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11 Abstract

12  The role of iron as a limiting micronutrient motivates an effort to understarsiligpty and

13 removal of lithogenic trace metals in the ocean. The long-lived thorium isofdpes&nd

14 %°Th) in seawater can be used to quantify the input of lithogenic metals attribotéidepartial
15 dissolution of aerosol dust. Thus, Th can help in disentangling the Fe cycle by prawiding
16 estimate of its ultimate supply and turnover rate. Here we presentdiies-£1994-2014) data
17  on thorium isotopes and iron concentrations in seawater from the Hawaii Ocearefigse-s
18 station ALOHA. By comparing Th-based dissolved Fe fluxes with measured dis$ave

19 inventories, we derive Fe residence times of 6-12 months for the surface ocearmréhEeef
20 inventories in the surface ocean are sensitive to seasonal changes in dust igfiltratitin

21 results also reveal that Th has a much lower colloidal content than Fe, implaatiedominant
22  role for sub-micron organic ligands specific to Fe, or possibly inorganic Fe colloitdie deep
23 ocean, Fe approaches a solubility limit while Th, surprisingly, is contingglhled from

24  lithogenic particles. This distinction in solubility suggests Th is not a gooer ti@cFe in the
25 deep (>2 km) ocean. While uncovering divergent behavior of these elements in the wate
26 column, this study finds that dissolved Th flux is a suitable proxy for the supply oirReltist

27 in the remote surface ocean.
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1. Introduction

Determination of the supplies of iron to the ocean is relevant to understanding Earth’s
climate and the ocean’s ecology. Ocean storage of carbon dioxide is mediataddupply in
large areas of the ocean where Fe is a limiting resource, both today (Mabre@13) and
during the ice ages (Martinez-Garcia et al., 2014). Additionally, the marirnieutisn of
diazotrophic phytoplankton that modulate the nitrogen cycle may be determinedupphe s
rates (Ward et al., 2013). Atmospheric dust is arguably the major source ohEestgphotic
zone (Boyd et al., 2010; Conway and John, 2014, Jickells et al., 2005; Tagliabue et al., 2014).
Debate on the sources of marine Fe ensues largely because the techreqtiemte the supply
rate of Fe from dust in particular, or Fe residence times in general, algegiining to be
developed.

In this study, we assess the utility of thorium isotopes in seawater to pra@de ra
information on the Fe cycle. In addition to producing a measure of total dust flux teetire oc
(Deng et al., 2014; Hsieh et al., 2011), by paifitfgh, sourced from dust, with radiogeAf€Th
(or 2**Th) that provides a timescale of thorium flux, one can make quantitative estofifies
trace metals released by dust dissolution (Hayes et al., 2013a). Our stuslyhatelawaii
Ocean Time-series station ALOHA (22° 45’ N, 158° W) (Church et al., 2013; Karl and,Lukas
1996) in the subtropical North Pacific, where Asian dust is deposited in spring (@ail,

2005; Hyslop et al., 2013; Prospero et al., 2003). Presenting time-series data spanrsng 20 y
(1994-2014), we demonstrate that the behaviors of Fe and Th in seawater are condistent wit
variable dust source to the surface ocean. Thorium-based fluxes indicate thsititreceetime

of dissolved Fe in the upper 125 m of the water column is less than one year. In the sgb-surfa
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ocean (>250 m), the thorium and iron cycles begin to diverge considerably. These divergences
reveal new insights into the marine geochemistry of these elements.
2. Background
2.1 Finding the timescale: thorium removal
The rate information on trace metal cycling that we seek is obtained jtexpthe
natural radioactive disequilibrium between insolufeh and its soluble pareft'U in
seawater. The oceanic distributior?8tJ (half-life 245,620 yrs (Cheng et al., 2013)) is
homogeneous within a few parts per thousané&*®alsconcentrations vary only with salinity
(Owens et al., 2011) afd’U/**®U ratios vary by less than 1 per mil (Andersen et al., 2010).
Therefore, the decay 61U produces>°Th at a known rate everywhere in the ocean. Due to its
insolubility, thorium adsorbs onto sinking particulate matter, a process callehging, on a
timescale of years, much faster tfafTh decay (half-life 75,584 yrs (Cheng et al., 2013)).
Thus by comparing the amount®3fTh that remains in seawater to the amount produced
by U decay, one can calculate a removal timescale (Eq. 1, Fig. 1), or regidengg, of
thorium in seawater. This technique is analogous to that used with a more commonlyused fl
tracer, the shorter-lived*Th (half-life 24.1 days). By the same principles, using its production
rate from parent isotof&U, %**Th inventories can also be used to determine the scavenging rate

of Th in seawater (Buesseler et al., 1992; Coale and Bruland, 1985).

[7230Th dz

trn(2) = Eq. 1

T2 Ay dz
To meet the requirements of a steady-state assumption between source and remova

terms, we calculate thorium residence times in an integrated sensehdrearface to a

particular depth. Thus as one integrates deeper into the water colufifiTthi@aventories

reflect longer timescales of removal. Residence times calculated wakialso neglect
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dispersal fluxes by ocean circulation. Lateral gradients in oc&&fit concentrations are
generally small(Hayes et al., 2014), while large vertical gradients may make veitizakf

significant, for instance due to upwelling (Luo et al., 1995).

2.2 Finding the source: lithogenic metal fluxes

The dominant isotope of seawater thorium is primordial and long-lived (half-life 14.1 x

10°yrs)%*2Th. It is added to the ocean only through the partial dissolution of continental
material, which in the context of station ALOHA we consider to be primagilgsml dust. As
scavenging tendencies are characteristic of all isotopes of an elemenit) dme water column,
232Th undergoes scavenging removal (Fig. 1) assumedly at the same rate, ilee witme
residence time, &°Th (or?**Th). Assuming a steady-state for Th concentrations, with
knowledge of the Th residence time, derived ff3fih, one can calculate the flux of dust-
derived®*Th necessary to support the obser’Ré@h inventory (Eq. 2). As in calculating
thorium residence times, the dissolV&th flux derived is reflective of the integrated depth
zone, rather than at a particular depth. More detaif$’@h flux calculations are reported by
Hayes et al. (2013a).

2327 flux(z) = 0% Eq. 2

7ra(2)

In comparison to the relative simplicity of the supply and removal terms in therthor
cycle, seawater iron cycling has many more terms to consider. These ipidladgcal uptake,
remineralization, redox chemistry, anthropogenic or hydrothermal sourcelslitiomto supply
by dust and removal by scavenging (Fig. 1). Scavenging of Fe also occurs Uifteaeat rate
than that of Th. The utility of this element pair is their common source from dugiropese

using dissolved®*Th flux as a proxy for the Fe released during dust dissolution. This can be
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done with knowledge of the Fe/Th ratio in the dust and the relative fractional sglabthe

two elements (S EQ. 3).
Dust-dissolved Fe flux = dissolvétfTh flux x (Fe/Th)ust* Seern Eq. 3

By weight, the Asian desert dust which undergoes long-range transport over the Nort
Pacific containg®*Th at 14.3 + 0.8 ppm, based on fine grained (<8 pm) source materials
(McGee, 2009; Serno et al., 2014), and Fe at 3.8 £ 0.4 %, based on a literature compilation by
Mahowald et al. (2005). Therefore, we assume the Fe/Th ratio in dust at stabétAfof 2660
+ 320 g/g or 11,040 = 1450 mol/mol. These ratios are close to the average for the upper
continental crust of Fe/Th = 3271 g/g = 13,553 mol/mol (Taylor and McLennan, 1995).

The relative fractional solubility of Fe and Th in dust is currently uncansttaHayes et
al. (2013a) assumedesrn = 1 as a starting point, based solely on the similarly insoluble nature
of these two elements in seawater. While much more work is needed to constrairathet@a
here we continue to assumg/& = 1, and our observations of the time-series variability in the

seawater F&/°Th ratio (section 4.4) support this assumption.
2.3 Iron residence times

We cannot rule out significant marine Fe sources by anthropogenic (e.g.ddeyive
fossil fuel combustion) aerosols, continental margin sediments, or deep-sea hythbtieesits.
We can, however, entertain the thought that if dust were the only Fe source toetheolemnn,
the comparison between measured dissolved Fe inventories to the source (dlvsteldiss flux)
would produce a measure of the turnover rate or residence time of dissolved Fe iardgayvat
4). This residence time again represents the residence time within thatedegater column.

Additional sources of Fe, such as combustion aerosols or hydrothermal fluids, woeltheaus
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dust-based Fe residence time to be an overestimate. Relevant to iron cysliregidence time
provides a rough timescale over which one can expect Fe concentration to veegudsat

variation in sources, such as springtime Asian dust events (Boyle et al., 2005).
Dissolved Fe residence time = Fe inventory + dust-dissolved Fe flux Eq. 4

3. Materialsand Methods
3.1 Sample collection during 2012-2014

Samples were collected on several cruises on theKROMoana, led by the Center for
Microbial Oceanography: Research and Education (C-MORE), to station ALi@Bily-
September 2012 (HOE-DYLAN), May-June 2013 (HOE-PhoR-I), September 2013 (HOE-PhoR-
II) and March 2014 (HOE-BOE-I). Depth profiles f6PTh/”**Th analysis were collected from
the ship’s Niskin bottle rosette, filtered with a 0.45 pm Acropak cartridge, fdhd acidified to
pH 1.8 with Savillex-distilled 6 M HCI.

Filtered surface seawater (0.4 um) was collecte@®foh (which requires smaller
volumes than fof*°Th), as well as for dissolved Fe, using the trace-metal clean MITESS
sampler (Bell et al., 2002) at near daily time intervals on the 2012-2013 C-MORE&scruis
MITESS collection methods, including “Vane” sampling for Fe depth profiles, on@te H
campaigns are discussed fully by Fitzsimmons et al. (submitted). Within 8 dfocollection,
the seawater was filtered using 0.4 um polycarbonate track etch(H@TE, Whatman).
Particulate samples were immediately frozen, and dissolved filtnatesacidified to pH 2 with
trace metal clean HCI. The filters used for filtering MITESS waitere analyzed for particulate
Fe and?®*Th (representing on average 0.7 liters of seawater).

On HOE-PhoR-II, cross flow filtration was performed to assess coll&ii&/”3°Th

using protocols developed to study colloidal Fe (Fitzsimmons and Boyle, 2014a)tSaaas
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pre-filtered at 0.45 um and, within 1-2 hours, pumped over a Millipore Pellicon XL filter made
of regenerated cellulose with a nominal molecular weight cutoff of 10 kDa, roegbiyalent to
an effective pore size of 10 nanometers. Both permeate and retentate fraetemamalyzed to
determine any loss of Th by adsorption, which turned out to be minimal (88-100% dissolved Th
recovery).

3.2 Hawaii Ocean Time-series (HOT) seawater

Seawater samples, typically 0.5 liter size, have been collected during thprd@am
for trace metal analysis at MIT periodically since 1997. Most of thesplsamere collected as
unfiltered water using the MITESS sampler (Bell et al., 2002) and subsequestyvad by
acidification to pH 2 with HCI. Further sampling details are given by 8eyhl. (2005). We
also make use of literature seawa&térh/~*°Th data, collected at station ALOHA in September
1994 (HOT-57), reported by Roy-Barman et al. (1996).

3.3 Thorium and iron analyses

Dissolved®*°Th concentrations at station ALOHA are as low a&®tfoles per kilogram
seawater (18 mol *°Th = 0.1746 uBq). Therefore, for measurement by inductively-coupled
plasma mass spectrometry (ICP-MS), 4-5 liter water samplescarieeet Thorium
concentrations were determined by isotope dilution by spiking¥ith (not present in natural
seawater). Sample preparation (pre-concentration, acid digestion, and chraptatogr
purification) was performed using published methods (Anderson et al., 2012; Auro et al., 2012).
A portion of the?*°Th samples were prepared and analyzed at the Lamont-Doherty Earth
Observatory (L-DEO), using an Element XR single-collector ICP-MS. @maining™°Th

samples were prepared at the Massachusetts Institute of Technoldgya(d analyzed using a
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Neptune Plus multi-collector ICP-MS at Brown University. Th-232 was alatyzed in samples
prepared fof*°Th.

Analysis of?*?Th, at 10" mol or femtomoles per kg seawater, required smaller samples
(200-800 mL) and was measured on archive HOT and HOE samples for which sample volume
did not allow”*°Th determination. While not as prone to contamination as some other trace
elements, clean lab techniques were required to produce blanks that were rdcasistew
enough to allow detection of the relatively small sample size of ~20-40 femgfifole.
Therefore, modifications of the cited procedures for Th analysis (Andersbn2212; Auro et
al., 2012) were made. Instead of co-precipitation with added Fe, pre-concentraffain efas
achieved using magnesium hydroxide co-precipitation, such as that describkdjoRBuer et
al. (2003). Thorium was purified using a smaller amount (100 ul rather than 1 ml) of anion-
exchange resin (AG1-X8) on columns fashioned from Teflon shrink-tubing. Samples were
loaded onto AG1-X8 resin in 8 M HN@nd Th was eluted with 6 M HCI (instead of 12 M HCI,
to reduce acid blank), following Edwards et al. (1987). Blank determinations \aeleean 125
mL aliquots of acidified seawater samples whd$eh content had been determined during
previous™°Th analysis. The mean procedural blank (n = 6) was 3.5 + 1.6l resulting in
a detection limit of 4.8 fmd¥**Th. Samples for seawatefTh were prepared and analyzed at
MIT, using a Micromass IsoProbe multi-collector ICP-MS.

In this study, we refer to measured trace metal concentrations as disétikred @t 0.4
or 0.45 pum), particulate (>0.4 um), or total (acidified unfiltered water). Thd™tota
concentrations in this sense are sometimes referred to as “total dissqlafiole’hg for the
possibility that some forms of Th are not preserved by acidification or aal@dth co-

precipitation. Since our goal in interpreting seaw&t8ith concentrations is to determine
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scavenging rates based on uranium decay, we made small (0-10%) correctibaglfssolved
23%Th released from dust (or lithogenic material in general). This careistbased on measured
dissolved®?Th and a lithogeni€*°Th/~**Th mole ratio of 4 x 18 (Roy-Barman et al., 2009).
The corrected dissolvéd®Th values are denoted as “xs”.

Particulate’®*Th and particulate Fe, were analyzed at Florida State University by total
digestion of the filter samples and subsequent analysis by ICP-MS, ugimitystodified
versions of published protocols (Ho et al., 2011; Morton et al., 2013; Upadhyay et al., 2009). In
brief, samples were microwaved (CEM MARS Xpress) for 40 minutes at 180°C wiih &ind
H,0O; (to digest the organic and less refractory biogenic and authigenic componeritdy &o
digest the more refractory lithogenic components). The detection limit (basestadard
deviations of the digested acid blanks) for particud¥feh was 8 fmol/L (n=19) and the
particulate Fe detection limit was 0.2 nmol/L (n=21). Dissolved Fe wasuneeblsy isotope
dilution after pre-concentration onto nitrilotriacetate resin on the MicrofsaBsobe ICP-MS at
MIT (Lee et al., 2011). Further details on Fe analyses are discusseddwyfians et al.
(submitted).

Data presented in this study can be accessed in the Supplemental Mateal onli

4. Resultsand Discussion
4.1 ®°Th-***Th depth profilesto 1.5 km

We focus first on the 2012-2013 thorium isotope depth profiles in the upper 1.5 km of the
water column for a sense of the type of data used to calculate thorium fluxe) (Ritigh
resolution depth profiles were analyzed in late July 2012, early June 2013 and lateb8epte

2013. The mixed layer depths during these sampling casts (based on 0.128ekity change)
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211 were 54, 33 and 53 m, respectively, and below 100 m these profiles displayed little

212 distinguishing hydrography (Figs. 2C, 2D, 2E).

213 For dissolved®?Th (Fig. 2A), there were increased concentrations near the surface,
214  minimum concentrations at the depth of maximum chlorophyll concentration (the DCM, ~120
215 140 m), and a relatively constant local concentration maximum at 500-600 m depth. At

216 intermediate depths (900-1200 m), each profile exhibited smooth variations in corueiat
217 concentrations at the different sampling dates vary by up to 30%.

218 The surfacé®Th maxima are consistent with aerosol dust as the major sourt€toto

219 station ALOHA, as recognized by Roy-Barman et al. (1996). An interestingdezitthrese

220 high-depth resolution measurements is that the surface {8Th)concentration was lower than
221 thatin the core of the mixed layer (25 m depth) at these three sampling tinseis. Fdnhaps

222 related to small-scale scavenging and export dynamics, or partidiegcycteneral.

223 The coincidence of the subsurface chlorophyll maximum and the minimtiTimis

224  apparently a universal feature for lithogenic trace elements such asafld Fe (Dammshéauser
225 etal., 2013; Fitzsimmons and Boyle, 2014b; Fitzsimmons et al., in press; Ohnemus and Lam, i
226  press). This was also true for dissolved and particulate S&ation ALOHA during this study

227 (Fitzsimmons et al., submitted). Increased particle aggregatioreafficithrough the formation
228  of fecal pellets, may more efficiently scavenge dissof#&kh from this depth.

229 Scavenged®**Th may be partially released through remineralization of particles i

230 mesopelagic depths (300-500 m). Thus remineralization may be responsible for soge of th
231  subsurfacé**Th maxima at 400-600 m depth. In support of this view, this depth range coincides
232 with a rapid increase in phosphate concentration and apparent oxygen utilizationyed infer

233 from HOT climatology (ittp://hahana.soest.hawaii.edu/hot/trends/trends.h@nl the other
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hand, the attenuation of particulate organic carbon at station ALOHA is most iatense
shallower depths, between 100 and 200 m (Bishop and Wood, 2008).
The dominant basalts of the Hawaiian Islands (tholeiitic) are low in Th co@t8nt,0.4

ppm, according to available data in PetDBv{v.earthchem.org/petjiifLehnert et al., 2000).

Nonetheless, with our seawater observations, we cannot fully rule out lateradfifjputrom
the Hawaiian Islands. For instance, dissolved Mn concentrations reach a max@au8d0 m
depth at station ALOHA (Boyle et al., 2005) that may reflect a coastalesobimetals.

The variability in?**Th concentration at intermediate depths (900-1400 m) could be due
to the effect of hydrothermal activity at the nearby Loihi seamount. The iida particles
associated with hydrothermal plumes strongly scavenge Th, and depleted dekp-sea T
concentrations have been observed up to 1400 km away from a vent site in the Atlantie{Hayes
al. 2014). We note however, that while variabilityifirh could suggest hydrothermal
scavenging, intriguingly, this effect is apparently weak enough to nofisagrily perturb the
near-linea”>°Th profiles (Fig. 2). Time-variability in the influence of the Loihi hydrethal
system on trace metals at ALOHA is discussed more fully by Fitzsimetais(submitted).

The?*°Th profiles also displayed interesting temporal variations. The theoeyefsible
scavenging contends that a steady-state is achieved between thoriypti@usmd desorption
on uniform particles that settle at a constant rate (Bacon and Anderson, 1982) hdséder t
assumptions, one expeétTh concentrations to increase linearly with depth with a boundary
condition of zero concentration at the surface. While the observed depth profileseartadly
linear (Fig. 2B), it appears that mixing at the surface homogefifdgsconcentrations to some
depth. Interestingly, the layer of relatively homogen&dti extends deeper than the density-

defined mixed layer (30-50 m), down to the deep chlorophyll maximum (Fig. 2). This
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phenomenon is worthy of future time-series study. Potentially a remnantpoiviteer mixed
layers (< 100 m), the homogeneous surfat&h layer could also represent some combination
of vertical mixing and enhanced scavenging related to export of organic fratiehe euphotic
zone.

Another significant observation is that while the surf&€eh concentrations from June
and September 2013 were nearly identical (1.2 pBa/kg), the s@tfiibeconcentrations from
July 2012 were about a factor of 2 lower (0.6 uBg/kg). This implies a relatively tegode in
scavenging and/or export production. Future time-series studies are whtcafuigher assess
the short-term (daily-monthly) variability in euphotic z6i%h concentrations and how closely
these changes can be correlated with organic matter export. In the niext, seetassess what
changes in the removal timescale are implied by these results.

4.2 Surface thorium residence times

Residence times of dissolv&lTh as described in section 2.1 using the 2012-2014
results are presented in Figure 3. In this assessment, we integrate productio? ‘tugecay
(based on salinity) and the measuf&@h inventory to 150 m depth. This allows comparison to
Th residence times calculated on the basf§‘®h:***U disequilibrium established by previous
work at station ALOHA, during April 1999-March 2000 (Benitez-Nelson et al., 2001) and June-
July 2008 (Buesseler et al., 2009). Tith results differ slightly from the approach used here
for dissolved?*°Th since thé**Th fluxes are calculated using unfiltered seawater. Since
adsorbed*°Th concentrations are on the order of ~10-20% of t3tah (Roy-Barman et al.,
1996), residence times based on t6tdlh can be expected to be up to 10-20% lower than those

based on the dissolved phase only.
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We also assessed the influence of vertical mixing on suffade inventories, which
could influence the derived residence time. Assuming a vertical mixintjcieef (K,) of 10°
m?/s (Charette et al., 2013), using a second-order polynomial regressiorf- 8T theepth
profiles (above 250 m), we can calculate the vertical mixing r&t€f, as K x Th/dZ. The
results indicate that vertical mixing adfdSTh to surface water at a rate of less than 5% of
production due t6**U decay. Therefore we can assume that vertical mixing does not
significantly affect thé*°Th residence time estimates at Station ALOHA.

Nearly all of the thorium residence time estimates fall in the rang¢®m8 years with no
significant seasonal cycle (Fig. 3). In the HOT climatology, organic oagkport at 150 m is
highest in May-August. While export seasonality is relatively weak sndligotrophic,
subtropical location (Church et al., 2013), long-term monitoring has revealed epigualic e
events related to diatom blooms and symbiotic cyanobacteria, typically in katndubarly
August (Karl et al., 2012).

The concept of “residence time” used here is based on a steady-state assamption f
sources and sinks. Therefore with a residence time of ~2 years, one would not gxifeszri
variation in the removal timescale over a period of months. However, the range in observed T
residence times for Station ALOHA indicates that this steady-stsiiengsion is not quite
correct. More precisely, the steady-state for scavenging removalagpEars to hold within a
factor of 2-3. The range in removal timescales observed bagé¥bris similar to that based on
234Th. Thus, it seems the rate of thorium scavenging can change dynami&ifia ALOHA
possibly related to export pulses, but the data are consistent with a long-teaigeatherium
residence time of 2 £ 1 years in the upper 150 m.

4.3 Surface 2?Th concentrations
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303 With relatively good control on the removal timescale of thorium, we turn to observed
304 variability in surfacé>Th concentrations. Barring significant fluxes due to lateral circulation,
305 this variability represents the balance between removal by scavengingpahty dust. Smaller
306 volume requirements for analysis (<1 liter) allowed us to investfgate from daily, monthly

307 and decadal timescales.

308 Collected during a series of cruises in summer 2012 (HOE-DYLAN), daale-samples
309 of 250 mL were analyzed for dissolved and particlifEn. Sample size required combining
310 the samples from 2-4 days for dissol?&Th, contributing to some degree of smoothing.

311 Dissolved concentrations ranged from 45-90 fmol/kg (Fig. 4C). Particifate although

312 measured at a higher, daily resolution, had a higher range of variabaity 10-290 fmol/kg. Of
313 the total seawatér“Th (dissolved + particulate) during HOE-DYLAN, on average 42% was in
314 the particulate phase (range 26-66%). This fraction particulate is higheth#t£or>°Th

315 (~15%, Roy-Barman et al., 1996) since particufiteh represents both adsorbed Th and

316 structural Th in mineral dust.

317 The decadal time-series observations (1994-2014) off8tl (Fig. 4A) exhibit a range
318 in concentration (~50-300 fmol/kg) that is consistent with the higher frequencyatises of

319 particulate Th in 2012-2013. Since most of the data fall within the range of 50-150 fmol/kg, we
320 are not fully confident in the five observations of elevated concentrations (150-3@Kgimol

321 observed in 1994, 1998, and 1999 samples. In particular, the 1998 and 1999 samples were
322 collected using a moored, rather than ship-based, MITESS sampler in which Wwettefilled

323 with 1 M HCI prior to filling with seawater. Mooring-collected water atés had higher Th

324  concentrations than ship-based sampling (Fig. 4) and thus the possibility of cotitando&ang

325 sampling, sample storage, or sample analysis cannot be fully discounted. Imefa@94 results
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326 from Roy-Barman et al. (1996) came from samples collected on the same itk cast.

327 Spatial variability, related to mesoscale eddies, is another potential sbuaped changes in

328  surface’®’Th concentration. Conservatively excluding the elevated observations >150 fmol/kg,
329 no significant temporal term trend can be derived.

330 When all observations are placed on a monthly axis (Fig. 4B), there is a higletraied
331 surface?®*Th concentrations are observed during the spring (Mar-Jun) season of Asian dust
332 transport over the North Pacific. It appears that dissdV@th may be relatively constant

333 throughout the year, consistent with the Th residence times of ~2 yrs derivetdn 4e2.

334 Unfortunately, few observations of dissolV&@rh have been yet made during the spring season
335 when dust input can increase by 2 orders of magnitude (Hyslop et al., 2013). Of cosese, the
336 data are sparse, but they do provide a baseline of variability against whichratermetal

337 observations can be measured.

338 4.4Fe/Thratio behavior in surface water and in colloidal content

339 Before applying thé*Th flux technique, comparison of the time-series behavior of Fe
340 (Fitzsimmons et al., submitted) afidTh is informative in terms of relative solubility and

341 relative removal rates (Fig. 5). This is possible because both elements éaanblyzed on the
342 same samples from HOE-DYLAN, HOE-PhoR and many of the HOT archivelasm

343 In the context of daily, monthly and decadal variability, it appears that theofdotal

344 and particulate F&PTh tends to be at or above the dust-ratio of 11,040 mol/mol, while dissolved
345 Fef*?This at or below the dust-ratio (Fig. 5A & 5B). These observations are consigtent

346 input at the dust F&PTh ratio and a strong sink from biological uptake for Fe. Thus, the

347 dissolved phase is left depleted in Fe relativ€3bh, while the particulate phase becomes

348 enriched in biogenic Fe. The total Fe/Th ratio often exceeds the dust ratith, ossbly
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because biogenic particulate Fe may be efficiently recycled and thuesidg in the surface
longer than particulate Th.

The partitioning between dissolved and total/particulatéHfé centers around the dust-
ratio (Fig. 5C). We interpret this to mean that the relative fractional sigjutifilFe and®>*Th
(Seerm) is close to 1. An alternate interpretation would be#H&h is more efficiently leached
from dust, leaving the particulate phase enriched if*$ié& and the dissolved phase depleted in
Fe/**Th. However, given the known ability for phytoplankton to efficiently utilize Benfdust
sources (e.g., (Rubin et al., 2011)), the assumptiopsaf,S 1 during dissolution followed by
rapid biological uptake of Fe seems more likely.

Consideration of the size-partitioning of Fe and Th within the dissolved phase provides
another constraint on the pathways these elements take after beingirbledast. This
investigation was also used as an opportunity to determine wi&Heand**°Th have
coherent speciation, as assumed for/tAgh flux method. Figure 6 presents these results based
on measurements of ultra-filtered seawater from HOE-PhoR-Il in Sept@db&rWe define
colloidal Th as dissolved (< 0.45 pm) minus soluble (< 10 kDa).

Of the measured dissolved Th, less than 25% was found in the colloidal phase (0.45 pm-
10 kDa~ 0.01 um). Furthermore, at least at 15 m, 130 m (DCM), and 1000 m, the colloidal
percentage fo7*?Th and®*°Th agreed within the uncertainty of the measurements. This result
implies coherent speciation of these thorium isotopes despite very differentssandcgupports
the use of*°Th as a tracer fdr**Th removal. This coherent speciation result agrees with
previous measurements of tHerh/2°Th ratio of filtered (< 0.2 pm) and ultrafiltered (< 1 kDa)

solutions from the Mediterranean Sea (Roy-Barman et al., 2002).
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The role of colloids in Th scavenging has much history and deserves a few words of
context. Early models of scavenging inferred that Th likely goes throaghagdal intermediate
before being scavenged by larger, sinking particles (Honeyman et al. H®83;man and
Santschi, 1989). Subsequent attempts at measuring colloidal Th focused laré& ¢see
review by (Guo and Santschi, 2007)), in part due to its use in quantifying organic agier e
A generalization might be made that outside of the coastal ocean, cdiféTdrivas found to be
relatively small (~<15%) proportion of the total dissolved (e.g., (Guo et al., 1997; Hulmadnd P
1995; Moran and Buesseler, 1992)), which is also consistent witi’@hf~Th results. Recent
observations from the North Atlantic (Hayes et al., submitted), however, o sEaeenging
characteristics consistent with a strong role for Th colloids as predigteloneyman and
Santschi (1989), even at open-ocean particle concentrations of < 10 pg/kg seawihier. F
observations on the geographic distribution of colloidal Th are clearly warranted.

Our paired observations of Th and Fe size partitioning nonetheless provide additional
information on their physicochemical speciation in a comparative sense. Disselliad Fuch
more colloidal content at ALOHA than Th (Fig. 6). Above the DCM, dissolved Fe can be >50%
colloidal. In the deeper water column, to 1.5 km depth, colloidal Fe is relativelyanbas0%
(with the exception of one sample < 10% colloidal at 650 m). Since Fé4hdare apparently
solubilized from dust with equal fractional solubility, this difference in speeistion is most
likely also due to the selective uptake or complexation of Fe by organic subdtigaesis, in
the form of macromolecular organic molecules or organic colloidal partictes, lrkely
complex Fe released from dust quite rapidly in the upper water column (Bagss&aulieu,

2013; Mendez et al., 2010). It is the size of these organic Fe-binding ligands that ghe titnou

convert such a large percentage of dissolved Fe to colloidal size, as oilatyshydrolyzable
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metals such as Al and Ti do not have significant colloidal components (Dammshausesand C
2012).

Similar to Al and Ti, the abundance of macromolecular ligands (>10 kDa) with an
affinity to complex Th must also be small compared to the source of dissolved Th bm du
This finding does not necessarily contradict previous evidence for signifigartior
complexation of Th in seawater (Santschi et al., 2006). It does require, howelvanytha
significant Th complexation is done by small (<10 nm), low-molecular weighnharg
molecules, at least at station ALOHA.

Greater uptake of Fe into the colloidal phase is another piece of evidence tlestsugg
that dissolved Fe is cycled more rapidly than Th in the upper water column. The innovation of
the?32Th flux method is our ability to be quantitative about the rates of Fe removal, waich ar
presented in the next section.

4.5 Iron residence times

Using the 2012-2013 Th profile data, we extend our calculations for Th residence time
down to 1.5 km water depth in Fig. 7A. Beginning at the 1-2 years residence timdated by
integrating to the DCM, the Th residence times increase nearly lingidlyntegration depth to
14 years at 1.5 km. Dividing the integrated dissof7&Eh inventories by these residence times
gives our estimate of dissolvé#Th flux, as function of integration depth, in Fig. 7B.

In June and Sept. 2013, the dissol¥&dh flux increased with integration depth and
begins to level-off around 500 m. This reflects that, at these times, the inveird@yaived
232Th increased with integration depth slightly more quickly than the increase inidénes
time with depth. Interestingly, in July 2012, the dissoR%&h flux decreased with integration

depth, reflecting that the Th residence time increased more quickly than teati$¥'Th
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inventory, largely because the mixed 1a§8Th concentrations were exceptionally low at this
time. Estimated®Th fluxes are clearly quite sensitive to short-term variability in stging
rates. We suggest further time-series analysis along with modellortse¢hat contain
circulation and realistic particle fluxes to determine more quantitgtikiel sensitivities involved
in calculating dissolve®Th fluxes during moderate changes in scavenging rates and dust input.
The three flux profiles converge around 1000 m depth. This is encouraging that over
longer integration times, 10-15 years in this case, we estimate constatmyic metal fluxes
at multiple time points. Using Eq. 1, the dissol¢&dh fluxes are simply converted to dust-
dissolved Fe fluxes, usingsrm= 1 and (Fe/Th)s= 11,040 mol/mol, shown in the second x-
axis in Fig. 7B. The depth profiles of dissolved Fe concentrations from the samagampl
campaigns are shown in Fig. 7C (Fitzsimmons et al., submitted). Finally, wpig iy
integrating Fe inventories and dividing by the dust-dissolved Fe fluxes, wetssthe residence
time of dissolved Fe, as a function of integrated depth in Fig. 7D.
In the upper 250 m, the residence time of dissolved Fe is 6 months to 1 year. This range
agrees well with the 6 month residence time estimated previously at statiAA(Boyle et
al., 2005), and with other estimates of surface ocean dissolved Fe residenceotimtég f
Atlantic based on measured Fe concentrations and assumptions about soluble gesisioinde
(Bergquist and Boyle, 2006; Jickells, 1999; Ussher et al., 2013). With such fast turnoser time
dissolved Fe concentrations in surface waters can be expected to vary on nooyehahjyt
timescales with changes in the seasonal input of dust from Asia, which iy exaatiwas
observed over the HOT and HOE time-series (Fitzsimmons et al., submitted).
Available aerosol data suggest that Asian dust transport over the North Rasifio

significant trend from 1981 to 2000 (Prospero et al., 2003) and perhaps a 6% decline over the
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past 10 years (Hyslop et al., 2013). Because of a nearly immediate impactaoe stafer Fe
concentrations and the associated ecological consequences, it is important tofotangtor
changes in Fe sources. Sources such as Asian desert dust in our changiagraynairy
independently of other Fe sources such as combustion aerosols.

As one integrates further from 250 m to 1500 m, while the dissolved Fe fluxes change
only moderately, the dissolved Fe residence times increase quickly to aboutslatye#0 m
depth. This is due to the large increase in Fe concentrations at these depths due to
remineralization of Fe from sinking organic material and some portion of Fe aletachand
transported to ALOHA laterally via deep ocean circulation. There is poterdaddiyional input
of Fe at ~1 km depth due to Loihi hydrothermal activity. Additional lateral sswould cause
our dust-based dissolved Fe residence time to be an overestimate, implyingsgaren fa
timescales of Fe removal. On the other hand, as discussed in the next section, th€&&0 yea
residence time at 1500 m could indeed be an underestimate, if the geochemesabtytl and
Fe become decoupled at greater depths where dust dissolution is no longer argigoificze of
dissolved Fe.

4.6 Fe and Th decoupling in the deep ocean

Our focus on the upper water column stems from our motivation to understand trace
metal cycling due to aerosol deposition and export production. We can extend our an&lgsis of
and Th into the deep ocean (4.5 km water depth at station ALOHA) to learn about the
geochemistry of these elements over decadal-to-centennial timescdegire 8, we compiled
available deep profiles from station ALOHA for dissolved Fe (Boyle.e2@05; Fitzsimmons et

al., submitted; Morton, 2010) and dissolV&&@h/~*°Th (this study; Roy-Barman et al. (1996)).
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462 Variability in dissolved Fe at 1-1.5 km is clearly apparent, possibly due to hyanather
463 inputs. Below 1.5 km depth, F&2Th, and®°Th display relatively constant profile shapes, at

464 least during the sparse sampling dates. From 2 km depth to the bottom, dissolved Fg is nearl
465 constant or slightly decreases with depth to about 0.5 nmol/kg, while disé¥iviedictually

466 increases with depth from 50 to 180 fmol/kg below 3000 m. This divergence in profile shape
467 already suggests a decoupling of the behavior of these elements in the deep ocean

468 The deep ocean appears to contain an additional souré@er This source is

469 potentially related to resuspension of diagenetically-altered sedimehésseafloor (Hayes et

470  al., 2013a; Okubo et al., 2012). The bottom-incread&Ti begins nearly 2 km above the

471 seafloor, much high than typical benthic vertical mixed layers (50-100 m) (Bs;H290). This
472 phenomenon, as observed with km-scale nepheloid layers (McCave, 1986), suggests that the
473  ?32Th at abyssal depths of station ALOHA is being mixed in laterally fromitowatvhere

474  isopycnals impinge on surrounding bathymetry.

475 Also related to bottom sediment resuspension, the July 2012 protf&bfdisplays a

476 negative concentration anomaly, or deficit8Th, with respect to the linear profile near the

477  seafloor (Fig. 8C). This bottoAi°Th deficit is indicative of enhanced bottom scavenging as

478 observed in many parts of the deep North Pacific (Hayes et al., 2013b; Okubo et al., 2012). It
479 non-intuitive that in a bottom layer where the scavenging removal of Th is enhamceadred

480 to the overlaying water column, that this layer would also be a strong soGréehofThe

481 resuspension of bottom sediments may produce such a strong rel€48k tfat this source

482 more than compensates for enhanced scavenging.

483 Dissolved Fe, on the other hand, appears unaffected by bottom processes, displaying only

484 aslight decrease in concentration with depth (Fig. 8A). The slight decraasgepih may be
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related to scavenging of Fe as deep water masses age (Bruland et allf #@9dxtend our
integrated residence time approach to the deep Fe profile at station ALEXHAR), we derive a
whole ocean residence for dissolved Fe of only 30 years. This is significantigrghan the
100-300 year estimates of the ocean residence time for dissolved Fe based atedeepw
scavenging (Bergquist and Boyle, 2006; Bruland et al., 1994). This discrepancyrerstes

likely because the deep ocean sourcédh does not add dissolved Fe to the water column at a
crustal ratio, unlike what occurs during dust dissolution. Thug3hl flux method for Fe
residence times cannot be extended to the deep ocean.

The question remains: how is an element like Th, a trace component of continental
material, added to the deep ocean without a simultaneous release of a majbelennsnt like
Fe? The answer is likely related to solubility.

Dissolved Fe in the deep central North Pacific at ~0.5 nmol/kg has been found to be at
near solubility equilibrium with Fe(lll) hydroxide (Kitayama et al., 2009; lenhal., 2003).
These studies determine Fe(lll) solubility by adding gamma-emigelll) to filtered seawater,
allowing the solutions to come to solubility equilibrium with Fe(lll) hydroxoder several
weeks, subsequently filtering the seawater and then countiftFthgamma-activity on the
final filtrate. The observed ~0.5 nmol/kg solubility is elevated over Fe solubilibonganic
seawater because of the presence of organic ligands (Liu and Millero, 2002). fiteithei
deep Pacific is in a near saturation state, dissolved Fe can no longer bectigpeutrease, even
in the presence of increasing Th concentrations.

A problem with this argument is that electrochemically-determined &edig
concentrations at station ALOHA are up to 2 nmol/kg, well in excess of dissolved Fe

concentrations (Rue and Bruland, 1995), as found in most of the world ocean (Gledhill and
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Buck, 2012). However, it may not be appropriate to compare Fe ligand determinagotly dir
with seawater solubility. In either estimation, deepwater dissolvesl &deast close to (within
the same order of magnitude) our best estimates of Fe solubility.

While much less in known about Th solubility in seawater, our large underestimate of Fe
residence time in the deep ocean implies that the deep North Pacific, with I80dmeol/kg, is
not near Th solubility equilibrium. Near seawater pH and ionic strength, the gplabiTh(IV)
hydroxide may be as high as 0.5-1 nmol/kg, compared to 1 fmol/kg for crystalling Ao
the amorphous nature of Th(Qréplids (Neck et al., 2003). Despite our findings of low
colloidal Th content, electrochemical methods suggest organic Th ligandssoaxit at
nanomolar concentrations (Hirose, 2004). Significant organic Th could of course be present a
station ALOHA if the complexes are smaller than ~10 nm. We advocate dirasturaments of
Th solubility in seawater, perhaps using radio-tracer additions with sipndéocols as
developed for Fe (Kuma et al., 1996; Schlosser and Croot, 2008), to confirm that Th ekists in t
deep ocean at much less than its equilibrium solubility. This would explain the fact tha
dissolved Th concentrations continue to grow from lithogenic sources in the deep MNdith Pa
where Fe concentrations become fixed by a solubility limit.

5. Conclusions

Using time-series data from the North Pacific, this study finds vatialilsurface Fe
and?**Th concentrations consistent with a source from Asian dust. The dust source likely has a
relative Fe/Th fractional solubility close to 1. The applicatioffdth scavenging rates t6°Th
inventories allows the accurate prediction of the flux of dissolved metals frarndbe remote
surface ocean. The source flux of dissolved Fe, derived¥tih-based timescales, suggests

that dissolved Fe in the upper 250 m is turning over in 1 year or less. A compellingatiopli
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of this result is that Fe delivery to phytoplankton can be expected to vary with sdasonal
interannual changes in dust delivery from Asia. Continued monitoring of Fe-depende

biological processes, such as nitrogen fixation, are crucial to anticipate tlegwenses of

changing land-use and/or industrial processes that may significaietty eblian sources of Fe

to the North Pacific. In addition, we hypothesize that iron reaches a solubilityrithe deep

sea (>2 km) while Th does not, and the influx of Th cannot be used as a proxy for Fe sources in
this environment. Thus, the kinetic box model approach to tracing dust-derived elengerit$ (Fi
appears applicable only in the upper water column (~250 m).
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Figure Captions

Figure1l. Tracing the Fe cycle with the behavior of the long-lived thorium isotopes. Thorium-
230 has a well-known source from the radioactive decay of its gafentrhis allows a
guantitative estimate of Th removal due to scavenging on to particles. This reatevan be
used to estimate the steady-state souré&dh from the partial dissolution of aerosol dust.
While Fe has many more terms in its biogeochemical cycling, its ultsoatee from dust
dissolution can be predicted using knotTh fluxes and the relative solubility of Fe and Th.
Assuming Fe is derived only from dust, one can then estimate a maximum Feaesiche or
minimum turnover rate.

Figure 2. Depth profiles from the Hawaii Ocean Time-series station ALOHA frannpﬁag
campaigns in 2012-2013. In July 2012 and June 2013, profiles for dis§fiTedA) and**°Th
(B) were collected in two casts (shallow to 250 m and deep to 1500 m) on different days.
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Relative uncertainty in isotope concentrations was 1-5% and thus errors bars woulé be clos
the symbol size. The hydrographic profiles (C-F) are shown from the shakbwrdg

Figure 3. Thorium residence times, or turnover rates, calculated for the upper 150 m at station
ALOHA on a monthly axis combining data from 1999 to 2014. These times are calculated by
comparing integrated Th inventories to integrated production by uranium déesy*Th-based
results are reported by Buesseler et al. (2009) and Benitez-Nelsor260a). (Note thé&*°Th-

based results from March 2014 are not based on profiles but on single samples from 25 m,
assuming uniform concentrations in the upper 150 as seen in the 2012-2013 profiles (Fig. 2).

Figure 4. Station ALOHA time-series data from the surface ocean (0-10 meters depth) on
dissolved (filtered at 0.45 or 0.4 um), total (unfiltered) and particulate (day®st um filter)
232Th in full ime-series (1994-2014) (A), monthly climatology (1991-2014) (B) and during a
daily resolution period in July-Sept. 2012 (C). Note change in scale of y-axes at 1&@fmol
Results from 1994 were reported by Roy-Barman et al. (1996). Open circleserdmamples
collected using a mooring rather than ship-based sampling (Sec. 4.1). Relagrtaintycin
dissolved, total and particulat&Th concentrations was 1-10%.

Figure5. Station ALOHA time-series data from the surface ocean (0-10 meters (&)pth)
monthly climatology (B) and a daily resolution period in July-Sept. 2012 (C) of tha\dids
(filtered at 0.45 or 0.4 um), total (unfiltered) and particulate (digested 0.4tprhFef**Th
ratio. Note change in scale of y-axes at 25,000 mol/mol. The dotted lines reprefeftihie
ratio of Asian dust of 10,800 + 1,200 mol/mot)1Note in (C), four samples with particulate
Fe/*?Th ratios greater than 40,000 are not shown. Open circles represent sampleslasieg
a mooring rather than ship-based sampling (Sec. 4.1).

Figure 6. Depth profiles of the percentage of dissolved metals (<0.45 pum for Th or <0.4 pum for
Fe) that are in the colloidal size fraction (roughly 10-400 nm) from stationH¥_{@ late
September 2013. Colloidal content is estimated by subtracting the metal cathaertr0.4 pm
filtered seawater (dissolved) from that passing through a 10 kDa membtanbyfitross-flow
filtration (soluble). Colloidal fractions 6f“Th and®*°Th agree within uncertainties, while Fe
colloidal content is 2-3 times larger.

Figure 7. Application of dissolved®**Th fluxes to predict the residence time of dissolved Fe in
seawater at station ALOHA during 2012-2013. Dissolved Th residence times (Alarated

as a function of integration depth using radioactive disequilibrium betW&¢and®°Th. The
integrated*?Th inventories divided by these residence times produces an estimate of the
dissolved®?Th flux (B) due to dust dissolution. Assuming equal fractional solubilities
dissolution and a near crustal composition for Asian dust, the flux of dissolved Fe frorardust c
be predicted using the second x-axis in (B). The integration of dissolved Fe invelnaseeson
concentration profiles shown in (C) (Fitzsimmons et al., submitted), produces matestf
dissolved Fe residence time in (D, note change in scale of x-axis at 1.2 yrs).

Figure 8. Full ocean depth profiles from station ALOHA for dissolved Fe t&Xh (B) and
230Th (C) using data from this study (July 2012) and compiled from the literatomedaita from
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606  April 2001 and July 2002 were reported by Boyle et al. (2005) and from June 2002 by Morton
607 (2010). Dissolved Th data from 1994 were reported by Roy-Barman et al. (1996). Note in (C) the
608 dotted grey line is the linear regressiorf8Th data between 1 and 3.5 km, which when

609 extended to the seafloor demonstrates that the bottom two samples are lespéabiza ésom

610 reversible scavenging and imply enhanced scavenging (assuming nprotiesses affect

611 supply and removal 6f°Th here).

612

613 Figure 9. Application of dissolved®Th fluxes to predict Fe residence times for the full depth
614 ocean at station ALOHA. Here data from July 2012 are used to caltiiEtdluxes (A). The

615 depth profiles of Fe concentrations presented in Fig. 8 were averaged to edlmildissolved

616 Fe residence times as a function of integration depth (B). The 30 year ocean es&idenc

617 dissolved Fe is significantly lower than the century-scale residanes tierived by other

618 approaches, suggesting th&fh flux may not be an accurate proxy for Fe sources in the deep
619 ocean.

620
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