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. Abstra-ajt o L .

Three investigations relatlng,to the behaV1or "
. \

of Fe, Mn, Cu, and Zn, in coastal.waters are_prqsentea:
- > ¥ - N #+ ¢

- ¢ ~
a spatial distribution study ef surface watens in the

Gulf bflﬁt Lawrence, a temporal study of the spring - \
flowerlng 1n St. Margaret 8 Bay, Nova Scc%la, and a

laboratory $tu&y %i aerosol fractlonatlon of dlssolved *

J/transgtlon metals. It was»concluded that' Fe and Mn . ’ ) -

, are clearly nongcgservatlve in both env1ronments, the

-

*

1

time scale of removal being less than one year. Ghem—
|

I (¥4 -
ital fmectionation of dissolved Cu in coasfal sedwater
does ccuur, but its mag tude is probably not sufficient .

to account for observed _enrichments of Cu 1n,th& mmarine

a

atmosphere.. The chemical mechanlsm‘ofufractlongtlon
iﬁvoives metal—pinding crganic colloids which seque%ter

d 31gn1flcant fractlon of dlséolved Ca in coastal seawater.
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o -01pally V1a rlvers and the tmosphéae. The ultlmate fate

[}

of dlssolved trace metals in'y he ocean f@?lncorporatldn .

into the- sediments. The res1dence times*of some transttién,

L d .
°

L metals are’on the grder of on less than the mixing tlme of

@

the oceans, which means that spatial and temporal 1nhomo~

5 8

geneities may be expecfed. The oceanographlt dlstrlbutlon

of = nonconservatlve-elément is 1nf1uenced by the moda of

introduction,, the mechanism of removal and any 1nvolvement‘

v

in internal cyeling processes. . ] ‘

The- observation that trahsition metals are enriched in
L 3 \ .

{
the sea surfaqe microlayer (e.g. sea,aQ}cks) provided the -

~ - M -
,fmaln 1mpetus for this research. Microlayer enrichments KA

o-”

. imply sea-%o-air fractionation, and chemical frac¥ionation

P

might be the rTeason for the observed enrichménts of certain’
’“ .

» .

and ‘aerosocl enmrichments maf‘bé an indication of metal-or-
ganic dbmbigxqé in seaﬁéter.t These'céuld-be'the produc?’bf‘
’bfélogical fixation anaiogous t&aorganié‘nitrogen and phos—
phorus. Blologlcal utlllzatlon of tran31tlon metals might
cause; thslr oceanic dlstgﬁbutlons to resemble those of ni~
trogen, phosphorus, or 5111con. These are the underlylng
1deas that stimulated the three 1nvestlgatlons comp081ng .

-

thls the51s. -

metals in”the marihe atmosphere. Sea surface micrelayer -~ .

o

1Y
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. I. ' Chemical Fra&tlonatlon ot Dlssolved Tran51tlon Metals

- . The Naturql Oocurrence,of phemlcal Fractmonablon ’ ) t

‘2/ ) )‘j‘*“ T test whether gerosol tractionation occurs naturally”, .,
'“; .(in*cogstal'mériﬁo woteré,*o &e%ies o} exﬁerimenF5ewere pér-
. i . 'xfofmed_in~fgnjunction'with‘fhe'regularﬁsampliog program in - ': -
St. Margaret"s Bay'in the-Sprlng of 1976. Large'éamples of J{ o
i . seawaber Werevtoken Wlth the aid of the "Top Dfop Nigkin™ - :R :
S . . sampler, usually from 5 metré; depth, brought back to the ~ .

’

N ' laboratory”lg ac;d-washed 20 litre polyethylene-carboys, a: .

T . ‘and subaecte o exporlments the same day., The,apparatus

® ' con31sted of a 11/3 metre Plex1glas column which was fltted L

3

wlth a pol?ethylene frit at the bot*gm and a8 polyethylene’ o
tollector ato#he top., Flltered pre-humldlfled air or nitro- o '.

b gen was introduced into g full column of seawater: Bubbles

1

N B emanating froo the frit mose to the surfégo where they pro~- -
duced a spectacular fountaln of aet droplets. The Jet drop— ’
lets impacted onto the undersurface of : collectlng,roof made

. - of polyethylene film which ducted the sample’ 1nto a poly- < [

-

"% ‘ etthylene Qial. An B\Pl sample of aerosol was generated from -
. 3 Y 11N F

9.5 litres of seawater; trace metals were detenmlned on e
J J N ' ’ gliquots of each by methods~descr1bed 1n the Appendlx. i
T The fraotloﬁation factor, F, 15 calculatedlby taking the
k gimple ratio of the two ooncentratlona. s LY
v ) Two varlotlons on this fheme wi&e empd 5 yed, dependlng »r

[
*

LI

er . ' on #hether the seawdtgr used mn the column was pre-flltered
4
e U91ng unflltered geawater, the aerosol produced was enriched

" in.both dissolved and particulate constituents, 80 it was 1

1

FOR

analyzed for dlssolveq and partlculate trace metals. Fil~ '

W .

< »
¥, [ - > . B -
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ratlon of the~small aerosfl sample was accompllshsd with.
a dlspésable plastlc syrlnge and Swlnnex fllter holder.

Nitrogen gas was used throughout these axperlments. _On

’ Octgber_95 1975 a thinmy—1$fre cafboy was filled with sﬁrfacei

Wgter‘iollected from a rowboat about ﬂi me{;re'?\ off e in

Sapdy Cove- « Threa trials were made utifizing unfiltered

X //pdy Cove water, and trial offe is 1dentlcal experlmentally

1

Y

'fractionatlo£/;actor, F, by methods descrlbed in the appen-

with unflltéred water exPerlments in 3t. Margaret‘s Bdy..
Trlals two and three dlffer in' that’ the aerosol samples were v/
not flltefed bui analyzed Mag is" for dlssolﬁed trace metals.
Air was the bubbllng gas used in’ these trials.

Analyms gf aerodol samples for d:n.ssolved trace metals
was éccomplishqd by{spi;ing four 47 ml a"quots of original
filtered ,seayatér with one ml aliquots, 6f.the éerosol.semple,

which gave a llnear relatlonshlp similar to. the method of

1

standard gdditlons. Error statistics were computed for the .

dix. The anglysis of Sandy Cove samples congisted of com-
Lot .o
parlng allquots of aerosol and orlglnal seawater dlrectly,

uncertalnties,ln measuring F by this proceduré are assumed
to be + 10%: All of the'data from bubbling experiments

b A . .
perfofmed on St. Margaret's Bay water and Sandy Cove water.

o 8re Compllﬁd 1n,Table 1.

.

mhese data form 2 ba31s for dlscu951ng whether aerosol
droplet; produoed by bubbles bursting at sea are enrlched
in transition elements relatlve to sea salt. GonSIder flrstu
_ the f;actlonatlon of . dlssolved trace metalg. Variability

is q,key factor'in the 1nterpretat10n of envlronmental data

-



s »

.
o

- u
. IR Y uﬂ%
.

< ‘ i . ) * 2 - « :
. . , . ) o b ) . BN - .- u
- TGS 7T LF L LtUFLTuL - 0 toLTegsl’ (€) tFun L 9oBJuans 543906 )
. . Yo S0 SHTLEL " LtLTe “LLFoGLL () tJun BOBIJIUS 543906
" S ¢ o,mmv. 89 ety - G O+L"G 61076 (L) tFun  eomJIds (LA006
- P ERCII:Ig T e B .
. | . CVEer LroFpTg N L TLTets SR g W g9adysg -
cL-(rgeyYT turter (198D StOFute Crwel) tilFes L (te TL) LTORLTL " Jun w52 944dval
N e CHly) cortam 0ZL) .£70F2"s *~ ("69g) Ta¥ Le "C6L) L > cgunt w g gudvsy .
e (86L) terter (gL m.om.m (*€9¢) "¢¥tel o (CwL3) 9TL > tJun # u & 9gadygy .
_ “CTeGg T (D g) 570+2 L, (e ..mwv 2> (i o) “L¥eqr 1tz u L 9.adysd-
, -0 nLFrog ..m+.um ’ ~eFne - 4TOF¢ W *Jun u Y 9ludye
C L e T TR gy LRt et TTen> -7 S u g guidve
L. T(LEe)  tLFroe S Crov) gL > (¢ 62¢) 9-0*eTL . | (*st2) 9°L >  *gun WG 9LaelCe
: . hIRTTRS Coatey . PV S T P UG 9LTBYCE
‘\_ (*9e2) .NHM@m (re¥e) 21 (tQue) 6L > (¢ mm_\v i o+gle T Fun u's  giTEHgL ’
j L+t Lt m . “ A . STo¥es T - e WG 94IeN9L .
I T A 6L C e \ .r+m.m .Y = UG 9uaRHG ,
- RN ) « ABY mfpm,ﬁmwhm: DS . .
S TV Taz LT - - ool EXS Pedeqy  TJul Uadeq 9geq
. 3 e, - /PpoaesTTa
| o . X ’ ’ T occ¥escu vw..n.,m,rSo pimo Jo. uot pm!\o 39BIF 2Uj 03 42Fed sesoygusxed
ﬁ! .. LT \.mm,@rm; “Uy "B13O m“oﬂﬁ. ﬂo:o: ApUBL ,pUE ATY m_ufm&mtsmz *4¢ woag meDEmm I8l BMBOY R
. ) , $Uis, siezo wm,mLE Jarino .jaed pue PoL 0SS J0J S40308] UOTZBUOILDOBRIY L 919y .
. - I. i ; e .; . . . .‘ . ] . \ . 4 .} a . .
Lo . . s Co . . :
‘s ’ o R




v

.

such ag these. Thé’analytical uncertain%y (standﬁrd deviai )

s,

;aon of “the analysis) provides a criterion for evaluatﬂng

8

whether ‘the measured enrichment. factor 1s s1gn1f1canxly dif-

ferent from unity. Shch is the case wheh B~ 51> 1. By . L+

>

thls test, Cu showed significant fractlonatlon every time,’

*Zn in about 5/4 of the, experiments, and Fe and Mn only half

AR

of the time. The enrlchment of Cu’jis the mast marked in

magnitudé ali;, ranging from 9 to 68 with a mean of %0. With

respect to hagnitude, Mn, with a mean of+17 is the’ second best -,

£

™~

« v ¥ v
fractionator. Zn and Fe.are similar, with means of 4.4 and

3.3 respectively. Replicate runs on the column were not made,

"so the overall experimental variability cgnnét be‘evalﬁated,

but there generally seemed to be reasonable agreement in com-

" paring -similar trials. It is therefore dlfflcult to’ guess’

the amount of true environmental var;ablllty, but audglng
v

from the range of values which occurred for any given element

4

it.18 almost certain E? be appreciable. The figures for Cu

1ndicaté an overall variability of more-than 500%; thig\is

S

thought to be far 1n excess of that which can be accounted

f°£§i7 the experlmental variables. Of some interest are "the «

partlcularly high F values for Mn on Apr11 15 and the seem—
ingly hlgher values for both Mn and Cu durlng the latter
half of the sampling period, when the water was blologlcally‘

- active (see "Trace metal observations in St.- Margaret's

Bay"). Although little can be concluded about ‘the corres-

pondence of' the phenomenén with environmental factors with

i

which it could be linked, it is certain that fraction- .

ation of dissolved trensition metals occurred for some of

’ S ]

»

L

o
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the metals some of the time. Dlésolved Cu performed consls~ ~

tently and dramatlcally, leading me to chooae it for fur-\
ther studles and also to speculate about the oce&aographlc ‘.
smgnlflcance of the sea—to-alr fractlonatlon gf‘alsS%lved ; ")
, Cu. KU s gy
“1§F o . bonsidefing next the fractionatibq of particglate trage
' " “metals, it is obvieus that;F(peétibulateé is gre‘ate’r"thanf\b ’
F(dissolved) where ‘hoth data aré available for comparlson:
:. The dlfference seems to be, extreme, as-much as two orders Y
of magnltude, and this raises the questxon of whether.}(par- f
- tlculate) w111 dlways be greater than F(dlssolved)’ Since ‘
the factors respon51ble for contrdlllng the magnitude of
F(partlculate) ha&e not been 1nvestlgated, it is not possible

to speculate at thls time.. Thé removal of partlculﬁipnmatter

. " from the qolumn of seagwalter was very efflclent, belng in theﬁ@ﬁﬁ

. ) » ‘ 1 - " , » o - o ‘

, neighborhood of 8-25% in the half -hour of -Bubbling that yield- |
e

ed 8 ml of aerésol. In terme of total metal transﬁortea frB;r’ -
. the bulk to the diépersed phase, the'fractionation of PTM ‘o

* - was, sometimes more 51gn1flcant than that of DTM. The concen~

tratlon of partlculate Fe greatly eutwelghed that of dlssolved
1ron in the aerosol samples. This was also true to ‘a 1eeser
‘ extent !5r Mn, but Zn was about equally apportioned. between
' . the two formg. If it can be assumed that Aldﬁf Fegs and '
’ {f gup,< Zn (Wallace et al, 1976), then Al would be expected r
to'resemb}e iron in this respect, and Cu would be like Zn.
The apportionﬁent of metal in.the aerosdl‘thua foIlo?eq fhé
rule that the particulate form was relat&vely mofe enhanced.

Typical of coastal® waters, the particulate load of these

’
™ 1
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~J

« water§ was quite high (mﬁﬁ pﬁm), and the aluminosilicate

fraction was substaptial (~J10%5, The above conclusions

< . s . +
may not apply to the open ocean, where the particulate

loa¥ is much less and more of 1t is, organlc.

v Fa

, There appears to be some ev1dence, in the small amount

of data pregent ox F(particulate), that the four metals

tend tc”frattidnate with different F factors. This cen be
, demonstrated at the 95% confidence levgl\\zlan analysis of

variance. There is no‘ significant difference between Fe and
A

Al, indicating a common carrler, ‘but Mn differs from Zn at
. ! ? * -
the‘gg% level. Thé relative order of F(particulate) for

the metals is Mn>.A1~TEe>-Zn.”_The nature of the process
which dfgcriminates between these 'metals is not known. It

could be a discrimination based on size or type of particle,
+ i L4

or it mi@httinvglve some kind of'interactibn between DTM
-, - . ' "
and PTM. In this connection, it is interesting to recall

the foam firactionation experiments of Wallace and Duce (1975).

-Jﬁsiné Narragansett Bay seawater, they found that the foam

l,fractmon had hlgher PTM/C ratlos than the orlglnal seawater

. ;gﬁ suggested that the flatation process selectlvely removed
particles with a gne‘ker trace metal/carbon ratio. Note

* that, Sandy Cove waten»&rials 2 and % indicate higher frac-
tionation of Fe, Mn, and Zn than trial 1., This is attrib~-
uted to tgs gsolvent extraction of small asmounts of metal
from tﬁe particulate matter present in’the latter two aero-

sol gamples. There is a distinct possibility that some DTM

'jnJ is converted to PTM in aerosol samples. This might cause’

¥
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the enrichménts for filtered Seawater experiments to be .
greater than thoge for unfilpergd experiments, but this was
not observed. The resolufion of éhis poiﬁt requires fur-"
ther experimentation. g

In comparing the fracticnation of dissolved and par-

- ticulate forms, it is concluded that for some metals, i.e.
Fe and Al, the bubble transﬁort of“particulateumaﬁter is
duantitatively more important, whiie for other metals, i.e.
Cu and Zn, the contribution of dissolved species may be at
least as important. It should be mentioned that the sit-
vation may differ in the open ocean, and that the chemical

§ . )
forms of trace elements in the marine atmosphere ‘are as im-

r

portant as their concentrations since this governs their

fate on reintroduction. 7

L] . " ,

-

The Physical Chemical ?xplanation of Aerosol Fractionation
£

Given the existence of aerosol‘fractionation of dig-
golved transition metals in seawater, the next logical qués-
tionjfo ask 1s, how does‘it occur? A thorough explanation

+ of tpis phenomenon of course presupposes knowledge of the
chemical spec%?s involved, but a definitive knowledge of the
chémiqal’{orms of transition elements in geawater has not
yet,beén attained (Stumm'and Brauner, 1975). The experi-
mental approach which was accordingly adopted was to étudy

-

the system as a "blacklbox". By manipulating those vari-

'

ables which are accessible and causative, then observing

’

. Jhow the system responds, one can gain clues about the na-

ture of the mechanism. The bubble fractionation system lends




A ) “ ' !
1tself to this approach "because the main variables can be
kept undaf conprol to yield reproducible results.4 b
One usually begins such an‘investigd%ion‘with 8 pre-

- Y

conception based on general observations and a theoretical |
# ~ A\

knowfeage of the nature of the chemigal system. -In retro-
spect, 1t has been observed that the aerosol is also enrlch—
ed 1n dissolved organlc matter, which wets the polyethylene
surface of the collector, 1s sometimes yellow and flshy
smelllng, sometimes clear, sometlmes opalescent, etc. , Trace
metal enrlghment in the aerosol has been found to decrease
as successive samples of 1t are taken, most rapldly at flrst
and gradually reaching zero after.exhaustive bubbling.

Also diminishiﬁg as’ bubbling continues is %he rate of aery
osol formation. For t&pical experimental conditions, the’
average bubble diameter is abput ore milimetre. Both Jjet
and film drops are possible, although it is belleved that
the aerosol samples collected consist almost entlrely of

Jet drops. There two reasons: jet drops are eaected to
sufficient 'heights (2-5 cm) to impinge onto the co e%toﬂ,
and jet drop formation is the predominsnt process under. nor-
mal conditions. At the beginning of a bubbling'run, Jjet
érop ejection ie particulaqu vigqupous; as bubbling con+
tlnues{ howgve;,«the jet droplets become larger and less
numerous. This trend continues until a froth forms at the
1nterface; therd film drops predominate. High enrichments
of both metals and organic matter may be linked. Of par-

ticular advantage ie the fact that there are similarities

between the system under investigation and others which

!

¥

%
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have beeﬁ“s%udied before for their technical interest (Lem-_

’ 1:'fcn, 4972) ‘The gene::‘al principles of foam and froth flo-

M

tatlon are appllcable ta the problem. _ .

1S

Since bubble fractlonatlon of, partlculate matter has

been seen to be so effective, is”it p0551b1e that the dism -

solved frgctlonatlon already seen 1s idual particulate

fnabtlonatfén due to the 1neff101ency of filtration 1n re-
mov1ng all partlcles’ This is unlikely for, two reasohs.
. &

As noted previously, flltratlon .of the ‘aerosol does.not re=

-
- [ 4 v

move the enrichment, Contamlnatlon of the dissolved frac-
tlon by the partieculate fractmon is also very unlikely for .
metals such as Cu and Zn, whose particulate concentratlons

are‘yplcally much less than the dlsso}ved (see Table 10,

‘Appéndlx). Therefore, dissolved fractionation is caused by

épecies which are legs than .Qﬂ\gm; this includes colloidal
matter and truly dissolved ionic species. If flotatlon is
truly 1on1c thls 1mp11es the ex1stence of & collector (sur-

face active molecule of opposite charge)  and. a colligend

' (metal ion). If flotation is colloidal, 1tdpould be either

“an inorgenic colloid, e. g Fe(OH)B, or an organic one, e.g.
a large protein molecule. Thus sﬁr;aoe activity and trace
metal agsociation are both requisiteé\for fractionation.

“In the following serie xperiments, f#e main var-
iables which were placed under experimental control were:

pH, the addition of-artificial surfactants, ultrafiltration,

+and photo-oxidation with u-v light. By convenience and

necessity, all of the experiments were performedron .45 pm

filtered tap seawater. Tap seawater is pumped from an in-
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let deep in the Northwest Arm via PVG pipes through g sand
fllter. Although tap seawater drawn from the Oceanography

building's lines would ‘not be expected to duplicate natural

séawater for many reasons, 1t dld inr fact produce enrich-~

ments of _Cu very similar to those found using St Margaret's ‘

»

Bay water and Sandy Cove water. Since ¥he concentrations
of Fe, Mn, Qu;’and Zn in flltered tap seawater were ap-
prox1mately the same as typlcal coastal seawater, there 1s.
no evldence of contamination from the system which ‘delivers
seawaxer to ohe labdratory. The analytlcal observatlons.xere
limited to Re and Cu, since at e start of "these ifpeerents
in September 1976 both of these metals produced hlgh enrich-
mentsuwhereks Mn and Zn did not. /

Three experiments were,carried out in the ettempt to

I

determine whether pH has any control over the magnitude of

‘the F factor. TFor the experiment beginning on September 10,

‘five carboys of filtered tap seawater provided ten bubbling

runs with the column. \A constant volume of eerosol, 8 ml,
was col¥thed eacp time to aid reproducibility. The pH was
adjusted with Afistar HCl to enable replicate runs to be
made athH = 8.6, 7.7, 4.0, 2.3, and 2.0. Nltrogen gas was
used as the bubbling agent. The pyrging of 002 aceounts for
the untisually high pH of the unacidified seawater. ‘Por the
experiment beginning on September 20, five carboys of fil=-
tered tap seawater were ﬁeed to make replicate runs at pH =
8.2, 7.4, 7.1, 2.6, and 1.9. Air was used this %ime instead

of nitrogen. The other difference between September 10
\

, and 20 is the way in which five pH values were distributed

®
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. among‘?ive carboys. On September,ﬂo, two of thé carbogzs were
split--half.at pH 8.6-and the other half at, pH E.Q. On Sep~
_teamber 20, only one of the five cafboys'ﬁas notnéplit into
s high and .low pH runs. The addition of a largé amount-of'
co;centrated‘HCl neceséﬁrx,to bring the pH down to 2.0, co.n--~
tributed substantial amounts of Fe and Cu to the sample.
This was compensated'for in the calculation of F. 'The F »
Pactor was measured by comparing an aquuotwof unsi#ked sea~
water from the column with another ‘which contained a 1 ml
spike of the aerosol sample. The e%tiact@ons (see Appendix) i
"were done in duplicate at constant volume and coh§tant pH in
30 ml Quickfit-tubes. The pH was measured éfter e;ch run
usiﬁg waﬁer which was in[equilibrium with the bubbling gas.
There was never a long fime lapse (more than’a few\hours)
"betweeq adjusting the pH of the seawater and generating the
aeérosol sample from i%. ' ~ '
The“data'resulting from the expefiments of September 10

and September 20 are shown in Table 2. -Since the data re-

sulting from these two experimgﬁts are not of very good

LY

quality, and a pH effect was not evident, the analysis of
variance technique was employed to see what might,be safely
concluded. Considering first September 20, if grduping of
the data is made according to pH, a significant difference
between means (of F factors for different pH values) does
not exist even at the 50% confidence level for either Cu or

Fe. If a grouping is according to carboy, the probability

of a difference (between F factors coming from different —~

carboys)- is 75% for Fe and less than 50% for Cu. The total

14
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eriments”

i

. F Pactor

»

¥ Factor

Carboy - CﬁH  Fe Cu ¢ “pH N ﬁg_-:——:;L
Experimént 1, Segfemb?r 10 )
1 86 gl . 222 2.0 M1 1942
2 86 . A1 2942 2.0 31 -
3 7.7 3442 2742 7.7 - 26+2
4 .37 ABxt 222, 4.0 104 1741
5 2.3 2852 2042 2.3 . 1641 1942
Experiment 2, é;ptembef 20°
1 8.2 5243  35¢2 1.9 6344 5244
L2 8.2+ 5143 ‘32 1.9 . 322 3513
3 7:4 y 38+3 3743 2.6 3843 4.;;
4 7.4 - . 27+2 2.6 332 5144
5 7.1 30s2 373 7.1 ASy3
Experimeﬁt 3, Séﬁtembér 30,
1 8.2 2742 3132 1.5 1841 2941
2 8.2 Bied 8143 L5 4041 4243
:
". ’
4
\
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amount of variation expresSEd as a percent of the grand
mean (sq/GM x 100%) is.19% for Cu and 25% for TFe’, Look—

ing at the results of September 10, grouplng ei%her by pH

. OF carboy, a 31gnlflcant difference between means exists

‘at the 90% level for both Cu and Fe. Probably the reason

for the greater probabllltles here is that for the Septem—
ber 10 series, both subsamples of the same pH were usually
also drawn frOm the same carboy, thereby making both fac~
tors work together to manifest a difference between groups.
The total variations pf Cu and' Fe on September 10 are 18%
énd 25% respectively; t@ese are nearly the same as the var-
1ations on September 20. Puttiné together the results from
both series, it is not possible %o say whether pH or car-
boy is the m;in source of variance, but the combined result;
do not imply that pH is éﬁ important factor controlling the
magnitﬁde of F. In faét, the maximum v;yiation that could
be attributed to pH in these experiments is 46% for Fe and
20% for Cu;.this is not much considering, the wide range of
pﬁ. On September 30, a final short attempt to see a pH ef=-
fect was made. These data are presented in Table 2 also.
The reéults of September 30 show that fractionation still
occurs, at pH = 1.5, and support the overall conclusion that
the short term effect of .pH on F is not‘large.

It was suppo;ed that ultrafiltration would reduce the
capacity of a seawater sample to produce trace metgl enrich-
ments if the fractionating species involved were larger
than the effective cut-off of the membrane. Using th% Am-

ican TCP-10 system (described in a later portion of the

4 n
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text};‘it was possible to divide a large sample of filtered

tap. seawater into retentate and ultraflltrate portlons. o

=&
The retentate is waﬁer which passes over the membrane and

1s enriched in macrosolute spe01es. " The ultraflltrate is

' water which passes through the membrane, thus belng purlfled

of" entities larger than the membrane s effectlve cut-off.

-+ The UM—2 membrane used in thls and sub%equent experlments

has a nominal pore size of about 001 pm whlch is equlvalent

. to molecular welght of 1000, After abouﬁya week, enough

‘seawater was processed by the. system to enable two compara-

tive bu%ble fr&ctionation nuns to be made. This was done

.on two separate eccasions. The first batch was bubble frac-

tionated on September 30 at a pH of 6.0 (acidification is .
necessary to prevent, losses due to gdsorptien); The second
batcht nnmch was paréitionedaat PH = 1.8 Vae fractidnatéd
at tne same pH on October 14. Air was used in this and 'all
subsequent bubble fractionation expermments. The air supply
is con51dered to be free from obvious organic contamlnatlon,
the air compresser is an oil-less commercmal model w1th
graphite piston rings. Three censecutiveu5 ml aerosol
samples were collected from eaeh run and analyzed by the

usual techniques. The reSults are collected in Table 3

The effect of pa551ng seawater through the UM—2 mem~

brane is readlly apparent for both batches and both metals

‘ the fractiogation of the’ultraflltrate was substantially

less thar/ the retentate.d The fact that’the second batch
fractlo ted less well than the first may be a long term

pH effect or 51mply thée difference between samples of sea-

og %
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- Tablé3  The'Fractionation of Ultrafilteréd and U-V

'Irrgdzated Scawater. _ - . ’ .
L Batch-1; Septembér 30y pll = 6.0 B
e T Utraf-1trate® * Retentate
I;on'J © -7 6.6 + oD o1 L
$ : ¢ ‘“ 3-1 f -E) ' 16 i 1.2
T 5.0 + .5 . 16+ 1.
. £odper . v, 6.6 + 1.2 " 220 #™.0
‘ .40+ 1.2, L~ A3+ 4.0 7
" - - R - e . * " s
. 3o 4,73 4 8.2 + .9
Batch 2, October 44, pF =.1.8 E
= ., . UltrafiTtrate” Patontate
" tron 2.7 i'~J 6.9 + .5
B 2.2 & Lo £+ .0
.- 1.8 .0 3.7 + 4
, Copper ) 1.1 + .5 A0+ 4
1.1 % .3 2.7 + .3
o+ 23 2.1 + .3
- .—' \ —_‘ . . -
L ] Batch 3, October 18, pli= 3.1
[y . B

Trradlated Ngn—lrraazéteq
.5
H°

Tron - 4.3 + .2 IR + 1
e 2.2+ .2 M1 4 1 "
. A - . Lo
* .Coppe™ ‘ 0.9 + .2 17+ W4 ' )
' " 1.0+ .2 + . 8.0+ . .
N 0.7 + .2 ° . .
Y
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water drawﬁ~frem the taﬁ at different times. The results of
t?ese two experiments are an indice;ioe that the agency re-
sponsible for trace metal fractionaéion can be removedlby a
* .001 pm ultfafilter. ) .
The'uee of high intensity u~v light t;‘oxidize dissolvee
e ; organic matter in“seaweter is a technique currently in wogue
¥ oceanographers. Based on prior expérience-gained in the
o ‘s§§5y of the iron complex in Nova Scotia. brooks, it was thought
‘that this technique might bé gffective in destroylng transi-
’ tlon metal—organlc complexes in seawater. ' A single carboy
of flltered tap seawater was acidified to pH = 2.1 and divi-
ded inte halves. One half was irradiated in EOO\ET‘quartz
tubes for an hour at a tiie, and the other half not irradiated.
- The results of the fractionation runs on the irradiated and
non-irradiated samples are given in Table 3. As before,
several successivé samples of the aerosol were aﬁalyzed to
improve the accuracy of the result. The irradiated sample
. clearly shows reduced friactionation. Tpie is an indication ¢
that the ageney'responsible for trace metal enrichment is
indeed destroyed by high intensity u-v light.
The F factors of irradiated and ultrafiltered seawater
are among the lowest 'observed in any of the experimenés which
used fiite;ed tap seawater. In fact, Cu shows zero enrichLl
merft in the u-v irFadiated sample and in the wltrafiltered
sample of Oegober‘1ﬁ. Comparably low F factors were obtained
only after seawater had been bubbled continuously for many
hours and more than 100 ml of aerosol had been collected.

»  Therefore, the effect of ultrafiltration and u-v irradiation

g ]
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is real. The implications of these results arefexﬁiored in
detail later. R ‘

24
In the technique known as i1on flotation, a metallid ion

ar can be floated as an insoluble product with a )

such as CrQ,
suitable surfactant, e.g. a quarternary alkyl ammoniqp bro-
mide. Since some form of ion flotation may be operating to
produce. observed enrichments of trace metals’in seawater, it
was considered important to investigate the'ef;ect of arti-
ficially adde? suffaojants. ' 7/

Early experience'with the use of surfactants suci as
sodium lauryl sulfate indicated that the addition of a suf—
factant in minute quantity during a run improved aerosol
formation and effected a slight elevation in the ¥ factor.

The data of October 6 illustrate what happened when first a “r

small amount of sodium laurate and later the same dose of

) »
nor-leucine were added to the ultrafiltrate seawater of
September 30 while bubbling was in progress. The initial
enrichments seen in Table 4 were low and diminishing; F .

increased slightly after 10'6 M of sodiﬁm laurate was added,
and more or less held constant after the introduction of ‘
nQ?-leucine. Sodium laurate also caus;d aﬂ increase in the
rake of aerosol production; the droplets became¥finer and
Pﬁfiiérqlific. By the time 15 ml of aerosol‘wasocollected,
the surfactant was depleted; jet drop ejection was no longer
vigorous, and bubble stabilization at the interface had

begun to occur. If bubbling had continied, eventually‘a1
stable froth would have formed at the top of the column.

As little as 10'8 M of sodium laurate would restimulate

-~
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aerosol'production~ the change would be temporary but dramatic.
Larger amounts of sodlum laurate (5 x 10° M) do not augment
the F factoﬂ any more than small amoun%s but will cguse a;‘-
white preclpltate on the surface of the collector, probably
due to formation of the 1nﬁﬁiyble calc1um and magnesium soqps.
A mllky opalescence dan result when 10~ -7 M of Zephiran Ghlor-
1de (alkji dlmathylbenzylammonlum chloride) is used as, a col-
lector. Particle and micelle formation are sometimes also

’. . observed with natural seawater.

In order to see what effect if any %hg charge of the
surfactant might have an fractionation, three trials were s
hmade from a 30 litre sample of filtered tap seawater on Nov-
ember 3. On the first trial, 1.5 x 10~7 M sodiam lauryl

¢ sulfat® (anionic surfactafit) was added to the column of
seawater befor; bubbling commenced.’ The same dose of the
. catlon%g Zephlran chlorlde was used for trial two, the third
trial was w1thout surfactant) Very small samples (100 nl)
N of aerosol were collected with a flat, level sheet of Poly-
etﬁylene filq so that the max@mum possible enrichments might
be seen. The 100 ur aliqu%ts bf aerogol were added to 3 ml
. . aliquots of original seawater in Quickfit tubes and -extracted’

]

, at constant volume and pH as before. The first four aerosol

at H
samples were consecutive; the last two were collected after

2

an additional 1 ml. . -

”

o TLe resuits presented in Table 5 do not indicate an

"

F

augmentation as observed before, but rather a diminution of

¥

the F factor by both surfactants. Moreover, there seems to

‘~\
- N\J’\ ’ be no difference in effect between the anlonlc and cationic
{

.
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Table"5 The Fractionetion of Seawater Using Ienic

&

+

Sodium Lau:yl'Sulfate Zephiran,Chloride ~NoSurfactant

Surfactants of Opposite Charge.

‘ 39 + 1.2 %7
) 55 + 1.4 . %8

) 29 + 1.0 14

' 27 + 1.0 © 45

n
3N

1]
+
-3
-
(@3
N
—

25 + 1/0 - 37
Iron
23 + 1.0 29
Lo+ s 30
30 + 1.0 S
- 18 + .8 . 31
. N .
. 22 + .8 2%
‘ 26 + .8 29

1+ i+

I+ I+

24+ 1+ 14+ 1+

I+ 14+ 1+ 1+

*

SN N
!\)l\)&)r\)

.S S
O O «

“

)

1

61
67
72

20
18

-+ 1+ I+ 1% -

t+ 1+

I+ 1+

I+ 1+

I+ 1+

I S Y
w F OO F

1.2
1.4
1.4
1.4
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‘asurfactants. Thee apparently conflicting observations can

be reconciled if the influence of artificial surfactants is

the physical one of faciiitating the ejection of Jet droplets. ™

The sllght elevatlon of F seen in Table 4 is then explained

by the production of smaller»bubbles and hence, a thinner

section of the interface being sampled. The initial supres:.

sion seen in Table 5 could be due to competition with natural

surfactants for the available‘surfaces. If artificial surfac-
- tants were chemically associated with trace ;étal species in
~ . seawater, the 2harge of the surfactant ions would be imﬁor-
“tant. Finally, i% the}agents responsible for fractionation
were simple surfactants, then the addition of artificial
éqrfaptants to natural seawate; should result in aerosol
,bnricgnbnts compa?able to those observed naturally. These
_arguments are expanded iﬁ relation to a model for trace metal
fractionation to be &eveloped later.

More evidence resulted from two minor experiments. A

19 1itr@ carboy of artificial seawater (ASW) was made up for
the purpose of?running‘some bubblg fractionation experiments;
reagent grade ;alts and deionized water (Millipore “Super Q")
were used in the recipe. Without prefiltering and without
adding surfaotants,‘it was found that the ASW produced en-
richments of Fe that were quite high and that Cu fractionated
well too. &This was surprising since fractionable (surface
active) species of trace metals were not expected to be
present in ABW. In order to test the possibility that

fractionation of Fe had been caused by parti®ulate matter,

the ASW was filtered and bubbled again. This time the frac-

5
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tionation of Fe was reduced and that of Cu was eliminated.
The dissol&ed Fe concentration of the bulk seawater had also
been largely removed. The yellowish precipitateccgglgcted
on the filter was tested for Fe with thiocyanate. The test
indicated that the material was probably F OH)B’ supborting
the hypotheéié that frdetionation in ASW was\ caused by pre-
cipitated Fq(OH)3. This is in accordance with the earlier
observation that ASW contains rather high condéntrations,of
Fe (and other trace metals) which might be expected to. pre-
cipitate during bubbling with air. As Q precipitate, ée can
be removed by flotation (Rubin, 1972).

‘Partly in connection With the investigation of the
estuarine fate of the orggnic complexes of Fe in Nova
Scotia brooks, and partly for its relev;nce to the chemical
fractionation of seawatersin general, some bubfling experi=-
ments. were made on mixtures of brookwater and seawater. Since
these expegiments were exploratory, only a brief discussion
of some precursory indications is warranted. There were
strong signs tﬁat the organic complex of Fe did fractionate.
Aerosol enrichmentslsimélar to those observed in natural sea-~
water could be effected in depleted seawater by the addition \f
of a small amount of brookwater (20 ml). At least part of
the enrichment of metal could be filtered from an aerosol:
sample. hFurthermore, both Fe and natural fluorescence
fractionated to approximately the same extent, implying that
the metal and the fluorescent organic compounds from the
brook might be associated. Final conclusions will be deferred

until further work is done.
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To gain further knowledge about the effect of ulbrafil- »

tration on the species composition, the partitioning of trace

qetals by, ultrafiltration as a function of pH was investigeted.

The Amicon TCF-10 system in s;égle pass mode is well suited

to making quantitative measurements of the "ultrafilterabil-

rity" of traee metals in seawater. The cell is constructed

of -polyethylene, polycarbonate, and Delrin. With the excep-

tion of Zn, experience has shown that contamination from the

TCF-ﬂQ"system is not detectable. The main advantage o} single

pass thin channel (TCF) systems over the conventional dead-

end cell is that the sample is being continuously partitioned

by the membrane as a constant volume ratio. This is impor-‘

tant since the retention characteristics of a given membrane

are sensitive to the volume concentrat;on factor, V/V..e

Flow conditions, once established, can be m?iptained throuéh—

out a serieg of ?uhs or rees%aplisheg later fer further runs , f/

without loss of comparability.’ The' retention efficiency

changes during ultrafiltration in a‘dead-ene cell, making

quantltatlve measurement and 1nterpretat10n more difficult.

Since losses due ég adsorptlon at hlgﬁer pH become important,
. metal concentrations are measured in the cgkglnal retentate,
and ultraﬁiltrate solutieps and & budget is calculated
routinely. To\tLe extent that adsorption is indicated the
partltlon measurement is 1nva11dated because the loss can-
not be correctly ascribed to either, the ionic or 001101da1
fractions. ~ | \ ) '

The experiméntal quantity that is derived when seawater

15 partitioned between petentéte and uiérafiltrate is the

A
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rgtention coefficient, R, which is a chasracteristic of the
membrane for{g giien macrosélute species. The ?etention‘
coefficient is R = 1n(Cr/Co)/ln(Vo/Vr), where the sgbsbnapts
"o" and “r" refer to the original and retentate seawater ,
samples, respectively. For material that 13 entirely exclu-°
ded by the membraner'the retentlon coefflclent“is equal to
one; for freely permeabie ions and mlcrasolute‘specles, the
value is zero. Since the diffusivity is both a function ofL
?he mean distribution of pore diameters and the sizé‘and
shape of the,mo}ecules, the membrane cut-off is.not sharp
> and well defined. This 1is par%iculérly true for the unknown
mixture of trace metal blndlng entities in natural seawater.,
. Therefore, although a strlct 1nterpretatlon of molecular
weight or the extent of metal binding is elusive, a relative:
‘number can be meaéﬁred and related to some external variable

1

such as pH.
¢ Early experimeﬁts‘usiné deionized wgﬁer solutions of
trace metals in specified form uncovered.some of the piéfalls
of using ultraflltratfz;‘%b infer speciation. For example,
oi% was found that the EDTA complex of Fe was partially
rejected by tﬁe UM~-2 membrane even thougp the molefular
weight 1s less than half the nominal cut-off. The dependence
of R onaflow conditions for Fe-EDTA was such.that over a
volume concentration factor increase of 327%, a 28% error
would be inchrré&fin t&e estimation of thegsolute concentra~-
“ tion factor, if it were assumed that R remained constant over

the interval. Since the volume ratio can be controlled or

held constant to within a few percent, this needn't be a
A"
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problem.
]
The data accumulated on the ultrafilterability of trace

metals in seawater is a composite of several different experi-

mentst ¢+ Data were derived from the partitioning of large bat-

of seawater for the two bubble fractionation experiments

at/pH € and pH 1.8 (Sept. 3Q and Oct. 14, Table 3). A series
of partitionings of a sirgle ;ample of tap seawater was made
on Oct. 26 at pH values of 2.0, 2.4, 2.9, and 3.5.' Finally,
the u-vqirfgdiated seawater used in the bubbling eiﬁeriment
of Octh 14 was partitioned at the pH of 2.5. A minimum of
24 hours equilibration time was allowed after adjusting the
pH for all samples. Extractions were made in duplicate from
duplicate samples, and overall precision was quite good.
The composite results are presented in Table 6. Q

Budgets Were calculated for all metals at ail pH values
and were satisfactory with the exception of Zn, which showed
a small amount of contamination from the cell. The coeffi-
cient of variation for the aggregate budget was 4%. A¥L
though retention coefficients have been translated into the
per cent of metal retained (100(2R - 1)), it cannot be
assumed that this is exactly.equal to the per cent of bound

metal in equiilibrium with free metal ions. in spite of the

limitations already stressed, certain facté are open %o / ﬂ;;

clear interpretatfbn. There definitely appears to be a

measurable pH dependence of the per ce2§ metal retained, «7
which suggests that some sort of equilibrium exists between
metal bound to the macrosoiute moiéty énd metal ions which

are free to pass the membrane. Also, the retention of Fe

/ b
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‘and Cu in the u-v 1rrad1ated seawat@r is ﬁhe lowest. The
varywng degrees ‘o whlch dlfferent metals are held back
-guggests that the extent of 1nvolvement w1tL macﬁoeoluﬁe .
_spe01es ig dlfferent~@or each metal Apparently Cu is con-
;51d@rably more a85001ated w1th colloldal matter than is Fes
\Both Cu and Fe retentlon are pH dependents he-very low ~ v
 retent1on coefflclents and lack of osten51ble pH d@pendence
; for Mn suggest ghab the extent of 1ts 1nvolvement with c:ollo:1.~-=
“dal matter 18 negllglble, f |

To clarlfy the outcome -of the various experiments, thé.
ffollow1ng observatlons are recaplﬁulated. Chemlcal-fractlona~‘%f;
tion of dlssolved Cu and Fe in filtered seawater taken from
thertap has been=observed con91stently.. The measured enrlchnb.
“ment is 1argest 1n1t1a11y, decveases (probab1y~exponentlally) .
- with time, and 1f bubbling were contlnued untll enrlchment
dlmlnlshed to zero, a substantlal proportlon of the orlglnal
concentration. would be lost to the aerosol. It was found |
”'that subaectlnw a sample of seawater to unv llght or forcing,
‘1t through_an ultrafllter}re@ucesvlts ability to fractlonate.
.Addiﬁg af%ificial surfaeténts to,£he seawater was bﬁééqved
‘tp_eithér enhance or suppress fractionation 'slightly. The
preéence of similar organic compoinds in'nayural seawater
is ruled out as a possibl@ reason for frécticéﬁtion'of'
‘transitién meﬁals in seawateru.,éizeébleAfracfions of. trace
| metéls were retained’by'the‘UM-E ultrafilter in the pH
 range 2 —.6; The.retentidn of .Cu was betﬁeeﬁ 45%.and 52%,u
' and»tha@‘of Fe was < 4% to 17%; Although lowering the pH a

short while before the §eawater is bubbled does not seem to

¢
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affect the mégnitude.of F, R vafies markedly with pH (R in-
creases with increasing pH), when a longer period is alléwed
fo% equilihration. The¥sample of seawater which had been R
exposed to u-v light showed the léast tendency to be affected
by ultrafiltration.

The fact that chemical fractionation of certain trans;;
tion metals océurs during the ‘production:of jet drops at the
air/seawater interface is evidence of complexity in the chemi-
cal speciation of these elements. The major inorganic species
that are.postulated to exist in‘séawater, i.e. the hydroxy,
chloro, sulfato, and carboéa%o complexes, are not fractiona-
ted, because they'pave a negligible potenﬁial for the air/
seawater interface (MacIntyre, 1974a).  Therefore, it is.
reasonable to insist tﬁat an.aspociation exists between metal
gpecies and some ofganic ligakds whicp then promote adsorp-
tion of the associated me%al EQ the bubble surfaces. The
simplest model thatdoén be proposed ig‘that of counterion ¢
attachment of metal ions to an adég;ied &opolayer of, for
example, a fatty acid. This model is exemplified in studies

2+ and 7Zno*

of the foam separation of Cu with sodium lauryl
" sulfate at pH?7 (Rubin, 1972). Removals of 100% can be‘
achieved in distilled water, but decline at higher ionic
gtrength because the interaction between collector and
colligend is not specific. The observation that simple
surfactants added to seawater have little effeét on F can
be rationalized By the extremely low association constant
for the metal-surfactant complex formed. In seawater,

2+ 24

counterions are'predominantly Na+, Ca~"y and Mg Even the

o



. . ’ : 30
\
chelating amino acid nor-leucine did not cause fractionation
at a concentration of 107% . Therefore, it is necessary to
diséard the 0ld model of Langmuir and Schaeffer (1937) when
, discussing trace metals in seawater, and postulate the pre-.
senée of1moreqpowerfu1 ligands. ’

In MacIntyre's early work on phosphate, he found that |
positive and negative surfactants played a vital role-in
distilled water solutions. At the ionic strenéth of sea-
wéter, however:,competition with the main 1onie species
could completely alter the picgﬁre. The experiments of Van
Grieken et al (1974) indicated that fractionation effects
can be observed in seawater using radiotracers. Tﬁe.use of
radiotracer elements to measure fractionation of trace,
elements in seawafer in the laboratory should be approached
with é;ution, however, since equilibrium between natural and
radioactive species may not be attained and the observed F
factor may be entirely different from that which occurs
ﬁaturally. v

In a generalized model of chemical fractionation at
the air/seq interface, jet droplets are cdmposed Sf the
finite layer of w;yer and adsorbed- substances which actually
constitutes the bubble sqrfaces. The main factors thought’
to be responsible\for the magnitude ofég are tﬁe following:

1) the activity of the species in solution, a;

2) +the potential of the species to adsorb at the air/
water interface and pr&ﬁuce a surface excessg concentration,
Gy (This is related to sufface tension, ¥ , by the Gibbs
equation, G, = %’.’E %%19. ) > -
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3) the mean size distribution of the bubbles, which
determines the thickness of microlayer sampled, t;
4) the’baﬁble age or pat% length;
5) the total composition of the solution, through
possible competitive andﬁcooper&tive effects; and
. 6) _whether jet or film droplets are produced.
Since all of the above fattors have not been investi=- /
gated in the laboratory, what can be said about the magni-
‘ ﬁude of F it the environment? It is possible to arrive at
“BArough estimate of the maximum possible value of F for the",
fractionation of dissolved organic m;tter in the ocean by
making a-few reasonable assumptions. If the aero§ol genera-
ted at the sea surface is restricted to jet drops, the
bubble microtome pfinciple of MacIntyre (1974a) probably
applies aﬁa can be used to obtain a realistic estimate of the
thickness of microlgyer sampled, t. If then an upper bound

for the surface excess concentration, G_, of organic matter

5
adsorbei to bubbles can be obtained, the volume excess con=-
cantra%ién, Gv’ can be calculated by the formula Gv = Gs/a.
The fractionation factor F is simply, (Gv + a)/a. The

" surface tension measurements of Jarvis (1967) provide the
information needed to derive an upper limit for the surface
excess concentration of organics on bubbles. ‘He found that
the 'surface spreading pressure of natural films on freshly
cleaned seawater develops slowly to a maximum of 0.1 dynes/
cm after 20 minutes. This implies that films on rising

bubbles probably do not develop past the gaseous or expanded

phage, which sets an absolute minimum of 100 Kg per molecule
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for typical monolayer forming materials, e.g. lauric acid.
If molecular areas are between 1000 and 100 K2, surface

excess concentrations are in the neighborhood of 40'11 -

moles/cmg. For average bubbles between 0.1 and 1.0

i

10~12

mm, the microlayer thickness ig 1072 - 10~%cm. These figures
combine to &ield drop volume* excess concentrations in the
range of 40L7 - 10'5 moles/cma. Assuming 1 ppm of organic
matter and an average molecular weight of 1000, -seawater is
10~9 moles/cm3 in organyé carbon. Therefore, the most likely

(mean) estimate for Frax 18 10°. This can be compared with

M4the findings of Hoffman and Duce (1976b), who measﬁred‘Frac-

tionation of total organic carbon in aerosol particles gen- .

‘erated in the laboratory. Their enrichmeﬁt values of 250 b4

S

145 for Narragesnsett Bay aerosols and 73 ¥ 27 for Sargasso
Sea aerosols are certainly within the limit set by this
calculation. w

The thrust of the e;idence accumulated has been to dis-
close that tﬁe fractionable metal species is larger than
.001 pm (1000 molecular weight) and that this large molecule
or collold 1s broken into smaller gpitg, or 1ts ability to
bind.lﬁtals is destroyed, by u-v energ&. Previous experience
with %%e u-v apparatus indicated that one hour of exposure
is sufficient to completely decolor yello& brookwater and
remove interference to the thiocyanate test for Fe5+, or to
precipitate Fe(OH)5 in culture media solutions containing
«Fe~-EDTA.. U-V energy is probably more efficacious in oxidi-
zing tramsition metal complexes than dissolved organic com-

pounds in general, because of the ubiquitous charge transfer

4
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absorption bands in the former (Zika, pers. comm.). The -
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persisten§e of ultrafiltration and aerosol frac%ionation
effects at pH< 2 after several days of equilibrationaargues
against causation by hydroxy-colloids unless they are meta-
gtable. But the enriched species in retentate §nd aerosol
is not inert, since it reatts readily with.sodium diethyl-

dithiocarbaméte when it is solvent extracted. To suggest.

" that metal-organic colloids would satisfy the observed

behaviour is not unreasonable, considering that much of‘tﬁe
sea's organic matter has not been ®hemically characterized
and that‘colloidal-sizqd organic matter has been found in
seawater (Ogura, 1974; Sharp, 1973).

Colloids and orgapic macrqpolecules usually display, a
prefereqc@ for the air/wa@er interface (Gaines, 1é66). By
controlling the ionization of functional groups, pH directly
influencesﬂthe surface activit;.gf individual molecules.
The size distribution of organics in seawater may also be
influenced by pH through its effect on the’:ggregation of
various molecules by ionic and hydrogen bond forces. (The
concentgation of oréanics in collected aerosols has some- |
times been observed to exceed the critical micelle concen-
tration.) For these reasons-and because OH. competes with
Qfgaﬂic ligands for metal 1ons, prediction‘of the effect of
pH on the magnitude of F would not be straightforward.

The inﬁerpretation placed on ultrafiltration studies,}
relies on the discrimination of the membrane being puiely

based on size. Previous experience with unbuffered (pH 5 -

6) de}énized water so}utions of trace metal ions indicated



i

presence of adsorption can cause R to bé greati;“QPan zZero

3!~

that strong adsorption made R difficHlt to“interpret. The -

[y

-

oby Donnan exclusion. (According to Amicon literature the

UM-2 has a low density of ionic sites and a net zero charge:)
The ‘addition of inert electrolyte or lowering the pH curbs
this effect. °“There ig no evideﬂcé that an ultrafilter would
act as an ion-selective semi—perm?able membrane. ng;ﬁech-

niques of ultrafiltration and dialysis have been used to

.determine the concentration of truly dissolved formé of trace

)

elements in river and iake water (Benes agnd Steiﬁnes, 1974).

The prpnounced pH dependence of the ultrafllterablllty
‘of Cu and Fe is what would be expected for metal blndlng to b
weak acid ligends, It coyld also be explalned as the effect |
of pH dependence on, the charge of a polyelectrolyte 11gand
or perhaps it is a manifestation of the pH.dependent aggre-
gation of smaller molecules. If natural cagiplexes are labile,,
%ﬁe equilibria can be studiéd further with metal ion buffers.
The per cent o£ total metal that can be fractionated in an
aerosol makes a better comparison to the per cent of total
metal retained by an ultrafilter than does the F factor. “
Fractionation experiments indicate that at least 5 - 10% of
Cu and Fe can be removed by bubbling. ¢

Both aerosol fractionation and ultrafiltration ha;e
the disadvantage that the measured distribution between
free. and bound metal species is not nicessarily the same
as the equilibrium distribution of %hese species. The

shift from true equilibrium would have to be inferred from

a more complicated approach using these techniques. If
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perturbations are small, then it would appear that a sub~
stantial proportion of Cu and Fe (and perhaps some‘other

A metals), exist as bdund cojloidal species. The oceanographic
variability would hé%e to be examined before any kind of '
quantitative estimate could be made.

a - Owing to the competing effects of major ioms in sea~
water, the existence of bound transition metad ions at pH 2
impli¥es a strong specific interaction be%wgen the organic
moiety and metal ion,lprobably chelation. This is certainly

2+ and citrate ion,

feasible for a combination suech as Cu
where as little as 10?7 M of the latter ties up a sighifi-~
cant fraction of ‘total cu?*, but many other possibilities
'exiét. What kinds of organic molecules that are either
" known or expected to’ be present in seawater could fulfil
gl ‘thls role? Much has been theorlzed though little is actu-
- ally known about the full range of compounds that comppse
4 »the dissolved organlc carbon (DOC) of the ocean, SO the
discusgion of this point is intended to be brief. Fu1v1c
acid, a carboxylated, hydroxylated, somewhat polymerlzed
aromatic struqture is certainly a possibility. It posesses
most of the qualities, such as polyfunctionality, thaﬁ‘are
.presumed to be important, and it definitely binds transition
metalsyin rivers\and lakes. On the .basis of IR spectra
. combifhed with surface tension and potential measurements,
Baienr et alqkﬂ974) have concluded that natural surface
fll:;/and foams are domlnated by proteoglycans and glyco-

proteins. Other possmble substances in the ocean 1nclude

polyﬁhenollc compounds of marine origin, proteins and poly-

R
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peptides, polycyclics such as cholesterol, vitamins, enzymes,
porphyrins, and smaller molecules such as «-amino acids and “%-
hydroXy acids. This list is not complete and 1s only intended
to show the llkellhood of transition metal complexing agents
in the ocean. The characterization of organic compounds

which form ligands with transition metals in seawater would
seem to be a fruitful éséa for further work. a
'Summary...

The chemical fractionation of dissolved Cu and Fe pro-,
ceeds by the mechanism of adsorption of metal-binding colloids
to rising bubbles and subsequent concentration of\thesg
species on rops Which afe ejected when bubbles rupture
at the surf;ijjg\aﬁb existence of a metal-organic,colloid
which sequesters a significant fractign of total Cu ahd Fe.
présent has been inferred from the results 6f fractionation,

v~v irradiation, ‘and ultrafiltration experiments. Strong

' ’

binding of the metal to the colloid is indicated by its:
persistence at low pH. Some kind of large molecular weight

|
organic entity, perhaps a polymer,.is conjectured.

)
Chemical Fragtionation ir® the Context of j:he Air/Sea
Interaction ’ -

The air/sea interaction is concerned with the transport
of matter between the atmosphere and the surface layer of
the ocean. The air/sea’interaction cannot be considered
exclusively; it is complicated by other 1nteract10ns, Cele

continents/atmosphere, surface layer/deep ocean, troposphere/

= gtratosphere, rivers/oceans, etc. It is obvious that the -




more than a few per cent can be clear
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source of sea salt in the atmosphere is the sea, and that the

~bont1nents supply the fine mineral matter called. dust, Bup

many other processes contribute to the nature of marine’
aerosols, a 31gn1flcant proportlon oblglﬁates from volcanie

act1v1ty and combustlon processes (not the least of which is

.anthropogenic). Gas reactions are‘another source of parti-

cles. ‘Tunge (1972), in his revie@ o} tﬁe preg%qg knowledge
of aerosols in the undlsturbed marine envlronment dlstln-
gulshes between the followyng flve components' particles
with radii 1§rger than ~ 20 pm, sed spray partlcles, tropo-
spheric background p%rticles, mineral dust particles, and
particles with radii smaller than ~.b§nﬁm¢ '

It hag usually been‘the'object:p§ chemical ihvgstiga—
tions to relate apparént ;nrichmentssqf certain elements in .
the marine atmosphére to'processes’oecuping at the sea surface
during the production of sea salt»paéticlgs, Duce rand 0
Hpffman (1976) have considered the)availagl evidence and
congluded’that the only cases where g‘ﬁtgmz enrichments of

?Qg ascribed to chemical
fractionation at the sea surfage are?Iﬁ PO43','prob£%1y
organic nitrogen aﬁd organic carbon, éoss;bly some heavy .
metals,‘and possibly K in pioloéica ly ;roductiVe waters.
This i$ not to ignore other eiamplesbaf fractionaqion which
nay be obscured by, the presence of high concentratioﬁﬁ"in
the atmosphere from other sources. Bubble sc;venging and
enrichment of PO43' in leboratory aerdsgls have been attribu—

ted to associated organic matter. In the case of I, both

- organic matter and gaseous I released from the ocean surface

w .

%
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are believed t9 be responsible for the observed enrichments

: 1
in ‘the marine atmosphere. Actual measured enrichments of

-

s

P043' and I. in the marine atmogphere (either in rain or
serosols) génerally fall into the range of 102 - 105, although
Qprichﬁents as hiéh as 104 and as low as 101 have been -
reportea fér I. Extremely high enrichments, 10t - 106, have -
been noted for ni%?ogen in severa} samples of snow and rain

which were believed to be represenﬁative of the undisturbed

\\,«\\\\\;] " marine environment. These may be linked to the fact that
' ‘here are definite enrichments (up to 50) in the sea su}face

LY

+ 0y . \ >
distinguishing between organic material derived from the .

microlayer, or there may be (possig%? moredlikely) reactions
of gasgf such as N02 and NH3 with aerosol particles. Frac-
tionation of organic nitrogen has not yet been studied in
the iaboratory as has I, POQB’, and organic carbon. There

is 1little doubt that organic carbon is fractionated in the

. . . . .
, production of sea salt particles since surface active organic

matter (SAOM) is implied in ngafly every case of chemical
fractionation. By a thorough review of all of the (some- W

times exotic) physicochemical theories that have;;aen

' advanced to explain the phenomenon of chemical fractionation

.in the mar&ne environment, MacIntyre (1974a; 1974b) showed
that association with SAOM is tﬁe most plausible universal
explanat10n.° There may bé,somendifficulty} however, "in
bubble breaklng'proqess and that present in other componénts
of the marine atmosphere. yA number of heavy and transition
elements have beeﬁ found to be enriched relative to seawater
in marine aerosols. The elements Al, Fe, Mn, Sc, Ce, Th, and

n

‘8
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. Co generally have crustal enrichmént factors near to zero and

so are derived from continental dust.® The so-called anoma-

.

- lously enriched elements,.which include V, Cr, Zn, Cu, Cd,

' Hg,'Sb, As, Pb, and Se, are present at levels between 10 and

10%

-times ,that which can be accounted for by the crustal com-
paonent. Wﬁether some Bf‘these anomalous enrichments can be
explﬁined by chemical fractionation will be discussed later
in the }ig@t of the experimental facts uncovered in this
thesis. \ . J

In general, whén a substance is fractionated during
the production of sea salt particlkes, it would be expected
for the same reasons to be enriched in the sea surface
microlayer. Microlayer enrichments could aiso be atmos~
pherically de;;ved, but owing to the dynamic nature of the
sea surface it is unlikely that this mechanism would be
important in areas situated far from major sources o;
continental aerosols (Hoffman‘et al, 1974). In a chemical,
sense, ghere is no essential difference between the micro-
layer andhthe jet drops produced during bubble collapse.
In a holistic sense, though4 there are differences, and one
must bg’careful in drawing inferences about fractionation
based on sea surface microlsyer information. Experimentally
it is congiderabl& easier to generatg/hn aefbsol sample in
the 1a%orétory than tb use any of the cumbersome methods of
sampling the sea surface microlayer. |

~ The adsorption of organic solutes at the air/water

interface is quite generel; all organic molecules will ad~

sorb to some degree. The homologous series from propionic .

2

1 -

.




to lauric acid, for example, .covers a range of affinities for
the air/water interface that spans one million, yet the

least surface active example (propionic acid)‘will adsordb
until it is 10 timesrmore concentrated at the interface than

in the solution subphase (Davies and Rideal, 1961). Most of

}he interest in the past has been focused on the hydrocgirbon-*""

type mo%ecules (e.g. fatty acids, alcohols, and amines), but
more recently~some complek ﬁiological molecules have been
studied (e.g. phospholipids, vitamins, steroids and other

natural polycyclics, porphyrin compouhds such as ghlorbphyll

a, as well as ﬁroteins and pol&beptides).\ All of the above

' mentloned COmpOQQSS (except propionic acid) ekhibit high

afflnlty for the air/water interface. It is therefore natural

to surmise that a variety of interesting organ@c compounds

resulting from the degradation of living cellular material
will have a high probability of being enridhed in the sea
surface microlayer apd of undergoing sea~to-air -fractionation.
The likelihood for a specific compouﬁd depends upon the other
compounds present, because complex interactions are possible
in both phases. Our knowledge of the kinds of organic com-
pounds which are injected into the atmosphere is rudimentary
and must be improved if we are to understand the chemlcalb
fgte of organic carbon in the ocean.

The evidence wﬁlch can be brought to bear on this
question is meagre. There seems tobe a general agreement
thaé“lipidS‘are t; be found in the microlayer, but it cannot
be tgken for granted that this is the entire s%;ry. It has

been’estabiiéhed that organic nitrogen and phosphorus are

- I
~ N [
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also constituents. This and the fact that transition metals,
notably Cu, are fractionated suggests the possibility that
SAOM is rich in donor groups, €.g. N% P, 0, I, and S, need- -
ed for i;ner-sphere (coordinative) transiti7ﬁ metal com;{
plexes. The fatty substanﬁes are\only capable of forming

“the weaker outer-sphere (electrostatic) complexes, and coun-
tefions would be predomingptly alkali and alkaline ea??h
meééls. Tie’ig spectra and oth;r film property measurements
of Baig;{gt al (19745 a§e primaryaevidence for the existence
of highly substituted polymerie structures s%milar tg humic
materials, The'électrOphoresis gnd otﬁér surfh;e %tud;es

of Loeb and Niehof (1975) demonstrﬁ%e the éeawater'yfeéence

of large organic melecules, anionic in charge, ‘which adsorb
t;naciéusly to particle su;fadés modifying their charge, and
wh&ch‘are destroyed by u-v photo-oxidation. Their results f
are aiso consisténttwith the %ntprpretation that SAOM is com-
posed of‘degradeé pro%ein%ceous maﬁéfials. If,‘as it seems,
lipids constitute only a‘smgll‘pa?t”qf\the SAOM and'are:éf—
fectively displaced by larger more complex moleculesu,then
‘séa—to-air fractionation may bé an important‘thtor iﬁ deteg—
mining the chemical fate of a variety of biogenic orgaﬂic

i .
compounds in the sea.

“

hg mentioned previously, the marine aerosol consists
of several other components besides éea s;;t. On the.basis
of sizg distribution and other information gleaned from the
laterature, Junge (1972) offered an idealized plot of the
size spectrum of the various components of the undisturbed

marine aerosol which was intended to summarize the.state of
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his knoyledge at that time; this diagram is reproduced in

" Figure 1. Below line a is the sea salt compor}ent;i which is
the major componené in the lower troposphere over, the oceans.
Between line ¢ and liﬁe a is the tropospheric background
‘aeros91 which is always superimposed onlfhe sea salt com-
ponent. Ogcasionally,"large concentrations of continental
dust can be discerned in the particle spectrum over the
ocean, &$ when an air mass ofiginates in a Sahara dust storm;
this is represented by line e. The important feature to

note is that b?th the continental Apd the ubiquitous back-
gﬁound¢componehts can significantly affect the compoiipion
of the marine aerosol in the size range where aerosols are

: normally sampled for chemical analysis. The tropospheric
background aerosol is apparently not very well gnderstood,
but‘it“is uniformly distributed throughout, 85% of the tropo-
sphere, and 1t appears to originate in the upper troposphere.
The chemlcal comp051t10n of the background aerosol is obscure,
but it is bel;eved to contain a large amount of sulfate.

' The information contained in %he diagram for particles below
~ % um is tentative and uncertain, especially with regard to
the lower size limit for sea salt aerosols, which is thought
"to be between 1. and .1 ﬁmLQJThere is considerable uncer-
tainty also abouf'the relative contribution of jet and film
drops to the sea salt spectrum. - Woodcock (1972) suggested

" that a zone of tran81t10n between Jjet and bubbf% fllm source
- for Hawaiian marine aerosols occurs in the neighbgrhoo& of

. «2 = o4 um. The résidence time of sea salt particles over

< the ocean 1s not very much affected by ﬁarticle size ac-

~ a

e g vy p—
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Figure 1 An idealized diag;am of the various components of
the undisturbed marine aerosol. From Junge (1972).




!
/

cording to Junge, since rainout and washout are considered

to be the controlling factors. He estimated an average life-
time of about:? days for parﬁicles smaller than 10 pm. This
is probably non inconsistant with the corresgonding value

of one week for tropospheric aerosols over continental :ameas"r
(Martell and Moore, 1974); if rainout and waBhout are ex-
pected to be more’effective over the sea. -

Within limitations, particle size gpectra and other
measurements of physical properties are»uéeful sources of
information ig}constructing a picture of the air/sea inter-
action,’but the most conclusive data sh&lld come ‘from chemi-
cal analysis, preferably in size fractionated aerosols. It
would seem very desire;ble therefore tp have chemical data
on the tropospheric bacﬁgrounq aerosol. This could pre-
sumably be obtained at altitudes above 2 - % km over the
oceans, where very little sea salt would be encountered. "

Blanchard (1975) has written a succinct summary of
his knowledge of th€°dynamics of sea spray formation; Fhis .
is paraphrased below. Breaking waves, which begin to ap-
pear:at 3 - 4 m/s wind speed, are the major source of bub-
bles in the ocgan. Blanchaﬁd has observed concentrations
of 108 bubbles per m5 in the, wake of whitecaﬁs. Bubbles
. préduced in this way range from < 100 ﬁm to several mm in
diameter, the size distribution being strongly inverse.

The average bubble rises for 30 - 60 seconds before reach-
ing the surface, but it is not stated how deep they may go.
The adsorption of SAOM produces a negatlve ch9&ge on bubbles

which probably results in their repu131on and non-coaleg-

-
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cence. Very small bubbles—wi*l go into solution Becaﬁse of

a pressure increase caused by surfage cur%ature, leaving
particles (which are presumably also negatively charged)
(Johnson, 1976)., If a bubble reaches the surface before

going into solution it will burst with the ejection of jet ¢
drops or film drops or both depending on its size and the
adsorption of SAOM. The height to whicg'a jet~drop T1i8€8
is preciselyva function of the diameter of the preceeding
bubble, because the kinetic energy of ejection is derived
from the surface free energy of the bubble. During Fhe
rise and concurrent adsorption of SAOM however, thé& surface
éhergy of the bubble is*lqyered. This ageing effect on jet
drop ejection height is pronounced and seems to attain stesdy
state within 20 seconds. Blanchard found that film &rops
can be produced for bubbles laréer than 300 pm. The number
of film droplet igcreases rapidly with bubble size, and is
also enhanggﬁ’gg clustering at the intérgfce. hlthough a
-precise transition cannot ée defined, most film droplets
are in the < 1 um category. MacInt§§e (1974b) suggested a
mechanigm for chemical fractionation in film drops, but
this has not yet been experimentally verified.-

Despite the wealth of informat-on on the physics of
bubble bursting, the mechanism by which the eiécta receive
organic enrichment has received ingﬁ?ficient attention.
There hasn't .even been an in-depth study of the, physico~

chemistry of the bubble microtome. This of course is an

obvious practical approach to the dilemma of relating

atmospheric enrichments to processes occuring at the sea
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surface. °‘The bubble ageiﬁg‘éﬂfect on‘height of jet drop
ejection, for example, might be directly re}ated to the
fractionation factor of organic carbon, but this has been
overlooked. As has been demonstrated by film pressure and
surface potential measurements, the a&sorption of organic
matter is both quantitatively and qualitativelx affected
by time. Because of the competitive nature of adsorﬂtion,
F for specific compounds may exceed or fall short of.

max
F calculated or measured for total organic carbon. In

nax

assessing the sea as a source of various elements, e.g. P,
N, and I, in the atmosphere, it would be helpful to know

the F factors for each organic carrier. It should be feadible
to obtain information on the potential'for fractionation of
various classes of organic compounds in laboratory experi-
ments by addin§ trace amounts of radioactive compounds to
natural seawater, generating aerosol particles, aqd measur-
ing the resulting enrichments. ‘This should be aimed at J
elucidating the physical-chemical mechanisms involved'in
film drop and jet drop fractionation. By éimu;ating various
bubbig breakingléonditions, such as bubble size, age, and
clustering, wind speed, and type of‘seéwater, the important

envir nt.. . -

Y
mechani'lms could be identified and extrapolated to the-

In order to evaluate the effect of chemical fractiona-
tion of transition metals on the marine atmosphere, Cu is
. chosen as an example since, of the four metals studied in
the natural samples, Cu showed the great&st potential for

sea-to-air fractionation. Cu is also an element which is
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Known to be moderately enriched in the marine atmosphere.
P {

The ma] part of Cu enrichment on sea salt aerosols will

probably come from the organlc Cu 001101d. This can be

, demonstrated by extending the St. Margaret's Bay observatlons

to theﬂoceans in general. Taklng the observed mean vélue o#
30 for F(dissolved) and the ebserved concentration range of
106 - 300 ng/1 in surface waters, the resultant concentration
" of organic Cu in aerosol droplets is 3. - 9. pg/l Assuming
that partlculate Cu 1sjfractlonatée to the seme extent as

the other metals, F(partlcu%ate} = 200, and adopting Wallace,
Hoffman, and Duce's (1976) range fo? particulaté Cu concen~-
tration in sugface waters, 1 - 10 ngfl, the expectéd contri-
bukion of particulate Cu is 0.2 - 2. pg/l. Therefore dis-
solved §u should be between 60 - 98% of total fr;ctionated

Cu, if fthe data and assumptions are correct.

t may be premature to extrapolate from the values of
F obtailed by these experiments to the real situation at

sea where‘physicél conditions afe infinitely more varied.
For example, the entire spectrum of conditions under which
aerosol dfoplets are formed was not investigaied in the
laboratory, and¢£he fractionation of open ocean seawater
was not measured. Nevertheless, even: when ample allowance
is made for under-estimation of F, it’is rather unlikely
that chemical fractionation is of sufficient magnitude to
account for observed poncentrations of Cu in the marine-
atmonhere. The maximum value of F observed for Cu in a -
fractionation qxperément was 1Q1‘9. Measurements of ambient

aerosols at Hawaii, the South Pole, and Bermuda place the

~
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apparent enrichment of Cu relative to Na in the marin;)atmos-

phere. into the range 1033 = 148-0 (Hoffman et al, 1972;

Zoller et al,  1974; Duce et al, 1976). This may not be a
satisfactory comparison, sihce aerosols produced by the bub- o
bling column are not entirely represéntative of those pro-

duced at sea in that the bubbles used in generating labora- -

\

tory aerosols had an average diameter of qboﬂt‘ﬂ mm. Bubbles

-

of that size result in jet dropé about 100 pm in-diameter or -

saltlparticles'of ;bout 35 pm under a¥erage atmospheric con~
ditions. This is near the upper limit for sea salt parti-
cles in the atmosphere. Therefogﬁ, labo?atory P valﬁ;s gill
have to be revised upward <to represent the éﬁtire spectrum

he

of sea salt aerosols. The gnrichments for smaller bubbles

can be predicted by the bubble microtome pri;ciple. If t%g

mean value of 401:5 is accepted as the average F factor for

1 mm bubbles, the enriéhments fér 0.1 abd .O1}ﬁm bubbles B
are 102'5 and 105'5, respectively. These derived P values

¥ »

can be compaz?d with those actually medsured in size frac-
tionated aerosols.collécted fromﬁa tower on the coastdQf
Bermuda (Duce et al, 1976). The five stage impactorb:j;bled\
‘the size range from) 3.6 um to < .25 pm. Enrichment factors,
referenéed to Na, wére seen to;inc%ease with-déereasing .
particle size, spenning the'r;ngeuﬂos’a - 1089, Tnis is

3 - 4 orders of magnitude greater than thel ;hiéh could

possibly be produced byvthe bubble microtoming of jet drop-

lets into the atmosphere. Also the rate of increase of ¥ U
with decreasing pérticle dismeter in Bermuda aerosols is:

greater than-that predicted by the organic film hypothesis,

*
a
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which indicates that F should vary inversely a;;the first
power of the bubble-diameter. This relationship was obeyed |,
~by organic iodine in the laboratory fractionation experiments
rof‘Seto and Duce (1972). The use of the bubble microtome
principle is probabljﬁyalid to explain fra;tionatign behaviour
in sea salt particles greater than .2 - .q:pm (bubble diameter
“> 10 pm). Woodcock (1972) believes that film droplets pre-
dominate below this range, however. Therefore, in order for
sea~to-air fractionation to be a viable hypothesis, théiq |
must be & reasonable way to explain éeveral orders of magni-
tude disparity be%ween the laboratory F factor and the appar-
ent F factor 1n1theleﬂvironment.

Turning from THe hypothesis of sea-to-air fractionation,
*what else can be invoked to explain the anomalously high con-
‘centratio?s of heavy metals in the marine atmosphere? Duce '
et al (1975) have suggested that due to the relatively‘high
volaﬁilltypof some of these elemsnts (As, Se, Pb; Sb, and Cd),
éav;pour phase may be important at the source. The anomalous
elements tend to be more concentrated on the smallest parti-
cles, while the opposite is true for the crustal and sea
'galt eleants: This is further evidence in favour of a
vapour source (Duce et al, 1976). By now it is already

fairly well eséablished'th&t these anomalous enrichménts
are a universal phenomenon whlch is found in,diverse environ=-
‘ments -- urban and rural land and sea, Northern and‘éouthern
Hemispheres (Pierson et al, 1974; Zoller et al, 1974, Duce

et al, 1975; Rahn, 1975). Phough absolute .levels varj
greatly, being lowest in the remotest greas, %he‘pattern of .

~
13

-
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steady stafe concentrations and distributions of elements

- metals in the ocean, the abtmosphere is a source rather than

v

50
enrichments is aiyays repeated. Continental dust is ﬁ%iqui—
tous in the marine atmosphere, so it sould not be surﬁrising
that this finer component bearing high levels of rare elements
is to be found there too. All of these_facts are consié%ent
with tye ;%fa that these anomailous enrichments are probably |
part of the troposphéricﬁbackground aerosol. The sources of
the background are probably many and varied, e.g. cosmic,
fossil fuel combustion, smeltihg and other industrial aétivi-
ties, volbanoes, Qorest fires, et¢c. If the anomalous elements
originate as a vapour or as Aitkeﬁ\particles (< «1 pm), then
their presence in chemically analyzed aerosols might be the
result of condensation, agglomeration, and other processes
which contribute to the gradual shift up the particle spec-
trum. Hgg? (1972) has s@own(that gifferent removal mechanisms
predominate in different size ranées, and that there should
be subsequent differences in residerce times. This fact

should be considérédywhen attempts are made to explain the

associated with sea salt, crustal, and high temperature

sources.

a

From the foregoing it 1s apparent that for most trace

v

8 sink. Cambray et al (1975) have estimated the input of
trace metals from the atmosphere into the North Sea, and
Duce and Hoffman (1976) have estimated the input of anthro-
bogenic vanadiium into‘a ;ection ofrtheuNor%h'ktlantlc Ocean.

To further underscore this point, a table has been prepared
£

(Table 8,\Appendix)°in which global trace metal fluxes from

‘
+
» Ay ¢
»
L “

‘e
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the atmosphere are compared with those from the world's

rivers. Fluxes have &lso been estimated for the removal’

of the elements from the ocean by phytoplankion uptake, .

Since atmospherlc concentratlons yary tremendously geo-

graphically (Duce, pers. chm., 1977), it is no¢ valid to .
take one regioﬁ as represéﬁtative of the globai marini'at—
mosphere. It is probably not valid either to assume that

global fluxes based on river input or on sedimentation are

applicable to a specific oceanic regionl Furthermore, these

»

global estlmates are uncertain because of difficulties in-
herent in obtaining world average values, e.g. sediment _
composition and degos1tion rate vary geographically. It
is not surprising that parallel estimates Qf’weatherlné
based on river input and sediment oqtbut do not agree,
Therefore, the numbers in Taﬂle 8 shpuld be regarded as
order-of-magﬁitude estimates at best;'and the .table itself
should’not bgltaken too lﬁterélly; Despite thg crudity of
this epproach, these data do suggesﬁ that the atmosphers
1s a potent source of some trans{tioq and heavy elements “
fn the marine environment. This is particulaply true for
the anomalouély enriched elements. In assessing the im-
pact of the atmospheric burden of anomalously enriched
elements, total deposition velocities must be accurately

determined for each element in the marine environment.-
- AN 4

There seems to be considerable uncertainty about the rel-;J

ative importanae of dry deposition and rainout as well as
the relationship between particle size and dry deposition

velocity. Cawse.(ﬂ974) has measured both dry fallout and

¢
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air concentrations with an impactor at the same urban sites
and has found a direct ?elationship between average dry ,
depoeition velocity and mass medign diameter. At .a tvpiealu
urban location the highly enrlched elements, Se, Aq, Sb, and

Pb, had dry deposition velocities in the range 0.1 - 0.3 cm/

sec while Fe and Al fell out at the rate of 1.1 - 4 4 cm/sec.,

In the absence of precmpltatlon, dry deposition veiocltles
are inversely related ?o atmospherlo re51dencent1mes. Thug,
in order to maintain an enrichment factor of 1000, the
anomalous elements must be injected and removedaébout 100
itimes faster than the crustal elements. On the other hand,
if precipitation is much mo;e effective than dry fallout;

the relative flux could be a factor of ten higher. In‘or&er

v

to clear up this uncertainty, it would be desirable %o detéfu

mine empirically the effective total dep051tlon velpc1ty for
each element in the geographic region of 1nterest.. Flnally,

the solubility of the elements must be known to céiculate

~their
that thisNs high (50 - 90%) for most elements* even Al, Sc,
and Fe are/ soluble to some extent (10 - 20%?.1.The 1mpllca—
tions of the atmosphere being the principal mode @or some
elements are that concentration profiles may be different .
for these elements and that input is geogrephically more
uniform. The imglications of the source funct&on being
anthropogenic , are non-gteady state concenéfations and eco-
logical changes. The fact that trace elements are cycled -
rapidly by plankton tends to keep the oceans in balance.

Before relegating chemical fractionation of transition °

AY

eochemical fluxes. The data of CaWSe (1974) indicate

-
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metals to oblivion for its apparent inability to explain the
anomalously high concentrations of heavy metals in the marine
atmosphere, it should be remembered that fractionation i1s
still an important aspect of the marine chemistry of the
materials involved. Blanchard (1975)'estimatgd th§t the sea/
Aair cycling of SAOM amounts to 5 - 12% of the total yearly
production of organic carbon'in the ocean. ?his estimate
may be too high since it was based on atmospheric concentra-
tions of organic carbon rather than known potential for
fractionation, j.e. the ¥ factor for organic carbon.l A more
conservative estimaté can be obtaine% by adopting-the pre-
viouslylcalculated Fmax foa organic carbon as an average
figure fot the oceans. This agrees with the average organic
carbon/salt ratio of :05 observed in Berxmuda by Hoffman and
Duce (1976a). ,If the total transport of sea salt into_thg
air is 10> - 1019 tons/year, thls puts the transport of
organic . carbon somewhere between 0.1 - 1.0 per ;%it of -
yearly productwon. Interestlngly, if yhe same‘klnd of C&l-

2.5

culatlon 1s repeated foq Cu, assumlng F = 10 which |

ave
seems reasonable, and ba51ng the averige concentration of \

Cu in phvtoplankton on thezanalyﬁeg of Martln and Knauer

(1973), one obtains the same numerical result. Because

2-5

the assumption that F equals 10 is not supported by an

adequate investigation of oceanographic variability, however

-

' this result cannot be taken seriously. The importance of

the sea/ai%“cycling of organic Cu can perhaps be best illus-

trated in another way. EConsider the proéess of cycling

\

through the atmosphere as a mechanism for exposing enriched

[ M 4

$ 2 .




!

69

*

G

\

A

»

_are possible.

play a determining 'role, especially for traqg}tien.meta1~

54

sea salts to a unique chemical environment. Some of the
attributes of ?his environmept are high ionic strength
(essentially saturated with respect' to sea salt), low pH
(the pH ‘of cloud water is 5 - 6), and high flux of sunlight

" [sea surface value) This is actually a heterogenous chemi-

1

cal system where reactiéns:in both gas and liquid phaées

Photdchemical reactions would be expected to

‘.

-

organic compléxes. - Organic compounds in general would ’
probably tend to oxidize and volatilize, but how effectlvely
in relatlon to similar reactions which occur in the’ photic
zone? Cycllng of SAOM through the atmosphere is almost
certain to cause compositional changes, but what these are
and how thgy fit into the organlc chemlstry«of thg)oceans

remains ‘to be seen. s . .

~e

) . 1

¥
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f?\\ IT. Trace Metal Patterns in the Gulf of St. Lawrence '/\u
¢ . The Gulf of St. Lawrence is. an inland sea and a giant

estuary, both agpects of which are peftiﬁent to the study of

trace metal distributions in the Gulf. The reader. is refer-

‘red for general information about the physical, biological,
geological, and chemical environment to several current ar-
ticles

and Nota, 197%; Khalil and Arnac, 1975)

and reviews (Steven, 1974 Fl‘Sabh,v1976; Loring
Thls study ex-~

&munes the geégraphlc dlSpOSltlons of several transition
L ¢ b

petgls in surface waters of the Gulf with_the aim of dis-.

¢overing the important factors copt;olllng the distribu~-

tions and in particular of deterﬁé%ing*whether Biological
t 4 ! a
*  production has any discernable influence.

Although there has been)much conjecture sbout chemiéal

¢ 2

* _ and biological interactions involving certain trace metals,
( »
direct évidence for the nonconservative distribution of

thése’elements in the ocean is hard to find. Boyle and .

Edmond (1975) demonstrated that dissolved copper is enrlched

in surface waters of the Antarctic upwelling area relative

to lower latitudes, and that copper covaries linearly with

nitrate in these waters. Data from the present study-are

used to test the hypothesis that Fe, Mn, Cu, and Zn are en=-
‘

»

riched by nutrient recycling in the St. Lawrence Estuary.

*

Spencer and Sachs (1970) showed with respect to AL, Fe, Cu,

X

Mn, and Zn that suspended particulate matter in the Gulf of

Maine reflects differences in elemental composition which

[}

are correlated with the presence-of resuspended ¢lays in
In-particu-

a

deep water and phytoplankton in surface watér.
. .

3
L4

L3

t
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lar,-Fe and Al é&hered:ﬁo the disposition of suspended clays '

\

in deep waters while Cu and Zn were augmented by the péeéence
of phytoplankton ixn surf%?e wéteqs.u The distributions of -
particulate Fe, Mn, and Zn in the Gulfhof St. Lawrence are
interpreted by anaLyzing'iﬁterelemental covariations in the
light of the known physwcal and blologlcal oceéanographic
features of the Gulf. ’ ot

Surfacé samples weré collected“from 2 - 3 metzes. depth
at 38 statiarns in %he Gulf of St. Lawrence beéweén May, 27
and June 8, %975 (BIO cruise 75~015). The stations'sampled
are seen in Figure 2. The nutrients nitrate, silicate, and
phosphate were determined aboard ship by autoanalyzer. The
sampllng procedure consisted of casting a polyethylene Jerry
can from the bow of the ship 1mmed1ately after coasting to
a stqp. The five litre sample was then filtered in an en-
closed polyethylene systep under ten pounds pressure through
a 25 mm O.4 pm Nuclepore filter. The first 500 ml of sea-
water was retained in an acid-cleaned polyethylene bottle

and acidified to pH 3 with one ml of 1.5 N Aristar HCl. The

filter obtained was dried at 60° C and stored in a glassine

¥ £

_envelope. All of the seawater samples were analyzed within °

a month after the cruise. The analytical techniques used
to determine dissolved and particulate trace metals are des-
cfibed in the Appendix. )

Y

The Dissgolved Trace Metals \ ) :

~—_ The "dominant influence of the St. TLawrence River as a

source of dissgj&ed metals invthe Gulf can be visually

-
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appreciated by looking at the maps of dissolved Fe and Mn
reproduced“ié Figure 2. That the same pattern is followed
by Cu and 7n can bé verified by refer;ing to the station

maep of Figure é and tpe tabular data of Table 9 in the Ap=

pendix. The effects of tributaries are moét apparent in

. N ! . . .
ﬁhe distributions of dissolved and particulate iron. High

iron "concentrations, for example, occur at inlets along the

western coast’ of Newfoundland. On the basis of salinity,

i

nutrient, and trace metal distributions the Gulf can be

divided into two princibai'rqgions, these being the estuary
and the open gulf. For the purpose of this discussion the
estuary consists of éhe Lower Estuary plus’the Gaspé Current
and is represented by stations 37 - 50. The open gulf is &
region which is remo%e from the influence of the estuary or
other immediate ingluence of land. The stations\whlch are
representative of the open gulf are 20 - 24. In the estunary,
where salinity ranges from 20%.to EO%Q véfy high vgiues of

dissolved and/partlculate trace metals, nitrate, and sili-

cate are found. The open gulf is c‘acterlzed by much low-

.er levels “of dissolved and particulate trace metals, and

nutrients are essentially zero. The scarcity of nutrient

elements in surface waters of the maritime portion of the

Gulf (excluding stations 37 - 50) indicate that at the time

,of tHe cruise the Gulf was pasﬁ the season of active phypp;

*

plankton gfowth. ) ’
* Overall variability of dissolved metals decreases in
the order Fe> Mn > Zn 7> Cu. This sequence might be expected

to reflect the relative differences in concentration bgtween

14 -
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river water and seawater. Trace metal data on the St.
Lawrence River is sparse but concordant with this assump-
tion (Livingstone, %965). The absolute levels of Fe: Mn,
Cu, and Zn are very siypilar to those reported by P;eston
(1975) for British coastﬂl waters. They are somewhat lower
than those reported by Bewers et al (1974) in a previous
study of the Gulf, pr;bablx,o&ing to improved detection
1imit; achieved with the graphite analyzer used in this .
study. There is no obvious evidence that the yaters of the
Gulf are polluted with respect to any of these metals. o

bAt first sight, the regressi;ns formed between the'dis:'
sol%ei metals and salinity, shown in Figure 3, §uggést that
most of the ovbral% variability is caused by simple mixing
of fresh and saline waters in the Gulf. Accordingly, the

order of decreasing r2

for the regressions 1s the same as
that of decreasing overall variability. The unexpectedly
faithful correlation witﬁlsalinity exhibited by disso¢lved ,
Fe suggests that Fe is in effect a fairly conservative tracer

of fresh water input into the Gulf over the range of salin-

-ities encountered. Considering the analytical uncefrtain-
! /

ties (see Appendix), it is appafént that simple miﬁing of

two water masses does not explain all of the variability of

.

these four metdls in the Gulf of St. Lawrence.

¢

By contrast, the distribution of nitrate éndqs*;icate
in surface‘waterS'shows abrupt'chanées in the/estﬁary which
do not correlate yéll with the salinity‘gradieqts. The me-
chanism of nutrient supPly in the St Lawréncé es?uary is

by vertical mixing and upwelling followed by horizontal trans-

I 1

X*

©
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L N .
Pigure 3 Graphs of dissolved transition metals versus
salinity in the Gulf of St. Lawrencé. The regression lines

and correlstion coefficients are based on all of the data
points.
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. poft in the eastward fiowing Gaspé Cup?ent (Steven, 1974??1
The sﬁppped concentrations seen in Figure 4 are thus attrib-’
uted to the upwelling of anrient rich subéurﬁace watefé
caused by the estuarine circulation. Both fresh and deep -
waterisources caﬂ be discerned for Siliqate, sihce stations
42 - 46 show a slight negative saiinity dependen;e. The
slope of the dependence implies that at tﬁe lowest salinity
encountered, fresh water accounts gpr about 36% of the en-
richment of silicate. Upwelling appears’ to be the predom-
inant source for nitrate, however. *

Given the existence of upwelling and nutrient intensi-
fication, it is relevant to ask whether trace metals d;ﬁsid—
ered to be essenttal for phytoplankton growth can be influ- _
" enced by this process. It is recognized that trace metals

may be controlled by both conservative (fresh water. source):
and nonconservative (in this. case biolégical) ﬁrocesses.
Therefore, there is a logical bagiS‘for comparing dissolved
trace metals with.salinity and hitrate. Ifﬂghe metal varia-
'tions closely‘follew those of salinity, then the metal is
considered to behave conservatively. TIf the relationship
with saliﬂﬁty is not 1ine;r, but the metal also has a signi~
" ficant correlatioh with nitrate, then there is reason to i
believe that the concentration of the metal is controlled
by both oonsef%ative and biological mechanisms. To investi~
gate this possibility, data from the estuary were used to )
form linear regressions relating the dissolved trace‘ﬁeﬁals

to salinity and to salinity plus nitrate. The strength of

each regression was evaluated by computing the appropriate

o=
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F ratio. @hen'to %est’%he hypothesis that the regression.
onkbéth variables results 1n a signi;icantly better fit‘

- than the regression on, salinity alone, & third likelihood
ratio was cogputed by the methbdé of Brownlee (1965).1 ‘

‘As can be seen from Table 7, the improvement bfought
about when both-nitrate and salinity ere invoked to explain
the variation is very significant for Zn, Cu, and Mn, bu%‘
not significant for Fé.' There is a 99.9% probability that

% nltrate and salinity Jjointly account Ffor the behaviour: pf
Zn more completely than does salinity alene\ ?he inference
is thus that Zn, Cu, and Mn ﬁre not, wholly conserﬁative in
the estuary, ?Eg: that they are enriéﬁed by thé ﬂutrientk :
pump effect. This implies alsq that their concéntratiéps
are higher in the déep watér enﬁgﬁined Ex thé gurface out—
flow. Lower significance for Mn in both regneésioné nay
mean that other féctorsyare involved, spch as adsorption or
precipitatién. The test employed is not an absolute criter-
ion for noncoﬂserva%ive behaviour, because the extent to A
whlch coyarlatlon with nitrate 1s ev1dent will depend on
the relative importance of sallnlty. For Fe, the magnltude
of the fresh water source -may effectlvely mask the effects :
Ot a deep water one. ,

" The cohereﬁ% clusterlng of points for»sallnlty greater
than §O%k1n the scatter diagrems of Fe' and Mn suggests that
effié%ent meqhanisms are operating to remove these metals
from surface waters of the open gulf. It is expected that
Qbiologécal rémgval would bésparticularly important fo?"bokh
Fe and Mnﬂkse? "Prace Metal Observations iﬁ Sé. Ma;gareﬁ's

.
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Table 7 .Application of tne‘analysié of variance tééhnique
to linear regressions relating the dissolved metal§ to
salinity aqd nifraté. The data subse?lused;egnsists of
estuarihehstation5137 - 50,

Metal Hypothesis 22 ' F Significance Level

Iron a . 84 58.70 99.§%
s b .87 32 99:9%
c .bs N"‘?AB.O'% )
Manganese’ a - .47 9.68 99.0%
’ b:v - ;?4 13-94 ‘ 99:5%
‘e 10 241 ' 99,0%
: . ) % .
Copper a T .81 45,75 99.9%
_— ST .93 70.67 0 99.9%
5 K . . C . Lt -"19131, 99&5%
Zine - a "2 17,91 ! 99:5% ’
b. .92 59.85 99.9%
c Lo L 39.78 99.9%

L]
-

a - Linear regressioh of dissolved metal on salinity

b ~ Linear regresgion.of dissolved metal on both salinity

- and nltrate ' N
¢ - Hypothesis that b ymelds a 31gn1flcant1y better fit
" to the data than a
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Bay"). It can be seen in the maps of dissolved Fe and Mn
(Figure 2) thaé a definite depression in the concentrations

of these metals exisps in the watefs of the open gulf. '
Comparison of the maps-.of Fe and Mn with the map of surface
currents in the éulf dquring June (Figure 5) reveals that

the depression‘is situated in the area which ig occupied by
"a‘largé penmanent'anti-clockwise gyre present during thé
sce~free mbnths of the year" (El1 Sabh, 1976). The depressions

4 ;
may thus be due to the relative isolation of waters involved

in the‘circulaﬁio; of the gyre and the removal of fdissolved
trace‘m;tals by blological production.,
That a sink for dissolved Fe and Mn does indeed exist

ip the open gulf can be demonstrated in another way. The
’rggpeqsions of Figure 3 indicate that Fe and Mn are removed
) - fagter than they are diluted, because these curves extrapo—’
* late to zero concentfation before the salinity of the open
ocean is reaohéd. In other words, these curves imply that
the concentrations of Fe and Mn in surface waters of the

open ocean are -1.8 ¥ 1.3 and -0.4 .3 pg/l, respectively.
The first imérgﬂsion created by Figure 3, that Fe is a fairly
conservative tracer in the gulf was tﬁﬁé an illusion. The
non-linearity of Mn ve salinity is less deceptive. Clearly,
Fe and Mn are removed from the open gulf faster than these
waters‘ban exchanée with the water outside the gulf. Since
the mean flushing time of the Gulf of -St. Lawrence is between
200 and 510 days (Steven} 1974), the rate 25 nonconservative
removal of these metals is quite fast. )

The large scatter at high salinity in the diagrams of

« M . V ~
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_ By contrast with Fe and Mn, the concentratlons of Qu and Zn

in tﬁe"qugkcan be represented by a map of particulate iron,

67 ¢

Cu and Zn suggests that scavenging is relatively inefficiént
for these metals or that there are unidentified Sources.

are not conspicuously 1ower in the- open gulf. Slnce the
variatlons of Cu and Zn at’ high sallnlty do not.co%relate .
with IO 2 ‘a possible source.of Cu and Zn"could be the
atmosphere (see "Chemical Fractionation of Dlssoived Transi-
I'e

tion Metals"). The possibility of contaglnatlon cannot be

ruled out for'Cu-and Zn, however. -

The Particulate Trace Mebals .

The géographic distribution of particulate trace metals

Figure 2. iThe common features of the‘distfibution of PTM's
aféfﬂ) very }owoconcentratidns in the open gulf, 2) higher
concenprations near land, and 3) highest values ;n the St.
Lawrénée estuary. PTM concentrations increase in the saiZ;:
ity gradient of the estuary as the St. Lawrence River is
approached. Clay minerals, quartz, feldspar, and amphibole

»
were identified by X-ray dlffractlon in samples of suspended

parti@ulate matter from the estuary. The distribution of

particulate iron is strikingly similar to the distribution

of d?ssolved iron, except that the difference between
estuary and open gulf is more pronounced in the former.
Apparently the dispersal of PIM's by mixing is accompanied’
by thelr removal by sedimentation.

The maps of particulate Fe, Mn, and Zn give the

impression that PTM's are primarily derived-frgm the St.



‘Lawrence River and the other minor terrigenous inputs, but
an analysis of inter-elemental variations reveals thdt PTM's .
are not homogeneously?proportiongd throughout the Gulf. .
Regional variations in PIM patios can be visualized by making
inter—eiement log-log plots of the éTM«conc ntrations which
has been done in F%gures 6y" 7 ﬁManganese and Zn are well
correlated with Fe in the‘estuany (stations 3 - 51), having
correlatlon coefflclents of .99 and .96 respectlvely. However,
both correlations are nonlinear at a 31gn1f1]lnce level of
.995. In effect, Fe falls off faster than eltﬁZr§Mn or Zn
as the SPM is transported away from ;ts*\burce. Elsewhere
in the Gulf, Mn and‘Zn deviate strongly from $he regression
on Fe determineé by the éstuarine stations. These deviations
are mostly positive, i.e; enriched in'Mn and Zn Pelative to
‘Fe. ' )

The high degree ochorrelationhof Mn and Zn with Fe
in the estuary ‘indicates that all ﬁﬁéee metals are borne by
the same cérrier; viz, terrigenous mineral detritus. The
enrichments of Mn and Zn relative to Fe in SPE outside the
estuaTy can be explaihed if the SPM there contains less
mineral detritus and more organic matters The observation
has been made that SPM of the estuany is 10 - 50% partlculate
organic matter {POM) by weight and SPM from the rest of the
Gulf is 80 ~ 100% organic '(Pocklington, pers. comm.). This
generalization is based on dete;minations of ‘POC and total
weight of SPM on sdﬁpleé collected during several cruises
:to the Gulf of St. Lawrence. (

¥

The conelusion. that Mn and Zn are enriched in the open
n ° % w.
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4

gulf by reason of their incorporation into POM can be sup-
ported by a consideration of the concentrations of Fe, Mn,
and Zn in phytoplankton and s'!pended sediments. Since Fe
has a crustal abundance of about 6ﬁ, it is used as a refer-
ence element for suspended sedlments (Taylor, 1964). Einc
has an enrichment factor -of 3.0 in SPM of the estuary snd
one" of 70. - 200. in the open gulf:‘ Similarly, the enrichr,
ment of Mn is -0.3 in the estuary w@ile the enriehment for
the open gulf is 2.0 - 8,0. Comparing these with enrich-
ment factors for phytoﬁlankton computed using the data of
Martin and KnaWer (1973), it can be concluded that .the
enrichment of Zn in phytoplankton is very similar to thatb
for SPM in the open gulf, and Mn’appears to be more enriched
in SPM of %he open gulf than in phytoplankton. Manganese
data in the Gulf are concordant with particulate Mn measured
during the bloom of;phytoplankton in St. Margaret's Ray,
however. ' ’

| - The highest enrichment of Zﬁ’occurs in the open gqujj\
but this is not true for Mn. The plot of log'Zn vs log Mn

in Figure 7 shows that Mn and Zn are well correlated in the

eséuery as expected. The ‘fact that a good linear fit is also

obtained for the stations of the open gulf suggests that
another carrier is involved in that region. The two' parallel
regressions account for most but not all of the variaﬁilit&
of Mn and Zn. These facts lend further support to the
inte;pretation that two different carriers, organic and
mineral, control the disposition: of PIM's in the Gulf.

?hg organic carriep,‘being both phytoplankton and detrital

»
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POC, may have & variable compoéition. This fact might ex-~
plain some of the residual variability which does not seem.
to be accommodated in such a simple model.

Several other ‘studies (Spencer and Sachs, 1970; Abdulla
and Royle, 1974;~Wa11ace et al, 1976) have found PTM dis-
tributions’toibe controlled by mineral and organic carrier
phases. Pgrhaps the most relevant 1sﬁthe study of PIM's
in the Bristol Channel. Abdulla and Roylg observed that Zn,
Mn, Cu, and Cd exhibited unusually ﬁigh concentrations in
SPM of the outer channel in June when compared with their
levels in April: They attributed the elevation of these
metals to their concentration by phytoplankton. This in? r-
pretation was sustained by nutrient studies of the region
and by the demonstration of a linear relaﬁionship b;tween
the metais and particulate nitrogen in the outer part of the
cﬁﬁnnel. ‘The conclu51on, gleaned from PIM correlations in
gﬁe Gulf of St. Lawrence, that aluminosilicate mlnerals be~-
come lgss important carriers of particulate trace metals
away fiom estuaries and toward the open sea is also sup-
ported by other findings. Wallace et al (1976) measured
trace metals andhfarticulate organic carbon in a series of
surface bucket samples between the New England coast and J
"Bermud?: Examining PTM variations with -respect to Alp and
POC, #hey concluded” that organic matter is the probable re-
gulator of PTM's in surface waters of the open oceans, and'
algminbsilicatexmin;rals, though probably present, are car-
riers of minor “importance for.most trace metals.

Thus the tendency displayed by Mn and Zn to be enriched

£ _‘4

‘\>
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relgtive to Fe in the open gulf can be explained by the
increasing proport{on of particulate organic matter rela-
tive to particulate mineral matter. It does not necessarily
follow that biologigai means are the only way that trace
metals are removed from waters of the gulf. The non-lin-
ear relationships noted between Fe and either Mn or Zn in
the estuary could be caused by gradual adsorption o% pre=-
cipitation of all three metals onto lithogenous particles.
in roughly equal proportions. The amounts of Fe, Mn, and
Zn incorporated into a hydrogenous phasé would be only a‘few
per cent of ambient dissolved concentrations. It is also
possible that the observed effects are due to fractional
settling of the larger (Fe rich) particles as the suspen~
ded load tr;vefses,thg length of the estuary (which takes
about 15 days). ‘

In summary, the distribution of particuiate Fe, Mn,
and Zn <in surface‘wgters oﬁ the Gulf of St. Lawrence is con-
trolled by the input of terrigenous detrital material from
the 5t. Lawrence and other rivers and by nonconservative
processes in situ. In the open water portlons of the gulf,
it appears that Zn, Mn, and possibly Fe are predomlntly
derived from phytoplankton and detrital organic matter, :
whereas in the estéary all three metals owe their origin
to riverborne detrital minerals. The significant covaria-
tion oi\dissolved Zn, Cu, and Mn in the estuary with salin-
1ty and nitrate suggests that these metals are controlled by
biological prooesses. The ex1stenoe of a potent sink for Fe

and Mn in the open gulf 1nd1cates thaet these metals are




oo

-

removed from surface waters of- the open gulf on a time

scale comparable with the circulation of water.

not telllfrom the evidence whether biological production

or adsorption-precipitation is the more important means
a

4‘

One can- -
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of removing trace metals from surface walers of the gulf.,
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ITI Trace Metal Observations in St. Marg et's’Baf

There have been several attempts to study the accum-
ulation of trace metals by plankton in the marine environ-
ment, but a clear understanding has not yet evolved. Morris
(1971) observed variatf%ns in Mn, Cu, and Zn during an .
intense bloom of Phaeocystis which ipdicated that the me-
tals were perturbed by the bloom, fut apparently in gquite
different ways. All three ﬁg;le were concentrated by the
organism, but’ at different times. In the seawater; Mn de~
creased, %Zn increased, and Cu stayed about the same coin- "
cident with the bloom. Mo%ris.tentatively proposed that
the metals were incorporated jnto the bodies of the organ-
ism in different ways. Knauer and Martin (1973), aftet a
one year study of Odi Cu, Mn, Pb, and Zn in %he surface
aagéﬁuand phytgplangton of Monterey Bay, concliuded that
witg the possible exception of €d during peak productivity,
metal levels in nearshore waters appeared to be more depen-
dent on hydrographical flustuations than on biologiial fac~
tors.

From the elemental compositionqof phytoplankton (Mar-

tin and Kﬁauer, 1973; Riley and Roth, &??4), it would ap-
-;ear that an observable depletion of some trace metals might ’ !
take place during the spring flowering in nearshore temper- |

ate seas. To tegt this hypothesis, a weekly sampling pro-

Jgram was begun in St. Mérgaretjs Bay where dissolved and

particulate trace metals were followed from Marcﬂ 2 to May

9, 1976. The chosen sampling location, station;M, is ap- ’
proximately in the center of the ‘bay where th*ater is ‘

’

. -
. .
.
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29 fathoms deep. In order to minimize the chances of con- °
tamination, a special sampler (Top~drop Niskiﬁ) was employ- ;J

ed which did not contain an internal spring or shog¢k cord.
Within 24 hou;; of collection, samples were filtered and o
aéidified‘as described in "Trace Metal Patterns in the Gulf .
of St. Lawrence". The analysis followed tﬁe procedures des—’
cribed ir the Appendix. Lo . /

| St. Margaret's, Bay is a small embayment, about 8 x 16
km, with & slight sill at its broad entrance. The bottom
topography is relat%vely uniform, and depths range up to

" 80 metres near the mouth on tpe western side. The ratio of '

; Y

the fresh water inflow to tidai inflow is small, .so that

any vertical two layered circulation is small. The Tesi-

dence time of water in %he bay is about 10 days in the upper
1ayé£ an& 30 days in the lower layer; t?é mean flushingu SR |
results pr1n01pally from the anticlockwise c1rcula%10n.of
shelf water through the bay (Beath, 1973). B

In general, water ﬁropertles in- St. Margaret' s Bay
result from the 1nterp1a3”be§;een local conditions (inso-
latlon, pf&ClQ}tatlon, winds, etc.) and ocesnic water.

e ! -

Temperature and salinity measurements made during March and,
April at station M reflect thg‘changing seqs?ns{ During
winter; stratification 1s maintained by salinity' differ-

- # “
enges, and temperature increases slightly from top to bot-

tom. By March 9, the thermocline is developing and heavy .

» spring rains show up as low salinity events in the sur-.

face layer. b
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From this point on, th water column behaves as two layers,

5 a mlxed layer of. warm jow salinity water about 10 metres

thlck overlaylng,more line water of oceanlc .origin. . CoN
The annual cycle of prlmary producti‘aty in St. Mar—
garet's Bay follqwi‘the usual pattern for tempenate coastal
,w§ters, éith'g major peak in spriﬁg and a minoréﬁne in
“ autumn. fhe'spring'bloom qéually peaké-in mid-April when
‘__Mq§:;~w/!na max1mum“rate of 2000 + 700 mg C/m day nay be a?talned

" ;1»&““ -
s (Platt 1971) Except dnrlng the “spring flowerl 8, nutrlent

levels in St. Margdret's.Bay are probgbly'controlged more
by water movements on the contiﬁental shelf than %y bio~
logical processes w1ﬁh1n weather dlsturbances 1n\1ate'

L]

summer and‘autumn can cause complete water replacement in -

relatlvely short p (gfiods of time (Platt et al, 1972). Thei -
. growth of phytoplankton was monltored by Secchi dpp%h and -
' y "chlorophyll a mggsurements. Biofogical product;on %as monl-
-u’:>,// d tored by observ1ng the depletion’ of nitrate in the water
colugn. Accordlng to these 1nd1catorsﬁ the bloom of . Apral “

4976 was 51m11ar 1n most respects 'to the one studied by .
» {
. ‘ - -~y

) Platt and”Subba Rao (1970) in 196€9. , é
Before delving info the results of the ;emporal btudy

¥

of,h;ssprjd Fe, Mn,; Cu, and Zn, it is perhapsapseful ‘to-
“the kinds of varlablllty that might be encoun—

. 4 ‘énticipat

: ( tered.' Since the yrace metal date are three dlmen51ona13

‘u: . "N two kinds of«yaniability; those of saﬁpling'aate andysdmple
degxh can bé anﬁlyzed Tﬁe causes of these may be either
phy31ca1 blologlcal, or chemlcal. Fresh water %s expected “ﬂ

.. - M
to be the malq contributor to vgrmatibns,in dissolved trace
” & . \ R -




*
- ¢ -

'qmetél concentrations in the bay. The effects of fresh
water will be largely confined £g the surface layer. ILoh~
ger period variations in the @eep water may occur as & re-
sult of a@%ectfon, diéfusion from the sediménts, énd biolo~
gicai uptake: If biological uptake of d%ssolved trace me- «
tals is to bccur during the bloom, day-to-day changes'in§

/ dissolved trace metals should parallel those of nltrate.
Other possible causes of nonconservatlve behav1our, such
as a@sorptlon and preclplFatlon, are expected to be mlnor,

in this salinity regime, compared to biological ones.

The Changes in Dissolved Trace Metals
The concentrations of Fe, Mn, Cu and Zn- display def-
inite trends with depth in the water colummn., PFigure 8 de-

. ¢ . o»
picts some typical profiles of the four metals. It is ev--

L]

1dent that the‘dlssoived ‘metals are generally higher in the

e

”““urface 1ayer than - in the deep layer, and that sharp gradi-
t
-ents ex1st 1n the upper 10 metress Below about 10 mefres

the water is more nearly uniforn, J/p Fe and Mn are usually

hlgher at 40 metres than at 25 metres. The nature of these

»

préfiles can bQ~better undérstood if metal concentrations

afe plétted ggainst salinity as in Figure 9., The relation-

shlp of Fe and Mn to sadinity is decidedly non-linear, If
/

\q?ly canservatlve m1x1ng of two waters bf dlfferlng salln—~

°1tle's'and trice metal concentrhtlons controlled the abundance

t
‘of Fe’ and Mn in the water column% the intermediate p01nts

- would all lie on‘a stralght line connectlng the two end mem-
bers. ‘Departure Trom a‘lldgg; relatlanshlp with S&llnlty ’
3 a * s J‘ . ut&' & "t - . v
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Pigure 8 Some typical profiles of dissolved Pe, Mn, Cu, !,
and Zn at station M, St. Margaret's Bay. T&e data consists -
of the sampling days, March 16 and 23. Condentrations are . -

K L4

pg/l and depths are metres.
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Figure 9 Dissolyved metal versus salinity diagramg for the
profilesfof Figure 8. Concentrations are ug/l and salinities
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implieg that‘the;e are more than two wdter types or that
noncenserv?tive ﬁrocesses are involved.’ Since this cur- | -
vatﬁrezis not a transient feature, it is likely that there ‘
is’a source at the bottom’ or a sink at mid-depths. Non- “
lineaéity’in the profiles of Cu and Zn canngt be demonstrated.
‘Day—to-day variations in trace metal content qf St.

Margaret's Bay are depicted in Flgures 10 - 1%. It is ev~
Ldent that concentraﬁlons do vary W1th time and that appre-

clable changes can occur over ‘short periods. The'order in

which the elements are perturbed by fresh water is Mn” Fe™

.Zn> Cu. Two incursions of fresh water occured on March 16

and March 23. These events are easily spotted in the records
of Fe, Mn and sql%nity‘(Figufe 14).~ Ih generalhthere is an
overall ccrrespggdence’of salinity {1uctuations in the ;ur—
face layer with rainfall (Figﬁre 15). Iron and Mn fluctua=
tions are'geqerally well correlated with those of salinity

iﬁ\the surface layer but not at depth. It is possible to .

shaw by correlating Mn concentrations between adjacent’

depths that the water column has a two-layered structure,

iees that“flﬁctuations in the deeper water are 'in effect

- decoupled from thoge occurrlng in the surface layer (0-10 n).

Thus, day-to~day variations caused by fresh water input are
X

,appre61ab1e but conrlned to the surface 1ayer. The deep -

water\ls more oceanic and apparéntly more time-stablé. These

observations are in accord with the physical features of 5t,
}'\

'Margaret's Bay mentioned"earlier.

During %he period of the bloom, April 2 - Apml 26,
dlgsalved Fenani Mn exhlblted a decrease throughout the
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\ entire‘w;ter column ;hich was precipitous in the case of Fe
and gra&ual in the case of ﬁn. Thé decline of nitrate be-
gan on Aﬁril 2 and continued through May 9 (Figure 16).~

Also éuring this period, pfecipitation lulled somewhat. and
surface qalinities remained constant. By May 9 rainfall

had. resuméd, and salinities accordingly, dropped slightly.
Iron and Mn returned to higher values at all depths on May

9, but nitrate remained very low. The decline of Fe and Mn
durwng the bloom may have occurred naturally by the growth
of ﬂhytoplankton. Indeed this was expected for Fe, since it
is often present in very high concentrations.in paytoplankton
(Martin and Knsuer, 1973). In order to %est thiguﬁypothestg,
Fe, Mn, and NO3 concentrations were integrated in the water

column (z.c (2: .4 = zi)) and regressions were formed between

i+
the metals and .nitrate during the relevant period (4pril 2 -

_April 26): These regregsions are displéyed in ﬁigure‘17;

it can be seen that there is indeed a good correlation in .

both cases. - In the,éase of Fe, only one of the eleven sam-

pling days, May 9, falls outside of the relationship. The

regression of Fe on‘Nb3 is very significant{ the profability ‘
that it is due to chance is .025. Manganese correlates
with NO5 only during the five days,w?en NOB‘is rapidly . -
depleted (April 2 —}26). The significanée level of this
regression is-90%. It ia“clear that tﬁe parallel behaviour

, of Fe and NO% before and during the spring bloomvimplies

fthe remova; of dissolved Fe by phytoplankton production.
Manganese is probably also removed, but to a lesser extent
compared with its normal gbnce rgfions in $he water.

.
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{\15 250 ‘g-at/m , the net ‘removals of Fe and Mn by biologi-

wr

From the siopes of ‘the regre351qns of Fe and Mn w1th
nltrate, it. ig. p0551b1e to estlmate the utlllzatlon rdtlos.
The Yatom ratios for Fe and Mn turn out to be 1.39 x 10'3 e
and’2286 x 1073 respectively. olnce the net. removal of *

nltrate from the,uater column between April 2 and April 26

cal productlon are calculated to be .39 ng/l and’ .78 ug/l

respectlvely. These are obv1ously substantlal proportions

b

~of the normal steady state concentratlons of the elements -

in the bay. Ed%imates of the phytoplankton utidization of

"dissolved Fe and Mn will be pompare& with concurrent changes .

. in %he concentrations of péarticulate Fe and Mn in the discus=-

sion of particulate trace metals to folloy.
Considering for a moment the temporal behaviour of Cu

and Zn &epicted in Figures 12 and 13, a more random picture !

e

is presented. There is evidence that some of the samples

were coﬁtaminated, e.g. in theMyjngularly high concentra-

tions ab 25 and 40 metres on—ffril 5 and April 26. Beceusé’
'. b\
there is little gorrespondence of the day-to-day variations

-of Cu and Zn,with any known factors, it is felt that much of

the variabil%ty can be aﬁtributedgyo contamination, The
source of contami?ation is not, known, bubt it may have been
the samplihg\device itself. A possible so&rce of Zn is the
neoprene gasket ﬂgfeﬁial used 1 He\igbrication of the "Top
Drop Iliskin" sampler. Because cqnta%?nation is suepected, ‘

a complete interpretation of.-the behaviocur of dissolved

/
*

Zn and Cu is nop attempted. \
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The Changes in Partlculate Trace Metals ‘ . ‘ .

o

Typical of nearshore coastal waters, the average
welght of SPM 1n St. Margaret's Bay is about’ 1 mg/l. This
is higher ﬁhan is characterlstlc of the lgptlaq Shelf, but
mﬁch.lower{than‘someféhallow estuarine environments, e.g.
Narraganéett,Bay.' Meagured surface concéntrations of par-
ticulate-Fe'in‘St: Margaret's Bay are comparable with the
values noted for nearshore stations in the QulT,og %) : Law-
rence‘(i‘igure 2). Thehvi‘raction of 3PM that is orgaz*an' J
be estvmated by subtracting the -weight of alum;nosQllcate
mlnerals (2 10,x Al ) from the total weight of SPM. What 1'
B is actually célculated is the non-aluminosilicate fraction
which is certalnly an, over-estlmate of POM, bét the ﬂesult
suggests {hat a substantlal proportlon of the SPM in St.
Margaret's Bay ;s organic. Thls is supported by the POC
datermlnatlons of Platﬁ’and TIrwin (1968) and of - outcllffe
(1972) Althoggﬁ‘total SPM does not geﬂerally show a trf:?"

W1th depth, the per cent of SPM that is alum1n031llcate 1n&

1 creases with depth. The‘alum1n051llcate fraction at 25 gnd

40 métnes, averaged over the entire sampling period, 1s 15%, -
while the average value for 1, 5, and 10 metres is 8%, The
difference between surface and deep water is greater‘than
he depth~avebaged dallv varlatlons. There is only a slight -
ff//:endency for the per cent alum1n051llcate tg decline after
Merch 26 during progress of the plankton bloom. These facts
are tonsistent.with the interpretation that there is a high
. background of detrital oiganiqgand inorganic SPM in the bay

w&ich tends to obscure the effect of a bloom of phytoplankton

4
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on total. suspended parti"cula’ce matt& . ~5 )

A sallentffeature of P™M concentrat Qns in the water "

éolumn isythat they increase with depth. The' exponentlal—

‘resuspension of bottonm sediménfs. The amerage proflles of

0a£d Cd become mo*ﬁ\;?ncentrated relgbtive to Al as -the sam-

pling period progresses. The five sampling days of March

11ke increase is deplcted by the average profﬂles of Fe
and Al in Figure 18. These profllas;suggest that Fenand Al

owe their existence 1n,t9e water column prlmarlly to the “ 7

Mn, Zn,.and Cd shown in the same flgure do not closely Lo
follow those- of ?e and Al, suggesting that these metgls are
not entirely carried by resuspended ;luminosllicate ﬁatefial.
There is a considerable amount of dally variation ﬂn %he ¢

] ~ . [}
level of alumlnosz.llca’ce mnerals. The hlghest levels oc"

curred on Marcﬁ]25 following an intense storm (March 17)s . A
the lowes?t level was measured on May 2. ,As W§Eh SPM, par=
tlculate Al decreased in the latter days of the’study 1nter~lu
val OW1ng tgkthermal stratlflcatlom and, reduced resuspen31on.

High background levels of SPM tend to mask the effects
of the spring bloom on PTM levels, but when Mn, Zn, and 'Cd,
are referred ﬁf Al the ‘ratios manifest changes whlch are

directly caused by in situ blologlcaliact1v1ty. When PTM/AL

ratios are plotted against time, it is evident.that  Zn, Mn,

k3

are"codéidefed to q;/préleoom; the Becchi dep%h was 8 metres

and chlorophyll a was relétively low and constant. PTM/AlL

[l

ratiog also remalned relatlvely low and constant durlng

 March and homogeneous with depth. Between March 26 and

April 2, PTﬁ/Almratios begin to undergo a transition which

» . » o

rr
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; Figure 18 Particulate trace metal profiles at station M,
St. Margaret s Bay, averaged over the sampling 1nterval,
March 2 - May 9. Concentrations are pg/l and depths are -
metres. .
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¢ tically dlfferEntlated as Fe, Mn, Zn, and Cdabecome more

\

, possible to estimate the magnitude,

4

s
. -.!? . e

hY

coincides with the onsel of the bkoom; ¥he tvansition is to-

ward 1ncrea§1ng ratlosa. Also, the water colqﬂp becomes Ver-x

concentnated 1n the surface.

The increases 1n these metals

*

P

%

relative to Ahyare partiy due to blologlcal flxatlon of;these

of the water column. The PTM/Al ratlos gg;érved before Qnd

during the bioom in St. Margaret s Bay can 1n~g\peral be

metals- in phg;oplankton éﬁ? partly to a gradual decglne of

’

y resuspended.mlum1n051llcates subsequent to stratlflcatlon

mratlonallzed by comparing these w1th ratios calculated fromﬁr

¢

data on phytoplankton and clays, as was done for PTM's l?

the Gulf of St. Lawrence,

I

L4 ©
PO

If the simplifying assumption is made that PIM's ‘are

03 .a. ¥ s (3 ) ¢
borne by two carriers, aluminogilicate and organic, it 1s,¢ .

* /by ‘subtracting from ¥

aluminosilicate fract

(P'I‘M/Al)Al S1 X Al .

y

n, i.g. PTM 1
Slnce PTM/AL ratlos for the aneral

[ 4

oﬂ-the organlc fraptlon

tal P™ the contrlbutvon of the

organic PTMtot

fractlon»of resusPended sediments werj measured only 1nd1—

rectly, the values of (PTM/Al)Al g3 were constnalned to

minimize non-detrltal PTM concentrations.

L

Thig arbitrary

“normallzatlon of the non-detrital or organic fractlon ena“

ables the effect of the phyt0p1ankton bloom to be seen. in

Figure 19.

It is apparent that there is a marked*dlffer- :

.

»

ence ba?ween March and April in the tendency of Mn and Zn

to be associated with the organic carrier.

CGadmium also

manifests a transition from aluminos%licate carrier to
v N ¢

o

L]

PP

Y
"

-

¥

‘.

-

phytéplankton, but for Fe the change is less noticeable.

.
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That; 1s because Fe 1s a major element in the crﬁft and’ lSa

4 .
.

© 4 thus present largely as minersl partloles. AYso since ’?‘,

-

phytqplankton may concentrate AL to. kyme extent the assump~

Y tion thgt Alp is entlrely alumlno3111cate may.result in an-

under~est1matlon of the non-detrital fraction, especlally o

during the bloom. Therefore, it 1s prgbably safeato gﬁess

that nearly all of the partloulate Mn.and Zn in the watep- K

¥

durlngwt e latter stages of the bloom is phytoplanktonggerfged.
‘ Theﬁabsolute amounts of n?n—detrltal PTM s durlng '
Me;ch are not known but it is reasonable to guess that tqey .
r are nonzero sihce rélative to t‘;lcal sediments or crust the
abPM does sk‘lowxson;e enrichment (E;F (Mn)~2, EF (Zn)~ 5, EF ((%"1)
r37). Hydrogenoue:phaées may bé invoked to explain- some of
this enrlfhment but thls is not neoeﬁsary. Slnce POC levels
are maintailned between 450 and 400 pg/l throughout the year

(Platt and Irw1n,.1968 Sutcllffe, 1972) and since primary

produqx1v1ty during March 1s,usually beglnnlng to 1ﬂirease <o

after the m1dw1n§er minimum (Platt, “1971), it is reasoned .
. -

byaanalopv with April that much of the nonwdetrltal PTM ’
durlng‘Maroh 1s probably assoclated with POM. According. to
uutcllffe, the ratlo of total : living POC varied from 2 -

" ™~

- 10 durlng an annual cycle.‘ Non-living organil detrltus has.

perhaps different amounts of PTﬁ&assooaated wlth 1t than .
‘11v1ng phytoplankﬁgif but’ thls source cannot be' neglecteﬁ

/
1n con51der1ng PT forme‘ln oceanlc~waters (Hirsbrunner

,» and Wangefsky, 76; Wangersky éndvGBrdon, 1965). | ¥

>

> The ph&%oplaﬁkton PTM maxima seem to lag behind the

fjpeak'of ohlofophyll a which apparently occured on April 12.

. Sk

»
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t*on open to doubt, it suggests that the metals are not S,
”»,

absorbed as rapidly atvyhe ogsét of the bloom as after its

4

peak.‘\ulmllar observatlons on the varlablllty of trace. ,

«* &ta’ concentratlons in phﬁ‘toplanlcgon can be ¢ited in sup-

port of this (Hayward 1969; Riley and Roth, 4974) It
is tho‘ght not pnllkely élat the’ accumulatlon of trace
metals by phytoplankton‘dependg on a vamiety of factors
1nclgginé the stage of growth agg ambient levels in tﬁe

.,

medium » s ) Y o M

a ‘

Trace Metal Cy@lang,in St. Margaret's Bay

It is evident, when Flgure 49 s‘compared with Figures
10 ~ 13, tgat the incipient rlse of blogenlc particulate
trace metals c01n01des with: the decllne of dlssolved trace
metaIs in the water column. Most of the blologlcal flxatlon
apparen?ij’occurs between: April 2, and‘Aprll 26. Slnce Fe .
is 1argelz presént as inorganic SP%, it ‘is not possible to, -

accurately estimate its fiiation into biogenic particulate

matter, but Figure 19 suggests a maximum of;ﬂ peg/l. This

- comp@res well enough with the value of .39'ﬁg/l calculated

eariien for its removel. The flxatlon of particulate Zn
appears ﬂnﬁm Figure 19 to be only about .16 ug/l, which
helpg to explain why a change in thé concentration of dis-
solved Zn is not visible. The most favorablg case is Mn,
since changes in,both dissqQlved and particulate forms can

Yetually be Qetérm%ned from the data.’ The observed decline

"in dissolved Mn, .78 pg/l, agrees with the carresponding

s

’
3



1ncrease manlfesﬁed by non-detrital partlculate Mn, whlch
is O¢7‘ug/l In general, it appear$ that the blologlcal
- s ixatidh of Fe, MnA'and 7n estlmated either by the observed

e 1

changes in‘dissolved or blogenlc partlculate trace metal
s , coegentratlcns are in essential agreement. Based on t@e
- observed uptaﬁe of nitrate and assuming a % ¢ N ratio, of

7.0, the estimated PTM/C raties for the bloom are 0. 93 X
[ y &

10’3, 1 86 x 10 5, and 0. 38 x 1077 for Fe,+Mn, and Zn -

kY

respectlvely. These values seem to be somewhat higher than

°typlcal of pelagic phytoplankton (Mgeﬁin and Knauer, 1973),
_but may not be unusual for. phytoplankton grown 1in coastal
wa%ere where dissolved me%al concentrations are higﬁef. )
~ Having seen direct evidence of biological coﬁtrol over
) tﬂe coneentr;tions of dissolved trace metals in the rather
LY .extreme iéetance ;f an'in@ensefphytoplankto; bloom, it is
" logical to examine next the significance of the biologieal

cycling of trace metals in St. Margaret's Bay. The primary

productivity by phytoplankton in St.‘ﬁ;rgaret's Bay is 190
I 60" g CVm yr (Platt, 1971). Macrophyte produotionpused to
be 603 g O/m yT in St. Margaret s Bay (Mann, 1972), but
overflshlng of the 1obster has since allowed the great beds
of kelp and’ seagrasses to be "consumed by ‘sea urching’ (Mann,
pers. commd; to bgﬂpublished'iﬁ Helgoléeder WissenQEheﬁtliche_
MeereSuntersuchungen) Therefore 190 g C/m yr is a fair
estimate f;r gross carbon flxatlon approprlate to the tlme
of this study, but a certain amount’ of organic ?attar and ‘
associated nutrients are remineralized within the %ay and
must be subtracted from ‘this figure. Befpze.the demise of

.
!
v B N ) *
N
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3 g " 101
" seaweeds 1n St. Margaret's Bay, Webster et al (1975) measured
the 'sedimentation rate of.organic, matter, whlchqpmounted to
118 g C/m yf’ This figure balanced the yearly oxygen cqnsump—
tion in.the sediments, and because of the shallowness of the

water-column, was probably a good estlmate of remlnerallzatlon

A Y

4

at a time when comblned~(phytop;ankton aqd,macrophyte) yearly .

production was gbodt 800 g C/mgyr.' Hargravé (1973), has shown
1 N ’ t. . "
that oxygen consumption can be empirically desc¢ribed as a -,
.- R ’ ,’ v 0
function of primary productivity and mixed-layer depth. Thisa

~relationship allows an estimate to be made of the.carbon

-
-

equlvalent of oxygen uptake for the sediments 1n st. Margaret'
Bay. The net photosynthetlc flxatlon of carbon thus derived
is A3%0 g C/m yr, i.e. one third of the total productlon by
phytoplankton is oxidized in the bay. Using the inferred‘

" PPM/C ratios, the yéarly removal of Fe, Mn, and Zn are calcu-
lated to be 121, 242, and 50 mg/mgyr, reépe@tivély. Given
the mean residence time of water for the entire Bay (19 5

' days, calculated from fhe gata of Heath, '1973) and further

aifsumiﬁg that tﬁe Bay is well mixed and that concentration
averages for March and Aprll are, representatlve of the entire

year, the relative- re51dence tlmes of the metals can be cal-

_culated. The equation for the relative residence time is

N

m' = TwTH0 = gw/(gM + B),. vhere @ is the flux of water,
M the average concentratlon of dissolved metal, and B the,
flux ii'blologlcal removal. The relatlve re51dence time is
4n inherent parameter of the particular element in the )
aquatic system under consideration, and is a measure of that

element‘s tendency to depart from conservative behav1our by

f

. -

~
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'svy  °  whatever mechanlsm, chemical or blologlcal.

.chemlcal removal in 8% Margaxet's Ba&.

‘ 3
: . 80102

dence’time for tran51tlon metals in the“oceans is 102 - 104

years, it is expecte@. ’chat blologlcal remova}g Tﬁ‘ outwelg;h,s

&
The ﬂffﬁ&x data and

relative re31dencé tlmes are tabulated below.

- 4 . x .

Since the resi-

B ’ ﬁM B ot Tyr 7 .
L] e——— Lo ©
Fe 121 mg/m yr 532 mg/mayr R C .. 6 ‘.
My 282 " hos, A ‘? ,
Zn 50 B32 < o . .91 ST e
~ [ o . v %
- These results indicate that in spite ‘of. the rapid renewal o

of. wgter in the bay, the removal of dissolved Fe, Mn, and VA I

by biological sactivity' is quantitatively impor'ban'b.\ Eoi‘ 1

example, if, the average concentratlon of Fe were the same “T\ o
JY’“‘" ' TV
offshore ‘as'it is in st. Margaret's Bay, and if’ there wérg
ho input of Fe from fresh water, the outﬁlnylng water from
1' ‘

the Bay would be depleted by 45% of course, rlver 1npg_t:_,:.s . |

svgnlflcant for all three metals, as noted prev"ously. A
rough estimate of river coﬂcentratlons can be derlveé fromﬁ . e
the salinity dependence of metal ¢oncenprations in the sgr- ) . b
faceylayer. The'rivefihe inputs ;re then calculatmfﬁm' ' |
mult‘%ply1 ing the river concentrat" ong by the mean fresh
water’xnflow of 12 4 mB/m yr (Heath, 1973). In Qrder to

achieve a final balance between inputs and outputs, 1t 1s '
necessary that the shelf water be depleted in Fe, Mn, and .
Zn relative to the water in the Bay by 58%, 42%,,and‘53% w
respectively. It is to bé expected ?hat.shely watérs wi%h;
have 1ower‘coﬁ%gntrations than ﬁay waters wﬁich recéive ‘ %

more runoff, and the extent to which this is true may be

L -
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different for various trace metals. Calculatiénb of tpis
type are usually subject to considerable uncertaifty; it

would be better to have measured 1nputs as well as outputs

R

¥ go that the net balance could be checked for inbternal con~

v e M

sistency. . v,

-

The mid~dépth minimum feature observed in the profiles
i N &

- of Fe wundiMn may be maintained by a diffusive flux Pf these

metals from the sediments. Whether tHis mechanism is physi-

cally reasonable ‘can be- examlned in two ways. If benthic
regenegstlcn of orgenic matter, which amounts ‘o 60 g C/m yr

{15 thé only: ﬁourge, then the calculated fluxes of Fe and Mn
are .019 ug/c%/day and .058 ug/cm day respectively. The
resulting doubling times in +the lower water column (:10 m),
are comparable to the residence time of the water, so this,
hypothe51s does seem reas®able. But can these fluxes

. ‘account for the magnléﬁde of the observed concentration
differences at 25 and 40 meters? The average concentration

v differences are .05 ng/l for Fe and .14 ng/l for Mn. If

*  the eddy diffusivity of the lower mixed layer 1s about 10

cm /sec in March (a.reasonable estlmate based on +tidal.
. currents), tthl gradients imply a flux of .028 pg/cm day ”
for Fe and .081 pg{gmgday for Mn. Considering the uncer-
tainties in the eddy diffuéi@ity and flux of organic carbon,
it if felt that there is essential agreement between the
?wo sets of calculated fluxeg. Therefore, there propably
is enough Fe and Mn regenerating in the sediments and d%ﬁfu-
sing into bottom waters to maintain the o@served concentra-

tion gradients in steady state. The fact that no such

»

— e
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feature is obvious in\Phé profile of Zn is also in agreement
with prediction. . !
Diagenetic remopilizatién of ?race metals in e§%uarine
sediments is supported by two other lines of evidence.‘
Presley et al (1972) found frém one to several orders of
magnitude enrichment of Fe, ﬁn and Zn in the interstitial
water of sediments from Saanich Inlet, British Columbia.
The highest concentrations were attaingd by Mn, and smaller
enrichments (less than a factor of teﬁ) &ere observed for:
several other transition elements. They felt éﬁat organic
complexing was at least partly responsible for causing the
enricﬂments. Elderfield and Hepworth (1975) showed that
sediment diagenesis can cause the enrichment of certain
metals at the sediment surface; ard calculated fluxes for
sevefal’metals in the Conway ahd Tees Estuaries. It seems
'likely that the Q}agenetic fluxes of metals in the estuaries
Just mentioned are balanced bj the input 5} organic matter
and associated trace elements. Rowe et al (1975) éuggested

v

that benthic nutrient regeneration plays a major role in

W

uthe high pro@nctivity of coastal and estuarine waters.
Therefore, remiﬁeralization of biogenic PTM's in the sedi~‘
ments ma; be an important part in the cycle of trace metals
) in productive coastal waters.

Concerning the non-conservative behaviour of Mn in St.
Margaret's Bay, an interesting compérison can be made with
Narragansett Bay (éraham et al, 1976). Narragansett Bay
is shallower (10 m), more estuarine (24 - 32% salinity),

and dissolved Mn is present at higher concentrations (up

&

( 1




:nto zb pg/l), although “the residence tlme of water is 51m11ar

(ab uﬁione month) compared to St. Margaret B Bay. The inter-

estlng observat;zn made by Graham et &£y (4976) is that al-
though total Mn 1s quite conservatlve 1n Narraganaett Bay,
dlseolved Mo’ is not. Surface waters (1 m) ‘are depleted in
dissolved Mn relatlve to deep waters (11 m), w1th respect to
the conservative mixing line drawn between\r}ver and deep
waterf/_The flux of Mn from the sediments was determined by

measuring the rate of accumulation of Mn in open bottomed

PVC chambers placed on the sediment surface. The average ~

2

value obtained was about 2 pg/cmiday, which is almost two

orders of magnitude higher than St. Margaret's Bay and prob-
]

ably sufficient ‘to explaiﬁ the difference between surface

"

and deep dissolved Mn in Narragansett Bay. The authors

244

belleved that. oxidation &ffﬁl to partlculate Mn02 was

. respop51b1e for the non—conservatlve effects. They dld not

e

oonsider fhe possibility of biological uptake and regenera-.
tion. - L
Although uptd¥e by phytoplanktop seems tg"b thewmost
probable explanat%on for the non-conservative changes ob—
served in o?. Margaret's Bay, it is not the: only possible |
explana%}og for such behaviour. In fact,.the real sittuation
in St. Margaret's Bay may be considerably more complex. The
chemigal mechanisms that remove ‘trace metals frqm the ocean,
are not well understood, and the possibilities ere numerous:
1) uptake by living phytoplankton analogous to P and N, 2)
uptake into phytoplankton tests analogous to 5i, Ca, and Sr,

3) authigenic formation by involvement in the DOC*POC

~
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e0u111br1um, 4) adgsorption onto partlculatensurfaces, BefSe

o

-clays, tests, 11v4ng and detrital organlc matter, etc.,

5) preclpltaxlon of an 1nsoluble 1nbrgan1c phase such as
Fe(OH)3 ar MnOg, 6) any combingtion of the above, The con-

/ clusions reached about the nonsonservative behav1our of

tracé metals in S5t. Margaret's Bay would probably, not be
substantially alte;ed by the choice of mechanlgm.

LA . In summary, the concentrations of digsolVedOEé, Mn,
Cu,.and Zn reflect sporadic inputg of fresh water to the
h§urfadé iéyer. The-deeper-water is less éubject to fluc-
tuatlons cauéQd by 1oca1'condit10né but is affected by

' advection of oceanic water. Iron and Mn display concen-
’tration minima in their profiles while Cu a;’ld Zn do not.

o \Tiat much of the SPM in St.:Margaret's Bay is resuspended
bottom sediments is in@iéﬁtﬁd by.the profiles of par¥ic-
ulate Fe and Al. Variations of particulate Mn, Zn, and ~

. 64 wath time and depth 1ndlcate that these metals are part-
ly associated with alum1n051llcates and’ partly w1th par-
ticuléte organic matter. During the p#&toplankton bloom,
dissolved trace, metdls are converted into particulate trace -
‘metals; the depletion of dlé;olved Fe and Mn 15 obvious and
_mirrors éhat of nitrat:T\\éfrrespoéding‘bhanges a}é Ob=—
served in the particulate fraction; Mn aﬁa Zn‘apparently
’become almost entirely«biogenous. The nonconservatave,
changes in Fe, Mn, and Zn are keyed to a model of primary

prodﬁction, and the conclusion is drawn that much of the

stream-introduced metals are removed from St. Margaret's

3

oy
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. _ Bay by biological production. ' The inflected profiles of |

14
: . ' Fe and Mn suggest that these metals diffuse from the sed-
¥ ‘ .
iments; this is supported by the estimated benthic regen-
T eration reguired by the model. )
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’ ConclusionS( . j

; . .
The major conclusions of this thesis may be summarized
) o~ * . ~ v

. ¢

_as follows. 1) fTransition metal distributions in coastat

!

seas are’ nonconservative. The major ‘cause of nonconservative,
behavioyr is probablf biologiial, but chemical processes may
be important as well. The time scale of removal in both
areas injestigat wouldflmﬁly that nondonser%ative»d@gtri—
butions are a normal feature Bf éhe-oceans. Therefore, the
ocean does contain inherent trace metal variability over
rather short scales of distance and time. ‘é) Chemical’
fractionétién of dissolved transition metal specieg in '
aerosoi pérticles produced by bubbles bursting at séa does
ocghir. .Iron and Cf exist partly as organic colloidsjin

coastal seawater, *and 1t i ese species which are responsi-

»

ble for chemical fra&tionations That chemical fractionation

alone is respoﬁsible f&r.the high concentrations .of these
elements in the marine atmos?here is very improbable. Thé
déean is rather a sink foratrgnsifion and heavy elements in
the atmosphere; in fact, -the main flux of some elements to
the open sea fay be via the atmosphere.

The major questions raised by this thesis may be sum- )
marized as follows. 1) What are the chemical mechanisms
responsible‘for removing transition metals from coastal
waters? Are they primarily bioiogical (uptake by phyto-
plankton) or chemical (adsorption and precipitation onto
particle surfaceg)? Since the means by wﬁich metals are

removed governs their fate, important clues can sometimes

be obtéﬂﬁed from oceanic distributions. More sophisticated

a



- . o

analytical techniques are also needed for .studying sus-

' I
pended artlculate matter which are designed to separate )

trace. metals’ 1nto 11thogenous, hydrogenous, "and. blogenous
- . .
fnactlons: 2) Are trans1t10n metal collolds in seawater

r

+ truly yetal*organlc coordination complexes or are they

something else? Do they result<from sutochthonous (e.g.

2 o

ﬁﬁpiologicalaproduction and decay), or allochthonous processeé

1

(e.g. metal-orgaeic colloids introduced by rivers)? Are
traneition métals strongly orgencphilic in the marine en-
virenment? In the author's opinion, the guestion of bio-
logically mediated interactions between PTM and POC and be-

tween DTM and DOC is still unresolved.

o
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Appendlx

The Methods of Analyzing Samples for Trace Metal oétent

The technique used for analyzing dissolved Fe, Mn
Cu, ghd 7n is an eclectic modification of methods which
have described$éBrooks et al, 1987; Bréwerﬂet al, 1969;
Mix and Goodwin, 1970; Krem}ing and Petersen, 1974). It
consists on a solvent extraction step using sodium dletpyl—
dlthlocarbamate (haDDC) and methyl-lsobutyl ketone (MIBK)
follpwed by injection of the extract dlrectly into the
heated graphite analyzer (HGA-70) of an atomic absorption
spectrophotometer (PE-403). Each sample is divided into"
four' 50 ml aliquots &nd standard additions are made to the

aliquots. The concentration of HaDBC used is 1000 tires-in

_ excess of the total extractable metal content of the sample,
. i.e. 3.5 x'10™2 M. The final extract is approximately 25

. times more concentrated in the metals than seawater. .

[y 4 ]

. Sincé NaDDC is unstable in acid‘solution, its decom-
position productsf&uﬁ{er’the solutioﬁ,.raising the seawater
pH from 3 to 7. When additional buf@erlng capacity was
needed, HGO3 or HE‘PO4 2= were sometlmes used. To av01d in-
troducing large a01d blanks, natural samples are acidified
only to pH 3. The samples were found to be stable at that
pH for at least one month. The NaDDC solution (and any buf-
fer, if used), are pre-;xtracted with MIBK., The MIBK was re-
distilled igﬁa Pyrex still. Pyrex separatory funhels and
Quickfit sample tubes must be soaked in concentrated nitric
acid and pre-extracted with NaDDC/MIBK. To avoid adventi-

tious contamipation, glassware and pipettes were kept .under

y

?
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a polyethylene film cover when not in use. h\\\\\\\‘\\\;

After the entire suite of samples from the Gulf of
St. Lawrence had been analyzed, the analytical precision
was calculated from the results. This ‘was done by first
estimating the variance of a single aliquot. "Since each
sample is determlned fPom four aliquots, the sample es=
tlmate is calculated from the formula, (ERMS)2
Ei (yﬂ yﬁ) /(n - 2), where y is an aliquot's absorbance

and n = 4., The pooled estimate of the variance is o2 .

»
2((ERMS,)? + (ZRMS Y2 4 *t* 4 (ZRMS
2

A

)2)/3k uhich is taken

gsince kX = 38, An estimate of the var-

2
to be equal to o

iance of the analytical concentration is then calcglated

from the formula, var(a/b) = (0‘2/b2)(1/n + yg/(bzzz(xi - xi)e))
where n = 4; y and x aré'absorbanée‘and concentration respec~
tively; b and g are slope and intercept respectively (Ben-
nett and Eranklin, 1954),. The coefficients of variation for
the elements are: Fe 7.6%; Mn 9.9%; Cu 7.2%; and Zn 6.7%:
These figures are slightly optimistic since they represent ,
the best case where the standard addition is 2/3 of the
-sample's concentration. The error estimates for fractiona-
tion factors were also éa;culated from formulae based on

the principles given by Bennett and Franklin (1954)Vf

The vali?ity of measuring the sample blank i% open to

'question since the medium used in place of sample (eug.
deionized water) méy céntain some ¥race metals. The lbw-
_est blanks obteined for the entirepproceedufe using either

deionized water or artificial seawater passed through a

- ¢column on Chelex 100 are:  Fe , .09; Mn <.005; Cu .O4; and

) -

N
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Zn .02 (pg/l). These values were not subtracted from the
data. Exposure of elever randomly picked samples to ultra-
violet light in‘quartzltubes in the manner described by
Armstrong et al (1966), produced no apparent enhancementg
No effect was observed even when the amount of NaDDC was
reduced to 1/500 of thé normal dose. Thereforeﬁ iﬁ is be-
lieved that the values rgpo;ted are reasonabli accurate

and represent total di;solved trace metal content of the

} -
E
seawater samples. \ "

¢

¥ The anplysis of particulate trace metals essentially

rféllows the procedure of Wallace and Duce (1975). The fil-
ters arve placed in Teflon dishes and‘ashed in an Internation-
eﬂ;@asma Corporation loy temperature asher. The reéidue 1s
dissolved in 20 pl of concentrated HF and 20 pl of concen-
trated HC1l, diluted as necessary for Al, Fe, Mn, Zn, and
Cd determinations and. measured against gtan@grds prepa{ed in
the same matrix with the heated graphite analyzer.' Copper
was not determined because preliminary trials were unsatis-
fgctoryq Blanks for thiskﬁrocedure were usually less than
10%. Precision for particulatg trace metals was notmgﬁi— .
culated, but is fpought to be < 10%.

X-ray diffraction’ analysis was performed on some, of
the filters from the Gulf of St. Lawrence before chemical
analysis by mounting them unaltered on glass slides. The
peaks were visible enough using mgximum sensitivity of the
" instrument to enable a gualitative estimate of the suite

. /
of minerals present.

- —— s
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Table 8 The total fluxes of elements to the oceans from
congruent crustal weathering, via rivers, and from the at-
mosphere. Fluxes are in units of 106 kg per year.

I3

Congruent N. Sea, Bermuda, Phytoplankton
Weathering Rivers (diss.) total uptake
o1 230,000 r

Na =~ 190,000
Mg 75,000 -
Ca 120,000 ‘ .
K 58,000 . ' '
80, 290,000
HCO; 340,000
S1 720,000
Al 210,000 12,000 17,000 15,000 8,000
Fe 140,000 21,000 15,000 11,000 40,000
Se 56 0.1 0.9 . :
v 0 29 870 18% 2,000 ,
" cr 250 32 300 110 400
Mn 2,400 224 1,700 170 800
Co 64 6 40
i 190 10 540 9 400
. Cu ;. s0 224 3,800 %6 800
7n 180 640 23,000 oy 2,000
As 5 6l © 980 yx*
Se 0.1 6 54 5% *
Ag 0.2 9 40
.Cd 0.5 160 7 g0
Sb . 0.5 3 14Q - 10%*
' Heg 0.2 2 . 22w 8
Pb 32 9% 4,900 130 - 800

* ‘Duce and Hoffman (1976), ** Duce et al (1976) and
assumlng a total deposmtlon velocmty of O. 5 cm/g.

Congruent weatherlng was derlved from the average




¥

\Table 8, continﬁed
crustal abundances of Taylor (1964) and assumlng 2.54 x
ﬂ012 kg of crust dlssolved per year (120 ppm dlssolved
solids, Livingstone (1963)). .The parallel estimates of .

river fluxes are those of Turekian (1971) which he based
on a compilaﬁion of literature values of‘peasured conéen~

trations in rivers. The two estiﬁates of atmospheric
deposition were c§lculated as follows: The gluxestof the

Nor?h Sea estimate are those of Cambray (H974) scaled to

the.area 3.6 x 1018 cma. The same agproach is“used for the ‘ o
estimate based on atmospheric fluxes.into the éargasso Sea
(Wallace et ai, 1976). Uptake by phytoplankton was cal-
culated from tye data of Martiﬁ)ana Knaver (1973) aésuming
an,annua% world oceanic tfoduction of 2 x 1010 tons of

organic carbon per year.

3
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