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Enrichment of 2I,)Pb and 210Po
in the sea-surface microlayer
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Chemical fractionation at the air-sea interface is frequently
suggestedl-5 as a possible mechanism contributing to the
enrichment of a number of trace metals in the marine atmos-
phere6'7. The origin of the long-lived radon daughters (21,,Pb,
210Bi and 210Po) in the atmosphere is of special interest because
of their use in the estimation of tropospheric aerosol residence
times8. It has been proposed" that injection of a fractionated
marine component by bubbles bursting at the sea surface might
be responsible for the occurrence of anomalously high atmos-
pheric 21"Po/2I<Pb ratios in Antarctical"and Hawaii". Here we
report the first measurements of 210Pb (7/2=22.3 yr) and 21"Po
(f,/2=138d) in the sea-surface microlayer. These measure-
ments were made to determine whether or not a significant flux
of these radionuclides from the sea surface to the atmosphere
could occur. We also introduce a method for treating chemical
data that we believe may be useful in determining the origin of
the trace-metal enrichments often observed1,2in the microlayer.

The sea-surface microlayer is the uppermost thin skin of the
oceanic water column. It is often characterised by anomalously
high concentrations of heavy metals and other trace substances
thought to be associated with particulate matter and surface-
active organic materiall2. The thickness of the microlayer is
defined by the method used to sample it. We used a plastic
screen in a modification of the technique of Garrett which
samples the upper 300+50 p.m (refs 12, 13). Because this was
an initial attempt to detect enrichments of 21"Pb and 2"’Po in the
microlayer, we deliberately chose to collect our screen samples
in calm sea conditions when visible surface slicks were present.
Bulk surface-water samples were collected by immersing poly-
ethylene jugs to a depth of about 20 cm and allowing them to fill.
We also analysed a single sample of foam collected along the
shore of a coastal pond. This material is believed to represent a
more concentrated example of the anomalously enriched layer
than samples provided by the screen technique" '\ Details of
the analytical procedures are given elsewherel16

Results are shown in Table 1. In all cases both 2"’Pb and 21"Po
showed enrichments in the sea-surface microlayer samples in
comparison with bulk surface-water samples. The degree of
enrichment seemed to correlate with film pressure (depression
of surface tension) estimated by the oil-drop method1l'l7,
although film pressures were always near the limit of detection.
The greatest enrichments occurred in the foam sample from
Oyster Pond. Thus a correlation exists between enrichments of
the radionuclides and the presence of surface-active material.

To assess the role of the sea surface in supplying metal-rich
aerosols, one must determine whether the enrichments in the
microlayer are maintained by deposition of atmospheric
material or by concentration of the metals from seawater. Only
in the latter case can the sea act as a source. The 21"Po/2I"Pb
activity ratio may provide an important clue. Table 2 lists
representative values of the 21"Po/21"Pb ratio in atmospheric
fallout and in seawater and marine particulate matter from both
coastal and open-ocean environments. The atmospheric ratio is
much lower than the ratios in bulk surface seawater measured in
this study, yet the 21"Po/21"Pb ratios in the microlayer samples
show only small departures from the bulk seawater values. This
comparison suggests that the ocean may be an important source
of the enrichments found in the microlayer.

A more quantitative treatment of this question can be made
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by consideration of a simple model in which the surface-micro-
layer enrichment consists of two components: an atmospheric
component and an oceanic component supplied by concen-
tration from seawater and upward transport to the air-water
interface. This latter supply process may involve chemical frac-
tionation. It is assumed that processes removing material from
the microlayer, either physical injection into the atmosphere or
mixing downward in the water column, involve no chemical
fractionation. With this assumption we can write for 21"Pb:

A, = Pbm- Pb, = f..Pb,+ Ph., 111

where the 2"°Pb enrichment, A,.h, is the difference between the
21"Pb concentration in the microlayer, Pb,,. and the concen-
tration in bulk surface seawater, Pb,. This concentration
difference consists of an enriched oceanic component, f,.,,Pb,,,
and an atmospheric component, Pb.,. A similar equation can be
written for 21"Po:

A,.,,= Pom—Po,, = F,.,,PO,,+ Po., 2)

Finally we assume that the atmospheric :i"Po/2I"Pb ratio, R.,. is
known:

Rit=Po;/Plr, 3)

Equations (1)—3) contain four unknown quantities, so it is not
possible to solve them uniquely. It is possible, however, to derive
a relationship between two important quantities. Let » denote
the fractionation between ’"'Pb and 21"Po during their transport
from bulk seawater to the microlayer. This fractionation is given
by

or = ci, (41

so if a > 1, then 2"'Po is preferentially (relative to 21"Pb) trans-
ported to the microlayer. This condition is probably necessary if
the sea surface is to act as a source for the anomalously high
21"Po/21"Pb ratios in Antarctic aerosols'", because 2,"Po/'"'Pb
< 1 in most ocean surface water. (Coastal waters in Vineyard
Sound (Table 1)and other locationsIll I' are often the exception
with 21"Po/2I"Pb> 1. The origin of the unsupported 2I"Po in
these waters is not understood. Over most of the ocean surface.
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sample is represented by a curve. In those cases for which more

Results of the model calculations for /ri, - 0.1.Each screen

than one bulk surface-water sample was collected on the same date

and in the same location, the results from Table 1were averaged.

For « = 1 there is no chemical fractionation. For f =m [ all of the

enrichment of !"'Pb in the microlayer is contributed from ihe

atmosphere. The curves are fairly insensitive to variations of R.:in
the range 0-0.2.



Table 1

Description of

Sample Type sampling conditions
Vineyard Sound, Massachusetts

(14 July 1977)

VS-1 Bulk -

VS-2 Bulk —

VS-3 Screen Visible surface slicks.
deliberately sampled

VS-4 Screen Slicks present but avoided

Vineyard Sound, Massachusetts
(5 September 1977)

VS-5 Bulk —

VS-6 Screen Visible slick, some quantities
of foam sampled

VS-7 Bulk

VS-8 Screen Patches of slick present

hut avoided
Oyster Pond, Falmouth, Massachusetts
(29 September 1977)
OP-1 Foam —
OP-2 Bulk —
North Atlantic Ocean
45°50'N, 64°10'W (16 September 1977)

NA-1 Screen Patches of slick present, sample
gathered both in and out of slick
NA-2 Screen Patches of slick present, sample
gathered both in and out of slick
NA-3 Bulk

* Uncertainties listed are standard errors based on counting statistics.

(dyncm )

Analytical results*

Film

pressuret

2"°Pb 2, Activity ratio
(d.p.m. per 100 kg) Po/ Ph APo/APb

- 3.5+0.1 9.6+0.4 2.8+0.2 —
— 1.8+0.1 6.8+0.3 3.8+0.3 —
>1 12.5+0.3 29.6 £0.9 2.4+0.1 2.2
-1 6.6 +0.3 18.3+0.6 2.8+0.1 2.6
- 5.0+0.2 7.0+0.4 1.41 £0.09 -
>1 41.3+ 1.6 51.5+ 1.9 1.25+0.06 1.2

3.2+0.1 7.0+ 0.7 2.2 +0.2
<1 6.0+ 0.2 10.0+£ 0.5 1.7+0.1 1.6
- 1,360 +30 430+50 0.31 £0.04 0.32
— 36.8+ 1.0 9.6 +0.7 0.26+0.02 —
-1 16.4+0.3 15.0+£0.7 0.91 £0.05 2.6
-1 21.3+0.7 21.7+ 1.2 1.02+0.06 1.7
— 14.7 £0.5 10.5+0.6 0.71 £0.05 —

t These are approximate values. All measurements were near the detection limit, and there was often some variation in film pressure during each

sampling period because of slick patchiness.

however, 21"Po/2"Pb< | because of biological uptake and
transport of 2"'Po to deeper water’.) We now let f denote the
fraction of the microlayer 21"Pb enrichment that is contributed
from the atmosphere, and we can write

f - Phil(F,.,.Ph,. +Pb.,) (5)

With these definitions and with equations (1)-(3), we derive the
following equation:

a =(AIVA,.1—/R,))/(1-f)/?,, (6)

where Ru- Po,,/Pb,,. Thus for any microlayer/bulk-seawater
sample pair we can define a relationship between < and /. Note
that this relationship is independent of the degree of dilution of
the microlayer sample by bulk seawater.

Figure 1shows curves based on equation (6) and the data in
Table 1. Although our data do not allow a unique solution, the
Fig. lallow some limitations to be placedontheir
interpretation. We note that as f approaches a valueof 1.0 (no

curves in

oceanic contribution), @ increases very rapidly. In other words,
the more dominant the atmospheric contribution to the micro-
layer enrichment of ’"'Pb becomes, the more strongly frac-
tionated the oceanic contribution must be to compensate for the
low 21"Po/2'""Pb ratio in the atmospheric component. We believe
that a reasonable interpretation of the data requires that at least
part of the microlayer enrichments be supplied by concentration
of *"'Pb and ""’Po from the bulk seawater.

At the other extreme, by setting f= 0 (no contribution from
the atmosphere), we obtain the minimum possible value for a.
To explain our open-ocean results (samples NA-1 and NA-2),
we require « > 1 no matter how small a value is assumed for f;
that is, concentration of *"'Pb and '""'Po from the bulk seawater
must involve chemical fractionation such that *"’Po is pref-
erentially transported to the interface. For the coastal water
samples (sample OP-1 and the VS samples), a — I (little or no
fractionation) if no atmospheric contribution is assumed. This
reflects the similarity of 2"'Po/21"Pb ratios in microlayer and
bulk surface-water samples at the coastal sampling sites. Only
for f>0.4 must significant fractionation be postulated.

Experiments in which columns of seawater are bubbled with
air suggest that trace-metal enrichments in the microlayer may
be maintained by transport of particulate matter to the inter-
face’. If this were the predominant mechanism for 2"’Pb and
""'Po, and if it acted indiscriminately for all types of particulate
matter, then it would be possible to estimate a from the known
distribution of 2"’Pb and 21"Po between dissolved and par-
ticulate forms in surface seawater by using the expression

« = (21"P0/2"'Pb)badil 21"Po/21"Pb) Iudi (7

In open-ocean surface water2l,22 this quantity is in the range
2.4-8.8 (median 6.7). Coastal surface waters (ref. IS and
unpublished data) are characterised by values closer to 1.0,
probably because of the contribution of resuspended bottom
sediment to the particulate matter. This difference may account
for the segregation of our open-ocean samples from our coastal
samples (Fig. 1), but further testing of this hypothesis is
required.

We have shown that the sea-surface microlayer is enriched in
2"'"Pb and 21"Po. Our interpretation of the data suggests that a
significant fraction of the enrichment is maintained by concen-
tration from the bulk surface seawater. In the open ocean this
concentration process results in preferential transport of 21"Po
to the air-sea interface. In coastal environments there may be a

Table 2

seawater, marine particulate matter and atmospheric fallout

Representative values of the 2"'Po/’"'Pb activity ratio in

Material Median Range Refs
Surface North Atlantic 21.22
Seawater 0.52 0.08-1.09
Particulate matter 4.6 0.9-5.3
Long Island Sound. US 18
Water (total) 0.89 0.80-1.44
35 |xm Seston 1.3 1.2-2.4
333 pm Seston 12 1.4-62
Atmospheric fallout 0.03 -0-0.16 18

New Haven. Connecticut



lesser degree of chemical fractionation. Because coastal waters
often have *"Po/;!I"Pb activity ratios> 1, the sea surface is, in
either case, a potential source of aerosols with '1"Po/""Pb > 1as
suggested by Turekian et al.'l The natural flux of microlayer
material from the sea to the atmosphere, however, is not known.

Note finally that our analytical treatment of the microlayer
enrichments was limited because only two elements were used.
Further analysis by a multi-element approach is suggested.

We thank K. K. Turekian and O. C. Zafiriou for helpful
comments. This research was supported by US Department of
Energy Contract AT(11-1)3566 and by a Postdoctoral Scholar
Award to A. W. Elzerman from the Woods Hole Océanographie-
Institution.

Received 5 November iy79; accepted 28 January 1980.

1. Duce. R. A. elul. Science 176, 161-16,1 (19721
2. Piotrowicz, S. R.. Ray, B.J.. Hoffman.G. L. & Duce. R. A. J. geopliys. Rev. 77, 6515-6527

(19721,

16.
17.
18.
19.
20.
21.
22.

. Van Grieken. R. I-,. Johansson. T. B.

. Eisenrcich. S. J.. Hl/erman. A. W. & Armstrong. D. L

Winchester. J. W. J. liait. Almus. 8. lii 1 621
11974).
Peirson. I). H..
Wallace, G. T.. Jr &
Duce. R. A. elul. in
(Lexington, 1976),

C'awso. P. A. Jt ("amhray. R.S. Nature 251, 675 679 (1974)
Duce. R. A. Mur. Cheni. 3, 157-81 (1975).

Murine I'ullmunl Transfer (eds Windom. H. 1,Duce. R.A.)77 11

. Buut-Menard. P. & (‘hesselet, R. Curdtplattel. Sei. leu. 42, 399 41 1(1979),
. Marteli. I-, A. ;i Moore. H. L. ./. Redi. Almus. 8, 903-91(1 (1974).

. Turekian. K. K.. Kharkar, O. P. & Thomson, J. ... Redi. Almus. 8. 639-646 (1974)
10.
11
12.
13.
14.

Lambert, G.. Sanak J. N Ardouin. B. J. Redi. Almus. 8, 647 64811974).

S. H. & Marteli, li. A. J. aeuphyt. Res. 79. 5019 5024 ( 19741

Moore, H. K.. Poel.

Garrett. W. 1). Lininul. Ocetinagr. 10,602-605 11965).

Elzerman. A. W.  Armstrong. 1). E. Lmuml. Ileeutmyr. 24. 133- 144 t1979]

S/ekielda. K. 11. Kupterman, S. L.. Kleinas. V. Polls. 1) P. J. yeupltw. Res 177.

5278-5282 (1972).

Cmir Set ledina/. 12. 413 417
(1978).

Bacon.M. P. thesis. Massachusetts Institute of Technology (1970i.

Adam,N. K. I'ruc. R Suc. BI22. 134-149 [19371.

Benninger. 1. K. thesis. Yale llniv. (1976).

Schell, W. R. (jcochini, cusntudtint. Acia 41, 1019-1031 11977).

Nozaki. Y.. Thomson. J. ;1 Turekian. K. K Carilt planci. Sei. Leu 32, 304-3 12 119761.

Bacon, M. P. Met. Corsdt.-Cryehti. A 19,24 36 (1977)

Bacon. M. P.. Spencer. 1). W. & Brewer. P. G. in NaturalRuthalian Cni'iranntem Vol.3 teds

lowder. W. M. el ul.l tin the presst.






