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AN OCEAN OF PARTICLES
CHARACTERIZATION OF PARTICULATE TRACE ELEMENTS 

BY THE GEOTRACES PROGRAM

SPECIAL ISSUE ON TWENTY YEARS OF GEOTRACES

By Benjamin S. Twining

Collection of dissolved and particulate 

trace elements during the GEOTRACES 

GP17-OCE cruise. Photo credit: B. Twining
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INTRODUCTION

Trace elements play many important 

roles in the ocean, from providing critical 

micronutrients to serving as signatures 

of unique material sources and as tracers 

of past processes, belying their low con-

centrations (Morel and Price, 2003). �e 

GEOTRACES program was initiated to 

advance our understanding of the geo-

chemistry of trace elements and their iso-

topes (TEIs) and to �ll key knowledge 

gaps about the sources, sinks, and inter-

nal cycling of trace elements (Anderson, 

2020). �rough the hard work of many, 

and as a result of signi�cant international 

cooperation, the GEOTRACES program 

has so far generated tens of thousands 

of intercomparable trace element mea-

surements, underpinning basin-scale 

and global maps of element distribu-

tions (Schlitzer et al., 2018). �ese maps 

have enabled the identi�cation and quan-

ti�cation of new sources and sinks of 

TEIs across ocean boundaries, as well as 

the development of a new appreciation 

for the ecological and biogeochemical 

impacts of trace elements.

One of the primary characteris-

tics of trace elements is whether they 

exist primarily in dissolved or particu-

late forms. Dissolved elements generally 

occur as ions, which can freely partici-

pate in chemical reactions such as com-

plexation and precipitation or binding to 

a phytoplankton ion transport channel. 

Dissolved constituents in the ocean are 

dominated by the major salts (e.g.,  Na+, 

Cl–), which are highly soluble, occur 

at millimolar concentrations, and have 

extremely long residence times. But trace 

elements show a wide range of solubili-

ties and chemical behaviors, and many 

of them associate readily with parti-

cles. Particulate matter o�en enters the 

ocean from continents via river run-

o� or aeolian dust or resuspension of 

shelf sediments; these are called litho-

genic particles. Particulate matter can 

also be formed in situ through precipita-

tion and adsorption (termed authigenic 

particles) and through biological growth 

(biogenic particles). 

Particulate trace elements have unique 

physical and chemical behaviors that 

o�en di�er fundamentally from their dis-

solved counterparts, driving important 

consequences for their residence times, 

sources, and sinks. Particulate phases are 

prone to gravitational sinking. �ey can 

adsorb or “scavenge” (Goldberg, 1954) 

other ions onto their surfaces and thus 

remove them from the dissolved phase; 

alternatively, they can dissolve and serve 

as sources of element ions. Small par-

ticles can aggregate into larger parti-

cles and be subsequently disaggregated 

by physical shear or biological pro-

cesses. Plankton interact with particulate 

elements di�erently than with dissolved 

forms: a subset of taxa are able to directly 

consume particles via phagotrophy 

(Nodwell and Price, 2001), but most taxa 

can only access dissolved elements (Sutak 

et al., 2020). Like the better- studied dis-

solved trace elements, the speciation of 

particulate TEIs can also indicate their 

sources and the processes a�ecting their 

transformations. For example, particu-

late minerals delivered via atmospheric 

deposition, hydrothermal vents, and sed-

iment resuspension have unique elemen-

tal stoichiometries, as does biogenic par-

ticulate matter (Lam et al., 2012; Twining 

and Baines, 2013; Hawco et  al., 2018; 

Ho�man et al., 2018).

Despite their importance, particu-

late elements have received far less atten-

tion than dissolved forms. One reason 

is practical: oceanographers usually �l-

ter sea water to isolate the dissolved 

phase, and the high-e�ciency cartridge 

�lters o�en used are not easily opened 

in order to recover the particles for anal-

ysis. Particle collection therefore typi-

cally entails using thin membrane �lters, 

which can complicate the simultaneous 

collection of dissolved samples without 

TEI contamination (Cutter et  al., 2017). 

Particle collection onto membranes also 

necessitates �ltering adequate volumes 

to observe the elements above detection 

limits and background concentrations 

in the membrane. Achieving analyte sig-

nal greater than the �lter is o�en trivial 

for major elements like carbon and nitro-

gen that can be collected onto glass �ber 

�lters with low background levels, but the 

trace (ca. 106-fold lower), contamination- 

prone character of most TEIs makes their 

measurement a challenge. Rigorously 

cleaned, carbon- based membranes are 

usually used, and collection must be done 

under stringent, particle- free, clean- 

room conditions. Even then, achieving 

adequate analytical signals is challenging, 

particularly for the most contamination- 

prone elements such as zinc. 

�e choice of �lter membrane thus 

represents an operational de�nition of 

the particulate fraction, and the use of 
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di�erent �lter membrane types intro-

duces complications for comparing mea-

surements. Polycarbonate track-etched 

membranes with discrete, laser-cut pores 

collect particles di�erently from so-called 

“depth �lter” membranes that are con-

structed from overlapping strands of 

material to produce nominal equivalent 

pore sizes. �e e�ective collection sizes 

of membranes change as the membranes 

become more loaded with sample, as do 

the �ow rates. Additionally, particles may 

also be collected directly in the ocean via 

in situ pumping, or via shipboard �ltra-

tion of bottle-collected water (Figure 1). 

�ese approaches subject particles to dif-

ferent shear and osmotic stresses, and 

they di�er in their ability to collect larger, 

potentially faster-sinking particulate 

matter. Once collected, particles usually 

need to be solubilized prior to analysis, 

and di�erent science groups may use dif-

ferent digestion schemes optimized for 

their own needs, complicating intercom-

parison between groups (Ohnemus et al., 

2014). �ese complications have histor-

ically been a major hindrance to creat-

ing intercomparable datasets of particu-

late element distributions, and resolving 

them is one of the key advances of exten-

sive and ongoing GEOTRACES intercali-

bration e�orts.

GEOTRACES MEASUREMENTS 

OF PARTICULATE TRACE 

ELEMENTS

�e GEOTRACES program has created 

the �rst global dataset of intercomparable 

particulate trace element measurements. 

Recognizing the operational challenges of 

particulate element collection and mea-

surement, the GEOTRACES program 

standardized protocols, focusing on two 

complementary approaches: collection of 

particulate matter via shipboard �ltration 

of bottle-collected water (so called “bottle 

particles”; Figure 1a,c), and in situ �ltra-

tion by pumps suspended in the water 

column (“pump particles”; Figure 1b,d). 

Additionally, GEOTRACES organized 

intercalibration exercises that employed 

common samples and certi�ed reference 

materials to ensure that resulting analy-

ses would be comparable (Planquette and 

Sherrell, 2012; Ohnemus et  al., 2014). 

GEOTRACES has taken the additional 

step to periodically compile and distrib-

ute a single dataset of quality-assured 

measurements to promote their use by 

the oceanographic community. �e most 

recent intermediate data product was 

released in July 2023 (IDP2021v2). 

�e IDP2021v2 dataset includes par-

ticulate concentrations for 17 di�erent 

elements, most of them associated with 

multiple types of particles. Phosphorus 

is frequently used as a proxy for biogenic 

matter, and aluminum and titanium are 

useful proxies for lithogenic matter. Also 

included are the bioactive micronutrient 

elements (iron, manganese, cobalt, nickel, 

copper, zinc, cadmium), and other ele-

ments that can serve as tracers of processes 

(barium, chromium, molybdenum, scan-

dium) or particle sources (lead, thorium). 

Each element can tell a unique story; 

here, I will focus on iron, the key limiting 

nutrient. IDP2021v1 includes particulate 

data from nine cruises spanning primar-

ily the Atlantic, Paci�c, and Arctic ocean 

basins (Figure 2b). �e dataset contains 

2,486 measurements of particulate iron 

collected via bottles at 164 di�erent sta-

tions. In contrast, the same dataset con-

tains nearly sevenfold more dissolved 

Fe measurements— 15,970 concentra-

tion data points collected on 40 cruises 

(Figure 2a)— demonstrating the added 

challenges of collecting particulate data. 

Particulate iron data collected with 

pumps—enabling collection of the large, 

fast-sinking size fraction—are even harder 

a
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d

FIGURE 1. Photographs show the collection of particulate matter by (a) bottle filtration, and (b) in 

situ pump filtration. Particulate matter is collected onto either (c) 25 mm diameter, 0.45 μm pore-

size Supor membranes for bottle filtration, or (d) 142 mm diameter, 0.8 μm pore-size Supor mem-

branes for pump filtration. The scale bars in (c) and (d) represent 25 mm. Panel d photograph pro-

vided by Daniel Ohnemus
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to come by. Such data are only available 

from four cruises, resulting in 946 mea-

surements from 72 stations (Figure 2c). 

Despite the enormous e�ort that has 

gone into compiling the IDP2021v2 data-

set, there remain challenges to examining 

all particulate data together. Unlike dis-

solved iron (DFe), which is represented 

by one parameter in IDP2021v2, there 

are seven di�erent parameters for partic-

ulate iron, some of which are subsets of 

one another, and some of which may or 

may not provide equivalent information. 

To enable direct comparisons of dissolved 

and particulate data collected at the same 

station and depth, I calculated total partic-

ulate iron concentrations (TPFe), where 

necessary, and then merged to common 

depths for which dissolved iron data are 

available, when collected within 5 m of 

the dissolved sample. 

RELATIVE CONCENTRATIONS 

OF PARTICULATE AND 

DISSOLVED IRON

�ough previous studies have asserted 

that most iron in the upper ocean is par-

ticulate (Radic et al., 2011; Gourain et al., 

2019), few of them have compared paired 

measurements across diverse settings. 

�is dataset provides an ideal chance to 

compare the two forms, and we can see 

that particulate and dissolved iron o�en 

show similar distributions due to trans-

formations between them. But particu-

late iron is not bound by the limits of sol-

ubility and shows a greater dynamic range 

than dissolved iron. Focusing on two 

ocean basin sections—GP16 in the South 

Paci�c and GA01 in the North Atlantic 

(Figure 3)—we see that continental mar-

gins are sources of both dissolved and par-

ticulate iron (Ohnemus and Lam, 2015; 

Lee et  al., 2018; Gourain et  al., 2019), 

as is the East Paci�c Rise hydrothermal 

�eld (Resing et  al., 2015; Fitzsimmons 

et  al., 2017). �e highest DFe concen-

trations on GP16 (31 nmol kg–1) are 

observed in 110 m of water over the 

South American shelf, while in the core 

of the neutrally buoyant plume, DFe 

peaks at 13.7 nmol kg–1 (Figure 3a). In 

contrast, TPFe reaches �vefold higher 

(159 nmol kg–1) over the shelf and six-

fold higher (88 nmol kg–1) in the core of 

the hydrothermal plume (Figure 3b). �e 

decoupling is even stronger in the North 

Atlantic, where DFe of 7.6 nmol kg–1 was 

observed over the North American margin 

(Figure 3d), compared to 168 nmol kg–1 

TPFe (Figure 3e). Interestingly, TPFe 

was even higher on the European 

margin, registering 304 nmol kg–1, 

whereas DFe peaked at 3.0 nmol kg–1 

(Gourain et al., 2019). 

Particulate iron shows a third source 

not evident in the dissolved dataset: 

benthic nepheloid layers. In the North 

Atlantic, suspended sediments near the 

bottom drive TPFe concentrations above 

60 nmol kg–1 (Figure 3e), while DFe is 

not correspondingly elevated. �is may 

indicate the limits of iron solubility—

particularly as iron ligand concentra-

tions are not elevated near bottom (Buck 

et  al., 2018)—or counteracting adsorp-

tion and dissolution processes. As a 

result of these processes, particulate iron 

(a) Dissolved Fe

(b) Particulate Fe (bottles)

(c) Particulate Fe (pumps)

FIGURE 2. Distribution of stations for which data are available in the 

GEOTRACES Intermediate Data Product 2021v2. Panels show the loca-

tions of stations with data for (a) dissolved Fe, (b) bottle-collected partic-

ulate Fe, and (c) pump-collected particulate Fe. Dissolved Fe data come 

from 40 individual cruises. Particulate data have been collected on a much 

smaller number of cruises. The GEOTRACES cruise designations are indi-

cated by symbol color.
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typically exceeds dissolved iron at the 

ocean interfaces— surface, margins, ben-

thos, and vent plumes. In these settings, 

>85% of total iron (dissolved + particu-

late) is present in particulate form (Figure 

3c). In the mesopelagic, TPFe is less 

abundant than DFe—typically 20%–30% 

of total Fe. Overall, particulate is a big-

ger component of total iron in the North 

Atlantic, where it is commonly more than 

60% of total iron, even in the ocean inte-

rior (Figure 3f). Interestingly, despite 

abundant aeolian deposition, TPFe does 

not exceed DFe in surface waters of the 

Northeast Atlantic, as DFe is not drawn 

down as much in these waters.

�ese same trends can be observed 

when considering all of the paired par-

ticulate and dissolved iron data available 

in IDP2021v2. Particulate Fe shows a 

greater range, with concentrations vary-

ing more than 10,000-fold, from less than 

0.1 to over 1,000 nmol kg–1 (Figure 4a). 

In contrast, DFe varies about 100-fold, 

from less than 0.1 to over 10 nmol kg–1. 

While clearly positively correlated, TPFe 

increases more rapidly than DFe, with the 

greatest decoupling at shallow stations 

where margin inputs of lithogenic partic-

ulate matter are greatest. 

Overall, iron is more commonly 

found in particulate than dissolved 

form. Figure 4b shows the distribu-

tion of the particulate/dissolved Fe ratio 

for the 1,950 paired measurements in 

IDP2021v2. For each of the sample depth 

ranges (Shallow, Mid, Deep), particulate/

dissolved ratios greater than 1 are most 

common. �e mean and median ratios 

are 7.1 and 1.9, respectively. �us, partic-

ulate Fe is typically about twice as abun-

dant as dissolved Fe. �e relative abun-

dance of particulate Fe enables it to bu�er 

the concentration of dissolved Fe (Milne 

et al., 2017). However, the standard devi-

ation of the global particulate/dissolved 

ratio is 28, demonstrating the frequent 

decoupling of these two forms. 

CONTRIBUTION OF LABILE 

PARTICULATE IRON TO THE 

REACTIVE IRON POOL

�ere is particular interest in the chemi-

cally labile forms of particulate elements 

such as Fe that serve as nutrients. �ese 

labile particles may contribute to the 

dissolved element pool in the euphotic 
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f

FIGURE 3. Distributions of dissolved and particulate Fe in the South Pacific (GP16 cruise) and North Atlantic (GA01 cruise). Top panels (a, d) show con-

centrations of dissolved Fe. Middle panels (b, e) show concentrations of total particulate Fe (>0.45 μm material, collected with bottles). Concentration 

color scales in a–c do not indicate the maximum concentrations measured but are optimized to show features. Bottom panels (c, f), show particulate 

Fe as a fraction of total (dissolved + particulate) Fe. Warm colors (yellow/orange/red) indicate particulate Fe >50% of total Fe. Cool colors (blue) indi-

cate particulate Fe <50% of total Fe.
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zone and support productivity over bio-

logically relevant timescales (Bruland 

et al., 2001; Chase et al., 2005; Hurst and 

Bruland, 2007). Several approaches have 

been used to measure chemical lability, 

including extractions with the reductant 

sodium dithionite (Poulton and Raiswell, 

2005), mixtures of the ligand EDTA and 

the reductant oxalic acid (Tovar-Sanchez 

et al., 2003; Tang and Morel, 2006; Revels 

et al., 2015), and mixtures of acetic acid 

and the reductant hydroxylamine hydro-

chloride (Chester and Hughes, 1967; 

Tessier et al., 1979; Berger et al., 2008). �e 

approach of Berger et al. (2008) has been 

adopted by several groups to measure 

labile particulate Fe in the GEOTRACES 

program, and there are four cruises for 

which labile particulate Fe (PFe labile) data 

are available in IDP2021v2: GA03 and 

GA10 in the Atlantic, GP16 in the Paci�c, 

and GN01 in the Arctic. 

�e labile particulate Fe data span 

diverse marine environments, and the 

contribution of PFe labile to the reac-

tive Fe pool (PFe labile + DFe) varies from 

0%–100% across the dataset (Figure 5a). 

PFe labile shows di�erent importance in 

the Paci�c and the Arctic. In the Paci�c, 

PFe labile contributes >50% of reactive Fe in 

the upper ocean near the South American 

shelf and at the upper boundaries of 

the oxygen de�cient zone and is other-

wise mostly <40% of reactive Fe in the 

upper 1,000 m (Figure 5b). In contrast, 

most of the Arctic Ocean samples from 

below 200 m show PFe labile as the domi-

nant fraction, usually >75% of reactive Fe 

(Figure 5c). PFe labile also comprises most 

reactive iron over the shelf; it is only in 

the upper 100 m of the ice-covered Arctic 

Ocean north of 80°N where DFe domi-

nates, likely a result of the Fe distribution 

in the Transpolar Dri� (Charette et  al., 

2020). �is highlights the much greater 

in�uence of shelves—and the particles 

they generate (Xiang and Lam, 2020; 

Colombo et  al., 2021, 2022)—on the 

Arctic interior compared to the Paci�c. 

North Atlantic samples are limited to the 

upper 200 m in IDP2021v2, and they also 

show strong shelf inputs of labile particles 

(Ohnemus and Lam, 2015). Overall, the 

available data show the broad impor-

tance of continental shelves as sources 

of reactive iron, o�en exceeding lev-

els of dissolved iron. Further o�shore, 

PFelabile is likely drawn down in concert 

with DFe, potentially through dissolution 

and direct uptake, as it bu�ers the dis-

solved pool (Milne et  al., 2017), as well 

as through scavenging of labile Fe oxy-

hydroxides onto more refractory oxides 

as particles change in chemistry, size, and 

age during transit (Fitzsimmons et  al., 

2017; Ho�man et al., 2018).

COLLECTION OF 

PARTICULATE MATTER BY 

BOTTLES AND PUMPS

GEOTRACES investigators have used 

both sampling bottles and in situ pumps 

to collect particulate matter for TEI anal-

ysis, and comparisons of these measure-

ments can provide additional information 

about particulate trace elements. In situ 

pumps can achieve higher sample loading 

and larger absolute sample masses, which 

enable measurements of trace element 

stable isotopes and the rarest elements. 

Additionally, parallel �ltration onto dif-

ferent membranes via pumps enables 

simultaneous measurements of organic 

and inorganic carbon, along with opal 

and trace element fractions. Pump-based 

particle datasets from the Atlantic (Lam 

et al., 2015a; Ohnemus and Lam, 2015), 

Paci�c (Lam et al., 2018; Lee et al., 2018), 

and Arctic Ocean (Xiang and Lam, 2020) 

are included in IDP2021v2. �ese e�orts 

have generated paired measurements of 

particulate organic matter (POM), par-

ticulate inorganic carbon (PIC), opal, 

lithogenic matter, Fe oxides, and Mn 

oxides that comprise the major compo-

nents of particulate matter in the ocean. 

Distributions of these components re�ect 

their known sources: creation of POM in 

the euphotic zone, synthesis of opal by 

mostly coastal diatoms, lithogenics from 

continents and aeolian dust, and in situ 

precipitation of Mn and Fe oxides.

FIGURE 4. Relationship between 

dissolved and total particu-

late (>0.45 μm material, col-

lected with bottles) Fe in the 

global GEOTRACES IDP2021v2 

dataset. (a) Scatterplot of dis-

solved and particulate concen-

trations. Black line indicates 1:1 

relationship. Symbol color indi-

cates total water column depth 

at the sampling station. Note 

the log10 scales. (b) Histogram of 

particulate/ dissolved concentra-

tion ratio for all paired data in the 

global dataset. The dashed line 

indicates where the two fractions 

are equal. Bar color indicates the 

depth of sample collection: 

Shallow = <200 m

Mid = 200–1,000 m

Deep = >1,000 m

a

b
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�e larger volumes �ltered with in 

situ pumps are also likely to better sam-

ple larger (>51 μm), rarer particulate mat-

ter, providing information on two size 

fractions and the cycling between them. 

�orium isotope data indicate active 

aggregation and disaggregation processes 

are at play, resulting in continual exchange 

between large and small particles (Lerner 

et al., 2016). In some instances, large par-

ticles have been shown to be a key com-

ponent of particulate matter. In the North 

Atlantic, it is common for more than 

half of particulate iron to be >51 μm in 

the upper 200 m (Ohnemus and Lam, 

2015). In the Paci�c, iron is more abun-

dant in large particles in the euphotic 

zone and near the bottom, but across the 

basin it is generally sourced from small 

particles (Lee et al., 2018). In the Arctic, 

iron in large particles is mostly restricted 

to the bottom of the water column 

(Xiang and Lam, 2020).

�e collection of particulate mat-

ter with both bottles and pumps on sev-

eral GEOTRACES cruises provides an 

opportunity to learn more about particu-

late trace element composition from com-

parison of these measurements. Here, I 

will focus on two GEOTRACES sections, 

one in the South Paci�c (cruise GP16) 

and the other in the Arctic (cruise GN01). 

Together, they provide an opportunity to 

expand on a previous comparison that 

was based on a handful of mostly upper 

water column pro�les from the North 

Atlantic (Twining et  al., 2015). Pump-

collected particulate iron concentrations 

(0.8–51 μm small + >51 μm large size 

fractions; “pump Fe”) for the Paci�c and 

Arctic are shown in Figure 6, for compar-

ison with the bottle-collected particulate 

iron concentrations (>0.45 μm; “bottle 

Fe”) shown in Figure 3. �e two sampling 

approaches produce similar particulate 

iron distributions (Figure 6a,d), with the 

South American margin and East Paci�c 

Rise clear sources of iron to the South 

Paci�c, and the Bering Sea and Chukchi 

shelves strong sources to the Arctic. 

Pump and bottle iron measurements 

collected within 5 m of each other are 

directly compared in Figure 6b and 6e. 

In the Paci�c, pumps collected more par-

ticulate iron most commonly at shal-

low stations and near the surface, and 

this is also evident on the Arctic shelf. In 

the mid water column and o�shore, it is 

more common for bottle samples to show 

higher particulate iron. 

Combining all 281 paired particulate 

Fe measurements in the South Paci�c, 

several trends appear (Figure 6c). �e 

median ratio of pump/bottle Fe was 

0.87 ± 2.7 (1 std dev), highlighting sub-

stantial variability in the paired com-

parisons. �e greatest discrepancies 

between the sampling approaches were 

seen in shallow waters, which are char-

acterized by greater particle heterogene-

ity and larger, faster-sinking, short-lived 

particles prone to under-sampling by 

bottle �ltrations. Most of the measure-

ments on the section were from depths 

>1,000 m, where bottles tend to collect 

more particulate Fe than pumps. �is is 

notably evident in the neutrally buoy-

ant hydrothermal plume west of 113°W. 

FIGURE 5. Relationships between dissolved and labile particulate Fe (PFelabile). (a) Histogram of PFelabile as a percent of reactive (Dissolved + PFelabile) Fe. 

Bar color indicates the depth of sample collection (Shallow: <200 m; Mid: 200–1,000 m; Deep: >1,000 m). (b) Section of PFelabile as percent of reactive 

Fe in the South Pacific (GP16 cruise). Warm colors (yellow/orange/red) indicate PFelabile >50% of reactive Fe. Cool colors (blue) indicate PFelabile <50% of 

reactive Fe. Data are only available for the upper 1,000 m. (c) Equivalent section for the eastern leg of the GN01 Arctic cruise. Data are only shown for 

the upper 1,000 m. (d) Equivalent section for the GA03 North Atlantic Cruise. Data are only available for the upper 150 m.

a

b
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Micro-analytical images of plume parti-

cles revealed Fe(III) oxyhydroxide parti-

cles >2 μm associated with organic car-

bon matrices (Fitzsimmons et al., 2017), 

which should be collected by both bot-

tles and pumps. However, colloidal Fe 

particles <0.2 μm are abundant in the 

deep ocean and important contributors 

to the size spectrum of Fe (Fitzsimmons 

et al., 2015). �e 0.45 μm and 0.8 μm �l-

ters used in bottle and pump sampling, 

respectively, will likely have di�erent cap-

ture e�ciencies for these small particles, 

explaining the higher absolute deep par-

ticulate iron concentrations. Interestingly, 

the pump-bottle di�erence was weaker 

at mesopelagic depths (Figure 6c “Mid” 

depth bin: 200–1,000 m; median=1.01), 

where colloidal iron is relatively less 

abundant (Fitzsimmons et  al., 2015). 

�us, pump-bottle di�erences in the 

Paci�c demonstrate di�erences in sam-

pling e�ciency for both rarer large par-

ticles and abundant very small particles.

�e GN01 Arctic section also has full-

depth particulate measurements from 

pumps and bottles, and these again show 

similar iron distributions (Figure 6d,e). 

�ere are fewer paired measurements 

collected within 5 m of each other due 

the heightened operational challenges 

of sample collection in the o�en ice- 

covered Arctic. �e 105 paired compar-

isons show a greater o�set than in the 

Paci�c, with median pump/bottle par-

ticulate iron of 0.47, and all mid-depth 

and deep pump/bottle Fe ratio compari-

sons less than 1 (Figure 6f). All instances 

of bottle iron under-sampling pump iron 

occurred in shallow waters, where again 

large, potentially faster-sinking particles 

can be missed by bottle sampling. �is 

o�set is not caused by analytical di�er-

ences, as all research groups reported ca. 

100% iron recoveries for multiple certi-

�ed reference materials. Further, pump 

and bottle research groups exchanged 

both pump-collected and bottle-collected 

replicate �lters for parallel digestion and 

analysis, and these comparisons did not 

show consistent o�sets. Instead, the dif-

ferent particulate iron concentrations 

likely result from the di�erent �lter pore 

sizes used. Supporting this, bottle iron 

a
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FIGURE 6. Distributions of particulate Fe (>0.8 μm) collected in the South Pacific (GP16) and Arctic (GN01) with in situ pumps. Top panels (a, d) show con-

centrations. Middle panels (b, e) show the ratio of pump-collected Fe (sum of small and large size fraction) to bottle-collected Fe for samples collected 

at the same station within 5 m of each other. Warm colors (yellow/orange/red) indicate pump Fe greater than bottle Fe. Cool colors (blue) indicate pump 

Fe less than bottle Fe. Arrow indicates unity on the color scale. Bottom panels (c, f) show histograms of pump/bottle Fe ratio for each section. There are 

281 paired points of comparison for the GP16 dataset and only 105 points of comparison in the GN01 dataset, as many of the deeper samples were o�-

set by more than 5 m. Bar color indicates the depth of sample collection (Shallow: <200 m; Mid: 200–1,000 m; Deep: >1,000 m). The dashed line indi-

cates where the two fractions are equal.
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concentrations measured by European 

colleagues at a “cross-over station” at 

88°N within a few months of the US occu-

pation produced very similar results to 

US bottle Fe (Hélène Planquette, French 

National Centre for Scienti�c Research, 

unpublished data). It thus appears that 

a greater proportion of particulate iron 

in the Arctic falls within a 0.45–0.8 μm 

fraction that is di�erentially sampled by 

pumps and bottles.

Di�erences in bottle- and pump- sam-

pled particulate iron can be further dis-

cerned by looking at individual station 

pro�les. Figure 7 shows particulate iron 

pro�les from two stations each in the 

Paci�c and the Arctic. Paci�c Station  1, 

o�shore from the South American shelf, 

shows good agreement between pump and 

bottle iron except at shelf depths: pumps 

over-collected bottles by an average of 

6.6-fold in the upper 500 m (Figure 7c). 

Far o�shore to the west at Station 25, bot-

tle and pump iron concentrations agree 

in the upper 2,000 m, but bottles collected 

on average 50% more particulate iron 

in the hydrothermal plume (Figure 7b). 

In the Arctic, Station  57 north of the 

Chukchi shelf shows reasonable agree-

ment between bottle and pump partic-

ulate iron throughout the water column 

except in the upper 200 m, where bottles 

collected 2- to 13-fold higher particulate 

iron (Figure 7e). �is indicates that iron 

oxyhydroxides formed over the Chukchi 

shelf contain a signi�cant fraction of 

0.45–0.8 μm particles and appear to be 

even more abundant than noted previ-

ously (Xiang and Lam, 2020). Farther 

north into the Arctic basin, Station  48 

(80.4°N) shows more divergent bottle and 

pump iron concentrations: bottle iron is 

consistently 2–3 fold higher than pump 

iron throughout the water column, sug-

gesting that small shelf-sourced particles 

may comprise a signi�cant part of partic-

ulate iron in the Arctic basin interior. 

Within the context of all paired bottle 

and pump data available in IDP2021v2, 

spanning three ocean basins, pumps 

appear to collect about 20% less par-

ticulate iron, on average, with signi�-

cant variability (median pump/ bottle 

Fe = 0.80 ± 2.1 standard deviation). 

Pumps collect at higher �ow rates through 

larger pore-size membranes than bottles, 

likely driving this overall bias. Due to 

their larger sampling volumes, however, 

pumps are more likely to capture rare 

large particles and can provide distribut-

able subsamples for multiple analyses. 

CONCLUSIONS AND 

PREDICTIONS FOR THE NEXT 

DECADE OF PROGRESS

�e GEOTRACES program has signi�-

cantly expanded understanding of the 

role of particulate matter in the cycling 

of trace elements in the global ocean. 

Particles exert important controls on dis-

solved element concentrations, and thus 

must be tracked in parallel with the dis-

solved fraction. Doing so highlights par-

ticular locations, such as nearshore and 

near-bottom environments, where par-

ticles are particularly important. Indeed, 

particles are more o�en than not the 

predominant physical form of iron in 

the ocean. Notably, the Arctic basin— 

surrounded by continental shelves— 

harbors elevated particulate iron con-

centrations. Chemically labile particles 

should be recognized as o�en mak-

ing signi�cant contributions to the reac-

tive, actively cycled iron pool. Additional 

e�orts to characterize the bioavailabil-

ity of labile particulate matter would also 

be valuable. Particulate matter is het-

erogeneous and dynamic and not easy 

to sample consistently. �rough com-

parisons of paired data from bottles and 

pumps, we see the elevated importance 

of sub -micron particles in a hydrother-

mal plume, as well as in the Arctic Ocean. 

(b) St. 25 (c) St. 1

FIGURE 7. Comparisons of particulate Fe collected with bottles or in situ pumps at four stations. Left 

panels show data for stations 25 (b; 125°W) and 1 (c; 79.2°W) in the Pacific. Right panels show data 

for stations 57 (e; 73.4°N) and 48 (f; 80.4°N) in the Arctic. Black symbols indicate bottle-collected par-

ticles (>0.45 μm), and red symbols indicate pump-collected particles (>0.8 μm).

(e) St. 57 (f) St. 48

GP16
GN01a

d
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It will be exciting to dive into new data 

from meridional sections of the North 

and South Paci�c as they become avail-

able in the coming years. 

Understanding of trace element 

cycling by particulate matter will be fur-

ther advanced by coupling “bulk” mea-

surements of particulate element concen-

trations via inductively coupled plasma 

mass spectrometry with micro-focused 

and particle-speci�c element measure-

ments. Synchrotron radiation is particu-

larly adept at providing information on 

distributions of elements between var-

ious particle types (Twining et al., 2008; 

von der Heyden et  al., 2012; Marcus 

and Lam, 2014; Lam et  al., 2015b), as 

well as characterizing chemical spe-

ciation (Toner et  al., 2009; Ingall et  al., 

2013; Ho�man et  al., 2018). �e use of 

smaller pore-size �lters to further dis-

tinguish colloidal matter is also shed-

ding light on the complex cycling of sub- 

micron trace elements (Roshan and Wu, 

2018; Jensen et  al., 2021). Paired mea-

surements can help to delineate litho-

genic, authigenic, and biogenic frac-

tions of particulate matter (Sofen et  al., 

2023), as well as multivariate statistical 

approaches that leverage the dense data 

coverage provided by GEOTRACES sec-

tions (Ohnemus et al., 2019).

Additionally, we must measure trans-

formations between particulate and dis-

solved forms of trace elements. Particulate 

matter is both a common reservoir and a 

source for dissolved elements, as well as 

one of the most important sinks for dis-

solved elements (via biological uptake 

and abiotic scavenging). We need to 

quantify and characterize these processes 

in order to advance our understanding of 

controls on trace elements and their sub-

sequent implications for key ocean pro-

cesses. Stable- and radio-isotopes are key 

tools in this e�ort (Black et al., 2018; John 

et al., 2018; Ellwood et al., 2020; Hawco 

et  al., 2022), as are incubations (Hurst 

and Bruland, 2007; Burns et  al., 2023), 

process studies (Boyd et al., 2005, 2012), 

and GEOTRACES-compliant time series 

(Tagliabue et al., 2023).
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