless components, is far more prevalent
at the 500 m depth and thus would be more likely to intermittently
slough off from hardware above the trap and enter in sampling funnel.

288

Despite the potential for Cr contamination, the Cr data show valuable
trends and elemental associations so we have chosen to include these
data here, noting this caveat.

3.2.3. Bulk composition analyses

Total carbonate was measured by closed system digestion with
sulfuric acid using a Coulometrics Model 5011 carbon analyzer. For
organic carbon and nitrogen analysis, dried sample material (2-3 mg)
was first carefully decalcified with H,SO3 using a modification of the
Verrado et al. (1990) method. The decalcified samples were analyzed in
duplicate for carbon and nitrogen concentration and isotopic compo-
sition on a Europa ANCA-SL elemental analyzer - gas chromatograph
preparation system attached to a continuous-flow Europa 20-20 gas
source stable isotope ratio mass spectrometer. Certified reference ma-
terials and well-characterized working standards of sediment trap ma-
terial and sediments are analyzed with each sample batch to ensure
data inter-calibration. Data intercalibration is also routinely checked
through repeat analyses of selected archived samples.
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Fig. 4. Summary statistics of monthly elemental fluxes at the three trap depths. The fluxes are plotted July-July to better display the seasonal maximum. The y-axis is
scaled to show the general seasonal trends and so may differ between depths. Plotted are the median fluxes and bars showing the range between 25% and 75%
quartiles. (a) Carbonate elements (b) nutrient elements (c) lithogenic elements (d-f) authigenic and mixed source elements.

3.3. Data analysis

3.3.1. Lithogenic and opal contributions

Bulk lithogenic concentration was estimated from the Al con-
centration determined by ICPMS, assuming that the Al in the flux ma-
terial was carried mainly by lithogenic particles and that Al con-
centration of the lithogenic flux particles is similar to that of pelagic
clay sediments (8.4%, Li and Shoonmaker, 2003),
[Al]

Lithogenic] =
[ 8 I 0.084

(€]

This assumption is supported by the dominance of clays in north
Atlantic sediments (Biscaye, 1965), but may slightly overestimate the
actual lithogenic fraction because dissolved Al can be scavenged by
organic matter (e.g. Balistrieri et al., 1981) and also incorporated into
opal (Dymond et al., 1997; Gehlen et al., 2002).

To estimate the lithogenic fraction of the total Si in the flux mate-
rial, we assumed that the Si content of the lithogenic flux material
approximates that of pelagic clay sediments (25% by weight, Li and
Shoonmaker, 2003). The biogenic Si concentration was then estimated
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by subtracting the lithogenic Si from the total Si,

[Sibio] = [Sitorat] — [Siiien] (2)

We converted Sip;, to opal mass assuming the opal water content
(Si050.4H,0) reported by Mortlock and Froelich (1989). Calculated
opal is in good agreement with the opal data for a subset of 3200 m
samples (reported in Deuser et al., 1995) that were previously analyzed
using the opal dissolution method of Mortlock and Froelich (1989).

To validate the approach, we calculated the total sample mass,
summing the carbonate, organic matter (estimated as CH,0), opal, and
lithogenic percentages. The calculated sample mass closely agrees with
the sample mass that was measured gravimetrically. For 500 m samples
the median percentage of calculated mass is 100% of the gravimetric
mass (lower and upper quartiles of 95% and 104%), for 1500 m samples
the median percentage is 101% (lower and upper quartiles of 99% and
104%), and for 3200 m samples the median percentage is 102% (lower
and upper quartiles of 99% and 105%). Addition of authigenic barite
and Mn oxide components would increase the calculated total mass
by < 0.5% (see Section 4.4).
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Fig. 4. (continued)

3.3.2. Enrichment factor and excess elemental concentrations

The enrichment factor (EF) for each element with respect to the
average concentration of upper continental crust (UCC) was calculated
by normalizing the data to Al,

[X]
[A]
x1

[Allyce

sample

EF =
3

using the Al-normalized element concentrations of UCC reported in
Rudnick and Gao (2003). We used the UCC composition as currently
there are no direct data on the bulk elemental composition of lithogenic
material in the water column and the elemental composition of the
pelagic sediments (Li and Shoonmaker, 2003) includes authigenic as
well as lithogenic phases.

The “excess” elemental concentration ([X]y), i.e. the concentration
that is unsupported by the lithogenic fraction, was calculated as

[X]xs [X]total - [X]lith (4)
where [X]yi, is the Al normalized concentration of element X in the

upper continental crust reported in Rudnick and Gao (2003),
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[Xluee

[XTin = [Alliotar X [Alloce

)

4. Results
4.1. Mass flux and bulk components

4.1.1. Mass flux

Fig. 1 shows the total mass flux at the OFP site for the period cor-
responding to the elemental data presented in this paper. (Gaps in the
data between 2010 and 2011 at 3200 m depth, and between 2010 and
2012 at 500 m and 1500 m depths resulted from loss of the mooring,
other gaps at 1500 m depth resulted from trap failure.) The OFP traps
captured two plumes of detrital carbonate sediments from the Bermuda
platform that were resuspended during passages of Hurricanes Fabian
(Category 3, Sep 2003) and Igor (Category 1, Sep 2010) and advected
offshore. As these extreme events are atypical, they are excluded from
results and statistics presented here.

The main features of the mass flux over this time interval are similar
to those described for the earlier 1978-1998 time interval (Conte et al.,
2001). A clear seasonal cycle is observed in the mass flux that
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Fig. 4. (continued)

corresponds with the seasonal cycle in overlying primary production
and surface export flux (Steinberg et al., 2001; Lomas et al., 2013).
Significant variability is also observed on both shorter and longer time
scales. There is a strong coherence and no temporal lag in mass flux at
the three trap depths. Between 500 m and 1500 m depths, both flux
variability and the amplitude of the seasonal cycle decrease markedly.
The 1500 m and 3200 m fluxes suggest a quasi-constant background
flux in the deep ocean that is absent at 500 m depth.

4.1.2. Major flux components

The four major components of the mass flux are the biogenic ske-
letal minerals carbonate and opal, organic matter, and lithogenic ma-
terial (Conte et al., 2001). Carbonate is the largest component of the
flux, averaging 52%, 62% and 60% of the total mass at 500 m, 1500 m
and 3200m depths, respectively, for the time period discussed here.
Opal is only a minor fraction of the flux (7%, 10% and 12% at 500 m,
1500m and 3200m depths, respectively), consistent with the low
diatom productivity at Bermuda (Steinberg et al., 2001, Lomas et al.,
2013). Organic carbon (Corg) averages 13% of the flux at 500 m depth
and declines to 7% of the flux at 1500 m depth, indicating rapid organic
matter remineralization in the mesopelagic. The Corg fraction at
3200 m depth (5%) is only slightly less than at 1500 m depth. Nitrogen

averages 2.3% of the flux at 500 m depth, declines to 1.0% of the flux at
1500 m depth and to 0.6% of the flux at 3200 m depth. Interestingly,
the fraction of lithogenic material doubles between 500 m (6%) and
1500 m (13%) depth, and continues to increase to 27% of the flux at
3200 m depth.

Carbonate, opal and Corg exhibit a seasonal cycle in fluxes similar
to that of the total mass flux, with maximum concentrations in late
Feb-Mar coincident with the spring bloom (Fig. 2). (Note the data in
Fig. 2 and subsequent figures are plotted July-July to better display the
annual Dec-Mar flux maximum, e.g. the “2001” symbol represents the
time period from July 2001 to Jun 2002.) The flux variability and
seasonal amplitude decrease with depth for all components.

In contrast, lithogenic fluxes exhibit a less pronounced seasonal
cycle, with fluxes in Feb-Mar only slightly elevated. In contrast to
biogenic components, the variability in lithogenic fluxes is not dam-
pened with increasing depth.

4.2. Elemental fluxes
4.2.1. Summary statistics

Element fluxes at the three trap depths (< 1mm fraction) are
summarized in Table 2. Like mass flux, the frequency distributions of
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element fluxes are skewed with a tail of extreme values (Fig. 3). Thus,
the median and quartile data better reflect the central tendencies in the
flux than does the arithmetic average, and are used here.

A prominent feature in the element fluxes is the large decrease in
fluxes of nutrient elements P and Cd between 500m and 1500 m
depths. Between 500 m and 1500 m depth, median fluxes of P and Cd
decrease by 67% and 54%, respectively, indicating extensive losses of
nutrient elements as labile organic tissues are degraded in the meso-
pelagic. Fluxes decrease a further 52% and 37%, respectively between
1500 m and 3200 m depth. In contrast, flux of the nutrient element Zn is
similar at 500 m and 1500 m depths, and decreases by only 25% be-
tween 1500 m and 3200 m depth.

The losses in nutrient elements are countered by large increases in
fluxes of lithogenic elements (Al, Sc and Ti). Median fluxes of Al, Sc,
and Ti increase by ~300% between 500 m and 1500 m, and increase a
further 40-50% between 1500 m and 3200 m depths. Cu and Ni, which
are associated with both organic and lithogenic phases, show a smaller
increase with depth, increasing by ~122% between 500 m and 1500 m
depth, and by 37% and 13%, respectively, between 1500 m and 3200 m
depth.

A second prominent feature in elemental fluxes is the order of
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magnitude increase in Mn flux between 500m and 1500m depth
(Table 2, accounting for the ~45% solubilization loss of Mn in the
500 m trap particles). In comparison, the Fe flux only increases by a
factor of 3.7 between 500 m and 1500 m depths. These results indicate
strong precipitation of Mn oxides in the mesopelagic, and furthermore
that Mn oxides are the predominant authigenic phase rather than Fe
oxyhydr(oxides). Fluxes of Co and V, which are scavenged by Mn oxides
and Fe oxyhydr(oxides) (Shieh and Duedall, 1988; Moffett and Ho,
1996; Hawco et al., 2018), also increase between 500 m and 1500 m
depths- by 505% and 395%, respectively.

Ba flux also increases dramatically, by 252%, between 500 m and
1500 m depth, suggestive of significant authigenic barite production
within the mesopelagic. Unlike Mn, the Ba flux remains constant be-
tween 1500m and 3200m depths, which suggests minimal barite
production in the deep water column.

A simple measure of variability of the elemental fluxes which is
insensitive to extreme values is the range between the 25% and 75
quartiles, normalized to the median (Q-range),

(Q3 - Q1)

Q — range = -
median

(6)
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Fig. 4. (continued)

where Q3 is the value of the 75% quartile and Q1 is the value of the
25% quartile for the element. As observed for bulk components (Fig. 2),
variability in elemental fluxes declines sharply between 500 m and
1500 m depths, and continues to decline between 1500 m and 3200 m
depths for most elements (Table 2). In the 500 m flux, the Q-range
varies from 77% for P to 196% for Mn (average 132%). In the 1500 m
flux, the Q-range is lower and varies from 50% for Co to 100% for Cd
(average 64%). The Q-range decreases slightly in the 3200 m flux, from
44% for Cu to 87% for Cd (average 56%). P, Zn and Cd exhibit much
higher variability (Q-ranges 76%, 79%, 87%, respectively) in the
3200 m flux than do other elements (Q-ranges between 44 and 60%).

4.2.2. Seasonal variability

The seasonal cycle of individual element fluxes is shown in Fig. 3
and monthly summary statistics are plotted in Fig. 4. Elements asso-
ciated primarily with carbonates (Ca, Mg, and Sr) exhibit a strong flux
peak at 500m depth that is coincident with the spring productivity
maximum in overlying waters (Figs. 3a, 4a). For all three elements, the
spring flux peak becomes more damped and broadens with increasing
depth. Minimum fluxes are observed during the summer-fall period of
low productivity and are higher at 1500 m and 3200 m depths than at
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500 m depth. This suggests that aggregation of suspended detrital car-
bonate particles within the water column (an intrinsic flux component),
sourced from past overlying production and/or lateral advection, sup-
plies a more significant fraction of the deep carbonate flux during low
productivity periods.

Unexpectedly, nutrient elements associated with organic matter (P,
Zn, Cd) have a much less clear seasonal cycle (Figs. 3b, 4b). (Note that
the P data is the summed particulate and supernatant fractions, whereas
the Zn and Cd data include only the particulate fraction and are thus
minimum values, c. f. Table 1). The seasonal cycle of these elements in
the 500 m flux is masked by the extreme variability. This variability can
be attributed to contamination by swimmers (a particular problem in
the 500 m trap), but also reflects pronounced compositional hetero-
geneity of organic materials in the 500 m flux. Flux variability is much
reduced in the 1500m and 3200m fluxes although still significant
(Fig. 3b). P and Cd have slightly elevated fluxes in Mar, consistent with
the seasonal peak in organic carbon (Fig. 2), while Zn shows no clear
seasonal cycle (Figs. 3b, 4b).

An interesting feature in the fluxes of lithogenic elements (Al, Ti, Sc)
is the evidence for a seasonal cycle (Figs. 3c, 4c). At 500 m depth, li-
thogenic element fluxes are highly variable, but fluxes tend to be
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Fig. 4. (continued)

elevated in Mar during the spring bloom. Lithogenic fluxes also are
elevated in the late summer-fall period in three years (Aug-Sep 2003,
Sept-Oct 2005 and Sept—Oct 2006). The timing coincides with the
season of Saharan dust deposition at Bermuda (Arimoto et al., 2003;
Tian et al., 2008) and suggests that the 500 m trap captured dust de-
position events (as observed in summer 2003, Sedwick et al., 2005).
Even so, the flux peaks in these years do not rise above background in
the 1500 m flux, indicating that any temporal pulses in dust deposition
are effectively homogenized by 1500 m depth. No increase in lithogenic
element fluxes is observed in the late summer-fall for other years.

A seasonal cycle is also observed in fluxes of elements associated
with authigenic minerals (Ba, Mn, Co, Figs. 3d, 4d). The large spring
flux peak of Ba at 500 m depth suggests a primary association of Ba with
barite precipitated in decaying organic matter (e.g. Bishop, 1988). The
seasonal cycle in Ba fluxes at 1500 m and 3200 m depths is remarkably
similar (Fig. 4d), with fluxes increasing in Jan to a maximum in Mar at
both depths. Mn fluxes also show a tendency for a spring flux peak
suggesting a linkage on Mn oxide precipitation and export flux of
phytodetritus. Co, which is associated with organic material as well as
scavenged by Mn and Fe oxides (Moffett and Ho, 1996), similarly shows
a strong spring flux peak at 500 m depth. As observed for lithogenic
elements, the seasonal cycles in Mn and Co fluxes are more clearly
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defined at 3200 m depth than at 1500 m depth.

Elements associated with multiple phases (Si, Fe, Pb, V, Ni, Cu)
exhibit spring flux peaks but their peak amplitudes differ (Figs. 3e & f,
4e&f). At 500 m depth, the median spring flux peak for Si, associated in
part with opal, is approximately a factor of six higher than the
minimum flux in late summer (Fig. 4e). For nutrient elements Fe, Ni
and Cu, the spring flux maxima at 500 m depth are approximately 2-3
times higher than the minimum fluxes in late summer. However, for Pb
and V, the spring flux maxima at 500 m depth are only ~50% higher
than the minimum fluxes. A spring peak in Si, Pb, Ni and Cu fluxes is
also clearly seen in the 1500 m and 3200 m fluxes, while for Fe and V,
the spring flux peak is only clearly seen in the 3200 m flux, similar to
the lithogenic elements (Fig. 4c).

There is significant inter-annual variability in elemental fluxes
(Fig. 3). Interestingly, elevated fluxes are occasionally observed in the
deep fluxes but not at 500 m depth. For example, fluxes of carbonate
and lithogenic elements were elevated in Sep-Oct 2009 (1500 m
depth), Feb-Mar 2009 and Apr-Jun 2010 (both 1500 m and 3200 m
depths). (Note the data are plotted from Jul-Jul year, so spring 2008
and 2010 data are shown by 2007 and 2009 symbols, respectively.) Ba
and Co fluxes were also elevated in the Sep—Oct 2009 event. None of
these events were apparent at 500 m depth.
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Table 3
Summary statistics of elemental concentrations (mgkg~!) except Si and Ca
(gkg™ 1) and molar ratios. Extreme fluxes from Hurricane Fabian and Igor
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Table 3 (continued)

plumes are not included in statistics. Q1 - 25% quartile, Q3 - 75% quartile.

Depth
500 m 1500 m 3200 m

Mg Mean 4342 6009 6441
(Min, max) (999, 8905) (2720, 12,322) (2374, 10,569)
Median 4123 5749 6405
(Q1,Q3) (3087, 5693) (4951, 6883) (5720, 7094)
Q-range 63% 34% 21%

Al Mean 4820 10,651 15,215
(Min, max) (477, 12,729) (3481, 20,400) (5567, 26,591)
Median 4091 10,359 15,263
(Q1, Q3) (2327, 6765) (8344, 12,559) (12,862, 17,754)
Q-range 108% 41% 32%

Si(gkg™)  Mean 44 74 93
(Min, max) (6, 92) (30, 133) (39, 150)
Median 43 72 91
(Q1, Q3) (29, 57) (61, 85) (80, 106)
Q-range 65% 33% 28%

P Mean 11,398 2170 1023
(Min, max) (623, 56,536) (706, 17,783) (425, 5175)
Median 8442 1705 839
(Q1, Q3) (4910, 15,111) (1207, 2364) (713, 1075)
Q-range 121% 68% 43%

Ca(gkg™ Mean 260 262 248
(Min, max) (36, 418) (180, 444) (130, 357)
Median 253 257 245
(Q1, Q3) (212, 320) (239, 282) (231, 267)
Q-range 43% 17% 15%

Sc Mean 0.76 1.54 2.10
(Min, max)  (0.04, 2.44) (0.60, 2.98) (0.77, 3.65)
Median 0.63 1.50 2.09
(Q1, Q3) (0.42, 1.07) (1.26, 1.84) (1.82, 2.40)
Q-range 103% 39% 28%

Ti Mean 244 466 650
(Min, max) (6, 808) (119, 937) (227, 1224)
Median 188 455 629
(Q1, Q3) (97, 372) (368, 580) (518, 773)
Q-range 146% 47% 41%

\ Mean 9.5 21.0 31.9
(Min, max) (0.4, 61.1) (7.1, 38.5) (11.4, 51.7)
Median 6.9 20.9 325
(Q1, Q3) (4.2,11.3) (16.9, 25.0) (27.1, 37.1)
Q-range 104% 39% 31%

Cr Mean 12.0 12.8 16.9
(Min, max) (2.7, 42.9) (3.9, 34.9) (3.7, 36.2)
Median 10.3 11.8 16.6
(Q1, Q3) (5.5, 15.3) (9.4, 14.5) (14.1, 19.8)
Q-range 94% 43% 34%

Mn Mean 87 881 1103
(Min, max) (13, 420) (242, 1672) (366, 1940)
Median 62 898 1134
(Q1, Q3) (40, 99) (691, 1049) (936, 1286)
Q-range 95% 40% 31%

Fe Mean 3350 6341 9363
(Min, max) (154, 17,315) (2044, 12,210) (2887, 16,355)
Median 2548 6099 9621
(Q1, Q3) (1481, 4596) (4832, 7686) (7957, 10,978)
Q-range 122% 47% 31%

Co Mean 3.4 10.4 121
(Min, max) (0.8, 10.3) (4.2,19.1) (5.4, 21.8)
median 2.8 10.3 12.2
(Q1, Q3) (2.2,4.1) (8.4, 12.6) (10.2, 13.6)
Q-range 69% 41% 28%

Ni Mean 30.0 35.1 38.7
(Min, max) (3.2, 98.3) (10.7, 66.3) (10.7, 102.3)
Median 23.6 34.3 37.6
(Q1, Q3) (16.8, 36.2) (27.8, 40.7) (32.2, 44.1)
Q-range 82% 38% 32%

Cu Mean 45 61 79
(Min, max) (6, 121) (27, 101) (32, 154)
Median 41 59 80
(Q1, Q3) (29, 58) (52, 68) (68, 90)

Q-range

70%

28%

28%

Depth
500 m 1500 m 3200 m

Zn Mean 141 79 57
(Min, max) (0.2, 579) (11, 304) (4, 233)
Median 117 67 46
(Q1, Q3) (59, 193) (43, 102) (36, 66)
Q-range 115% 87% 66%

Sr Mean 1638 1810 1714
(Min, max) (822, 3111) (1285, 2922) (970, 2309)
Median 1586 1788 1686
(Q1, Q3) (1383, 1839) (1655, 1919) (1605, 1800)
Q-range 29% 15% 12%

Ccd Mean 3.86 0.89 0.53
(Min, max)  (0.10, 25.68) (0.02, 5.84) (0.02, 1.86)
Median 2.24 0.72 0.44
(Q1, Q3) (1.34, 3.80) (0.53, 1.00) (0.30, 0.64)
Q-range 110% 65% 78%

Ba Mean 425 812 777
(Min, max) (37, 1134) (447, 1659) (412, 1266)
Median 409 799 778
(Q1, Q3) (266, 564) (683, 934) (684, 872)
Q-range 73% 31% 24%

Pb Mean 55 80 94
(Min, max) (7, 205) (21, 216) (24, 280)
Median 44 69 81
(Q1, Q3) (26, 77) (51, 100) (65, 113)
Q-range 115% 71% 59%

(b) Molar ratios:

Ti/Al Mean 0.030 0.025 0.024
(Min, max)  (0.007, 0.090) (0.013, 0.033) (0.014, 0.042)
Median 0.029 0.025 0.024
(Q1, Q3) (0.022, 0.033) (0.022, 0.027) (0.022, 0.026)
Q-range 38% 20% 14%

Al/Fe Mean 3.2 3.5 3.4
(Min, max) (0.2, 9.8) (2.6, 4.5) (2.5, 6.3)
Median 3.4 3.5 3.3
(Q1, Q3) (2.8, 3.4) (3.3,3.7) (3.2, 3.5)
Q-range 29% 12% 11%

Fe/Ti Mean 13.2 12.0 12.6
(Min, max) (0.8, 9.5) (8.3, 20.4) (5.9, 19.1)
Median 11.1 11.6 12.7
(Q1, Q3) (8.3, 14.6) (10.7, 12.8) (11.7, 13.5)
Q-range 57% 18% 14%

Mn/Ti Mean 0.5 1.7 1.5
(Min, max) (0.1, 0.9) (0.6, 3.1) (0.6, 2.4)
Median 0.3 1.7 1.5
(Q1, Q3) (0.2, 0.6) (1.5,1.9) (1.3,1.7)
Q-range 131% 30% 24%

4.3. Flux elemental composition

4.3.1. Summary statistics

Summary statistics of flux elemental composition at the three trap

depths are shown in Table 3. Mean concentrations of the nutrient ele-
ments P, Zn and Cd decrease by 80%, 43% and 68%, respectively, be-
tween 500 m and 1500 m depth and then decrease by another 51%,
32% and 40% between 1500 m and 3200 m depth. Conversely, con-
centrations of the lithogenic elements Al, Sc and Ti increase by 153%,
137% and 143% respectively between 500 m and 1500 m depths, and
increase by another 47%, 40% and 38%, respectively between 1500 m
and 3200m depth. Concentrations of elements such as Cu, Ni, Pb,
which are associated with both organic and lithogenic/authigenic
phases, show an intermediate enrichment, increasing by 45%, 45%,
57%, respectively, between 500 m and 1500 m depth, and a further
35%, 10%, 17%, respectively, between 1500 m and 3200 m depth.
Mn concentration increases by an order of magnitude from 500 m to
1500 m depth and by another 26% between 1500 m and 3200 m depth,
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Fig. 5. Seasonal variation in elemental concentrations (mgkg™') at the three trap depths. The concentrations are plotted July—July to better display the late
winter-spring annual flux maximum. The years correspond to the year of the July start date (i.e. the symbol for 2001 denotes July 2001-June 2002). The y-axis is
scaled to show the general seasonal trends and so may differ between trap depths (extreme values associated with the Hurricanes Fabian (2003) and Igor (2010)
sediment plumes are off scale). (a) Carbonate elements (b) nutrient elements (c) lithogenic elements (d—f) authigenic and mixed source elements.

consistent with high rates of authigenic Mn oxide precipitation in the
mesopelagic. Co, an element strongly scavenged by Mn oxides, in-
creases by 266% between 500 m and 1500 m depth, and a further 18%
between 1500m and 3200 m depth. V, another scavenged element,
exhibits a different depth trend from Co, increasing by 204% between
500 m and 1500 m depths, then by 56% between 1500 m and 3200 m
depths.

Ba concentration increases by 95% between 500m and 1500 m
depths but does not show any further increase between 1500 m and
3200 m depth, despite the continuing enrichment in lithogenic ele-
ments. This, as well as the lack of an increase in Ba flux between 1500 m
and 3200 m (Figs. 3d, 4d), suggests that Ba is mainly associated with
barite and that barite precipitation is largely confined to mesopelagic
depths.

Elements associated with different phases show differences in the
variability of their concentrations (Table 3). In particular, carbonate
elements are significantly less variable than other elements. In the
500 m flux, Q-ranges for the carbonate elements Ca, Mg and Sr are 43%,
63% and 29%, respectively, while those of the lithogenic elements Al,
Sc and Ti are 108%, 103% and 146%, respectively. Q-ranges for mixed
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source elements are also higher than for carbonates, ranging between
70% (Cu) to 122% (Fe).

As observed in bulk components (e.g. Conte et al., 2001), the
compositional variability of the flux decreases rapidly between 500 m
and 1500 m depths. Q-ranges of the carbonate elements Ca, Mg and Sr
in the 1500 m flux (17%, 34% and 15%, respectively) are half that seen
in the 500 m flux. Q-ranges of lithogenic elements decrease even more
substantially by about 35% between 500m and 1500m depths. In
contrast, the decrease in Q-ranges between 500 m and 1500 m depths
for the nutrient elements P, Zn and Cd, and for Pb is lower, with Q-
ranges in the 1500 m flux averaging 68%, 87%, 65%, 71%, respectively.
At 3200 m depth, Q-ranges of carbonate and lithogenic elements are
similar to those at 1500 m depth, whereas the Q-ranges of P, Zn, Cd and
Pb are about 30% lower at 3200 m depth.

Selected molar ratios are given in Table 3. The median Ti/Al molar
ratio decreases slightly from 0.029 to 0.025 between 500 m and 1500 m
depths, and remains constant between 1500 m and 3200 m depths. The
small increase in Al relative to Ti could reflect higher scavenging of Al
onto biogenic phases (e.g. Bruland and Lohan, 2003). The Fe/Ti ratio
increases slightly with depth, from 11.1 at 500m depth to 12.7 at
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Fig. 5. (continued)

3200 m depth. The molar ratios in the flux are more similar to those of
deep suspended particles collected at Bermuda and near the North
American continental margin (Ohnemus and Lam, 2015) than those in
Saharan dust (Ti/Al > 0.04, Fe/Ti ~5-8; Arimoto et al., 1995, Moreno
et al., 2006, Tian et al., 2008, Trapp et al., 2008, Shelly et al., 2015).
The molar Mn/Ti ratio, an indicator of the changes in relative abun-
dance of authigenic Mn oxide relative to lithogenic material, increases
sharply between 500m (0.3) and 1500m (1.7) depths but then de-
creases slightly in the 3200 m flux (1.5), suggesting higher aggregation
of suspended lithogenics relative to increases from authigenic miner-
alization in the deep water column.

4.3.2. Seasonality in flux composition

Seasonal variation in flux composition reflects seasonal changes in
the relative contributions of different flux carriers, in particular the
balance between the processes of chemical scavenging and suspended
particle aggregation that contribute to intrinsic flux generation within
the water column and the extrinsic flux that is sourced from overlying
surface water production. Elemental concentrations of individual sam-
ples are shown in Fig. 5 and summary statistics in Fig. 6. Seasonal
variation in carbonate element concentrations (Figs. 5a, 6a) is highest
for Ca, which peaks during the late Dec-Mar period of maximum bio-
genic carbonate production. A small spring peak is also observed in Sr

concentration but not for Mg. Unexpectedly, concentrations of the nu-
trient elements P, Zn and Cd (Figs. 5b, 6b) are not elevated during the
spring bloom period. At 500 m depth, concentrations are in fact at a
minimum in Mar, indicating the dominance of biogenic carbonate
production in extrinsic flux generation. Nutrient element concentra-
tions subsequently increase in late spring and early summer in the
500 m flux, but remain relatively constant in the 1500 m and 3200 m
flux.

The concentrations of the lithogenic elements Al, Ti and Sc (Figs. 5c,
6¢) all exhibit a seasonal maximum in Sep-Oct and then decline to
minimum concentrations in Mar that are a factor of 2-3 lower than the
maximum concentrations. This seasonal cycle in concentrations in-
dicates a seasonal dilution of the (intrinsic) lithogenic flux component
with biogenic material, primarily biogenic carbonates (Fig. 5a), sourced
from recent overlying production (the extrinsic flux component). The
Sep—Oct maximum in lithogenic element concentrations likely reflects
the low contributions from extrinsic biogenic fluxes during the seasonal
minimum in productivity and possibly increased dust deposition in the
fall.

Concentrations of Ba, Mn and Co (Figs. 5d, 6d), Si, Fe, Pb (Figs. Se,
6e) and V and Cu (Figs. 5f, 6f) in the 1500 m and 3200 m flux exhibit
similar, though smaller, Jan-Mar dilution patterns as the lithogenic
elements but little evidence of a fall maximum. In contrast, Ni shows no
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Fig. 5. (continued)

clear seasonal cycle in concentration (Figs. 5f, 6f).
4.4. Elemental partitioning among flux carrier phases

Principal Components Analysis (PCA) was performed to quantita-
tively examine elemental associations. PCA was first performed using
the full element concentration dataset, including organic carbon, ni-
trogen and carbonate as variables. The first PCA factor comprised
36.4%, 42.0% and 43.1% of the total variance in the 500 m, 1500 m
and 3200m data, respectively (Fig. 7). Lithogenic (and authigenic)
elements are heavily loaded on PCA Factor 1 at all depths. PCA Factor 2
comprised 18.1%, 12.9% and 10.2% of the total variance in the 500 m,
1500 m and 3200 m data, respectively. Organic carbon and nitrogen are
heavily loaded on Factor 2 at all depths.

Scatter plots of the element loadings on Factor 1 (“Lithogenic”)
versus Factor 2 (“Organic Matter”) show a clear transition in element
associations with increasing depth (Fig. 7). At 500 m depth, the nutrient
elements P, Zn are strongly loaded on Factor 2 (“Organic Matter”), as
are Cd and Pb to a lesser extent. Most other elements are strongly po-
sitively loaded on Factor 1 (“Lithogenic”), although the loadings of Ni,
Cu and Cr are weaker. The similar loading of Al with Sc and Ti on
Factors 1 and 2 indicates a strong association of Al with lithogenic
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phases and that Al associations with non-lithogenic organic and/or
carbonate phases is minor. This pattern in factor loadings shifts in the
1500 m flux. The loading of P on Factor 2 decreases, and loadings of Cu,
Ni, Cr and Pb on Factor 1 increase. This trend continues in the 3200 m
flux. In the 3200 m flux, P is no longer loaded on Factor 2. Additionally,
Zn and Cd loadings on Factor 2 decrease while the loading of Cd on
Factor 1 increases. These results indicate that with increasing depth, the
association of the nutrient elements P, Zn and Cd with organic matter
weakens, and that most elements (e.g. Cd, Cu, Ni, Pb) become in-
creasingly associated with lithogenic and authigenic phases.

The PCA results above do not differentiate between the associations
of elements with lithogenic versus authigenic phases. To explore further
how element associations with non-lithogenic phases change, we first
compared the elemental concentrations in the flux material with that of
the upper continental crust (UCC, Rudnick and Gao, 2003) and calcu-
lated elemental enrichment factors (EFs). The comparison with UCC is
necessarily a rough approximation of the actual lithogenic flux com-
position and thus calculated EFs will include any deviation between the
UCC and the actual lithogenic composition.

Calculated EFs for the flux material at the three trap depths are
given in Table 4. EFs for Sc, Ti are near unity while Fe is only slightly
enriched (1.5-1.6), indicating that these elements can be primarily



M.H. Conte, et al.

Chemical Geology 511 (2019) 279-313

©2001 32002 42003 52004 @ 2005 @ 2006 ¢2007 ®2008 ©2009 ¢2010 22011 82012 ©2013 ©2014

Ba 500m 1000 Mn 500m . ICo 500mI
I <o
800 10 L °'. om
600 .r
400
200 {-{®-

® sC)
0 peary” TGO

Ba 1500m Mn 1500m
1600
9 - 20
el A | 2 P 1] ®
O % o
15 1% !
10 TOQO | g
KO
5 I” oo
0 .‘
Co 3200m
25 |‘
1500 |5 20
Q| A o 3%
¢ 15 PR 4~ =]
1000 L IRTEICRT :
> 10
4 b Trah O| ¢ Do &
500 ..o ® o o | s .I»‘ " o X

0 , ‘
JASONDJFMAMJ

JASONDJFMAM

JASONDUJF MAMJ

Fig. 5. (continued)

attributed to a lithogenic component. In contrast Si at 500 m depth is
enriched by a factor of three, reflecting its occurrence in opal. The EF of
Si decreases from 3.0 at 500 m depth to 2.0 at 1500 m depth, suggestive
of opal dissolution in the mesopelagic. The EFs of Cd, Ni, Zn, Cu and Pb
at 500 m depth range from 13 (Ni) to 690 (Cd), and also decrease sig-
nificantly with depth, consistent with their release during organic
matter remineralization in the mesopelagic. Not surprisingly, the EF of
Mn increases by a factor of four between 500 m and 1500 m depths,
from 2.2 to 10.4, indicative of strong authigenic precipitation of Mn
oxides in the mesopelagic. In contrast, there is no increase in the EF of
Fe with depth, indicating that authigenic precipitation of Fe oxyhydr
(oxides) in the mesopelagic is minor at this site. The EFs of Co and V
also increase between 500 m and 1500 m depths, indicative of their
strong scavenging by Mn oxides.

Using the first order assumption that lithogenic flux composition is
similar to that of the UCC, the “excess” flux and concentrations of the
elements (i.e. that is not supported by lithogenic material) were cal-
culated, which was then used to estimate the percentage of the element
flux carried by lithogenic phases (Table 5). In the 500 m flux, 94% of
the Sc and 84% of the Ti is carried by lithogenic phases. In contrast, 1%
or less of the carbonate elements Ca and Sr, and the nutrient elements
Zn, Cd or Pb are sourced from lithogenic material. Estimates for Cu
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(2%) and Ni (6%) also indicate a minimal lithogenic carrier phase at
500 m depth. Other elements show intermediate lithogenic contribu-
tions in the 500 m flux, ranging between 20% for Co to 73% for Cr.
With increasing depth, the fraction of the element concentrations that
can be attributed to a lithogenic source increases substantially for Mg,
Ni, Cu, Pb and especially Zn.

In contrast, the fraction of Mn associated with a lithogenic phase
decreases by a factor of five, from 50% in the 500 m flux to 10% in the
flux at 1500 m and 3200 m depths. Assuming that the Mn,; is sourced
entirely from Mn oxides, and estimating the Mn oxide chemical com-
position as simply MnO, (e.g. Lam et al., 2015), Mn oxides con-
tribute < 0.01% of the 500 m flux, 0.13% of the 1500 m flux (range
0.03%-0.24%) and 0.15% of the 3200 m flux (range 0.05% to 0.28%).

Bay fluxes tripled between 500 m and 1500 m depths, confirming
the high barite precipitation in the mesopelagic, but remained constant
between 1500m and 3200m depths. Assuming that all the Bay is
sourced from authigenic barite, barite contributes about 0.07% of the
500 m flux (range 0.01%-0.18%) and increases to approximately 0.12%
in both the 1500 m flux (range 0.07%-0.26%) and 3200 m flux (range
0.06%-0.19%).

Excess fluxes of Cd, P and Zn decrease by 95%, 70% and 15% be-
tween 500 m and 1500 m depth (Table 5), indicative of their relative
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Fig. 5. (continued)

rates of net loss in the mesopelagic. Excess fluxes continue to decrease
between 1500 m and 3200 m depth by 67%, 55%, and 35%, respec-
tively, between 1500 m and 3200 m. In contrast, excess fluxes of V, Fe,
Co, Ni, Cu and Pb increase with depth, suggesting scavenging by Mn
oxides.

To further investigate element associations with non-lithogenic
phases, a second PCA analysis was performed using elemental excess
concentrations. Fig. 8 shows elemental loadings on the first three PCA
factors at 500m and 1500 m depths, which comprised 49.8% and
52.9% of the variance, respectively. (Factors 4-6 loadings did not show
meaningful patterns and so are not shown.) At 500 m, Factor 1 (20.7%
of the variance) has high loadings of organic carbon, N, P and Zn as well
as Cd, Ba and Pb, clearly an organic matter signature. Small loadings of
Ti and Fe may reflect incorporation of a lithogenic component within
organic aggregates such as fecal pellets and amorphous aggregates and/
or Fe association with organic phases. Factor 2 (16.2% of the variance)
has high loadings of residual Ti and Fe, Co, Ni, Cu and Ba and moderate
loading of Cu and Zn, suggestive of an authigenic barite plus additional
Fe oxide and/or lithogenic phases having compositions that differ from
that of UCC. Factor 3 (12.9% of the variance) has high loadings of the
nutrient elements Cu, Zn, Ni, Cd, and moderate loadings of organic
carbon, N, P and Ba. This signature of high loadings of easily-
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remineralized elements on Factor 3 suggests an organic fraction that is
more labile and remineralized at a different rate than the organic
fraction represented by Factor 1. In the 1500 m flux, Factor 1 (24.2% of
the variance) has high loading of Mn, Ba and elements scavenged by
Mn-Fe oxides, with a moderate loading of residual Ti, clearly an au-
thigenic signature. Factor 2 (17.3% of the variance) has high loadings
of organic carbon, N and the nutrient elements P, Zn and Cd, clearly an
organic signature. Factor 3 (11.4% of the total variance) has high
loadings of carbonate and carbonate elements Ca and Sr and a small
loading of Mg, clearly a carbonate signature.

The PCA result at 3200 m depth (Fig. 9) shows many similarities
with that at the 1500 m depth (Fig. 8) but there are also several re-
vealing differences. At 3200 m depth, Factor 1 (26.1% of the variance)
has very high loadings of Ba, Mn and Fe (Fig. 9). Elements heavily
scavenged by Mn oxides (Co, V, Ni, Cu) also are mainly loaded on
Factor 1, clearly an authigenic signature. In addition, Factor 1 also has
moderate loadings of Cd and Pb. Factor 2 (13.0% of the variance) has
high loadings of carbonate and carbonate elements Ca, Mg, Sr, clearly a
carbonate signature. There is also a small loading of Zn and Co on
Factor 2. Factor 3 (11.4% of the variance) has high loadings of organic
carbon and N, clearly an organic factor. There are also small loading of
Sc and Ca on Factor 3, suggestive of organic-mineral associations (e.g.



M.H. Conte, et al.

Chemical Geology 511 (2019) 279-313

<©2001 22002 42003 B2004 @ 2005 ©2006 ©¢2007 2008 ©2009 ¢2010 22011 82012 ¢ 2013 ©2014

120 V 500m Ni 500m Cu 500m
~ P 160 CI s
< 100
2 120
X
<, 80 120
£ 80
O
[

o 40
O
0
0 V 1500m 120 Ni 1500m 160
‘_‘_@ 50 100
120
o 40 pe (0} 80 ®
E 30l (T ® o 60 1@ POl -plg-|— L ree X b
(&)
c 20 ' 40
S 10 [aPAT Le? Tol o
k> 20 NV ‘ O
0 2 t t 0 +— ‘~‘ ! ' 1 ‘i‘
120 Ni 3200m 160
< 100 "
2 80 a Q 120
o)) [
£ 60 {-—A- g olo| 80
o 40
C
S 20 7050 7 8 40
O LpoPe © | ®

JASONDJFMAMJ

JASONDJFMAMJ

Fig. 5. (continued)

organic coatings on particles). Loadings of nutrient elements (Cd, Zn,
Ni, P) are minor or nearly zero (P) on Factor 3, indicating that by
3200 m depth these elements are largely disassociated from organic flux
carrier phases. Factor 4 (8.9% of the variance) is heavily loaded with
the residual Sc, Ti, and Mg and has minor loadings of Fe, Cr, Ni and Cd.
This element pattern appears to reflect a mafic component of the li-
thogenic material, as these elements are enriched in mafic and ultra-
mafic minerals relative to UCC. Factor 5 is loaded mainly with Cr and
Ni. These elements are components of stainless steel (~18% and 8%,
respectively), so this likely reflects intermittent or low level con-
tamination from the stainless mooring components (see Section 3.2.2.).
Factor 6 (6.2% of the variance) is loaded mainly with Si, P and Zn,
reflecting a biogenic Si (opal) component. The loading of Zn on Factor 6
is consistent with its incorporation into opal (Ellwood and Hunter,
2000). The loading of P is consistent with its association with opal
(Latimer et al., 2006), as well as the strong partitioning of P on opal in
the deep OFP traps (Carter et al., 2016). It is interesting that the only
significant loading of P on any of these six factors is with the opal
factor, indicating that in the deep water column, the geochemical

behavior of P is largely independent of the organic carbon phases.
Scatterplots of excess concentrations provide further evidence for
the depth evolution in the associations of trace elements Fe, Co, Ni, Cu
and V with authigenic Mn oxides (Fig. 10). In the 500 m flux, no cor-
relations are observed between Mn,s and excess concentrations of any
of these elements, indicating that they are not closely associated with
authigenic Mn oxides at this depth. However by 1500 m depth, all
elements are significantly correlated with Mn,,. The slopes of the re-
gressions on Mn,, in the 1500m flux range from 2.53 for Fe,
(2.49 molar Fe/Mn ratio) to 0.007 for Coys (0.0065 molar Co/Mn ratio)
and V,s (0.0075 molar V/Mn ratio). In the 3200 m flux, significant re-
gressions of these elements on Mn,s concentration are also observed,
but with differences that indicate change in the Mn oxide composition.
For Coys and Niys, regressions on Mn,; are nearly identical in the 1500 m
and 3200 m flux, with slopes of 0.01 and 0.02, respectively. In contrast,
the slopes of the regressions of Fe,s (3.81), Cuys (0.05) and V, (0.014)
in the 3200 m flux are 50%, 14% and 100% higher, respectively, than
those in the 1500 m flux. Furthermore, the r? of the regression for V,; in
the 3200 m flux is double that in the 1500 m flux. The differences
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Fig. 6. Summary statistics of monthly elemental concentrations at the three trap depths. The data are plotted from July-July to better show the seasonal flux
maximum. The y-axis is scaled to show the general seasonal trends and so may differ between depths. Plotted are the median concentrations and bars showing the
range between the 25% and 75% quartiles. (a) Carbonate elements (b) nutrient elements (c) lithogenic elements (d-f) authigenic and mixed source elements.

indicate significant enrichment of Fe, Cu and V, but not Co or Ni, in Mn
oxides in the 3200 m flux relative to the Mn oxides in 1500 m flux.

5. Discussion
5.1. Seasonal variability in elemental fluxes and flux composition

The elemental fluxes at the OFP site highlight the strength of the
coupling between the deep particle flux and upper ocean bio-
geochemistry. The nutrient elements P, Zn, Cd, Co, Ni, and Cu, which
are important trace elements in phytoplankton (Martin and Knauer,
1973; Morel and Price, 2003) exhibit a spring flux peak at 500 m depth
that coincides with the timing of the overlying spring bloom (Fig. 3).
PCA factor loadings indicate these elements are closely associated with
organic material in the 500 m flux (Figs. 7, 8). These observations are
consistent with their primary association with cellular material in the
euphotic zone (Twining et al., 2015) and with the correlations observed
between POC and particulate Cd, Co, Ni, Cu and Zn in surface waters
(Kuss and Kremling, 1999b). These data confirm that labile organic
material, in particular the surface export of phytodetritus from the
spring bloom, is a major carrier of these elements into the mesopelagic.
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However, as discussed below, the close association of many of these
elements with organic flux carrier phases breaks down with increasing
depth as organic material is remineralized, and these elements become
more strongly associated with non-biogenic flux carrier phases, in
particular Mn oxides (Fig. 8, 9, 10).

Strong seasonality and a spring seasonal flux peak are also observed
for Ba (Fig. 3e), indicating a linkage between production of authigenic
barite and the export flux of phytodetritus from the spring bloom. This
is consistent with barite production in microenvironments of decaying
phytoplankton cells (Bishop, 1988).

The fluxes of Ca, Mg and Sr (Fig. 3a) clearly mirror the seasonal
cycle of calcifying plankton productivity at Bermuda. The amplitude of
the seasonal cycle becomes dampened with depth, and there is also the
enigmatic observation that the carbonate flux in the deeper traps during
the summer-fall minimum in surface water productivity is, on average,
higher than that at 500 m depth (Fig. 2). Together, these observations
suggest that an increasing fraction of the carbonate flux with depth is
sourced from aggregation of suspended carbonate particles within the
water column (an “intrinsic” flux component, possibly including ad-
vected material) rather than from recent export production (the “ex-
trinsic” flux component). This conclusion is reasonable as the extrinsic
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Fig. 6. (continued)

flux would be expected to decrease with depth as particles degrade and
are disaggregated and recycled by animal grazing activity, whereas the
intrinsic flux would be expected to become a larger contributor to the
flux due to the repeated cycles of suspended particle aggregation within
the water column.

Lithogenic elements also evidence aggregation of suspended parti-
cles (e.g. clays) within the deep water column and indicate a back-
ground of intrinsic flux generation. In contrast to biogenic elements,
lithogenic element fluxes in the deep water column shown only a weak
seasonal cycle, indicating that the deep water intrinsic flux generation
via suspended particle aggregation remains relatively constant
throughout the year. This constancy would dampen the seasonal var-
iation in deep intrinsic carbonate fluxes and also explain why carbonate
fluxes at 1500 m and 3200 m depths are higher than at 500 m depth in
summer and fall when overlying productivity, and extrinsic fluxes, is at
a minimum.

Even so, there is a small but significant late winter—spring maximum
in lithogenic element fluxes in the deep water column (Figs. 3c, 4c)
indicating that intrinsic flux generation varies in phase with overlying
productivity and export. Jickells et al. (1984) first noted a seasonal
cycle in Al and Fe fluxes in the 3200 m trap that corresponded to the
seasonal cycle in overlying production. Observations of aggregated fly-
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ash particles in the 3200 m flux (Deuser et al., 1983a) further reinforced
the conclusion that zooplankton grazing activity and production of
large biogenic particles (fecal pellets, aggregates, marine snow etc.)
exerts a major control on removal of non-biogenic material from the
water column (Deuser et al., 1983b). Physical processes such as sticky
particle encounters and coagulation, and DOM polymeric self-assembly
can generate large particles (e.g. Burd, 2013 and references therein).
However, given the low particle and DOM concentrations in the deep
water column, passive physical aggregation would be expected to be of
minor importance relative to active biological aggregation by zoo-
plankton. In particular, mesopelagic and bathypelagic filter-feeding
gelatinous zooplankton (e.g. Youngbluth et al., 2008; Robison et al.,
2010) can have a pronounced impact on suspended particle aggregation
and intrinsic flux generation due to their exceptionally high clearance
rates, particle retention efficiencies and large particle production (e.g.
Gorsky and Feneaux, 1998; Madin and Deibel, 1998; Katija et al.,
2017). The higher intrinsic fluxes observed in spring suggest a seasonal
modulation of particle aggregation rates (e.g. Conte et al., 2001, 2003),
possibly arising from a co-variation in the seasonal cycle of deep-
dwelling zooplankton populations (and their grazing pressure) and/or
higher grazing rates in spring when phytodetritus flux, and particle
food quality, increases. Additionally, higher particle densities in spring
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Fig. 6. (continued)

and possibly greater stickiness of decomposing organic matrices may
also increase physical aggregation rates.

The data provide little evidence of direct coupling between atmo-
spheric dust deposition and deep fluxes. Although lithogenic element
concentrations (Figs. 5c, 6¢) are enriched in the fall at the end of the
dust deposition season, consistent with the upper water column en-
richment in Fe and other dust-derived elements in the summer-fall (e.g.
Sedwick et al., 2005), the seasonal cycle in lithogenic element fluxes is
clearly not in phase with the late summer-fall season of Saharan dust
deposition at Bermuda (Arimoto et al., 2003; Tian et al., 2008). There
are only three years over the entire time-series (2003, 2005 and 2006)
that suggest any direct temporal coupling between dust deposition and
lithogenic flux at 500 m depth (Fig. 3c), and even these events are no
longer distinctive by 1500m depth. Rather, as discussed below in
Section 5.2, the results indicate that the main source of the deep li-
thogenic flux at Bermuda is laterally-advected North American con-
tinental margin sediments which are then aggregated by intrinsic flux
generation processes within the water column.

The seasonal cycle in flux composition (Figs. 5, 6) reflects dilution
of lithogenic and authigenic phases in the late winter to early spring
with biogenic material originating from overlying surface water
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production and export (the extrinsic flux). The Dec-Jan onset of in-
creasing extrinsic fluxes coincides with the secondary peak that is ob-
served in the mass flux (Conte et al., 2001). Early winter is the period of
mixed layer destratification at Bermuda, which is characterized by al-
ternating periods of weak mixed layer stability followed by mixed layer
erosion and nutrient upwelling, leading to transient episodes of primary
production followed by down-mixing (e.g. Stramska et al., 1995; Koeve
et al., 2002; Lomas et al., 2009; Thomsen et al., 2017) The observation
of increasing export fluxes at the onset of destratification supports a
growing body of observations that suggests flux export efficiency is
enhanced when mixed layer stability is low and variable (Koeve et al.,
2002; Conte et al., 1998, 2003; Thomsen et al., 2017).

Element concentration data (Table 3) provide insights on factors
that contribute to flux compositional variability. Concentrations of
nutrient elements associated with organic material are far more vari-
able in the flux (e.g. Q-ranges of P, Zn and Cd of 68%, 87%, and 65%,
respectively in the 1500 m flux) than are concentrations of elements
that are associated with carbonates (e.g. Q-ranges of Ca, Mg and Sr of
17%, 34%, and 15%, respectively). This likely reflects the limited
compositional range of skeletal carbonates in comparison to the wide
range in the composition of organic phases, which can be sourced from
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Fig. 6. (continued)

fresh, labile organic materials, zooplankton and microbial biomass,
fecal pellets, etc. The compositional variability of lithogenic elements in
the 1500 m flux (Q-range for Al, Sc and Ti of 41%, 39% and 47%, re-
spectively) is intermediate between nutrient and carbonate elements,
and suggests a limited range of lithogenic phases in the deep flux and/
or that the lithogenic particle composition is effectively homogenized
during deep water transport. This conclusion is also indicated by the
low variability seen in lithogenic element ratios (Q-ranges < 20%) in
the 1500 m and 3200 m fluxes.

The data also evidence significant interannual variability in the
seasonal cycles of deep elemental fluxes. This variability partly arises
from interannual variability in the overlying productivity (e.g.
Steinberg et al., 2001; Lomas et al., 2013), which drives extrinsic flux
patterns. However, the interannual variability in the 1500m and
3200 m flux data also suggests variability in intrinsic flux generation
within the deep water column. One possibility is that temporal varia-
tions in suspended particle concentrations and/or composition of deep
water masses affects rates of chemical scavenging (e.g. Honeyman
et al.,, 1988) and particle aggregation. Alternatively, there may be
variability in deep water zooplankton populations and/or grazing

pressure that might affect particle recycling and rates of biological
aggregation of suspended material.

5.2. Lithogenic fluxes

Although Saharan dust deposition contributes significant amounts
of lithogenic material to the region, the four-fold increase in the li-
thogenic element fluxes between 500 m and 3200 m depth at the OFP
site clearly cannot be supported by aeolian dust deposition and in-
dicates that there is a significant source from deep water lateral ad-
vection. The similarities in elemental ratios (Ti/Al, Fe/Ti) in the deep
flux (Table 3) with suspended particles collected along the western
North Atlantic margin (Ohnemus and Lam, 2015) provides strong evi-
dence that the primary source of the deep lithogenic material is North
American continental slope sediments that have been advected to the
region by deep water currents. This conclusion is supported by the to-
pographic divide found in the clay mineralogy of surface sediments to
the east and west of the Mid Atlantic ridge (Biscaye, 1965), a feature
that cannot be produced via aeolian deposition.

Resuspension of North American continental slope sediments and
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Fig. 6. (continued)

their transport to the western North Atlantic is well documented.
Energy associated with Gulf Stream meanders and eddies propagates
downward and periodically generates strong currents that resuspend
seafloor sediments and create benthic storms along the continental US
margin (reviewed in Gardner et al., 2017). Elevated suspended particle
concentrations are a characteristic feature of western North Atlantic
deep waters (Biscaye and Eittreim, 1977; Biscaye et al., 1988; Gardner
et al.,, 2017). High concentrations of suspended particulate lithogenic
elements have also been observed at midwater depths along the Line W
transect from Cape Cod to Bermuda (Ohnemus and Lam, 2015), pro-
viding additional evidence for lateral transport of sediments re-
suspended by boundary current/slope interactions. Our results confirm
earlier indications (Jickells et al., 1987; Huang and Conte, 2009) that
the northwestern Sargasso Sea is a strong sink area for North American
continental margin sediments advected into the North Atlantic gyre via
Gulf Stream circulation.

5.3. Authigenic mineralization

The striking enrichment in concentrations of Mn in the particle flux
with increasing depth (Table 3) indicates the significant production of
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authigenic Mn oxides by marine Mn-oxidizing bacteria (Nealson et al.,
1988; Tebo et al., 2004; Bargar et al., 2005) in the mesopelagic. Mn
oxides are well known to scavenge many elements, either via co-pre-
cipitation or adsorption (reviewed in Jeandel et al., 2015). The strong
associations of excess concentrations of Fe, Co, Ni, V, Cr, and Pb with
those of Mn in the 1500 m and 3200 m flux (Fig. 10) confirms the key
role of authigenic Mn oxides in elemental scavenging and clearly show
that Mn oxides are a major flux carrier phase for many elements in the
deep water column. The increases in element enrichment factors (EFs)
with depth is consistent with water column profiles of particulate Mn,
Co, Zn, Cu, Ni and Pb at Bermuda that suggest uptake of these elements
from the dissolved pool by Mn oxide scavenging (Sherrell and Boyle,
1992).

An interesting observation is the differences in the composition of
Mn oxides at 1500 m and 3200 m depths, in particular the enrichments
of Fe, Cu and V in the 3200 m flux (Figs. 8, 9). If Mn oxide scavenging is
nonselective, i.e. it is a function of dissolved element concentrations,
then this enrichment is rather enigmatic given the relatively constant
concentrations in dissolved Fe, Cu and V in the deep water column. One
hypothesis is that pressure and/or other depth related variables affect
Mn- (and Fe-) oxidizing bacterial community composition and/or alter
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the mineral structure of the precipitated Mn oxides (e.g. Bargar et al.,
2005). Alternatively, there may be compositional differences in ad-
vected sources at the two depths. The data do not allow us to distin-
guish the fraction of the authigenic signature generated locally from
that contributed by Mn oxides associated with advected materials (c.f.
Lam et al., 2015) to evaluate these hypotheses.

The large increase in Ba,, concentration between 500 m and 1500 m
provides further evidence that significant barite is produced in the
mesopelagic (Van Beek et al., 2007). Although some Ba,; may be as-
sociated with organic matter, opal, Mn/Fe oxyhydr(oxides) or other
mineral phases such as rutile (Gonneea and Paytan, 2006; Griffith and
Paytan, 2012), the strong Ba flux seasonality at 500 m depth (Fig. 3d)
indicates that Ba,s is associated with the export flux of phytodetritus,
consistent with barite precipitation in microenvironments in decaying
organic matter (Bishop, 1988).

In contrast to Mny,, there is no increase in Ba,, flux or concentration
between 1500 m and 3200 m depths (Tables 2 and 3), indicating that
barite production is negligible in the deep water column. The flux and
concentration increases observed between 1500 m and 3200 m for li-
thogenic elements and Mn,,, but not for Ba,s, also argue against non-
silicate lithogenic minerals or Mn oxides (Gonneea and Paytan, 2006)

as major flux carrier phases for Ba,;. The data here do not allow us to
distinguish between local precipitation and deep water scavenging of
suspended barite particles produced elsewhere and advected to the
region. However, the significant Ba,s flux observed throughout the
summer-fall period of minimum surface water productivity suggests
that there is a significant intrinsic flux component for Ba,, in addition to
local production.

5.4. Evolution in elemental flux carrier phases with depth

Trends in elemental composition with depth highlight the evolving
elemental composition of the particle flux. The sinking flux material
rapidly becomes depleted in organic matter and associated elements (N,
P, Cd, Zn) while becoming more enriched in lithogenic materials, au-
thigenic minerals such as barite, and redox sensitive elements (Mn, Co,
V, Fe) that are scavenged via the formation of oxide and hydroxide
coatings on particles (Table 3). The observed changes in elemental
fluxes (Figs. 3, 4) and in flux composition (Figs. 5, 6) are especially
pronounced between 500 and 1500 m and provide further evidence of
the importance of mesopelagic processes in controlling deep particle
flux composition.
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Fig. 7. Principal component loadings for total element concentrations on Factor
1 (“lithogenic”) versus Factor 2 (“organic matter”) in the flux at (a) 500 m, (b)
1500 m and (c¢) 3200 m depths.

The results clearly indicate major reorganizations of elemental asso-
ciations with depth. In the upper mesopelagic, the geochemical behavior
of many trace elements such as Zn, Cu Ni and Co that are incorporated
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Table 4

Elemental enrichment factors (EF) in the particle flux relative to the composi-
tion of the upper continental crust (UCC, Rudnick and Gao, 2003). Median
values over the time series are shown. Extreme fluxes from Hurricane Fabian
and Igor plumes are not included in statistics.

Depth
500 m 1500 m 3200 m

Mg 6.2 3.6 2.7
Si 3.0 2.1 1.9
P 323 25 9

Ca 205 95 62
Sc 1.1 1.0 0.9
Ti 1.2 1.1 1.1
\ 1.6 2.0 2.2
Cr 2.3 1.2 1.2
Mn 2.2 10.4 9.2
Fe 1.5 1.5 1.6
Co 4.3 5.5 4.6
Ni 13 7 5

Cu 38 20 18
Zn 42 9 4

Sr 111 52 34
Cd 691 75 32
Ba 15 12 8

Pb 65 38 31

into phytoplankton cellular materials (Morel and Price, 2003; Twining
et al., 2015) is closely tied to organic matter flux and rates of organic
carbon remineralization. For example, PCA factor loadings of excess
concentrations indicate primary associations of P, Zn and Cd with or-
ganic matter at 500 m depth, and also significant associations of Ni and
Cu with organic matter (Fig. 8). As labile organic carrier phases break
down, elements that are initially associated with labile organic matrices
(P, Cd, Zn, Co and Pb) show increasingly independent behavior relative
to that of organic matter. By 1500 m depth, only P, Zn and Cd remain
associated with organic matter. By 3200 m depth, P is no longer asso-
ciated with organic matter and Zn and Cd associations are weak (Fig. 9).
The data clearly show that with increasing depth, co-precipitation and/or
scavenging of dissolved elements onto Mn oxide coatings on particles is
an increasingly important process that controls the removal of many
elements from the water column.

6. Conclusions and implications

The time-series of particulate elemental fluxes at the OFP site in the
northern Sargasso Sea underscores the close linkage between the deep
flux and the seasonal cycle of primary production and export in over-
lying surface waters. The deep flux elemental composition reflects
seasonal variations in the relative strengths of two deep flux compo-
nents: the first sourced from overlying surface water production and
export (the “extrinsic” flux), and the second sourced from chemical
scavenging and biological aggregation of suspended particles within the
water column (the “intrinsic” flux). The late winter - spring maxima in
deep water fluxes of elements associated with lithogenic and authigenic
phases indicates that intrinsic flux generation varies in phase with ex-
port flux from overlying production, suggesting seasonal modulation in
rates of particle aggregation.

There is a four-fold increase in the lithogenic flux between 500 m
and 3200 m depth. The main source of the deep lithogenic flux material
is North American continental margin material, rather than Saharan
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Table 5

“Excess” fluxes (X, in pg m~2d~1), concentrations ([X]xs, in mgkg™ 1 and lithogenic fraction (%lith) in the 500 m, 1500 m and 3200 m flux. Estimates use a first
order assumption that the elemental composition of the lithogenic material approximates that of the upper continental crust (UCC, Rudnick and Gao, 2003). Median
values over the time series are shown. Extreme fluxes from Hurricane Fabian and Igor plumes are not included in statistics.

Element Depth

500 m 1500 m 3200 m

Xys flux [Xlxs %lith Xys flux [X]xs %lith Kys flux [Xlxs %lith
Mg 63 3393 18 143 4042 30 130 3871 40
Si (ppt) 536 25,907 40 1180 36,568 49 1438 41,664 54
P 186 8618 <1 59 1639 4 26 734 13
Ca (ppt) 4948 250 1 8358 254 1 7963 241 2
Sc 0 0 94 0 0 100 0 0 100
Ti 0 29 84 1.5 47 90 1.5 42 93
v 0.1 3 59 0.3 10 51 0.6 17 48
Cr 0 3 73 0.1 2 80 0.1 3 82
Mn 0.6 28 54 26 809 10 34 1016 10
Fe 19 862 66 65 2029 67 111 3380 65
Co 0.04 2 20 0.3 9 18 0.3 9 24
Ni 0.4 22 6 0.9 29 16 1.0 30 20
Cu 0.9 40 2 1.9 56 5 2.6 75 6
Zn 2.1 117 <1 1.8 59 13 1.2 35 23
Sr 33 1573 1 58 1753 2 55 1635 3
cd 0.5 2.3 <1 0.03 0.7 1 0.01 0.4
Ba 7.2 381 7 24.5 732 8 23.3 676 13
Pb 0.8 44 <1 2.3 68 2 2.9 78

500 m

1500 m

Factor 1 (20.7%) Organic Matter

Zn Ccd

Factor 1 (24.2%) Authigenic

Carb

POO00000000ORE
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Factor 3 (12.9%) Organic Matter/nutrient-like
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Fig. 8. Principal component factor loadings for excess elemental concentrations ([X]ys) in the 500 m and 1500 m flux. [X]ys calculations assume the elemental
composition of the lithogenic flux material approximates that of the upper continental crust (UCC, Rudnick and Gao, 2003).
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Fig. 9. Principal component factor loadings for elemental excess concentrations ([X]ys) in the 3200 m flux.
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dust. The results confirm that the region is a significant sink for re-
suspended continental slope sediments that are advected into the
western North Atlantic gyre via Gulf Stream circulation.

High rates of authigenic mineralization accompany high rates of
organic matter remineralization within the mesopelagic ocean. There
are major reorganizations of element associations with flux carrier
phases with depth. In particular, the geochemical behavior and flux of P
becomes increasing independent of organic flux carrier phases, while
that of Co, Ni, Cu and, to a lesser extent, V and Cr become increasingly
controlled by scavenging onto magnesian oxides.
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