Chapter 11

Trace Elements in the Oceans

John R Donat and Kenneth W. Bruland
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I. INTRODUCTION

Over the past 15 years a revolution has occurred in marine and environmenta) chemistry regarding our
knowledge of the distributions and chemical behavior of trace elements in natural waters, particularly
seawater. Important factors initiating this revolution were the development and adoption of
noncontaminating or “clean” techniques for collection, preservation, storage, and analysis of seawater
samples, and major advances in modem analytical methods and instruments. As a result, seawater
concentrations of many trace elements have been shown to be factors of 10 to 1000 lower than those
previously accepted. Vertical concentration profiles have been found to be consistent with known
biological, physical, and/or geochemical processes operating within the ocean, As the oceanic concen-
trations of most of the trace elements have been determined, the oxidation states and chemical forms or
- speciation of certain trace elements in the oceans have been identified, Complexation of certain trace
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tnetals with inorganic and organic ligands has been demonstrated. Organometallic forms of certain trace
elements have been identified and their concentrations determined. Thus, a new picture of the trace
element composition of seawater has developed,

The progress made in advancing our understanding of trace element chemistry i in seawater up through
the early 1980s was demonstrated in the major collection of papers edited by Wong et al.! Thorough
reviews of this field have been prepared by Burton and Statham, Bruland,’ and Whitfield and Tumer.$
We refer the reader to these sources and the references cited within them for detailed information. In this
chapter, we do not attempt a comprehensive survey of the elements for which reliable data are now
available. Rather, we concentrate on presenting recent highlights regarding some of the more interesting
aspects of oceanic trace element chemistry, and we summarize background information on input and
removal processes, and sampling, preanalysis, and anatytical considerations.

Il. CONTRIBUTING AND REMOVAL PROCESSES

Trace clements in seawater have (wo major external sources: (1) atmospheric or riverine inputs of

weathering products of the exposed continents; and (2) inputs resulting from the interactions of seawater

~ with newly formed oceanic crustal basalt at ridge-crest spreading centers via both high temperature
hydrothermal activity and low temperature interactions with newly formed oceanic crust..

While the riverine inputs of the major elements to the oceans are known fairly accurately, those of the majority
of the trace metals are not, primarily because the concentrations of many of the trace elements in rivers are not known
reliably. This situation results most likely from insufficient control of sample contamination and lack of validation
of the data obtained. Examples of reliable studies that have been performed include those of Shiller and Boyle” and
Trefrey et al.* who, using sampling and analytical methods proven to eliminate or reduce trace element contamination
: JmﬁﬂwmmmwmmmﬁmomeumFe.mdhhﬂehﬁmiﬁppiRimﬂmwerc

much Jower than those for the same region published annually in the U.S. Geological Survey Water Data Reports.
Stiller and Boyle? demonstrated that dissolved Zn concentrations commonly quoted as typical in rivers are as much
as 2 factor of 100 too high. Table 1 presenis the most recent reliable data on world average riverine trace element
ommmnmsandmmstoooeanmm 18 Martin and Windom!© state that a need still exists for additional reliable
 data from river systems draining geologically, climatologically, and physiologicatly diverse watersheds. -
Chester and Murphy!! and Buat-Ménard'? have recently reviewed the literature regarding the geochemi-
cal significance of atmospheric inputs of trace elements to the oceans. Arimoto et al, 13 have provided a
similar review specific to the Pacific Ocean. Chester and Murphy!! compiled reports showing that the
atmospheric flux of some metals, especially Pb, Zn, and C4, to surface coastal waters can equal or exceed
their riverine flux. They also attempted to illustrate the relative importance of atmospheric and riverine
inputs of various trace metals to individual ocean basins such as the North and South Pacific and the North
Atlantic (Table 2). Their estimates indicate that atmospheric deposition has the most influnce on the
surface waters of the North Atlantic and the least on those of the South Pacific. In addition, they estimate
that, averaged over an entire ocean basin, the atmospheric dissolved fluxes for Mn, Ni, Co, Cr, V, and
Cu are an order of magnitude less than their riverine dissolved fluxes; the two fluxes are the same order
of magnitude for Al, Fe, and Cd, but the atmospheric fluxes are dominant for Zn and Pb. If, however, just
open ocean regimes are examined, atmospheric inputs overwhelmingly predominate for particle reactive
elements such as Fe and Al because the riverine inputs of these elements are largely removed by intense
particle scavenging in the coastal ocean. '
The estimates made by Chester and Murphy!! required estimates of the solubitity of aerosol-associated
trace metals in seawater. Such solubifities are experimentally difficult to obtain and the values are the
 subject of much discussion. For example, the wide variability in the estimates of the solubility of Fe(IIl)
in surface seawater, and their dependence upon the pore size of the filter used, provide a striking example
of our lack of definition of this process. In the first study to examine aerosol dissolution using sufficiently
high dilution factors such that the solubility of Fe was not exceeded, Zhuang et ai.* found the *‘saturated
concentration” of dissolved atmospheric Fe passing through a 0.4-um filter 10 be 10 to 17 nM, while that .
passing through a 0.05-pm filter was 5 to 8 nM. Sunda' estimated the solubility of truly dissolved Fe(lI)
to be 1.5 nM at'pH 8.2 and 20 to 25°C. In a review of Fe biogeochemistry in seawater, Wells's argues
for a maximum solubility of 0.1 nM. Wells' suggests that the discrepancy in the different values is due
1o the existence of colloidal Fe. Reliable estimates of the soluble fractions of trace metals such as Fe in
seawater and data on colloidal metals in the open ocean are still needed.
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Table 1 Atmospheric dissolved vs. fluvial dissolved Inputs to regions of the world
ocean (1g/cm¥year) ; -

- QOceanic Region '
North Atlantic North Pacific South Pacific

Fluvial Atmospheric Fluovial  Atmospheric . Fiuvial  Atmospheric
Dissolved  Dissolved  Dissolved  Dissolved  Dissolved  Dissolved

Element Fhux* Flux Flax Flux Flux Flux
Al 0.56 0.25 0.24 0.09 012 0.0066
Fe 0.18 6.24 0.076 0.062 0.038 0.0035
Mn 0.18 0.025 - 0076 0.004 0.038 0.0013 _
Ni 0.017 0.008 - 0.0074 —_ 0.0037 —
Co 0.0044 0.00061 0.0019 0.00004. 0,0009 0.000006
Cr 0.011 0.0014 0.0047 —_ 0.0023 —

.V 0.022 0.0043 0.0094 0.0017 0.0047 —_—
Cu 0.037 0.0075 0.016 0.0021 0.0079 0.0013
Pb 0.0022 0.093 0.000% 0.0022 00005 - 0.0004
Zn 0016 0.059 0.0071 0.029 0.0035 Q.0026
Cd 0.0018 0.0016 0.0008 . 000023 - 00004 —

* No attempt has been made 10 adjust the Nocth Adantic fivial flux for European and North American
anthropogenic ioputs. . ;

From Chester, R. and Murphy, K. 1. T., Metals in the marine atmosphere, in Heavy Mesals in the Marine
Environment, Rainbow, P. §. and Furness, R. W., Eds., CRC Press, Boca Raton, Florida, 1990, 27. With
permission.

Hydrothermal activity associated with the formation of 2 new oceanic crust exerts a major influence
on the composition of seawater. High temperature systems, such as the “black smokers” on the East
Pacific Rise in which hot (~350°C), acidic (pH ~3.5), sulfide-, and metal-rich solutions emerge directly
into surrounding seawater, are major oceanic sources of the trace elements Fe and Mn, and the minor
elements Li and Rb, and the major oceanic sinks for Mg and SO~ More detailed discussions of the trace
element solution chemistry of hydrothermal systems can be found in the literature reviewed by Thomp-
son'? and Edmond,!® in the NATO Advanced Research Institute volume edited by Rona et al,'” and in
papers by Von Damm et al.202! _ ‘

Most dissolved trace elements are ultimately removed from seawater to marine sedimient$ primarily
by adsorption onto sinking particles (“scavenging™) or by incorporation into biological phases via active
uptake by phytoplankton followed by sinking of biological detritus. However, prior to their ultimate
removal, trace elements may undergo various degrees of recycling which can involve chemical desorption
reactions or redissolution from particles (“regeneration™) as the particle carier phases oxidize and/or
dissolve. Regeneration may ocour within the water column, and within surficial sediments followed by
diffusion of the dissolved trace elements back into the water column, allowing these elements to
participate again in their intemal cycling within the oceans.

. SAMPLING AND PREANALYSIS HANDLING

" 'The recent revolution in our knowledge of the distributions and forms of trace elements in seawater resuits
primarily from major advances in-the development of: (1) “clean techniques™ to eliminate or control
contamination during sampling, storage, and analysis, (2) preconcentration and separation techniques,
and (3) extremely sensitive analytical instruments.® These major advances in sampling and preanalysis
handting techniques are reviewed below; the advances in analytical techniques and instruments are
presented in the subsequent section.

A. GENERAL CONTAMINATION CONTROL CONSIDERATIONS

The importance of using clean, noncontaminating methods in all stages of trace element determinations
was emphasized by Moody and Beary:?
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Table 2 Riverina trace elament concentrations and fluxes
io coean marglng

Contentrations Fluxes
DMgsolved Partlcolsie DHssolved TParticolate
g HEE kg/sT kgivr
Metalloids
A 1.7 5 65 75
HNubrient-type
Cd 0.01 12 0.4 18
Cu 1.5 100 38 §,500
Ni 0.5 90 19 1350
Zn 0.8 250 23 3,750
Geochemically controlled
Al 30 24,000 1,925 1,410,000
Co 0.1 20 38 300
P 40 48,000 1,540 720,000
Mn 8.2 1.050 320 1573

003 35 1.1 55
0.24 3 9.2 43

.08 B0 31 1,200
0.001 15 0.04 2
0.05 45 1.9 675
0.008 7 031 105

el g
s
E

g

From Martin, I.-M. aad Windom, B. L., Preseal and future roles of oosan
marging in regulsting marine biogeochemical cycles of trace elements, in
Ocean Margin Processes in Global Change, Maninars, K. B. C., Martin,
J-M, and Wollsst, R, Edz_ Jobs Wiley & Sons, New Yok, 1991, 45, With
percndsshon.

“In the present-day real wordd of trace element snalyses. the theorstical or even practical
sensitivily bimit of the instroment i5 very often not the limiting factor in the accurscy of an
analysis. Insdesd the size and variability of the xnalytical blank is the principal Hmitation.”
Trace element analysts must be concemed with the reduction and control of this blank through all steps
of the enalysis, from choasing containers to making the fingl quantitstive measurement. Sample contami-
nation can be causad by the mathod of handling or containment, by appamtus, by the use of analytical
reagents, by the énvironment im which the sampling or analysis is performed, and even by the presence
am influence of the analvst

The specific means used 1o reduce the analytical blank may vary from &lement to element, but use of
Class 100, clean-air work spaces, and purified reagents has become commen for present day trace elemeant
anelysis of nafural walers. For most laboratories involved with the analysis of trece elements in scawaler,
the cost of & completz Class 100 Laminar-fiow Jaboratory is prohibitive. Instead, a more pragmatic and
less stringent approach is sdopied whereby the abomtory is flushed with a ponlaminar flow of filtesed
air, arpd within this “clean” area, severzl Class 100, laminar-flow work benches provide dust-free
vonditions for all eritical manipulations ™ Additional precautions include elimination of corroding meal
components {ar those wilh the potential to corrode) and unnecessary instumentation, and covering walls
and ceilings witk nonshedding paint or plastic,

Reduction of blanks can be extremely difficult during work ai g2a aboard a research vessel because
the ambicat Iaboratory sir and work area can be severely contaminated with high trace chement bevels.
However, clean-aic work arens can be arranged by mounting a pociable clean-room conlainer or van oot
the research vessel's deck or by constructing a clean room wilhin the vessel's laboratory space from
heavyweighi polyethylene sheeting. These options have worked very effectively for » number of different
research groups.
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High puaity water, acick, snd reagents are essential for & trace choment analytical scheme. Although, Mill-()
systems (Millipore) appear adequads in produce ligh posity water, the mathod of subboiling distillation has been the
yrimary means bo pyepere pified scids and many ofher rsagenis (see Moody and Beary®t),

Boitles for sample storage should, in generl, be Teflon or polycihyleae because of their inhereny
cleanliness as well ns their ability to be cleaned firther of any trace element content by acid leaching,
Cleaning procedures can vary from lab &0 lab, but penerally involve the initial use of detergents andfor
solvents (e.g. ethanol, aceione), extended strong-acid cleaning with or without heating andfor
ultrasonification, with repented rinses with soccessively cleaner witer between soak solutions, and final
storage in wltmaclean weak ackds andfor water. The final stages of cleaning and handling of the sample
botiles are performed within & Class 100 clean bench. The cleaned bottles are scaled in multiple
polyethylene bags to protect them from dust during storage and transpor.

B. SAMPLING

The mequirements for contamination control during sampling vary tremendously from oae trace element
to anocther, dependent primarily upon the concentration of the element o species in teawater and ils
ubiquity. For exzmple, & research vessel can be & significant source of contamination {e.g., fmom stack
dust, sicel hydrowire, paint, brass fittings, galvanized materials, sacrificial Zn anodes, bilge and hobding
tank discharges, ete.} for many tsos elements during collection of the waler samples. For some trace
clements (e.g., Ba, V, As, and S¢} contamination is relatively easy 1o control, whereas for other elaments
{e.g.. Fb, Zn. Fe, Hg. and Sn) smore painstaking procedures are required 1o collect ubcomaminated
samples.

The requirernent for clean procechires can best be appreciated by reviewing C.C. Patterson's zealous
ans specesstul efforts to determineg common Pb accwrataly in szawnter, The decrease of three orders of
magnitde in the accepted concentration of Pb in scawater over the last four decades is not & real
oceanagraphic effect, but rather &n artifact of Faccessive improvements in reduction snd control of the
level of contamination intrduced during sampling, storage, and analysis. ™ Although Patierson bad at his
disposal an slegant analytical technigue, isotope dilution mass spectrometry, the problems of field
cootamination in collecting » deep seawater sample with a Pl concentration of onfy 5 pM (o part per
trillion) had i be overcome.

Schauls and Patlerson™ developed their oum exotic deep water sampler in order to collect samples
uncontaminated with Pb. Suhsequently, Martin and co-wockers™ showed that commercially available,
Tellop-coated GO-Flo (Genenal Oceanics) samplers mounted on nonmetallic (Keviar) hydooline® en-
abled them to produce 2 large set of sccurate and precise Pb concentration data. The use of Teflon-coatsd
(GO-Fla sampling botiles mounted oo a noomeiallic bydroline was developed and first reported by
Brutand and co-workers.® This sampling sysiem is currenily the most commonly used for obtaining deep
water profiles of trmoe metals. Recently, researchers at Moss Landing Marine Laboratocies have designed
and assembled a Nylon-II coated, staintess slee] rosette system which holds eipght 30-liter, Teflon-coaled
and modified GO-Fio bottles. This system is deployed on a polyurethane-coated Keylar conducting cablz,
and wms used to collect uncontaminated water samples during the recent IronEx cxperiments near the
Galapagos Islande ¥

Consistent data for ppen-ocean surface witers for elements such as Ph, Hg, Cd, Cu, and Zn have been
obtained from samphes either collected by band from rafis rowed well away from the research vesse] 27
collected by exiending a pole over the side of the ship whils the ship is steaming al approximatsly 2
knots,® of pumped while underway from a towed “fish™®

C. FILTRATION AND STORAGE

The definition of “dissclved trace metals is operational and is dependent upon the filter pore size used.
Nuclepore polycarbonate hilters of either 0.3- or 0.4-jum pore size have been ilized for the vast majority
of trace metal studies, although some researchers have recently switched to using 0.2 pum pore size filizns
o ensure removal of all microocpanisms, Afier capiuring the sample, the GO-Flo sampler is vsually
pressurized with filiered, high-purity nitogen through a Swagelok fitting al the Lop of the sampler. The
water sample is then pushed out of & Teflon stopeock at the bottom of the sampler, through Teflon whing
to the filtration system. A commonly vsed fillration system consists of prechkeaned, 142-mm, 0.4-Jim pore
size Nuclepore potycarbonate filters contained io Teflon filter holders, Water samples for dissolved trace
meta] assays are then collecied from the Milter effluent line within & clean environment.
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Thete is considerable variety smong investigators on the method chosen wo preserve samples for later
analysis. [deally, the analysis would occut in site. However, the bulk of the studics that have been
performed 1o daie have involved sampls analysis back in the horme labomatory of the investigatos o,
best, aboard the research vessel. Depending upon the analysis to be performed, samples have been
preserved by acidification 10 pH valuzs between 1 and 2 with either ullrapure nitric o bydrochloric acid,
by steing the wnacidified sample in the dark st tsmperatures from § w 4°C, or by storing the sample
frozen. Centain analyses preclude some of the above preservation methods. For example, samples for
metal speciation determinations should not be scidified.

D. PRECONCENTRATION STEPS

" Because most of the ipstrumental analytical methods currently available do not have the mquisite
selectivity, sensitivity, or freedom from matrix interferences despits great pdvances in sensilivity made
recenily, trace elements in natural walers, particulary seawiter, must be concentralsd (and separated Erom
the matrix for some techniqueés) price to assay. The majorty of the oceanogoaphically consistent frace
clement results have been cbirined using a wide variety of selective preconcentration steps prior 1o the
analysis: hydride generation techoiques for the determinalion of the trace metalloids, electrochemical
preconcentration in anodic stipping voltsmmelry, adsorptive electrochemical preconcenination in ca-
thodic stripping voliamimetry, kiquid-liquid extraction with chelating sgents such ms dithiocarbamates,
chelating cation exchange with msing such &5 Chelex-100, and coprecipitation methods using, for
exemple, Co pyrrolidine dithiccarbamate 85 a camier.

These preconcentration techriques also serve to minimize matrix effects which can cavse difficulties
when nanowpolar and picomolar kevels of trace elements are being determined in & solution that is roughly
0.5 M NaCl. In general, the use of various chemical methods of concentration, matrix alteration, and
species isolabicn is an esseatial supplement to the powerful instrunental techniques availeblz. Many of
the concentration steps would provide 3 sample amenable to analysis by a vacety of detection techniques.
Radicaclive isotopes of the elements of interest have proven i be iovaluable as yield tracers in
developing these various preconcentration methods.

. ANALYTICAL CONSIDERATIONS

The sensitivity of 8 number of instrumenial techniques hias improved dearatically pver the 1ast 15 years.
For example, there has beea the develepment of praphile-fumace atomic absorption specimmetsy and
inductively coupled plasma emission spectrometry, as well as major sdvances in the greas of anodic
stopping volummetry, cathodic stripping voltammetry (precedsd by & metal-chelate sdsorption step), gas
and Jiquid chromatopraphy, mass spectrometry, £ic. In the following sections. selected applicaions of
these various appraches are pressoed.

A. GAAPHITE-FURNACE ATOMIC ABSORPTION SPECTROMETRIC METHODS

With regard to the transition metals, graphite-furmnace stomic absonmion spectrometry has been the singles
most important instromental technique used in advancing our knowledge of the dissotved metal distribu-
tions in seawater. It has primarily been used on samples that have heen preconcentrated by solvent-solvent
extractions using chelating egents such as dithiocarbamates 231 £ hydroxyquinoline, *2* and dithizone; ¥
by chelating ijon-exchange resins such as Chelex-100°5Y and immobilized- 8-hydroxyquinoline res-
ins;"** and by coprecipitations of metal chelates such as Co dithiocarbamates ! Van Geen and Boyle®?
developed an automated preconceniration method based on adsorption of the melal complexes of sodinm
bis(2-hydroxyethyl) dithiccarbamate onto a hydrophobic resin. Graphite-fumace atomization has the
advantage of being highly sensitive and using only & small sample size (e.g., 10 10 100 1) This makes
the method mmenable to sequential multielement analysis. For example, Boyle and Edmond. ® Kingsion
¢ al_* Bruland ¢t al. ™ Smith and Windom,* Soicgeon et a1,V and vap Geen and BEoyle*? nsed various
preconcentration tschniques and GFAAS 10 determine Co, Cu, Cd, Fe, Mn, Ni, Pb, and Zn in seawater.
The recent vse of atomizaticn plaiforms within the graphits fornace has been o substantial sdvance to
minimize matrix ¢flecis and ensure eriform aomization from sample © sample.

B. YOLTAMMETRIC STRIPPING METHODS
The attribires of voliammeiric methods and their applicalions to trace element analysis of seawater have
been reviewed by Nilmberp® and more recenily by van den Berg.™ Advantages of vollammelric methods
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inchude their sensitivity, small sample volume requirement, amenability towards real-time shipboard
analysis, and speciation delermination capability.

Differential pulse anadic stripping vobsmanctry {DPASY) using a rowting, glassy carbon, merary film clectrods:
wrxder conditions developed o minbmize contxminmtion sounces and 1o enhance sensttivity for seswater mainices™ 5
has been effectively tilized for dstanmining both the concentrations and speciasion of Cu, Pb, Od, and Zn in seawater.
In DPASY, preconceniration is achieved electrochemically and a5 m integnl (Le, oot separate) part of the
determiraticon, typically for deposition periods of 5 w0 33 min.

Recently, sensitive techniques based on cathodic stripping voltammeiry {CSV) have been developed
by vail den Berg and co-workers (see review by van den Berg™ and references cited therein) and others*4
that preconcentrate the trace metal-of-interest by sdsorplion of surface-active complexes onto & banging
mercury drop electrode (HMDE) Followsd by & reductive stripping step producing a cathodic currend. The
advantage of CSV is the wide applicability of the technique. Unlike DPASY, amalgamation of the tmee
metal-of-interest with the mercury ekectrode is not required for preconcentration, thus essentially opening,
up the periodic lable for analysis by this method Trace metals determined in seawaier by this approach
1o date include Al Cd, Co, Cr, Cu, Fe, Ni, Pb, Pr. 5b, Se, Sn, Ti, V, and Zn. Delection limits by this
approach e typically in the subnanomolar and picomolar moge.

C. GAS CHROMATOGRAPHIC METHODS

Measurs and co-workers have developed electron capturefgas chromatographic methods for the deter-
mination of Se(TV),” Be, ¥ and AL" in scawater. The methods are based upon forming a volatile organic
chelate or derivative of tbe eace element in the sample, extraction into 4 small volume of crganic solvent,
and determination by electmn capture gas chromatngraphy. These techniquas are extremely sensitive, and
Jetection YHmits in the picomolar range can be schizved. In addition, they use small sample volumes, the
instrumentation costs are Jow, and (he methods have been used st sex 10 obtuin large gets of near-real-
time dala. Swrprisingly, these methods have pot caught on in populanity umongst other trace element labs.

A lisbility of the methods is thal many metal chelates are unstable at the high temperaturss required for
sufficient volatilily.

D. MASS SPECTROMETRIC METHODS

Historically, isotope dihition maass spectromelry (TDMS) has played an important role in trace element
dezerminations in natural waters. Patterson and co-workers?59 psad this elegant instrumental technique
to achieve the fint accurate Pb concentratios in ocean waters. Stukas and Wong™ used thermal source
DM 1o determine Cu, Cd, Pb, Zn, Ni. snd Fe concenteations simuftaneously in geawater in a single
expedment. Berman, Sturgeon, and co-workers at the National Research Council of Canads have used
it to put confidence Limits on their reported values for their ssawater standard reference malerials 3523
It has been used for the bulk of the studies on rare earth elements in ceawater.”# However, the liabilities
af this approach are the initial cost of instrumentation and relasively slow sample throughput. On the other
hand, the power of the technique lies in measurement of the isotopic matios of those elements with
geochemically interesting signatires or fingerprints, such as Pb. Currently, there is a great deal of interest
on the potential of inductively coupled plasma emission mass spectrometry (FCPMS). This technique is
proving particulady useful for mimciony elements such as Ti© and Ay 95

E. CHEMILUMINESCENCE DETECTION METHODS

Recenily, chemiluminescence methods for the detenmination of Co, Cu, Mn, and Fe with detection limits
in the picomolar and nanomolar tanges have been introduced. Boyle et al.t developed 2 method for the
analysis of Co in natural waters by cation-¢xchange liquid chromatography using luminol chemilumines-
cence dsection (LCACL). Johnson and co-workers have developed methods for the determination of
picomolar kevels of Co® and nanomolar levels of S Mn,*™ and Fe(IT* in seawater by flow injection
analyxis with chemiluminescence datection (FIAATL ). Obata et al.™ developed an automated shipboard
method for determining Fef1Tl) in seawsler which couples chelating resin column preconcentration with
chemiluminescence deteciion, Thess wchniques are sensitive, mpid, require smatl sample volumes, and
are particularly amenable to shipboard and even in situ snalyses,

F. MISCELLANEGUS METHODS

In sddition 10 the methods discussed above, a vaciety of other methods have been developed for various
elements as we show in the following examples. Cufter™ developed a selective hydride generution
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methed for the detconination of Se in scawater involving eryopenic trapping of the hydride, followed by
thermal desorption and detarmination by atomic absorption spectromatry using a quariz cuvelle burner
with an air-hydrogen flame (quartz bumer/AASY. Andreac™ described the development and application
of hydride generation techniques for determination of As, Sb, Ge, and Sn specics in scawalcr. The
hydrides of these elements were quantified by a variety of detection systems: quaniz burnerfAAS for As
and Sb species, electron capture detection for some methylarsines, flame photometric detection for 5n
specics, and graphite-furnace atomic absorpiion detection for Ge and Sn species. Gill and Bruland™
measured Hg concentrations and spaciation in natursl walers using a selective sample reduction method
and detection via two-stage An amalgamation to introduce gas-phase Hg® into the cell of a nondispecsive
stomic fluorescence system (AFS). The AFS system is markedly more sensitive than similar syslems
using atomic absomption spectrometric detection ™ Cutier et 2l developed a selective hydride penera-
tion, gas chromatographic/photoionization detection athod for the simultzneous determinstion of
incrganic As and Sh species (As (TI) + Sb(IT) and As (TI + V} + SG(I + V) in namural walers.

VY. CONCENTRATION LEVELS

The advances in anelytical chemistry and instramentation. and control of potential conlamination have
enabled cormesponding advances in our knowledge of the true oceanic copcentralions of dissolved meials
and their distributions. Since the review by Brulind,” the seawaler concentrations of Th, Ga, the Pt groap
metals, Re, Te, Au, Zr, and HT have been determined, Thus, we now know reliably the concentrations and
distributions of m0st of the elements in the periodic table. The surface and despwater concentrations of
the trace elements in open Noch Atlantic and North Pacific Ocean waters are presemed in Table 3.
Whitfizld and Tumer® have grouped the trace elements into three principal categories reflecting their
biogzochemicsl intsractions with particles: conservative, recycled, and seavenped.

A. CONSERVATIVE ELEMENTS

The conservative trace elements intersct weakly with particles, have long residence times (> 10° y7)
relative to the mixing time of the oceans, and have concentrations that maintain a constant Tetio to one
another, varying only as a resnll of waler mass mixing. Trace elements in this category include the
monavalent calions Li*, Rb*, and Cs*, TI*, the negatively charged carbonato complex (UO,{COM) of the
oxy-ation UOZ, the oxy-anion MoO}-, and, interestingly, the methylated forms of Ge monomethylgermanic
acid {CEL,Ge(OH)]) end dimethylgermanic acid (CH,),Ge(OH)S).

B. RECYCLED ELEMENTS

Recycled (or nutiept-type) elements appear (o be invelved with the interna? cycles of biologically derived
particulate material. Consequently, their concantrations are deplotad in surface waters by direct uptzke
by phytoplankton andfor adsorption onto biogenic particles, and increase with deplh as sinking detrital
particles vnderge microbial decomposition of their arganic phases, andfor dissolution of their inorganic
mineral phases {e.g., opal, calcitm carbonate). In aidition, the concentrations of the recycled elemants
in decp waters increase along the direction of the main sdvective flow of deep water in the world ocean.
Conssquently, their concentrations in deep North Pacific waters are higher than in deep North Atlantic
waters. The sesidence times of the recyeled elements are intermediate (10 to 10° yr} to those of the
canservative and scavenged elements.

Two of the most striking examples of recycied tlements are Cd%7%® and Zn ™% The verical
distribotion of Cd correlates closely with that of phosphate, suggesting that Cd is cycled with the
formation and decompasition of argenic soft tissues, while the vertical distribimion of Zn correlates most
closely with that of silicate (Figure 1), Depletion of these elements in surface walers and their regencm-
tion at depth causes deep waters to be enriched relative to surface waters by up to 1000-fold for Cd and
180-fold for Zn. Decpwater earichment of thess metals and the deepwater flow pattern results in
substantial fractionation between ocean hasing; deep North Pacific Cd and Zn concentrations are 3 and
5 Gmes greater, respectively, than the concentoations at comparable depths in the North Atlantic.

C. SCAVYENGED ELEMENTS

Eecause of their stong inleractions with particles, the scavenged eiements have very shorl oceanic
residence times {<10° yr). Their concentralions are maximum near, and decregse with distance from, their
sources which include rivers, stmospheric dust, hydrothermal sources, and botiom ssdiments. In peneral,
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Concentration North Pacilic Morth Allantic Distribution
Elemenl Units Surface Deep Sorface Deep Type
Be pM 4-6 28-32 10 20 R+3
Al ol 03-5 0.5-2 043 15-35 s
Sc pM g 18 14 20 i
gl pM -5 200-300 3M-60 20 R+8
v nhf n 35 23 28
Cr s 3 5. g ¥} 4.5 R
Mn Tl 0.5-3 0.08-0.5 1-3 0.25-0.5 s
Fe nM 0.02-0.5 051 0051 0.6-] R+5
Co pM 4-50 10-20 18-300  20-30 ]
Ni ndf P 15=12 2 6 R
Cu nh 0.5-1.3 4.5 1.0-13 2 E+5
Zn oM Q102 B2 0.1-0.2 1.6 E
Ga pM 12 n 25-30 7 5
e M 3 100 1 0 R
Asg nr 20 24 20 pd | s
Se M 1.5 23 0.5 15 14
Y ni w (15 . T
ir pM 12-95 275=325 100 {1500 R+5
Kb pM (<50} ?
Ru it <50y 7
Eh {7 2
Pd pM 0.18 0566
Ag pM 1-5 2 R
Cd pM 114 1000 110 350 R
In M «1.5-1.8 27 IR 57
Sn M 4 10-20 8 T
Sk oA {D.74-1.19) 1.7 1
Te pM 1.2 1 1-1.5 04-1 35
Cs o 23 — — —_ C
La pM 20 S0-Ta 12-15 B84 S+R
Ca M i 3 80 40-50 5
Pr M 34 7-0 34 10 S+ER
Nd pM 13-15 4050 128 49 S+E
Sm pM 24628 5-g 14 146-£0 S+R
Eu pM 073 23 1.6-0.8 1618 S+R
o pM 35 12-13 5+R
Th ] 056 Ie21 073 t4-1.6 S+R
Dy M &1 4.5 % | 1
Ho pM 0.7-1.0 4-5 1518 2527 5+R
Er phf 58 4.1 51 - 7
Tm pM 0.3-05 20-25 010 1.1-13 S+ER
Th pM 1.-28 13-17 3.8-5.1 7.0-74 E+R
Lu pM 0304 2331 0.7-08 1516 5+R
Hf pM 0.2-04 1-2 0.4 (OB i
Ta pAf (<14} T o~
w (17,0 {0.6) 7
Re pM 28-82 31243 1
Os ] 7
14 ia (5-30p 7
L pM 04 03432 02-04 02-0.4* ™
Au i 5H0-150 T

50-150
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Table 3 (Conlinued) Concentrations and distribution types of ihe trace efements

in ocean waters

Concentration North Padific Morth Atlantic Distribution
Element Units Surfuce Deep Sorface  Deep Type
Hg pid 0.5-10 2-10 -7 1 S
T pM E0-80 B0 &6-70 &0 c
b pM 14-50 45 100-150 20 g
Bi M 0.2 002 025 5

Notz: B Rocycled type; S, Scavenged type; €, Constrvative fype.

* 510 Picr sarnple; ® Indian Ocean concentrations: * depth = 1250 m; * R, 5, and C distributions have been

Silicote (pnot kg
a0 0o 130 00

Figure1  Verical concentrallon
profilas of dissolved cadmium,
phasphate, zinc, and sllicic acil
in the MNorth Pacific and North
Atlantic Qeeans. {From Bruland,
K.W., Chamica! Oceanagraphy,
Vol B Riley, J.P. and Chester,
R.. Eds., Academic Press, 1923,
and Bruland, K.W, and Franks,
H.P., Trace Metals it Saawater,
Wong, C.5., Boyle, E., Bridand,
K.W.. Burton, JD., and Goldberg,
ED, Ecs., Plarwam Press, 1983,
With parmission.}
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concentrations of the scavenged elements decrease along the direction of dsepwaler flow due 1o conting-
ing particle scavenging. Thus, concentrations in the North Pacific are lower than in the North Atlantic.

The scawater distribution of Al best illustrates the general characieristics of the scavenged elements
(Figure 2). Seawater concentrations of dissolved Al are maximal in surface waters due to atmosphetic
input, minimal al middepths due 1o pasticle scavenging, and increase loward the seafloor. 5 Nogth
Pacific decpwater Al concentrations®# are 8- to 40-fold bower than those in the North Allantichi $235415
and about 100-fold lower than those in the Mediterranean -5 This marked interocesn fractionstion is the
reverse of that zhown by the recycled elements and the greatest yet observed for any clement in geawater.

D. ELEMENTS SHOWING HYBRID DISTRIBUTIONS

Some trace elements, such as Cu and Fe, have distiibutions that are influenced by both recycling and
scavenging processes. Like pecycled elemants, dissolved Curions and Fe™* are often depleted in surface
walers in areas of high productivity and regeneraed at depih. In less productive waters or in areas with
higher external seolian inputs, these elements can exhibit surface maxima more indicative of scavenged
efements.

Instead of the rapid increase in concentration with depth shown by recycied elements, dissolved Cu
conceniralions increase only graduafly with depth, due 10 the combined efferts of regenenation and
scavenging in deep walers. Also consistent with the recycled nature of its behavior, dissolved Cu
conceniralions in Atlantic deep waters are one half to two thirds of thoss in the deep Pacific. ™ The
oceanic residence time of Cu is about 1000 years. '

Seawater constituents showing recycled bebavior like nitrate, phosphate, and Cd are ssimilzied
primarily in surface waters, are regenersied with depth, and have long oceanic residence times. Unlike
these elements, regenerated Fe is scavenged relatively intensely fhiroughout the oceans, inchiling deep
walers, The short oceanic residence time of Fe {thought 10 be less than 140 years) reflacts this scavenging.
Thus, the ocesnic concentrations of Fe resuli from a balance between regeneration from the “rain™ of
particulale matter and scavenging.

£. RECENT ADVANCES

The recent advances in our knowladge of the trace elements in the oceans can be placed inta two general
categories: (1) concentrations and disiributions and (2) biogeochemical processes.
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1. Concentrations and Distributions

Through the use of the newer mnalytical techniques mentioned in previous soctions, especially those
amenable to shipboard analyses, several rescarchers have gone beyond producing single vertical or
borizontal profiles. These researchers have made larpe numbars of messurements allowing construction
of 2- and even 3-dimensional ocean basin-scale distribution maps for cenain elements (eg.. AY and Fel

Using electron capture gas chromatography, Measures and Edmond'™ determined disselved A)
concentrutions in waler samples from 13 vertical profiles and 35 surface samples shoard ship daring the
South Ariantic Ventilation Experiment. The data coverage provided by the shipboard analyses aflowed
vertical sections of Al concentrations in the South Atlantic 10 be construcied (Fipure 3) which were useful
in exarnining the input and distribution mechanisms of Al in & region of the Atlantis for which no previous
information existad. Subsurface Al distributicns were used 0 examine the evolution of the enriched Al
signal of recently descended North Addantic Deep Water propagating throggh the South Atlantic,

Miartin et 81" reponted a dissolved Fe seefion in the Northeast Pacific from 25N, 137°W north 10
Alzckr (Figure 4), obtained by APDC/DDDC-chloroform organic extraclion preconcentration and GFAAS
detzction. This section shows genera] nrface depletion and enrichment with depth above 500 m for all
stations. Inputs of Fe along the cominental margin in the near-surface waters at Stn T-9 and in the cxygen-
minimom zones (800 1o 1000 m) st offshore Stns T-2 to T-6 and nearshore St T-B are also evident. The
small maximum at T-4 was suggested (o resull fnom waler flawing offshore from Califoroia 1500 km to
the east, whereas the relatively Fe-pooc waters at St T-6 are thought to be flowing towards Califorhia
from the centmal FPacific, .

In addition to obtaining basin-wide distributions of the trace elements in the coeans, mesearchers
cominue o develop and apply pew analvtical echniques 1o obtrin revo- and first-order understandings
of the ocesnic concentrations and distributions of the remaining elements in the periodic table (e.g., Ti,
Ga, Ru, Pd, Ir, Pr, Au, Re, Te, Zs, and Hf),

Dissolved Ti have been determined concentrations in North Pacific®? and North Atlanbic™ 0% walers.
.‘L]I‘.lmu;h the inorganic specistion of T1 is predicied to be dominated by particle reactive hydrolysis
species (predominantly TIO(OH)3) dissolved Ti shows a recycled-type profile with surface waler
depletion and deep water ensichment (Fipure 53 However, indications of scavenging behavior also exist.
Morth Pacific surface water concentrations range from 4 0 8 pA and increase linearly with depth to
maximum concentrations of 200 to 300 pAf near the bottom. North Atlantic surface concentrations are
=60 pM and increase lineardy with depth to —200 M at 2000 m. In the northwest Atlantic, Skrabal™s
reporied that dissolved Ti concentrations decrease from 390 pAf off the mouth of Delwware Bay (o ~30
1o 60 pM in the outer shelf and slope waters. Locally-high Ti concentrations of 90 to 140 pM wem
determined at the dynamic sheli/slope boundary. due perhaps to shallow vpwelling. Orians et al®
eglimated residence times of T1 in (he deep waters of the selatively highly prodoctive North Pacific Sub-
Arctic gyre of 100 1o 200 years, and they speculated that the residence e of Ti jn the deep waters of
the Morth Pacific central gyre (ower productivity) mighl be kemiger, about BOG 0 00 years. —

Orians and Broland'® reported the vertical distribation of dissalved Ga in the North Pacific and down
to 1000 m io the Gulf Stream. They determined Ga concentrations after preconcentrating their filtered
samples using the chelating lon-exchange resin Chelex-100 and evaporation (Morth Pacific) or using sn
8-hydrexyquinoline resin {Gulf Stream), followed by detection by GFAAS. North Pacific concentrations
incTease from surface values of 12 to 18 pM near 300 m. decrease 10 7 1o 10 pA between 500 to 1000 m,
and increase o 30 pM from 1000 m to the botiom. Gulf Stream concentrations are approximately three
times higher than those af comparable depths in the Nocth Pacific. The vertical distribution of dissolved
Ga reflecis sarface, subsurface, and deep water sourves combined with particke scavenging thronghout the
waler colomn. Thus, Ga appears 1o show & hybrid oceanic distribation; its moderately shoot deep water
residence time of 750 years and interocean fractionation (concentrations in Noeth Atantic > Norh
Pacific) reflect scavenging behavior, while its vestical distribution reflects recycling behavior. Shiller!®
observed that the Ga/Al ratios of seawaler are distinctly greater than that in crustal rocks and suggesied
that the Ga enrichmeni could be dise 1o anthropopenic iapun o, more Ekely, due 16 preferential dissolution
of solid phase Ga and preferential emoval of dissolved Al

Results of the first mnalyses of the race metels Ru,'™ In 18 P ¥ and RelMI® jn Pacific Ocean waters
have been repotied. Pacific Ocean seawatzr appears 1o have Ru'™ and 1™ concentrations in the low
femtomolar range, Pd concentralions in Pacific surface waters are 0.18 pM and decp water concentmtions
are 0.66 pM. ¥ The verical digribution of Re in Pacific Ocean walers shows no consistent trend;
dissolved concentrations range from 28 o B2 nAf.'®
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Figure 3 (Upper) Station positions for leg Il of the South Atiantic Ventilation Experiment {SAVE)
cruise. (Lower) Vedical cross-section of dissalved aluminum concentrations (nM) in the western basin

of the South Atlantic, SAVE Sins 114 to 136. (From Measures, C.I. and Edmond, J.M., J. Geophys.
Res., 95, C4, 5331, 1990, With permission.)

Falkner and Edmond™ reported vertical profiles of Au from the Atlantic, Pacific, and Mediterranean
determined using anion exchange preconcentration and ICPMS detection 63 Atlantic and Pacific concen-
trations were similar (~50 fAf to 150 M) with Au concentrations appearing fairly uniform with depth.
Mediterranean deep water concentrations are higher, ranging from 100 to 150 M.

Lee and Edmond'™ have recently determined the seawater concentrations of Te for the first ime. Te
exists in two oxidation states in seawater, (IV) and (VI). The distributions of both oxidation states reflect
surface enrichment and strong scavenging at depth, Tota] Te concentrations appear (0 average about 1.2
o 1.3 pM in surface waters and ~0.5 to 0.6 PpM at depths below 2500 m.
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Figure 4 {Upper) Station positions, surdace cument systems, and surface isohalines for Veriical
Transped and Exchangs (VERATEX) seasonal and Alaska transect cruises in tha Northeast Paciflc.
(Lowsr} Vertical cross-section of dissohved iron concentrafions in the Northoast Pacific, VERTEX

Sins T2 to T9. (From Martin, J.H., Gordon, FLM., Fitzwater, 5.E., and Broenkow, W.W., Deep-Soa
Ras, 36, 649, 1969. With permission.}

Concentrations of P1 have been determined in Pacific, PW0%.48 Aylangc, 1™ and Indian Ocean wa-
ters. |2 However, the distributions reportad in these studies sharply contrast each other. In the Pacific,
Hodge et al.*'% and Goldberg''! reporied & recycled-fype profile foc Py, while in Indian Ocean walexs
Incinto and van den Berg!'? reported & scavenged-type profile (Figure 6). Most recently, Colodners ™
observations agres with neither of the previous reporis; she measured P1 concenirations in both Pacific
and Atlantic waters that were invariant with depth! Althouph the ventical profiles of dissolved Pt show
emoath variation with depth (one criterion for “oceanapraphic consistency™), the dats presently available



261

Dissolved TI {pH:.l
100 200 300

Um‘g T

Lo00} _H‘ .
E S
: 2000} " o
= i .
]
&
2000 F »

Figure 5 Vertical concentration profiles of dissolved
ftitanium ks the Nodh Paclic: 50°N, 145°W (o), and - %
33°N, 139°W (#); and In the North Allantic: 32°N,
64°W (0). (From Drians, K.J., et al., Nature, 348, 323,

mmh[-_fﬂuiﬁ: -
1990, With pormission.) '

(o]  sienlic borE

PlatinumipM}

L o5 10 15 i0
D> : 4 3 r 3 0 3 3 0 3 F 0 I 3 3.1
L] - L | Sk
L] i l
.l:
14 " |
' 4 L J
-— ?' ] -
]
£
a
&
3 - .
]
L= &
Flgure& Vertical concentration profiles of dis-
sotved platinum: (o) North Pacific:™® (x) west- :
em Indlan Ocean. (From Jacinto, G.5. and van . =
den Berg, C.M.0,, Naturs, 335, 333, 1889, With a
permission.)

for P1 are not “oocanographically consistent™ with respect to their basin-to-basin variation. More infoc-
mation i$ required to selile this apparent discrepancy.

McKelvey and Orians have measured the ficst vertical profiles of Zr'i2% gnd H'® in the North PIClﬁC
and North Avlantic. Both elements show surface depletion and deep water enrichment, and evidence of
coastal and hottom sources. North Pacific Zr and Hf concentrations range, respectively, from 1210 95 pAf
and 0.2 to 0.4 pM in surisce waters, to 275 1o 325 pM and 1 1o 2 pAf in deep waiers. A single North
Aflantic profile showed surface Zr and HF concentrations, respectively, of ~100 pM and ~0.4 pA{, and
concenirstions of ~150 pbf and -G-8 pM a1 1250 m depth,
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Calculations for oxygenated seawater based or the redox couple between MnO,(s) o MoOOH{(s) and
Mn?* suggest that the equilibrim concentration of dissolved Ma should be misch less than ] nM, possibly
less than 1 pif, depending on the axide mineral phase with which it is in equilibrivm, The observed valuzs
for dissalved Mn in open ooean waters are normally between 0.1 and 3 nAM. #9491 and 3 marimum inthe
dissolved Mn concentration is a prominent featurs in surface waters of the oceans. Sunda and Buns.
man*™ have prasented evidence thai the higher-than-expected concentrations and the surface maxi-
mum of dissolved Mn may be maintained by phototeduction of Mo oxides and by pbotornhibition of Mn
oxidizing microorganisms. Sunda and Huntsman'" observed proncunced diel cycles in the formation
rales of particulate M in coastal surface waters of the Bahama Islands which, they suggest, is caused by
nightly removal of dissolved Mn?+ by Mr-oxidizing bacteria, followed by its daily regeneration and
maintenance by reductive rhatodissolution Processes and photoinhibition of the Mn-gxidizing bactera.
Reductive photodissolution of Mp oxides may have impoctant implications for organic malter in seawnter
because this process may involve light-activated igand-to-metal charge transfer ractions between Mn
uxides and baciecial extracellular organic polymers associated with them or from photochemical produc-
ton of reductants such as Q; and H,Q), in seawater or within bacterial MnO, aggrepates 115

Fe may be the most important of all the trace elements essential to phytoplankton. rnd evidence exists

the absence of organics in synthetic scawater'? or in UV-irradiared cogstal seawster' Although no
evidence exists for complexation of Fe by organic Ligands in oceanic waters, the photoreduciion of
Particulate and colloidal Fe may have potentially important implications for the ¢oncomitant Photooxi-
dation of organic matter associatad with Fe in seawater,

Thermodyramic equilibrium considerations predict that pearly 2l of the dissolved Cu in seawsier
should exist as Cu(ll). However, Cu(Tl) may be reduced 1o Cu(l) in seawater by m number of potentially

0.5 am 10 0.4um range) in particle sedimentation!® and in patticle scavenging of trace elsments in
scawaler (e.g., Hopeyman and Sanischi'™ and references cited therein: Moran and Moarz'®),

Farley and Morel'® siudied the dynamics of coagulation and settling of particles in wetl-mixed
s¥stems for wastewsater discharge. In analytica, numerical, and laboratary studies, they observed that
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comresponding ko particular coagulation mechanisms including differental senling, shear, end Brownian
mofOmn.

Honcyman and Santschi'™ used the same form of Farey and Mosel's'™® equation describing the
particle—concentration-dependent particle remmoval mte in establishing their conceptual and mathematical
“Brownian-pumping” model. The “Browntan-pumping” model describes the manster of tuly dissolved
metal species to larger, filtecable particles through a colloidal intermediats emphasizing Brownian motion
&5 the coagulation mechanism. In this model, the transfer consists of two rate steps: (1) rapid formation
of metalicolioid surface site complexes, and (2) stow coagulation of colloids with filterable particles. This
model indicates that trace element behavior in natural waters results from the tight coupling of chemical
equilibrium and physico-chemical interactions berween patticles. It also provides & framework for
interpreting the behavior of the panticle reactive trace element Th and perhaps oiher trace elements prone
tn adserptive particulate scavenging. _

Moran and Moore'® used cross-flow filration to study the size distribution of Al and orpanic carbon
in an operaticnally defined colloidal size range (1 om 1o (L450m) in coastal and open ocean waters off
Nova Scoia. They determined that colloidal Al was <5 to 15% of the dissolved Al Cotloidal otganic
carbon was < 10 10 15% of the dissolved organic carban {measured using UV-photcoxidation).

V1, SPECIATION

A. INTRODUCTION AND BACKGROLUND
Although our knowledge of the ocranic concentrations and distributions of the frace metals has advanced
dramatically, it has become increasingly clear that this information alone is insufficient for providing 2
complete undersiznding of a trace metal’s biclogical and geochemical interactions. Trace metals dis-
solved in seawater can exist in differsnt oxidation states and chemical forms (species) including free
solvated ioms, inerganic compléxes (e.g., with CF, OH-, COX, SOF, etc.), organometallic compounds,
and organic complexes (2.g., with phytoplankion metsbolites, prideins, humic substances).
Knowledge of the distribution of a trace metal’s (otal dissolved concentralion amongst its various
forms (speciation) is extremely important becanse the different oxidation staies and chemical forms
vrdecgo very different biolagical and peochemical interactions. For example, Fe(D} and Mn{IV} are
much less soluble than their reduced forms (Fe(I) and Mn(TT)). The toxicity and nutrient availabilicy of
several transition metals 10 phytoplankton have been shown to decrease as a resull of complexalion with
Ligands such ag EDTA, indicating that the toxicity and svailability of these metals are propertional o theic
free metal ion activities {see Sunda'® for a recent review). Organic complexation may greatty de-
crease 17 or, in some cases, even increase!”~1® adsorption of metals oato metal oxide particles. Thus,
speciation information is necessary 1o atiempt to fully undecstand a trace metal’s marine biogeochernicat
cycle.

B. INORGAHNIC SPECIATION

Inorganic forms of the trace elements in seawater include hydrated metal jons and complexes with
inorganic lipands. These inorganic forms can afso include trace elements in different oxidation states
because the potential required for the elements 10 change valance states falls within the rnge of the
oxidizing/reducing poteatials developed in the elements’ immediate environment. Inmportant examptes of
trace clements exhibiting redox changes in seawater include Fe (Fe(IVFe(II)), 1% Mn (Mn(IT¥
Ma(IV)), 314 Se (SeIV)/Se(VI)), #1114 Cr (Cr¥Cr(VI), > and Cu (CoMCu(n). " 2 The higher
of the (wo oxidation states mentioned are the thermodynamically stable forms of these elements in
oxidizing scawater. However, most natural walers, especially surface waters, never stain complets
chemical equilibrium due to the relatively steady input of solar energy, some of which can cause
production, ejther biochemically (=.g.. photosynihesis) or chemically (e.g., photochemistry), of species

that are cut of thermodynamic equilibriom with their environment, _

* The theoretical inorganic spaciation of the trace metals in seawater has besn summarized in two
landmark papers by Turner et al."™ and Byroe o1 al."” Tumer et al. '™ used a database of stability constants
for mare than 500 metal complexes to calculate the inorgenic speciation for 58 trace elements in model
scawaler 2t pH 8.2, 25°C, and 1 a1m. Byroe et al."™ extended the models of Turner &1 2. ™ by considering
the resuits of recent metal-ligand equilibrium studies and by considering the influence of temperature and
pH on speciation. In this section, we orly briefly summarize the inorganic specistion of the trace metals
in seawater described in these two papers.
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The extent o which a trace element is complexed by inorganic lipands is given by e, the element’s
inorganic side reaction coafficieng: 1%

o= 1+ 2,5 (X)) (1)

where P is the overall conditional stability constamt for the inorganic complex MX, of the trace element
M with the inorganic ligand X, and [X]] is the concentation of uncomplexed X, The inorganic side
reaction coefficient @ is also equal to the ratic of the sum of the concentrations of all inorganic species
of the trace element M {(M']} to the concentration of its free bydrated cation [M™]:

a=[M}[M"] {2)

The free hydrated divalent cation form dominates the dissalved inorganic speciation of Zn and the first
transition series metals M, Fe, Co, and Mi. Strangly hydrolyzed trace metals include the trivalent frace
metal cations AT, Ga*, TI™, Fe®, and Bi*, The inocganic side reaction coefficients of this group of
strongly hydrolyzed trace elements with respect to complexation by OH- range from 109 for A1 1o
10°¢4* for TI*. The inorganic speciation of the hydrolyzed trace mstals is strongly influenced by pH and
temperature. For example, at a constant temperature of 5°C, the side reaction coefficient of AP+ varies
from 10° at pH 7.6 10 10°% at pH 8.2, and at » constant pH of 7.6, il canges from 10°% at 5°C o 107D
at 25

The inorganic speciation of Fe is complex and still not adequately understood. The litecature reviews
by Turner et al."™ and Byme et al. "™ indicate that the bydrolysis species Fe(OH® is the dominant species
of dissolved Fe(HT) in surface seawater. In conirast, Zafiriou and True™ apd Hudson and More]4t
discounted the importance of the neatral Fe{OH); hydralysis species and argued that the Fe{OH)? species
is dominant. The differsu assumptions used by these authors concerning which thermodynamic daty are
comect, and thus, which hydrolysis species is predominant, msult in neady a two crder-of-magnilude
difference in the estimates of the inorganic side reaction cosfficient for Fe(TIT). This discrepancy noods
~ 10 be resolved particularly because Fe may be the most important biologically essential trace metal, and

patential differences in the reactivity and behavior of hydrolysis species such as Fe(OH); and Fe(DH):
may influence the bioavailability of Fe.

Trace metals whose dissolved speciation is dominated by chlorids complexation include the nobls
mela] cations Ag* (predominantly as AgCIH), Au® (a5 AvCL), Pd™ (as PACL), and Py (as PrCI), and
Cu* (8s CuCli-), Cd** (as CdCl3 and CACLY), and Hg™ (as HgC1}). The dissolved speciation of thess
metels is only modemtely affected by tesnperature and pH. OF this group, Hp?* is complexed by chlorde
to the greatest exeent. The side reaction coefficient of Hg?* with respect to chloride complexation is 10151
at 5°C, which, for a typical Hg concentration of 5 pM, represents an sverage of only | free Hg?* ion for
every 400 ] of seawaier!

The: dissolved speciation of most of the lantharides and some of the actinides is dominated by

carbanate complexes, and is influenced considerably by tempersture and pH, although bess than the
strongly hydrolyzed metat cations,

C. OAGANIC SPECIATION

Organic forms of the trace slements in seawater can include organometallic compounds in which the trace
element is covalently bound 1o earbon (e.g.. methyl forms of Az, Ge, Hg, Sb. S¢. Sn, and Te; ethyl-Ph
forms; butyl-Sn ferms), and complexes with organic ligands (e.g., with phytoplankton metabolites and
proteins, humic substances). The concentrations of numlly occuming methylatad forms of As G4
Ge, 1451% He, M7 $h,144 und Sn*214%.1% have been determined in seawaicr. A ypost astonishing discovery is
that 90% of the oceanic Ge exists a5 methylated forms (CH,Ge(OH)? and (CH,),Ge(OH)S) that are 50
stable w depradation that they have been called the “Teflon of the sza™. The remarkable stability of these
epecies is reflected in their conservative vertical peofiles, which markedly contrast those of other
methylated metal species and with the recycled behavier of inorganic H,GeO,.

Even though the existence of organic trace metal complexes in szawater had been postulated as much
a3 60 years 2po, 417 and subsequent attempts were made ta demonstrate the presence and characlerize
the nature of these complexes, the organically complexed fraction of the iotal concentration of certain
trace metals in seawatsr has been reliably estimaied only recently. Previows literature reviews (&.2..
Mantourat™ and van den Berg ¢4 al.*) of metal complexation determinations in seawater indicated litle
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Table 4 Determinations of the traction of organically complaxed copper

In geawater
Percent

Location Orgrnic Cu Technique Reference
San Francisco Bay B0-92 CLEDPCEY Dronat et 515"

DEASY

CRCP/GFAAS
Indian Chcean »949.7 CLEDPCSY Donat & van den Berp®
North Sea >0 g CLEDPCSY Donat & van den BergY
Sarpasso Sea 088 CLEAP/GFAAS  Moffert et al.!B
Sargasso Sea 93 CLEMPCSV Donat & Brulandes

DPASY
North Pacific 99.4-00 8 DPASY : Coale & Brulapg 16
MNew York coast 9938 FPA Hering et al.'®
Biscayne Bay 906 CLE/ALPAJFAAS Moffen & Zika'®
Narcagansett Bay 090 CLE/SFE/GFAAS  Sunda & Hangon'™
Coastal Peru o8 CLE/SPE/GFAAS  Sunds & Manson!®
North Atlantic 89998  MnO, ads. Buckley & van den Berg!™
North Atlantic 98 E-994 CLEDPCOSY Buckley & van den Berg'™
South Atantic 99.9 CLEDPCSY van den Berg!®
Coastal Florida 98.7 Bioassay Sunda & Berguson'™
Mississippi Plume 99.1 Bicagny Sunda & Ferguson!™
New York Bight =05 DPASY Ruizenga & Kester™®
Irish Sea 9458 Mr, ads. ¥an den Berg'®

Note: CLE/DPCSY = Competitive ligand equilibration/differential pulse cathodic stripping
volummetry; CRCP/GPAAS = Chelating resin column partitianingfgraphilc fumace stomic
absorption spectrometry; CLEA PAIFAAS = Competitive ligand equilibration/liquid partitioning/
graphite-furnace atomic sbsaption spectrometry; DPASY = Differential pulse anodic sripping
volwmmeiry; FPA = Fized potential amperometry; CLE/SPEAGFAAS = Competitive Ligand
equilibration/solid phase extraction/graphite-furnace atomic absorplion spectrometry; MnD, ads.
= Mangancse dioxide sdsoepion. :

sgreement between values for ligand concentrations, conditivnal stability constants, and the overal) extent
of organic complexation for Co — in fact, previcus estimates of the organically complexed fraction for
Cu ranged from 9 to 100%. However, recent work shows thar this fraction dominates the dissolved
specilion of Curiht218-lab (Tyable 4) and Zn'D-1% in oceanic surface water and §s, therefore, of utmost
importance in calculating the free metal ion concentrations of these two trace metals. These observations
differ markedly from frequently cited mode] predictions by Mantoura ef 4l that, of all ths transition
metals, only Co should be complexed significantly {~109%3 with organic ligands, and that dissolved humic
substances {as well a3 dissolved organic compounds in gepera!} should not substantiafly infipence the
speciation of Zn in scawater,

Recenl vertical profiles obtained in the central northeast Pacific for the speciation of at least two trace
elements, Qu and Zn, demonstrste progress made in determining that the chemical speciation of these two
trace elements is dominated by organic complexation, although the chemical nature of the complexing
lipands remains unkmown,

1. Copper

Eecent anodic stripping voltammetric measurements reporied by Coale and Bruland'®0! jndicate that
greater than 99.7% of total dissolved Cu(Tl} in centrzl northeast Pacific surface waters shallower than
200 m is bound in strong organic complexes, primarily with the stronger (L) of two Cu-complexing
ligands which has an average concentration of —1.8 nAf in the upper 100 m (Figure 7a}. The concentration
of this ligand exceeds the concentration of dissclved Cu from the surface down to ~200 m which, in
concert with the strength of its Cu complexes, causes the high degree of organic complexation observed
in the upper 200 m (Figure 7b}. Because the concentration of dissolved Cu in these surface watess is only
~0.5 to 1.0 oM, the high extent of orpanic complexation reduces the fraction of inocganic Cu species 10
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lss than 0.3% of the total disselved Cu, and free hydrted Cu?* amounts 1o poly ~4% of this inorganic
fraction. Wherzas total dissolved Cu copcentrations in the central northeast Pacific increase by approxi-
mately 3-fald from the surfsce to middepths, complexation of Cu by strong arganic ligands causes the
free hydrated Cu®™ concentration to vary from approximately 10792 M at the surface 10 approximately
10 Af at 300 m (Figare 7c), approximately a 2000-fold increase! :

In surface waters of the Sargasso sealZ50 and south San Feancisco Bay,'®* the conceatrations of the
strongest Co-complexing ligand have been determined to be egual 1o or bess than the dissolved Cu
concentration. The weaker ligand can then dominate Cu speciation, slightly decreasing the overall extent
of organic comglexation, and increasing the inorganic Cu fraction and free Cu conceptrations, Sofme
evidence exists that the ligand concentrations and extent of organic complexstion can vary scasonally.
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2. Zinc

Recent anodic stripping voltammetry measurements in centra] Novth Pacific waters reporied by Bruland'®
indicate that an average of 98,7% of the Zn in surface waters shallower than 200 m is complexsd with
a relatively Zn-specific organic ligand {or Ligand class), Using two independent voltammetric techniques,
Donat and Bruland™ confirmed that sivong organic complexes dominate the dissolved specizlion of Zn
in Northeast Pacific surface waters. Bruland'€ determined that the concentration of the Zn-complexing
organic ligand or ligand class averages ~[.23 alM in the upper 200 m and exceeds the concentration of
dizsclved Zn from the surface down o <350 m (Figure 8a). This excess o the lipand’s concentration
relative to thal of dissolved Zn, and the strength of its Zn complexes, causes the high degree of crganic
complexation in the upper 300 m (Figure 8b). The free Zn?* concentration varies from ~ 101301 at depths
shallower than 200 m, to ~10-*4 M at 600 m {Figure 8c)} — appeoximately a J400-fold increase! The high
degres of organic complexation for Zn redizces the concentration of inorganic Zn species 1o ~2 pM (2 x
10-2 A) and the free Zn™ jon concentration to walues as low as 1 pM (1 x 10-2 Af; pZo = 12),

3. Other Metals

Only a few initial reports exist on the importance of erganic complexation to the dissolved speciation of
oiber metals in the open ocean, including Cd, Pb, Co, and Ni. Bruland'® reported results of ancdic
stripping voltamumetric measarements indicating that 70% of the dissolved Cd in central Norh Pacific
surface watess was bound in strong complexes by relatively Cd-specific organic ligands existing st low
concentrations (—~0.1 ndf}. Bruland'® found thiz ligand elass ooty within the surface 175 m, sndithad a
concentration maximum at depths between 40 and 100 m. Bruland'® deiermined that the concentration
of inorganic forms of Cd veried from -0.7 pM in surface waters v 800 pM st 600 m. Considering bath
organi¢ and inorganic complexation, the concentration of free Cd?* ranged from 20 A1 in surface waters
1o 22 phf at 600 m — & 1000-Told variation! Chlorocomplexes appear to dominate the inorpanic speciation
of dissolved Cd in intermedinte and deep waters, while organic complexation is important in influencing
Cd speciation within oceanic surface waters.

Capodaglio ¢ al.'" delermined the organically complexed fraction of dissalved Pb in surface walers
of the castern North Pacific by anodic siripping voltammetry. Approkimately 50% of the dissolved Pb
appeared to comgptexed by one class of strong organic Ligands existing st concentrations batwesn 0.2 and
0.5 nM. Indrganic and organic complexation of Pb in eastern Montb Facific sucface waters resulls in a free
Pt conceatration of ~{.4 pAM.

Organic complexation of dissofved Co and Ni in ocexnic waters has not béen reported; however, a few
reposts exist on the concentrations of organically complexed Co and Mi in estuarine and coastal samples.
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Zhang et 8119 determnined that 2 variable fraction (45 10 100%; average 73%) of dissolved Co was very
strongly complexed in the Scheldt River Eduary and the Irish Ses. Donat and Bruland? found evidence
that -50% of dissolved Co in coastal and open ocean seawater refererce materials (CASS-1 md NASS-1)
was boend in strong ofganic complexes, after adjustment of the pH from 1.6 w 7.6. Van den Berg and
Nimmo'® and Nimme e a1 "™ found that -30 to 50% of dissolved i in the ULE. coastal waters was bound
in extramely strong organic complexes. Doaat et al ¥ determined the came extent of organic complex-
ation for Ni in south San Francisco Bay.

Fe™ has a great tendency to form complexes with natural organic ligands {i.e., dissolved humic
sobstances; sez Sholkoviiz'™ and references citad theyein, and organic complexation is probably respon-
sible for elevated concentrations of dissolved Fe in many estuarine and coastal waters./71-17 Eecenl
reviews by Sunda'® and Wells's point out that mast researchers have cither ignored the possibility of
organic complexation of Fe in the open ocean, or have argued that it is not significant. However, Gredhill
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and van den Berg'™ (North Sea) and Rue and Bruland '™ (Nosth Pacific) have recently determined that
>29% of dissolved Fe(TID) is bound in strong complexes by & ligand class having & concentration of 1 to
Snﬁd’incxmsofﬂwMmtﬁMvodRcmmﬁmAhMughﬁduophutmmphxmmmmy
impunmtm&qmchﬁmhmmeﬁﬂhwmsymmmﬁmmgwﬁmyacﬂmfwﬂ:h
existence in the oceans.

Although the actnal chemical structares of the trace metal complexing organic ligands ame il
unknown, the data presented in the preceding sections demonstrate the importance of complexation of
nﬂuinmmﬂsmemkﬁgudsnﬁchexiﬂuhwmmnﬁmsyﬁfmmmm
complexes (i.e., have high conditional stability constanis), The recent accurpulstion of evidence indicss-
ingmmplculionMmmhbymmuﬂyncmnmgwgujcﬁgmdsinﬂ:npmmmmnu
revalutionary progress beyond the previous siatus of this research field,

Deplh {m}

4. Biologlcal Implications of Organic Complexation and Spaclation of Trace
Elements In Seawnter
Almost three decades ago, Jotmston™™ groposed that ceetaln organic compourds present in seawater

in trace quantilies may exert an important influence on the primary production of marine communities.
Barber and Ryther™ supgested:

“in recenlly upwelled water phytoplankion growth is initially firnited nex by inocganic outcients,
trace metals, nor vitamin daficiencies, bt rther by the shsence of certain chelating substances,
As the upwelling water ages, the organisms apparently gradually enrich the waiets with organic
compoends some of which may be effective chelators.”

Barber and Ryther'™ proposed that these chelators might be effective at reducing to nontoxic levels, the
toxic free Cu? concentration thoughl 16 exist in freshly upwelled waters.

Compelling indzcations of biclogical sources foc the Cu complexing Ligands are provided by fisld dain
indicating that orgunic complexation of Cu is most propounced in the surface cuphotic zone, in generel
bdngﬁglmudcpﬂumdmwnduﬂiﬁﬁm:ﬂmum,mddmuﬁnghymﬁﬂuumﬂannf
magnitude below the vernal mixed layer in both the central northeast Pacific!® % prd in the Sargasso
Sea 1

The dormnation of the speciation of dissolved Zn by organic complexes may suggest a biological
influence, as discussed above for Cu. However, the bickogical advantage of ovganic complexation of this
essential and potentially biolimiting element is not readily appareot. Bruland™? made the following
speculations: (1} perhaps ocganic complexation may help kaep Zn in solution, thersby preventing or
retarding jts adsorption onto particles; (2) perhaps some phytoplankion may be able to astimilate
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organically complexed Za to the exclusion of other phytoplankion; andfor (3} perhaps complexation of
Zn first cocars inside a cell with intracellular ligands such as phytochelating, the cyloplasmic detoxifying
meta] chetators found in higher plants and at keast some algac,'™1 fallowed by releass of the chelalors
through phytoplankion DOC leakage and/or rooplankion grazing.

Moffett et 4132 provided direct laborsmory evidence for production of & strong Cu-binding ligand by
a marine photcautoroph. This ligand has Cu-complexing streagth identical o tha of the stronger ligand
observed by these same researchers in the SarngumﬂbyCoaJcmdBmund"' in the central
northeast Pacific, The laboratory results Moffett end co-workers'? obiained from a preliminary servey
of four marine phytoplanking species (three species of sukaryotes and one prokaryots) indicated that only
the cyanobacterial species Syrechococour produced a chelator forming Cu complexes of the same
strmg‘lhlslimscnhsﬂmdhtMSmnguMWﬂmsmmﬁmu&mwﬁcrwmin
freshwader systems by McKnight and Morel, '™ who reporad that among freshwater phyloplankion taxs,
uﬂyuqmmiawmwodmmmgm-ﬁndingwpnic higands. Because Synechococcus
appear (o be widespeead in the surface wakers of the open ocean, ¥ and can account for as much as 50%
of the primary productivity in some regions,’=1% chelators produced by this genus might have 8 major
influence on Cu specialict in Many oCeanic regions.

Production of a strong Cu-complexing bigand like 1., may reflect soog selective pressore 10 detoxify
Cu by Yrwering its fres jon concentration, Evidence for this inchides the work of Brand ¢t al.™ who
examined the reproduction rates of clone cuttures of 38 marine phytoplankion species in media containing
different free Cu activities. The Cu toxicity responses among the varions species showed a phylogenetic
trend; cyanobactéria were the most sensitive, diatoms were the keast sensitive, and cooeolithophores and
dinoflageilates showed imermedine sensitivity. The reproduction rales of most of the cyanobaciedia were
reduced at Cu?* concentrations above 10-% M, while most cukaryotic algse mainieined mMAxiomIm
reproduction rates at Cu?* activities s high as 10°1 M. If cyanobacteria produced an organic ligand of
ﬂwmmmﬁmmdhindingmm;ﬂusth:nmngerligmdl.,.hwmldmp}ummdhw
the free Cu?™ concentration in oceanic surface walers ta levels poninhibitory 1o their growth. Howeves,
intense ppwelling could bring water having Cu® concentrations spproaching 10+ A into the surface
photic zone — concentrations potentially high eoough to fimil reproduction of some phytoplankion
species, especially cysnobacieria.'® Cw? loxicity due o high Cu* concentrations in upwelhngs was

mmammmﬂmmm:mﬁmmmmum
Pacific Central Gyre, ™ Thus, free Cu™ may influence species composition and sepsonal species pacces-
sion within bocal phytoplankton communities, and enoagh evidence: exists lo suggest that Cu?* concen-
trations may influence picoplankton (cyancobacteria) produdion in high autrient-low chlorophyll ammas.

Brand et al '™ examined the potential Limitation of marine phytopiankign reproductive raes by Zn,
Min, and Fe, and suggested that differences among species in their abilities to reproduce in the presence
of low [ree ion sctivities of these nutrient trace metals could result in species shifts in phytoplankton
commurities ssbjected to changes in trace metal of organic compiexation regimes. For example, the
repeoductive rates of nevitic specics were generally limited by free Zn?* concentrations below 107113 M,
while those of oceanic species were either not limiled or only slightiy limited #t the lowest Zn®
concentration set in the experiment, about 107 M. The babitat-relaied panerns in Znt* requirements of
oceanic and neritic species are consistend with the oceanic-neritic distribactions of free Zn* concenim-
tion ™ The low surface waler free Zn® concentration of 107124 A may be low enough ta Limit the growth
rate of many nerilic phytoplankion species, bus penerally ot that of oceanic specics. However, intense
upwelling could bring water into the surface Jayer whose free Zn¥* concentration would be high enough
to support reproduction of more nerilic-type species. Thus, the similarity between the nutritional require-
ment for Zat* and its distributional pattems has important implications for phytoplankion communiry
species composition and species succession.

Fe tnay be the most imporant irace element nutrient to phytoplankion, wnd its deficiency may fimit
primary production in cestain ooeanic areas characlerized by high nutrient and low chlorophyll concen-
trations such as the subarctic and equatarial Pacific and the Southem Ocean, P87 Fe plso infloences
algal nitcogen metabolism in the ocean because it is required for nitrate reduction and nitrogen furation.
Price t aL'® determined that additions of Fe caused the indigenous phytoplankion in the equatieial
Pacific 1o swilch from using prmarily NH; for growth o using NO,, and that this switch in pitrogenous
nutrition was sccompanied by a shift in the phyioplankion community composition. Although the
speciation of dissolved Fe is extremely complex and presently imkmown with sny reliability, it has very
impartant biological implications. For example, photoreduction of organic Fe(lIT) complexes and Fe{I1T}
oxides, and the presence of Fe(lil}-siderophore complexes, could enhance Fe's biological availsbility.
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Brand et al '™ examined the sensitivity of 20 species of marine phytoplankton to free Cd*. Cd (oxicity
for even the most sensitive spacies in their expariments occurred only at free Cd™* excesding 107 M, well
outside the renge of Cd™ concentrations determined by Bruland's jn the central North Pacific. This
comparison kd Bruland™® o supgest that Cd toxicity is probably not an important selective factor to
phytoplankion growth or cology in nesanic waters. However, Brand et al.!™ stated that Cd toxicity could
still be a selective factor in estuaries dus 19 increages in Cd concentrations from riverine and anthropo-
£enic sources.

Price and Morel'* recently hypothesized that Cd might promot= growth of Za-limited oceanic
phyteplankton. Phytoplankion can exhibit subsiantially reduced growth rates die to Zn limitation at & free
Zn™ conceriration of 10~ M, & concentration identical to thay determined by Bruland'® in occanic
surface waters. This low free Zn® concentration sesults from both the low concentration of total dissolved
Zn and its high degree of organic complexation in the surface ocean. Price and Morel'® reporied that, in
labaratory experiments ysing seawater with low free Za®™ concentrations mirmicking oceanic surface
waler conditions, Cd stimulates the growth of the marine diatom Tkalassiosirg weissflogii by substituting
for Zn in certuin mactomolecules. The substimtion appears to be highly effective, allowing Zn-deficient
cells o grow at 9% of their maximum rate when supplied with Cd. Price and Morel' guggest that this
biochemical metal substitution of Od for Zn by phiytoplankton could account for the pronounced nitrieni-
Type oceanographic distribution of Cd. ;

Dissolved Co exists at concenteations of only 4 10 50 pM in the North Pacific. ™0 These kow values
suppest a pedential role of Co as a biolimiting element in seawater. Co is the central metal afom in the
COfTin fing core of vitamin B, (cobalamin), and is ane of the two metals for which organic complexation
is known to enhance uptake by phytoplankton; siderophore-bound Fe is the other meta). Vilamin B tz 18
a required growth factar for many algal species, particularty some diatoms, chrysophytes, and dincflagel-
lates.'™ Some phytoplankton have been observed to produce a glycoprotein that binds io vitamin B,
making it unavailable 16 other species 1 supporting the idea that this form of organically complexed Co
may be important in interspacies competiive inléractions,

Dissolved Ni exhibits a nutrient-type distribution in the oceans and jts concenteation ranges from 2 to
12 nM. % Price and Morel'™ have provided evidence indicating & potantial biochemical role for Ni in
urea assimilation by marine phytoplaniton. They observed tat phyteplankion growing on ks 35 & sole
nitrogen source are limited by low free Ni+ concentrations, but those prowing on nitrate or ammonium
are not. Ni is known to be an essential cofactor in the enzyme urease. Price and Mogel’s'™ results indicate
that the concentration of dissolved Ni presert jn oceanic surface waters would not Simit urea zssimitation
if all of the dissolved Ni was biologically evailable, However, if a substantial amount of the Ni present
in goeanic surface waters is repdered unavailable by complexation with organic figands, the reslting low
free Ni** concentrations could potentially limil urea assimilation. This may be important in areas in which
production is supported largely through FeEgenerytion, since urea is 4 common waste product of rooplank-
ton. -

Most field investigations of trace metal/phytoplankton interactions have focusad on the effects of 2
single metal, largely ignoving the effects of metal jon ratios on algel growth.'™ However, laboralory
culoure mudies clearly show that many metals may act synergistically and antagonistically to infloence
Erowth limitation or toxicity. Thus, it is necessary to quantify and experimentally contro) the availability
of ali combinations of potentially antagonistic mezals in order [o sccurately describe metal/biola interac-
tons. Brand et . have argued thal simultaneous limitation by Zn, Mn, and Fe may be more severe than
Lmitation by any one of these metals slone (i e., synergism). Even more significantly, culture studies have
repestediy demonstrated that the uptake and metabolism of nutdent mes ions is a function of the
cancenteation of other metals, which often act in a competitive or antagonistic manner. In phytoplankton,
such metal antagonisms have been reported for Cu and Min: 6949 £y a0 Fe;" Cu and Zn:'% Cd wnd
Fe; 9.9 Mp and Fe:1%20 and Mo and Zn, 1% ;

Because antzgonistic effects have been reported between Fe and toxic metsls, 199619 [ow [Fe¥] 10
[Cu*] ratios in seawaler, for instance, could Plausibly explain the growth stimulation observed in Fe
ddition experiments, such as these reporied by Martin et al.® Somc cases of primary production
limitation, apparently due to Fe slone, could actually be due 1o antagonisiic effects of Cu and Fe. This
cxplanation is especially difficult to dismiss in incubation experiments in which relatively high Fe
foncentralions (>10nM) have been sdded (i.2., Menzel £1 a1 Barber®® deBlaar e al.:®® Blpma et al ™),
In thesa cases, hydrous ferric oxides may form and adsorb Cud* ions, resulting in substantially lowered
free Cu* jon concentrations. 27 Any observed Erowth slimulation could be doe to alleviation of Cu
1oxic effects by purely abiotic, chemical adsorplion processes occurring in the incubation bottles.
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Although this is not a true czse of biclogical metal antaponism, it again emphasizes that metal retios are
ceitical and must be chosely monitored in this type of experiment. Even in cases where the soluble
concentration of Fe has apparently not been exceeded {o.g., Martin et 21,10, refatively bow Fe additions
{1 nM) could cause a substantial favorable shift in the [Fe] to {Cu™] ratio. Proper interpretation of the
tesults of metal addition experiments demands that all potentially interacting trace metals be considersd
and quantified. :

More field data on metal antagonisms are necessary to support of negate hypotheses which have been
formed primarily from laboratory studies. The artifacts in this type of stady cm be fiendishly CUnNIng,
and correst interpretation of their reswlts requires a thorough understanding of both the oceanic chemisiry
of trace ynedals and their potential intzractions with the biota. Thus, the sdvancement of our understanding

of teace metal influsnces on oceanic productivity will require a mmified collaboration between clever
biologists and clever chemists.

Vil. SUMMARY

As B resuli of major advances made since 1975 in analytical techniques and instrumentation 2nd in the
elimination or control of contamination during sample collection, storage, and analysis, our knowledpe
of the concentrations, distributicns, specialion, and, therefore, our understanding of the biogeochemical
cycling of the irace elemenis in the oceans has progressed dramatically. We now have a first-order
understanding of the distributions of most of the trace elements in the oceans. The development of
extremaly sensitive analytical techniques amensble to oblaining measurements at $2a have provided
basin-wide cross sections of the distributions of some of the tace clements (c.g., Al, Mn. and Fe),
sllowing their use as sensitive and important cceanographic tracers. The bingeochemical cycling of
certain trace elements like Cu, Fe, and Mn have been found 1o involve mediation by light and microor-
ganisms. Our knowledge of the inorganic speciation of the trace elements in seawaler hat progressed 1o
include estimations of the influsnces of temperatur: and pH. Convincing evidence has accrued demon-
strating mot just the presence of organically compiexed metals in seawater, but the overwhelmingly
dominant role of organic complexation in the speciation of dissolved Cu and Zn in surface scawater.
Organic complexation of cerain trace elements seems 10 have important bivlogical implicalions to
phytopiankion in the s=a, as it may dominate the speciation of these clesnents and control their availability
as peilrients and toxicants.

REFERENCES

1. Woug, C. 5., Boyle, E, Bruland, K. W, Burton, J. D, and Goldberg, E. I, Eds., Trace Merals
in Seawarer, Plenom Press, New York, 1983,

3. Buorion, I. D and Statham, P. Y., Occumence, distribution, and chemical speciation of some miror
dissolved consiiteents in ocean walers, in Environmental Chemistry, Vol. 2, Specialist Periodical
Report, Royal Socicty of Chemistry, London, 1982, 234,

2. Burton, 1. D. and Statham, P, J., Trace metals a3 tracers in the ocean, Philor. Trans. B, Soe. Landon
Ser. A, 325, 127, 1985,

4. Burlon, J. D, and Siatham, P, 1, Trece metals in seawater, in Heavy Metals in the Marine
Environmens, Rainbow, P. S. and Fumess, R. W., Bds., CRC Press, Boca Reton, FL, 1990, 5.

5. Bruland, K. W, Trace elemenis in sea-waler, in Chemical Oceanography, Yol. B, Riley, 1. P and
Chester, R., Eds., Academic Press, London, 1983, 157, '

6. Whitfield, M. and Turner, D. R, The role of particles in regulating the composition of seawater, in
Aguatic Surface Chemistry, Summ, W., Ed., John Wiley & Sons, New York, 1987, 457.

7. Shiller, &. M. and Boyle, E- A., Variability of dissolved trace metals in e Mississippi River,
Geochin. Cosmochim. Acta, 51, 3273, L5947,

8. Trefrey, J. H., Nelson, T. A., Trodioe, R. P, Metz, 5., and Vetter, T., Trace metat fluxes through
the Mississippd River delia sysiem, in Contaminant Fhires Through the Coasial Zane, Kulienberg, G.,
Ed., Rapp. P-v. Reun. Const. int. Explor. Mer., 19846, 277,

9. Shiller, A. M. and Boyle, E., Dissolved zine in tivers, Mature, 317, 49, 1985,

10. Martin, J.-M. and Windom, H. L, Presem and future roles of ocean margios in regulating marine
biogsachemical cycles of trace elements, in Ocean Margin Processes in Global Change, Mantoura,
R.F. C., Mastin, 1.-M., and Wollast, R., Eds., John Wiley & Sons, New Yedk, 1091, 45,



Li.

3

13,

14,
15.
16,
17

18.

.

Er 2

3

"35.

273

Chester, R, and Murphy, K. J. T., Meials in the marine atmosphere, io Heovy Metals in the Marine
Environment, Rainhow, P, 5. snd Furness, R. W., Eds., CRC Press, Boca Raton, FL, 1990, 27.
Buat-Ménard, ., Air to sea transfer of anthropogenic tmce metals, in The Rolz of Air-Sea Exchange
in Geochemica! Cycling, Bust-Ménard, P., Bd., NATO AS] Series. D. Reidel Pub. Co., 1985, 477.
Arimotn, K., Duce, I A., and Ray, B. J., Concentrations, sources and sir-sea exchange of trace
elements in the amosphere over the Pacific Ocean, in Chemical Oceanogpruphy, Vol. 10, SEAREX:
The SeaAir Fachange Program, Riley, J. P., Chester, B, and Duce, K. A, Eds., Academic Press,
Lemdon, 1989, 2T,

Zhuang, G., Duce, R. A., and Kester, I R, The dississolulion of stmospheric iron in surface
seawnter of the open acean, J. Grophys Rep -Oceart, 95(09), 6207, 1990,

Sunda, W. G, Trace metal interactions with marine phytopiankion, Biol, Oceamagr., 6, 411, 1991.
Wells, M. L., The availability of iron in scawster: 8 perspective, Biol Oceanopr., 6, 463, 1991,
Thempson, G.. Hydrothermal fuxes in the ocean, in Chemicaf Oceanagraphy, Vol. 8, Riley, J. P. and
Chester, B., Eds., Academic Press, London, 1983, 272,

Edmond, ). M., U.5. research oo oceanic bydmtherme] chemisiry: 19871990, in Rev. Geophysics,
Supp., 645, 1991.

. Rous, P. A, Bostydm, K., Laubler, L, and Smith, K. L Jr, Eds Hydrothermal Processes of

Seqfloor Spreading Centers, Plenum Press, New Yok, 1983,

von Damm, K. I, Edmond, J. M., Grany, B., Measores, . L, Walden, B, snd Welss, R. F,
Chemistry of submarine hydrothermal sobtions st 21*N, Fast Pacific Rise, Geochim. Cosmochim.
Acta, 49,2197, 1945,

. yorr Doy, K L., Edmond, J. BL, Mexsores, C, L, aned Gerant, B, Chemistry of suboueine Inydrothonmal

sohutions &t Graymas Basin, Gulf of CaEfomia, Genclire. Caonochim. Asia, 49, 2211, 1985
Moody, J. K. and Beary, E- 5., Purificd reagents for trace meta) analysit, Talornts, 29, 1003, 1982
Mart, L., Minimization of accuracy tisks in vollammetric ulirtmos deferminadion of beavy metals in
nstural waters, Talonrz, 29, 1035, 1982,

Schaule, B. K. and Patierzon, C. C., Lexd concentration in the Moaheast Pacific: evidence foc globa)
anthropogenic pertorbations, Farth Planet. $ci Letz, 54, 97, 1981.,

Martiin, J. B, Knawer, G. A., and Broenkow, W. W, YERTEX: the laieral transport of mangisse
it ihe noetheasi Pacific, Deep-Sea Res, 32, 1405, 1986,

Brulspd, K. W, Franky, R. P, Knaoer, G, A, and Martin, J. H., Szopling and analytical methods
for the determination of Cu, Cd, Za, and Ni af the nanogram per Lter kevel in seawster, Ansl. Chim.
Acta, 105, 233, 1574,

Hunter, C., Gordou, M, Fitrwader, 5., and Johnson, K., A mosettefwinch sysiem for the collection
of trace metal clean, large volome, discrete seawaler aamples, 0S5, T5(3), 150, 1994,

. Mart, L., Prevention of contamination and other accuracy tisks in vollammetric trace metal analysis

of nataral watery. J1. Collection of muface waler samples, Fresenius Z Anal Chem., 299,97, 1900
Boyle, E- A., Huested, 5, 5., and Jones, 8. F, On the distcibuwion of Cu, Ni, and Cd in the surface
waters of the Nonth Atlantic and Morth Pacifie Ocean, J. Geophys. Kes, 56, $048, 1981,

. Kremling, K., The distribution of Cd, Cu, Ni, Mn, and Al in sarface watess of the open Allantic and

European shell mreat, Deep-Sea Rex, 32, 531, 1985,

Danleszon, Lo G, Magnusson, B., sod Westerdund, 5., An improved mesad extraction procedure foo
the determination of trace metals in seawater by somic altorption specironsetry with electiothermal
stomization, Anal Chim Actz, 98, 47, 1978,

Bruland, K. W., Coale, K. H., and Mart, L., Analysis of seawater for dissolved Cd, Cu, and Pb: an
imercomparison of voltammetric and stomic sbsorption methods, Mar. Chem., 17, 285, 1985.
Swrgeon, K. E., Berman, & 5., Desaulnders, A., a0d D, 5. Russel, Pre-concentration of trace melals
frotn sea-wats Tor determination by graphite-fummses alomic-sbsorption specimometry, Talanta, 27, B3,
1980,

Sturgeon, K. E-, Berman, §. S, Dessvlnlers, 1. A. A, Mykytiuk, A. F., McLaren, J. W., and
RusseB, D. 5., Compasison of methods for the determination of trace elements in seawater, Anal.
Chem, 52, 1585, 1980,

. Klinkhemmer, G, Determinaion of manganste jo seawater by flameless somic ahsorplion $pec-

trometry afier pre-concentration with §-hydrexyquinoline in chiosoform, Anal. Chem., 52, 117, 1980

Landing, W. M. and Brutand, K. W., Manganese in the Nocth Pacific, Earth Planes. Scoi. Ler, 45,

45, 1980,



274

ir

38.

39.

41,

42,

43

£

&

47.

45

51.

5L

51

35,

56.

57.

Armannsson, H., Dithizone extraction and flame atomic ahsorption specirometry for the determing-
tion of cadmium, zinc, Jead, copper, nickel, cobalt, and silver in sca wales and biological tissoes, Anal,
Chim_ Acta, 110, 21, 1979, .

Smith, R. G., Jr. and Windom, H. L., A solveat extzaction tachnique for determining nanograrm per
lizer concentrations of cadmivm, copper, nickel, and zing in sea water, Anal Chim. Acta, 113,39, 1980.
Kioppston, H. M., Barnes, L. L., Brady, T. I., and Rains, T. C., Separation of eight 4rantition
clements from alkeli and alkaline earth ¢lements io gstuarios and sea water with chelating
resin and their determination by graphite furgace slomic sbsorption specirometry, Anal.
Chem., 50, 2064, 1578,

Stucgeon, B, E., Berma, 5. 5., Willie, 5. M., and Dessalniers, J. A. H., Pre-copcentration of trace
metals from seawater with silica-immobilized E-hydroxyquinoline, Anal. Chem., 53, 2337, 198].

. Landing, W. M., Haraldsson, C., and Pazéas, N, Vinyl polymer agelomerms based transition metal

cation chelating jon-exchange resin contining the B-hydmoxyquinolioe functional group, Anad. Chem .,
58, 3051, 1986,

Buyle, E. A. and Edmond, J. M., Determination of copper, nickel, and cadmivm in sea water by
APDU chelate copresipitation and flameless atomic absorption specirometty, Anal, Chim. Acta, 94,
189, 1977,

van Geen, A, and Boyle, E, Auomated preconcentration of trace metals from seawater and freshowe-
1er, Anal Chem, 62, 1703, 1990,

Niirnberg, H. W., Trace mnaiytical procedures with modern vollammetric determination methods 1o
the investigation and moailoring of eeotoxic heavy metals in natura] walers and atmospheric precipi-
tates, 5of. Tor. Emdron., 37,9, 1984,

. van den Berg, C. ML G, The slectruanalytical chemistry of sea water, in Chemical Jeeanopraphy,

Yaol. 0, Riley, 1. P. and Chester, Eds., Academic Press, London, 1988, [97.

. Mart, L. Noroberg, H. W., a0d Ruteel, B, Comparative studies on cadmium Jevels in the Nerth Sea,

Morwegian Sea, Bareniz Sea, and the Eactem Arclic Ovean, Freserivs 2 Anol. Chem., 317,201, 1984,

. Pihlar, B., ¥alenta, P, snd Niirnberg, H. W,, New high-performance analytical procedure for the

voltammetric determination of nickel in routine analysis of waters, biological muaterialy and food,
Frezenips 2. Anal. Chem., 307, 337, 1981.
Donat, ). R. snd Brudand, E. W, Direct determination of dissolved cobalt and nicke] in seawater by

cathodic stripping voltammetry precesded by collection of cyelohesane-1,2-dione dioxime complaxes,
Apral Cherr., 60, 240, 1988,

3 Durnﬂ,.].R.lndmﬂmBﬂg,C,MGﬂﬁmwasuippingm]mmﬁnmhudfnr.

determining organic Coppel complexation in seawaler, Mar, Chem, 38(1-2), 69, 1992,

Measnres, C. L. and Burton, J. D, Gas chromatographic method for the determination of selenite and
tolal selenlom in sea water, Aral Chine Acta., 120, 177, 1980,

IMeasures, C. L and Edmoend, J. M., Detsrmination of berylium in namural waiers in rcat time asing
electron capaure detection gas chromatography, Anal. Chem, 58, 2065, 1586,

Messures, C. L and Edivond, J. M., Shipboard determination of alumirim in seawater al the
raramolar level by electron capture detection gas chromategrephy, Aral Chem, 61, 534, 1985
Schanle, B. K. and Patlersom, C. T, Perurbations of the naturat Jead depth profile in the Sargasso
Sea by industrial lead, in Trace Metals in Seawater, Wong, C. 5., Boyle, B, Brulmd, K. W_, Burton,
L D, and Goldberg, E. D, Eds., Pleaium Press, New Yook, 1983, 487,

Flegal, A, B and Patterson, C. O, Vertical concentration profiles of lead in 1the ceniral Pacific s
13N and 2078, Earth Ploner Sci. Letr, 64, 19, 1983,

. Stokas, ¥. J. acd Wong, C. 5., Accurale and precise analysis of trace Jevels of Cu, Cd, Ph, I, Fe,

&nd Mi in sea water by isotope diluton mass spectrometry. in Trace Metals in Seawater, Wong, C. 8,
Boyle, E, Brdand, K. W, Burlon, 3. D., aod Goldberg, E. D., Eds., Plenum Press, New York, 1983,
513,

Berman, 5. 5., Stargeon, . E-, Desavlalers, ). A. H., and Mykyiiok, A, F., Frepanition of the sea
water reference material for trace metals, NASS-1, J. Mar. Pollu, Bufl, 14, 69, 1983,
Eeauchemin, IN. and Berman, 8. 5. Determination of trace metals in yeference water standards by
inductively coupled plasma mass tpectrometry with on-line preconcentration, Anal. Chem., 61, 1857,
1989,

Picpgras, D. J. and Wasserburg, G. J.. Meodymivm isotopic vadations in sca water, Fartk Planet,
Sei. Lers., 50, 128, 1980,

Eiderfield, H. and Greaves, M. J., The rare earth elements in seawater, Najure, 256, 214, 1952



55.

&0,

&1.

62

63.

7.

6E.

L1

a9

70.
.

T

13

4.

75

146

TE.

T9.

il
B2

275

Elderfield, H. and Greaves, M. I, Determination of the rare carth elements in sea water, in Trace

Metals in Seaweler, Wong, C. 5., Boyle, E, Bruland, K. W.. Burton, J. D., sod Goldberg, E- D, Bds.,
Plenum Press, New York, 1983, 427,

German, C. B and Elderfield, B, Rure carth elements in Saanich Inlet, Brtish Colunbia, a
seasonally anoxic basin, Geackim Cosmachim Ackz, 53, 1561, 1989,

German, C. K. and Elderfield, 7., Rare carh eleroents in the NW Indian Ocean, Geochin. Commochim
Acita, 54, 1929, 1990, '

Orians, K. J., Boyle, E. A., 8nd Bruland, K. W., Dissolved titanivm in the open ocean, Natre, 348,
322, 15990, :
Falkner, K. K. and Edmond, J. M., Determination of gold st ferntomolar Jevels in natural waters by

flow injection inductively coupled plasma quadrupole mass specirometry, Anal. Chem., 62, 1477,
15490

Falkner, K. K. and Edmond, J. M., Gold in scawater, Eorth Planer. Scl. Leti., 98, 208, 1990,

. Boyle, E. A, Handy, B, and van (Geen, A., Cobakt determination in narnural waters using cation-

exchange liquid chromatography with luminol chemileminescence detection, Anal. Chem, 59, 1499,
1987,

. Sakemoto-Arnold; C. M. and Johnsom, K. 5., Datermination of picomolar kevels of cobalt in

seawiter by flow injection analysis with chemi lumninescence detection, Anal. Chem., 59, 1789, 1987,
Coale, K. H_, Stoat, F. M., Johnson, K. 5, and Sskemote, C. M., Determination of copper in
seawater using a flow injection method with chemiluminescence detection, Anal. Chim. Acte, 266, 345,
1992,

Chapin, T. P, Johnson, K. 5., aod Coale, K. B, Rapid determination of manganése in ses water by
flow injexction analysis with chemiluminescence defection, Anal Chim. Acta, 249, 469, 1991,
Elrod, V. A., Johnson, K. 8., and Coale, K. H., Dedermmination of subnanomelar levels of iroo(T) an:d
tocal dissolved irom fin seawater by flow injection mmalysis with chemilominescence detection, Anal
Cher, 63, 633, 1991, :

Obata, H., Karatani, i, and Naksyama, E, Avtomated determin of iron in seawater by chelating
metin concentration and chemilominescence detection, Anal Chem_ 65, 1524, 1993,

Cutter, &. A., Species determination of selenium in natural waters, Anzl Chim. Acta, 98, 59, 1978,
Cutiter, G. A., Elimination of nitite interference in the detsrmination of Se by bydride gensration,
Anal. Chim. Acta, 149, 391, 1983.

Andress, M. O, The determination of the chemical species of somes of the “hydride clements™
{(arsenic, antimony. tin and germaniem) in seawater: methodolosy and resulis, in Troce Metale in
Seawater, Wong, C. §., Boyke, E.. Bruland, K. W\, Burion, J. D, and Goldberg, E. D, Bds., Plenum
Press, Mew York, 1983, 1.

Gil, G. A. and Bruland, K. W., Memcury speciation it swfacs freshorster systerns in Califorois and
other areas, Emarore Sci Techno!, 24, 1392, 19340,

Gill, G. A. and Fitegerald, W,, Picomolar meroary measurements in seawater and other materials
using sanncus chloride redoction and wo-stage gold amalgaoadon with gas phase detection, Mar,
Chem 20, 727, 1987,

Cutter, L. 5., Cuiter, G. A, and San Diege-McGlone, M. L. €, Simelaneous determinstion of
inorganic arsenic and entimony species in natural waters using selective bydde pencration with gas
chromatography/photoionization detection, Anal Cheme, 63, 1138, 1991,

Boyle, E. A., Sdater, F., and Edmvond, J. M., On the marine chemistry of cadmium, Nature, 263, 42,
1976. .

Martin, J. KL, Bruland, K. W_, and BEroenkow, W, W., Cadmium transpoct in the Califorrda Current,
in Marine Pollutint Trangler. Windom, H_and Duce, R, Bds., D.C. Heath, Lexingion, MA, 1976, 155,
Bruland, K. W, Oceanographic distribudons of cadmiam, zine, nickel, and copper in the Novth
Pacific, Earth Flaner, S Lerr, 47, 176, 1980

Brulend, K. W, and Franks, R P, Mn, Ni, Cu, Zn and Cd in the westemn nonth Atlantie, in Trace
Metals int Seawater, Wong, C. 5., Boyle, E., Brulard, K. W, Bunton, ). D., ard Goldberg, E D, Eds.,
Fletom Press, Mew York, 1953, 395,

Aroland, K. W, Knaver, G. A., and Martln, J. H., Zinc in pocth-east Pacific water, Natere, 271,
741, 1978,

Hydes, D. J, Aluminium in seawater: control by inocganic processes, Science, 205, 1260, 1989,
Hydes, D. J., Distribution of aluminium in waters of the Morth East Adantic 25°N 1o 35N, Geockim.
Cosmachim. Acta, 47, 987, 1983,



276

B3

85

B4,
BT,
BE

E9.

91.

94,
95.

D&

58,

100.
101
101

102
105,

104,
105,

106,
107.

107a.

108,

Moore, R. M., Oceanographic distributions of zine, cadmiom, copper and aluminum in waters of the
centeal Arctic, Geschim. Cosmochim. Acta, 45, 2475, 1981,

Odalsson, I, Merany concenimtions in the Morth Atlankic in relation & cadmivmm, atominivm, and
oceanagraphic patametess, in Trace Metals in Scawater, Wong, C. 5., Boyle, B, Buland, K. W.,
Burton, J. ., and Goldberg, E. D, Eds., Pleourn Press, New York, 1983, 4735,
Beasures, C. I, Grant, B., Khldem.hlque.nsqlndmm.l.hl,DiNﬂMﬁmofﬂt,hL
Se. and Bi in the surface waters of the western Nosth Atlantic and Caribbean, Earth. Flaner. Sci. Lenr,
M, 5, 1984,

Orlans, K. . uod Broland, K. W., Dissolved aturninum in the central North Pacific, Nanre, 316,427,
1935,

Orians, K. J. and Brutand, K. W., The biogeochemistry of aluminum in the Pacific Oczan, Earth
Flanet. 8ci, L, 78, 397, 1986

Moare, R M., and Millward, G. E., Dissolved-particulate interactions of aluminium in ooean waters,
Geovhim. Cosmochin. Acta, 48, 233, 1984,

Measures, C. L, Edmond, J. M, sod Jickedls, T. [, Aluminium in the parthwest Atlantic, Geochim,
Cosmochim. Acta, 50, 1423, 1986,

MacKenaie, F. T., 5toffyn, b, and Wellast, R., Alomioum in seawster, contol by biological
activity, Science, 199, 680, 1978.

Caschetto, §. and Wallast, K., Vertical distibution of dissolved aluminum io the Medilcrancan Sea,
Mar. Chem., 7. 141, 1975,

Hydes, D. J, De Lange, G. J., and De Bazr, H. J. W., Dissolved aluminium in the Mediterrancan,
Geockim. Cosmochim, Acta, 52, 2107, 1988,

Measures, C. L and Edmond, J. M, Aluminium a5 a tracer of the deep outflow from the Mediter-

-tapean, J. Geophys. Rer, 93, 531, 1988.

Boyie, E. A and Edmond, J. M., Capper in surface waless south of New Zealand, Mamre, 253, 107,
1975,

Bovle, E A, Sclater, F, snd Edmond, J. L, The distribution of dissolved coppes in the Pacific,
Earth Planet. Sci. Letr, 37, 38, 1977.

Gordon, K. ML, Martio, ], FL, and Knaver, G. A, Iron in northeast Pacific walers, Nawre, 299,611,
1982,

Landing, W. M. and Brofand, K. W, The contrasting biogeochemistry of iron and manganest in the
Pacific Ocean, Geochim. Cosmockim. Acta, 51, 19, 1987. -

Martin, 1. H. and Gordou, B. M., Noctheast Pacific iron distributions in relation to phytoplankten
productivity. Deep-Sea Res., 35, 177, 1988,

. Moare, B. M., The distribution of dissolvwed copper in the sastern Atlantic Ocean, Earth Flarer, Sci,

Lere, 41, 451, 1978,

Measores, C. L. and Fdmond, J. M., Aluminium in the South Atlantic: sleady stale distribution of a
shor residence time element, J. Geophys Rer, 95 C4, 5331, 1950.

Martln, J. A., Gordan, B, M., Fitewater, 5 and Broenkeow, W. W, VERTEX: phytplankton/iron
studics in the Gulf of Alaska, Deep-Sea Res., 36, 649, 1989.

Skrabad, 5. A., The estazcine and marine peochemistry of titanium, PhDD. thesis, Unlvessity of
Delaware, Newark, 1993,

Orians, K. J. and Bruland, K. W., Dissolved gallium in the open coean, Nature, 332,717, 1988,
Shiller, A. M., Enrichment of dissolved gallivm relative to aluminem in natursl waless, Geochim
Cosmochim. Acia, 52, 1879, 1988

Koide, M., Stallard, M., Hodge, V- and Goldberg, E. D, Preliminary studies on the marine
chemistry of cuthenivm, Netf J. Sea Res, 1986,

Goldberg, E- D, Hodge, V. F,, Kuy, F., Stallard, M., and Koide, M., Some conLparative Toanne
chemistries of platinum and iridium, Appl. Geochem, 1, 227, 1986. :

Lee, D, 5., Palladiurn and nickel in northeast Puwcilic walers, Nasmre, 305, 5929, 1982,

Koide M., Hodge, V., Yang, . 5, and Goldberg, E. I, Delarmination of chenium in marine waters
and sediments by graphits furhace slomit absorption spectrophotometry. Anal, Chem., 59, 1802, 1987,
Colodner, In C., Boyle, = A, and Edmond, §. M., Determination of rbenivm and platinam in natural
waters and pediments, and ifidium in sediments by flow injection isolope dilution inductively coupled
plasms mass spectrometry, Anal Chem, 63, 14156, 1993,

Lee, I, 5. and Edmond, J. M., Telluriam species in seawaer, Narure, 313, 782, 1985,



109,
10,
111,
(R 2
1122
112b,
113.
114.

115.

114,

17,
11E.

11%.
124,
125,
12
173
124,
125,

126.

127
138,
129,

130,

i3l
_132.

123,

o277

Hodge, V. F., Stallard, M., Kolde, M., and Goldberg, E. Db, Platinum and the platinum encmaly in
the marine environment, Earth Planer. Sci. Lent.. 72, 158, 1985,

Hodge, V. F,, Staltard, M., Kolde, M., snd Goldberg, E: D, Determination of platinum and iridium
in maring walters, sediments, and organisms, Anal. Chens, 58, 616, 1986,

Goldberg, E D)., Companative chemistry of the platinum and other beavy metals in e marine
environment, Pure Appl. Chem., 39, 565, 1987,

Jucinto, G. 5. and van den Berg, C. M. G., Different behavioe of platinum in the Indian and Pacific
Oceans, Nature, 338, 132, 1989,

McKelvey, B. A. and Ordang, K. )., Dissolved rirconium in the North Pacific Ocean, Geookim.
Cosmochim, Acta, 57, 3801, 1993,

McEelvey, B. A, amd Orians, K. J,, The marine goochemisiry of zirconium and bafrium, £GS5, 75(3),
T8, 1994,

Synda, W. G. und Huntsman, 5. A. Fffect of sunlighl on redox cycles of manganese in the
southwestem Sarpasso Sea, Peep-Sea Res., 33, 1297, 1043

Sunda, W. G. and Hustsman, 5. A, Del cycles in microbial manganese oxidation and mangansse
redox speciation in coastal waters of the Bahama Islands, Limno!, Oreanogr, 35, 329, 1990,
Sonda, W. &. and Bunisman, 5. A., Effect of competitive interacfions between mangzocse and
copper on cellular manganese and growth in estusring and tceanis species of the distom Thalessiosireg,
Limnol Oceanopr., 28, 924, 1982,

Martin, . H. and Fitzwater, §, E., Iron deficiency limits phytoplaniton growth in the sortheast
Parilic subarctic, Nature, 331, 341, 1983

Martin, J. H., Gordon, R, M., sod Fitzwater, 5., Iron ia Antarctic waters, Nature, 145, 156, 1990.
Waite, T. D and Mowel, F. M. M., Photareductive dissohrion of colloidal iron oxides in paniral
waiers, Environ. Sci Technol, 18, 860, 1984,

Rich, H W. and Morel, F. M. M, Availability of well-défined iron colloids to the marine diatom
Thalassiosire weisgflogs, Limnol Ocecmogr., 35, 652, 1990,

MalTett, J. W. and Zika, R. G., Ozidation kinetics of Cu{l) In seawater: implications for its existence
in the marine environment, Mar. Chem, 13, 239, 1983,

MofTett, I. W. and Zika, K. G., Measurement of copper(l) in surface waters of the subtropical Atlantic
and Gulf of Mexico, Geochim. Coymochim, Acta, 52, 1849, 1958,

MofTett, J. W, Zika, R, G., and Brand, L. E., Distribution and potential govrces and sinks of copper
chelators in the Secgassoe Sea, Deep-Sea Res, 37, 27, 1990,

Farley, K. J. and Morel, F. M. M., Role of coagulation in the kineics of sedimentaion, Enviror. Sci
Technod., 20, 187, 1986,

Hooeyman, B. D. and Santechi, P, H., A Erownisn-pumping mods] for ocesnic trace metal scaveng-
ing: evidence frorn Th Isotopes, J. Mar. Res., 47, 951, 1989,

Moran, 5. B, and Moore, . M., The distribution of colioidat aluminum and ofganic carbon in coastal
#nct open ocean waters off Nove Scotia, Geochint Cosmochim. Acta, 53, 2519, 1989,

vah den Berg, C. M. G, Delermination of copper complexation with naturn] organic lipands in
seawaler by equilibration with MnGy. 11, Experimental procedires and epplication ta surface seawster,
Mar. Chem, 15, 323, 1532

Davis, J. A, Complexation of trace metals by adsorbed namural orgamic matter, Geockim. Cosmockin.
Acita, 48, 679, 1984,
Dﬂﬁs,].A..:lndhtki:.J.OquftquldsurbﬁdmnmiﬂingHgandsmmmﬂalupmkeby
hydrous oxides, Environ. Sci Technal, £, 1309, 1978,

Bourg, A, C. M. end Schindler, P, W., Temary surface complexes. 1. Complex formation in the
system silica-Cufil}-ethylenediamine, Chimia, 32, 165, 1978,

Spencer, D. W. apnd Brewer, P, G, Vertical advection diffusion and redox polentials as controls on
the distribution of manganese and olher trace metsls dissolved in waters of the Black Sea, J. Geophya,
Rex., 76, 3577, 1971,

Emerson, 5., Crunston, B. B, and Liss, P. 5., Redox species in a reducing ford: equilibium and
kinelic considerations, Deep-Sea Rex., 264, 8§59, 1979.

Bacon, M. P., Brewer, P. G., Spencer, I W, Murray, 1. W, and Goddard, J., Lead-210,
polonium-210, manganese, and icon &0 the Caniaco Trench, Deep-Sea Res, Z7A, 119, 1980
Measures, C. 1, McDuff, K. E, and Edmond, J, M., Seleniam redox chemistry at GEQSELCS I
reoccupation, Earth Planet. Sci. Lett,, 49, 102, 1980,



278

134,

135,
136

137
138.

139,

140,
K4l

142

143,
144.

145.

146.
147.

148,

149.

150.

151,
152
1534,

154,

155.

136.

157

Mensares, C. L, Grant, B, €, Manguo, B, J., snd Edmond, J. M., The relationzhip of the
distritution of dissolved selentum TV and V1 in thres oceans to physkesl and biokogical processes, in
Trace Metals in Seawater, Wong, C. 5. Bovle, E.. Bruland, K. W, Burem, J. D, and Goldberg, E. D.,
Eds., Pleanm Press, New Yok, 1983, 72,

Cutter, G. A, Selenium in educing waters, Soence, 217, 829, 1962,

Cutter, G. A and Bruland, K V., The marine biogeochemisiry of sekninm: a re-cvaluation, Limnol,
Oceanogr., 7%, 1179, 1984,

Murrar, J. W, Spelt, B, and Paul, B, The conirasting geochemisiry of manganese and chromium
in the easteen tropical Pacifie Ocean, in Troce Metaly in Seawater, Wong, C. 5., Boyle, E, Bruland,
K. W., Burion, }. D., and Goldberg, E. D., Eds., Plamum Press, New York, 1983, 643,

Furver, D. &., Whitlield, M., and Dickson, A. G. The equilibriurn specistion of dissolved compo-
nents in freshwater and seawater af 25°C and | st pressure, Geochine Commochim. Acta, 45, BSS,
1981,

Pyrne, R H, Kump, L. K., apd Cantrell, K J., The influence of temperatare and pi on tce metal -
specialion in ceawaler, Mar. Chem, 25, 163, 1988,

Ringbotn, A, Complesarion in Analytice! Chemistry, Wiley-lmencience, New York, 1963,
Zaliriou, O. C. and True, M. B_, Interconvertion of Fe(lIl) hydroxy complexes in scawnler, Mor.
Chem., &, 281, E580.

Huodsoo, B J. M. and Morel, F. M. M., fron fransport in marine phytoplankton: kinetics of ocllular
and medium cooedination reactions, Limneal. Ceeanogr., 35, 1002, 1990

Andrese, M. O, Determination of arsenic specics in namn! waters, Anal. Chem, 49, 820, 1977,
Andrear, M. 0., Anecnic speciation in seawaier and interstitial waters. the infloence of biclogical-
chemical interactions on the chemistry of & traoe element, Limual Oveanogr., 24, 440, 1979,
Hambrick, G. A, I, Froelich, P. M., Ir., Andress; M. O., and Lewis, B. [, Determansiion of
methyigermanium species in paterad walers by praphite furoace stomic sheorption spectrometry with
bydrids generation, Anal. Chem., 56, 421, 1984,

Lawis, B. L., Froddich, P. N., and Andrear, M, 0., Mathylgermanivm in nanorel watérs, Notere, 313,
313, 1985,

Mason, R. F. end Fitzgerald, W. F., Alkylmercury species in the equatorial Pacific, Masers, 347, 457,
1990

Andrese, M. O, Ammodé, 1.-F,, Foster, P, and Van't dack, L., Determination of antimony (00},
antimony {\), tnd methylantimony species in natural walers by graphite furnace atomic absorption
spoctromelry with hydride generstion, Azal. Chem., 53, 287, 15981,

Byrd, J. T. and Andrese, 3. T., Tin and methyltin species in seawater: concentrations and fluxes,
Feience, 218, 365, 1981,

Andrese, M. (. and BEyrd, J, T, Determination of tin and methyltin specics by hydade generation
and dessction with graphite-funace aumhic shsoption o flame emission specromety. Aral. Chim
Acta, 155, 147, 1984,

Harvey, H. W, Biologiced Chemistry and Physics of Sea Wager, Cambridge University Preas,
Cambridge, 1928, '

Cooper, L. H. N,, Some conditions governing the solubility of iron, Proc. R Soc. London, B124, 299,
1937, :

Maniours, R. F. ., Organo-metallic interactons in nadural waters, in Marine Organic Chemistry.
Duursmoa, E. K. and Dawson, R., Eds., Elsevier Scitnoe Publ. Co., New York, 1921, 1'%,

van den Berg, C. M. G, Buckley, P. J. M, and Dharoranl), 5, Deiermination of igand concen-
irations nnd conditional stability constants in seawater. Compazison of the DFASY and MnCh, adsompion
techniques, in Complecotion of Traee Merals in Naral Waters, Kramer, C. 1. M. and Duinker, ). C.,
Eds., NijhofifJunk Publishers, 1984, 213,

Sunde, W. G. and Ferguson, R. L. Sensitiviry of nanmral bacerial communities bo additions of copper
and o cupric foo sctivity: a bicassay of copper complexion in seawater, in Troce Melals in Seawater,
Wong. C 5., Boyle, E., Bruland, X. W, Burton, ). D., and Goldberg, E. D., Eds., Plenum Press, New
York, 1983, §71.

van den Berg, C. M. G, Dotermination of the romplexing capacity and conditional stability constants
of compdexes of copper (T1) with naniral arganic Lgands in seawater by cathoddie simpping voltammetry
of copper-catechol complex ions, Mar. Chem., 15, 1, 1984,

Buckley, P. J. M. ard van den Beeg, C. M. G, Copper complexation profiles in the Alaniic Ccean,
Mar. Chesz, 19, 281, 1986,



158,

159,
160
161.
I6la
16ib.
162,
163
164.
165,
166.
ta?.
168.
169,
170,
1.
172
173.
1T2a

173b,

174,
173,
174,
1717

178.

1.

180,

279

Sunds, W. 5. and Huson, A. K., Jo., Meawirement of free cupric ion conceniration in seawster by
& ligand competition lectnique involving copper sorption onto Cy Sep Pak cartridges, Limnol
Ooeanogr, 32, 537, 1987,

Molfett, J. W. and Zlka, B. G, Selvent exiraction of copper acetytacetonate in studies of copper ()
speciation in seawater, Mar. Chem, 21, 301, 1987.

Coale, K. H. and Brulaod, K. W., Coppéer complexation in the Northeast Pacific, Limnol, Cceanogr.,
33, 1084, 1988.

Coxle, K. H. mdBmhnﬂ.K.Wquuh]mdumwnlvuiabiﬁtyinmppﬂmmpkxuiminum
North Pacific, Decp-Sea Res, 47, 317, 1990

Donat, J. B and Brutand, K. W., Organic copper complexation in Sargasio Sca surface waters:
comparisen 1o the Morh Pacific, EQS, 73(51), 44, 1993

Donat, J. R, Lao, K. A, snd Brulapd, K. W., Speciation of dissofved copper xad micke] in sonth San
Francisco Bay: & mulli-method approsch, Amal. Chim Acta, 2BA(1), 547, 1994,

van den Berg, C. M. G, Delermination of the ginc compleaing capacity in scawaler by cathadic
siripping voltammetry of zinc-APDC complex. jons, Mar. Chew, 16, 121, 1985.
Bruhnd,K.Wﬂﬂuuﬁcrjm:puhﬂanmpl:uﬁmufﬁmhmuﬂmg-ﬁc ligands in the
central Nonh Pacific, Limisol. Oceanogr., 34, 267, 1989,

Donal, ). K. aod Bruland, K. W, A comparison of rwo voltammetric technigues for dedermnining zinc
speciation in Northeast Pacific Gcean waters, Mar, Chem., 18, 301, 1990,

Mantoara, B. F. C., Dickson, A., and Riley, J. P., The complexation of metals sith bumbc materials
i nataral waters, Exfuorine Coastal Mar. 5o, 6, 387, 1978,

Bruland, K. W., Complexstion of cadmium by mators] ocgasic ligands in the central Nosth Pacific,
Limnol. Oceanagr., 37(5), 1008, 1992

Capodaglio, G., Coale, K. 1L, and Bruland, K. W., Laad specistion in surface waters of the Eastero
Mowth Pacific, Mar, Chem, 29, 221, 1950,

Zhanp, H., van den Berg, C. M. G, apd Wollast, B, The determination of infamctions of cobalt ¢1I)
with organic compounds in seawater using cathodic stripping volammetry, Mar, Chem., 28, 285, 1990,
van den Berg, C. M. G, and Nimma, M., Determination of intaractions of nickel with diztolved
organic material in seawater using eathodic strippiog voltammetry, Sci. Tor. Emviron, €0, 185, 1987
Ninmo, M., van dea Berg, C. M. G., and Brown, J., The chemical speciation of dissolved nicked,
copper, vanadium, and iron in Livempool Ray, Irish Sea, Evmaring Coastal Shelf Sci, 29, 57, 1989,
Sholkoritr, E- R., Bayle, E. A., and Price, N. B, The removal of dissolved bumic scids and fron
dizring estuarine mizing, Earth Planes Sci. Lew., 40, 130, 1978,

Boyle, E- A., Edmond, }. M., and Sholkovitz, E. B, The mecharism of iron removal in cstuaries,
Geockim Cosmochim Acta, 41, 1313, 1977,

Sholkovitz, E. R., The Nocoulation of dissolved Fe, Mn, Al Cu, Ni, Co, and Cd during estuarine
mixing, Earth Planei. Sci. Len., 41, 'T7. 1978,

Gledhifl, M. and van den Berg, €. M. G, Determinalion of complexation of Fe(I} with natural
Mganic complexing ligands uring cathodic strppiog yolmmerry, Mar. Chem
Rut.E.LlndBrnhnd,le,Cumpmumofﬁ{ﬂnbymwwpnic tigands in the cenral
Nofth Pacific a5 determined by competitive Ligand equilibmtioa’adsocptive cathodic stripping
voltarmetry, Mar, Chem., submitied.

Juhostoa, R, Seavrater, the natural medium of phytoplankton, 1. General features, J. Mar. Biol, Assoc.
UK, 43, 427, 1963,

Johnston, R., Scawster, the natural medium of phytoplanktos. 1. Trace metals and chelstion, and
general discussion, J. Mar. Biol. Assoc. UK, 44, 87, 1964,

Barber, K. T. and Ryther, J. B., Organic chelators: factors affecting primary production in the
Cromwell Current upwelling, J, Exp. Mar, Biol. Ecol, 3, 191, 1969.

GrilL, E., Winnacker, E- L., aod Zenk, M. HL, Phytochelstios: the principal heavy metal-complexing
peptides of higher plants, Science, 230, 674, 1583,

Grill, E., Winnacker, E L, and Zenk, M, H., Phytochelntias, a class of hervy metal binding peptides
from plants, & functionally analogous to metsliothioneins, Proc. Nasl Acod. Sci. t1.5.A., 84, 430,
1987.

Gekeler, W, Grill, E., Winnacker, E. L., and Zenk, M. H., Algae scquester heavy mesals via
eynihesis of phytochelatin complexes, Arch Microbisl, 150, 197, 1988,

McKnight, D. M. and Morel, F. M. M., Release of weak s strong copper-complexing agents by
algee, Limaol Oceanopr, 24, B23, 1979,



181.

[82.

1E3.

184,
185,
185.
187,
188.
183,
190
191.
192,
193,
194,

195,

196

197,

198,

199,

201.

202,

203.

Watechary, J. B, Watsen, 5. W., Guillard, R_ K. L., and Braod, L. E., Widespread occurrence of

a unicellular marine planktonic cyanobacterium, Matwre, 271, 293, 1979,

Glover, H. E., Kdler, M. D, and Gultlard, R. R. L. Light cpuatity and oceanic ultraphyioplankters,

MNature, 115, 142, 1986.

Ilurriags, R. and Marra, J., Temporal and spatial variability of chroococeoid cyancbacteria

Synechococous spp. spocific growth Taies and their coniribution ko primary production in the Sargasso

Sea, Mar. Ecol Prog, Ser, 44, 175, 1988

Brand, L. E., Sunda, W. G, and Guillard, R. R. L., Redoction of marine phytoplankton reproduction

rates by copper and cadmivm, 4. Exp. Mar. Biol. Erel, 96, 225, 1966,

Bruland, K. W., Donat, J. K., and Hutchins, I, A, Interactive influsnces of bioactive trace motals

oo biclogical production in ocesnic walers, Limnol. Qceanogr., 36{8}, 1535, 1991,

DiTullio, G. R. and Laws, E. A., Impact of an simospheric-oceanic disiurbance on phiytoplankion

community dynamics in the North Pacific Central Gyre, Deep-Sea Res., 38, 1305, 199].

Brand, L. E., Sunda, W. G., and Guillard, R, R. L, Limitarion of marine phytoplankion reproduc-

tive rates by 2ine, mangacese, and iron, Limeel Oceznegr., 18, 1182, 1983

Frice, N. M., Andersen, L. F., and More, F, M. M., lron and nitrogen nutrition of equatorial Pacific

plankton, Deep-Sea Res, 38, 1361, 1991.

Price, N. M. and Morel, F. M. M., Cadmium and cobalt substitution for zine in a zinc-deficient marine
digiom, Nanere, 344, 658, 1990,

Swift, D. G., Vitamins and phyioplankton growth, in The Physiotogical Ecology of Phytoplankion,

Morris. L. Ed.. Blackwell Scieatific Publications, Onford, {980, 329,

Pitner, L J. and Altmeyer, V. L., Vilamin B,, binder and other algal mhibitors, J. Phycol, 15, 391,

1979, ;

Sdater, F. F., Boyle, E. A, and Edmond, J. M., On the matins geochemistry of nickel, Earth Planer

Sel Lew, 31, 119, 1974,

Price, N. wnd Mored, F. M. M., Co-limitation of phytoplankion growth by nickel and nitrogen, Limnad,

Oceanogr., 1991,

Sunda, W. ., Barber, . T., and Huntsman, 5. A., Phytoplankion growth in outrient rich scawater;
importance of copper-manganease cellular interactions, J. Mar. Res, 3%, 567, 1981,

Murphy, L. 8., Guillard, . . L., and Erown, J. F The effects of inon and manganese on copper
sensithvity in diators: differences in the responses of closely relats] neitic noeanic species, Biol,

Deeanogr., 1, 187, 1984, ¢

Sunda, W. G, Meritic-oceanic trends in trace-metal toxicity o phytoplanklon communities, &n
Froceedings of the Fourth [nteraationat Ocean Disposal Symposium, Plymouth, England, Apeil 1883,
1986, 19.

Rueter, J. G. snd Morcel, F. M. M, The interacticn between zine deliclency and coppes toxicity as
it affects the silicic acid uptake mechaniems of Thalasriosiva preudonana, Limnol. Oceanogr., 26, 6T,
1981,

Fosier, P. L. and Mocel, F. M. M., Reversal of cadmiumn loxiclty in a distom: an interaction belween
cadmium activity and iron, Limnol. Oceancgr., 27, 745, 1982,

Harrkson, G. L and Morel, F. ML 3, Antagonism between cadmiunt and iren in the marioe distom
Thalasciasira weisflogii, J. Phycol, |9, 455, 1983,

Harrison, G. 1. and Morel, F. M. M., Response of the macine disiom Thalessiosirg welsglopii toiron
stress, Limnol Ocegnogr., 31, 989, 1986,

Menzel, Tr. W., Hulbart, ¥ M, and Ryther, J. B, The effecis of enriching Sargasso Sea water on
the production and species composition of phytoplankton, Deep-Sea Rex., 10, 209, 1946,

Barber, R. T., Organic ligands and phytoplanddon growth in notrient-rich seawaicr, in Trace Metals
and Metal-Organic Inieraciions in Natural Waters, Singer, P, C., Bd., Ann Arbor Science, Ann Arber,
ML, 1973, 321,

deBaar, H. 1. W., Bumna, A. G. J., Notting, B. F., Cadee, G. C., Jacques, G., and Treguer, P. Jo
Om iroo Limitation of the Southemn Ocean: experimental observations in the Weddzll and Scotia Seas,
Mar. Ecol Prog. Ser, 65, 105, 1990,

. Hums, A. G. J, deBasr, H. J. W, Nolting, R F, and van Benpekom, A, J.. Metal endchment

experiments in the Weddell-Scolia Seas: effects of Fe and Mn on various plankion eommunitics,
Limnof. Oceancer., 36(8), 1865, 1991,



g

&

03,

208

281

Sleemann-Nielzen, . and Wium-Anderson, 5., Copper fons as poison in the sea and in fresh water,
Mar. Binl, 6, D3, 1970,

Huntsian, §. &. and Sanda, W. G., The 5ole of trace melals in regulting phytoplankion growih, in
The Physiviogical Ecology of Phytoplankien, Morris, 1., Bd., Studjes in Ecology, Yol 7, Blackwell
Scientific, Oxford, 1980, 285.

Stauben, I. L. and Florence, T. M., Interactions of copper and manganese: a mechanism by whick
manganess alleviales copper loxicity to the marine diatorn, Mitzschia dosrenium {Ebrenberg) W. Smith,
Aguat Toxicol, 7, 241, 1985,

Hering, J. G, Sunde, W. G, Ferguson, R, L., and Morel, F. M. M., A ficld comparison of two
methods for the delermination of COpper complexation: bacterial biowssay and fixed-potential
amperometry, Mar. Chent, 20, 299, 1987, '
Huizenga, D. L. and Kester, D, B, The distribution of 1otal and elecrochemically available copper
in the northwestern Atlantic Ocean, Mar, Cherr, 13, 281, 1983, '



