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ABSTRACT

Despite being thermodynamically less stable, small ferrous colloids (60 namarBdiameter) remain
an important component of the biogeochemical cycle at Earth’s surface, yet tinefrosition and
structure andthereasons for tHe persistence are still poorly understood. Here we usgybased Fe
L-edge and carbon Kedge specomicroscopyto address the speciaticand organianineral
associations of ferrous, ferric and-peor particlesollected from sampling sites in both marine and
fresh water environments. We shthat Fe(ll) rich phases are prevalent throughout the diffexquatic
regimes yet they exhibit a high degree of chemical heterogeneitheFudre, we show that Fech
particles show strong associations with organic carbon, specifically for the assodikt@ih) particles
with carboxamide functional groupsiiggesting a microbial role in the preservation of Fe(lese
finding havesignificant implicatios for the behaviour of Fe(ll) colloids in oxygenatedters, and their

role in differentaquatic biogeochemicakocesses



INTRODUCTION

Iron mineralsare common in soils and sediments, where they represent important sources of Fe
for biological processes and, because of their large and highly reactive surface ar&et, dsestrong
sorbents for various contaminamind nutrierg™?. In aquatic environments, Fe speaie® persist as
colloids in the micron to submicron size range, where their stability is governgdtby composition
and mineral surface chemistryhd®ochemical transformations, mineral dissolution, and changes to the
Fe redox statean further modify the fate of these phases artieir associated contaminants and
nutriens>>. While the importance of colloidal Fe in various biogeochemical processes is well
understoodlittle attention has been paid tioe speciation, stabilitandmineralogical associations of

Fephases ithe colloidal fraction of oxygenatethtural waters.

With the advent ofynchrotron baseX-ray spectromicroscopy methods, the structures of Fe
colloids their chemical and mineralogical characteristicss well as the factors affectirkg colloid
stability can now be probedirectly’’. Several researchers have examined the chemistigtafal Fe
containing particlesn the particulate fractionsing X-ray imagingand speciation techniques at both
the K-, and L-edges of F&™. The X-ray spectromicroscopy tite Fe kabsorption edge, which is highly
sensitive to Fe concentration and has lower spatial resolution-E5MAMto a few micronyg has been
utilized to determine the average Fe speciation in heterogesaoyse¥® and to determine particle
specific speciation in larger micresized particulatéd In comparisonspectromicroscopy at the Fe L
absorptioredge has a much higher spatial resolution (down to a few nanonaetensas successfully
been appliedo study Febiomineralizatio’'* andthe speciatiorof Fe-colloids fromhydrothermal

vens" andtheopen oceaf.

In this study we applied Fe-&dge and C kedge scanning transmissionr&y microscopy
(STXM) to identify the common forms of Fe i colloidal fractions of natural waters and the
association of different Fe pools with natural organic moiefidss zoneplate based >ay
spectromicroscopy is ideal for the study of aquatic colloids as samples can be exantin@chative
hydrated tate, down to a spatial resolution of-18 nm and without any special sample preparation
Furthermore, the Fe-kdge is characterised by a high absorption esestion (which results in high
contrast images) and-by Absorption Neaedge Structure (XANES) spectra that are rich in chemical
and structural informatidi'™8. Von der Heyden and emorkers® showed the identification of some
of the Fe mineral phases using the energy difference between the fpaukd (AeV value) and the
quotient of their peak intensities, given as the intensity ratio value (Fig. 1). Bezasmdividual Fe
mineral has a unique Fe admation environment, and thus XANEBectral shap&;emineral phases

can be characterd by a unique combinatiaf AeV and intensity ratio valueqFig. 2). Here we exploit



the information contained in these-&édge spectral parameters to evaluate the speciation of Fe in
colloids collected fromboth marine and freslwaters, and show the ubiquitous presence of

thermodynamically unstable Fe(ll) in association with carbon moieties

MATERIALS AND METHODS

Lacustrine samples were collected from fresh water systems in New Jersey and Puerto Rico
and the marine samples focused primarily on the Southern Ocedreamestern South Pacific Ocean
To attain a sufficient number of particles for STXM analysis, a range obdefic sampling
technigues was employed and detailed descriptions are documented in the supportirzgiamf¢Bh
1). Ocean water samples, typically characterised by a lopesded particle load, required pre
concentration procedures using either McLane pumps or vacuum filtration wheskagdter samples,
with high particle loads, could be collected without the need for prior filtratioril iimséances, trace
metal clean techniques were followed and, because of sensitivity to contaminatiore waier

samples were collected following the rigorous guidelines set out in the GECHR p®tocof.

All Fe L-edge and C Kedge spectromicroscopic analyses were conducted at alexar
Environmental Sciences essthtion at the Advanced Light Soutc8amples were prepared siticon
nitride (SiNs) membrane windows according to the procedures outlined in the supporting information
(Sl 2). During STXM experimentation, Fiéch particles were located on the $8dmple window using
coarse 10x10 pfror 30x30 priimage maps generated by subtracting an-eegen (709710 eV) %
ray image from an image of the same area collected at an energy below trebBerption edge (700
eV). Once located, Fech regions were anatgd for their XANES spectra using either linescans or
image stacks (280 nm spatial resolution) over the Fgsledge region. Energy increments of 0.5 eV
were used above and below the edge {B35 eV; 715730 eV) anda stepsize of 0.2 eV was used
close to the Fededge (703715 eV).

Once Feenriched particles had been identified and analysed, the corresponding regions on SiN
window were evaluated at the carbore#gefor the prevalence of organic phagegy. 1) by applying
the procedures described aboX&ANES spectra were collected for both-&eriched and Fpoor
organic particulates by generating eitherdgmans or image stacks; using energy increments of 0.2 eV
at the C Kedge edge (28300 eV) and 0.5 eV above and below the edge-g&®eV; 3068315 eV).

All collected C kedge spectra were calibrated using the characteristic absorption feature at 284.8 eV.

Although this study focused on the Feetlgeand C kedge, we also strengthened our data set
with conplementary nitrogen ¥dge and FK-edgeXANES data For identified Fe enriched particles,
XANES analyses were conducted at the {ddge region (38820 eV) following the analysis protocols



described for the Fe-bdge and the C4€dge. The collected N-Kdge XANES spectra for Fe enriched
particles however, typically exhibited weak signals due to low N abund@exeuse of larger sample
volumes, bulk Fe kedge analyses could be conducted on the sediment trap samples collected from
Lake La Plata, Puerto Rico. Analyses were conducted &-tt#B beamline, National Synchrotron
Light Source (Brookhaven National Latatories, NY)and the analysis protocol and beamline

specifications are described in the supporting information (Sl 3).

RESULTS AND DISCUSSDN

The collection of high quality microscopic and spectroscopic data for small codioids
particleby-particle basis is a time consuming process. The presented dafasstents signifcant
investment (over 20 days) in synchrotron beane, as each Sibsample window require$-3 days
for complete characterisatiofat both Fe and G absorption edg®. Fe(lll) particlescommonly
occurred as themaller sized colloids (down to 20m diamete)y wherease(ll)-rich particles were
typically larger (0.06 2.6 um) and were observed in all of the sampling sites considered in this study
In the operocean domain Feaa be a limiting nutrient and consequerdlyd despiteour particle
concentrating sampling proto¢cdle-enriched particles were sparse and difficult to locatg. only 3
10 particles or aggregates per $iMindow for somemarinesamples) OpenoceanFerich particles,
and particle aggregates were typically gisgierical in shape and tended towards smallest size
domains (20 nm to ~ 800 nm), with some larger particles collected at depth. Ingstadst SiN
sample plates prepared using freshwatanples were highly enriched in Fe, with much of the Fe

associated with organic flocs and mineral aggregates of up to several microns iemdiamet

Speciation of Iron

Southern Ocean samples

Iron-rich particles in the South Atlantic and Southern Oceans have previmestyshown to
classify into five distinctly different chemical categories according to their AeV and intensity ratio
spetral parameters. Despite the oxic nature of sade seaater, a remarkable 12% of particles
analyzed in this study were classed as either purely ferrous, or asried(ijixed valence phases. The
majority of these particles were mixed valence and their spectral characteristicsrdatctothose of
anyknown Femixed valencenineralphases (Fig. 2b)ikely because of the variabilitg the chemistry
and extent of oxidation in natural colloidisd structural amorphisr8imilarly, the AeV versus intensity
ratio values of purely Fe(ll) phases did not agred wity of the plotted points for literature reported
standard mineral phasés.g. pyrite) Again, variability in the chemistry of bonded inorganic and

organic ligands, the presence of structural impurities and the extent of oxidat®mimvoked to explai



this mismatchOne likely explanation for the prevalence and persistence of Fe(ll) enriched phases at

these sites is that they are being stadailiby organigich surface coatings.
Pacific Ocean samples

Over sixty particles were anab from variouslepths(30-1000 n) at the three sampling sites
in the South Pacific Oceg®l 1). The majority of these particles (~80%) had Fe(ll) as the dominant
oxidation state with mostly pure Fe(ll) and a few Fefith mixed valence phases identified (F29).
Given the proxirty of the sampling locations to sites of active tectot (Sl 1), a proportion of the

reduced Fe flux could be from associated hydrothermal ssitricg.

Figure 2b shows that the spectral parameters of Fégh)particles samptl from the Pacific
Ocean have thiargestrange in distributionAeV: 1.5-2.8; intensity ratio: 145.4) andthatdata points
did not cluster around any of the standard mineral phases repottedliteratureParticles analysed
in this studyranged fromas small as 6@m andup to 2.3um; withthe average particle size témgl
towards larger values (mear0.70um, N=50). The smallest sized particles were characterised by the
smallest intensity ratio and AeV values and, as particle size increased, there was ahslgpsitive and
increasing trend with both of the spectral parameters)(Bllthough the increase in intensity ratio with
particle size (or thickness) can partially be explained by STXM saturation effectisstrear variation
in AeV value is a definitive indication of chemical or structural differences between théesiradlloids

and larger particles.

Lacustrine samples

Of the two lacustrine settings investigated, only the Pine Barrens samples shoveeihbfgp
Fe(ll) abundance when amined using the Fe-edge XANES spectroscopy. Only three discrete Fe
rich particles, ranging in size between 500 and Jum, were investigated in detail at this site and all
had spectra indicative of Fe(ll) (Figb). The spectral parameters for thes@lfFearticles did not
precisely match any of the examined standesdnineral phases, however one of the particles had
spectral features similar to that of Fe(llP®@hereaghe other twchadFe coordination environments

most similar to that of Fe in biotite (Fig. 2b).

For the freshwater lake, Lake La Plata, large sized samples could be collected because of the
sediment trap system installed for sampling at different depths. Although #mepkes showed-3%
Fe, the Xray diffraction of these sampl@wlicated only the presence ofriica, kaolinite and quartz,
suggesting that the Fe phases are either amorphous or nanocrystallineeddedpectromicroscopy

of particulate samples collected from the top and bottom parts of the watemnablowedonly Fe(lll).



Comparison of the spectral features of these natural ferric phases to those of staioctédd Eed-
oxyhydroxides, showed that ~21% of these particles have AeV and intensity ratio values characteristic
of the crystalline standards. The majof(ityo thirds) of these had sptral features typically @foethite
(aFeOOH), a phaseavhich has previouslyden shown to be a domindfg-mineral phasén lacustrine

waterg?.

In contrast to the Fe-bdge, the bulk FXANES spectra of particulates at the K-absorption
edge indicated the presence of a significant fraction of Fe(ll). Linear camhbifiting of bulk Fe k
edge XANES spectra indicated that there agsreciabl€¢16-38%) Fe(ll) associated with the lacustrine
Fe particulates, irrespectivé sampling season and sampling depth3)SThis disagreement in the L
edge and Kedge data comes from the sizes of particulates probedgk XANES is carried out at ~
7000 eV where the Xay beams can penetrate deeper into the sample. Since theulgtetic
concentration is very high for Lake La Plata samples, the particulates fanaggregateseveral
microns diametenyhich can be probed for their bulk chemistry by thedge XANES, whereas the
L-edge XANES could be used to focus on the smal®ometessized fraction away from the large

aggregates.

Speciation of colloidal organic carbon and its association with Fe phases

Carbon kedge XANES spectra were used to identify pnedominant functional groupsf
organic molecules associated with Fe in marine and lacustrine particulates (Rigand were further
used in comparison against C XANES spectra from organics not associated with Bb)(FAd).C
spectral features were classified into the following broad classes because of theincmonnence
(1) unsaturated carbon, including both carbon double and triple bonds, is associated wih*C 1s
transitions aapproximately 285 eM2) aryl- and vinytketo functional groups at approximately 286.0
286.4 eV;(3) aliphatic carbon, heterocycles and aldehydes at 282824 eV;(4) amide, ketone, and
carboxylate at 287-388.8 eV; and5) alcohol, carboxamide, and carbonate at 2898.5 eV(SI 5).
Although ideal for mapping purposes, the STXM resolution of ~10 nm limits the spgaifiche
chemical probe for detecting a specific organic ligand or functional dnioding Fe, and the C kedge
spectra derived from each pixel are averaged spectra of many organic moleculesmtieaerggion

Marine data represent thirge(ll) particlesfive Fe mixedvalene particlesandtwo Fe(lll)
particles whereadacustrine datareaveraged from four Fe(lll) particles and three Fe(ll) partidles
each instance, the corresponding number of analysssenducted on Fpoor regions of the SiN
sample window to generate the data shown in Figlnrerespective ofheparticlechemical speciation

or the aquatic sampling regimall of the Feparticles evaluated showed significant association with



organic carbon of heterogeneous functional group chemiglative to Fepoor regions, Feich
regions typically show greater variety and prevalenagganic functional group chestry. Despite a
host of chemical and biological differences between the two sampling regimes, mariaelsstithie
Fe(ll) particles show similar trends in their association with organmogunctional groupsiowever,
Fe(lll) particulatesollected from lacustrine settings have an absehaeyl and vinytketo functional
groupsand are associated with less alcohol and carbodanmoieties than their marinee(lll)
counterparts. These alcohol and carboxiemmoieties are also much more strongly associated with
particdates containing Fe(ll) (including mixed valence phases), rel&tive(l1l) particulatesSince
carboxamide related spectral features are common in microbial mats and bib&msdence of these
spectral featureis samplescouldimply regions of hip microbial activity. This is supported by the N
K-edge data for Fe(ll) particulates which exhibit features between 400.8 and 40118 g\8(§gesting
the presence of amide and substitutedeterocycles which are typically linked to biological activity
Alternative explanations for the preferential association of some organicofuectjroups (e.g.
carboxamide) for Fe(ll) are that these functional groups have a luigit#ng affinity to Fe(ll) or that

they play a role irstabilizingFe in its reduced valence stdte

Our X-ray spectroscopy and microscopy analyses have confirmed the ubiquity ot&#glts
in a range of oxic aquatic environments, where the kinetics for oxidation to Fegllknawn to be
rapic®®. Our observations of Fé) colloidal associations with organic carbon provide a plausible
explanation for Fe(ll) stability in oxygenated watéfee observed associations aisolikely to have
an impact on our understanding of Fe behaviour in the natural systberg, ke minl phases are
known to play important roles tiological growtt’, contaminant redox transformation proce3&e8

and in nutrient and contaminant transport flixés
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Figure la: Association of Fe, C and N for a small marine particle. Although soft X-ray STXM provides high
resolution imaging (~12 nm), particles cannot be distinguished from particle aggregates and the former
terminology is used throughout the text. 1b: Representative C K-edge (top two spectra) and Fe L-edge (bottom
three spectra) XANES spectra for particles collected from a variety of aquatic sampling sites and with differing
Fe chemistries. The characteristic Ls peak splitting is parameterized according to its AeV value (difference in
energy between the high energy and the low energy peaks) and its intensity ratio value (peak intensity quotient
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