13186
NATIONAL LIBRARY
OTTAWA

BIBLIOTHEQUE NATIONALE
OTTAWA

e Acwoliotd ik m:wmffw%awm

UNIVERSITY. ZQZL@/;WW—;«L ..............................
DEGREE FOR WHICH THESIS WAS PRESENTED. /A Do
YEAR THIS DEGREE GRANTED...Z. 7. 7% . ............ e '

Permission is hereby granted to THE NATIONAL LIBRARY
OF CANADA to microfilm this thesis and fo lend or sell copies
of the film.

The author reserves other publication rights, and
neither the thesis nor extensive extracts from it may be

printed or otherwise reproduced without the author's

PERMANENT ADDRESS:

A

written permission.

------------------

NL-91 (10-68)



SOME EFFECTS OF SOLAR LEVELS OF ULTRAVIOLET RADIATION ON

THE DISSOLVED ORGANIC CONSTITUENTS OF SURFACE WATERS

by

John R. Wheeler

Submitted in partial fulfillment of the requirements for the degree
of Doctor of Philosophy in Oceanography at Dalhousie University,

August, 1972

Approved by:

C) John R. lheeler 1973


file:///Jheeler

DALHOUSIE UNIVERSITY

Date Sept. 30, 1972

Author John RARussell Wheeler

Title _ Some Effects of Solar Ievels of Ultraviolet

Radlatlion on the Dissolved (rganic Constituents

of Surface Waters

Department or School Cceanography
Degree _rh.D, Convocation =~ Fall Year __1972

0 Permission is herewith granted to Dalhousie University
to circulate and to have copied, at its discretion, the
above title upon the request of individuals or institution.

Signature of Author

EXTENSIVE QUOTATION OR FURTHER REPRODUCTION OF THIS
MATERTAL FOR COMMERCIAL PURPOSES BY PERSONS OR AGENCIES
OTHER THAN DALHOUSIE UNIVERSITY MAY NOT BE MADE WITHOUT THE
EXPRESS PERMISSION OF THE AUTHOR.



INTRODUCTION

The or

The flux of solar radiation at the sea-air interface

METHODS

Artifi

Reacti

CONTENTS

LR A I A A A N A A I A R NI AN A A A AR A A A I

ganic compogsition of the ocean surface ..,....

Cial Sea WALEL ....veevereoenosveroosonanans oo

on vessels and ultraviolet radiation
a) Reaction vessels .......civvvvvnennenennns
b) Actinometry ........ e seeeseceeseasesaeens

c) Aeration of experimental solutions .......

Experimental procedure

I.

1I.
RESULTS

Lipids

Studies with reaction vessels

a) General ........¢c000000000. et ceve
b) Lipids ...civuiiniiniiiiniinnrinnceneennss
c) Proteins .......coeevevvicncnns e oo
d) Lipid with protein ..... teceesencnscasns .o

Surface film studies ......ceevevevreroncccas

Linoleic acid .......cceeeeeees e esaenras oo

Oleic @cid ...v vt iirreeneereconoeoannenanoons

Diatom lipid extract .........ceeveviiennasoas

Increased absorption in the near ultraviolet .

aaaaaa

14

17
17

18

24
25
26
27

27

31
33
33
34

34



Proteins
TrYPSiN 4ot eeeeeeeroneaceeoasoessoasasanesosannnss
OVALDUMEN & e v veveenseneee e eennnennenennennenns cos
Quantitative analysis of filtered material .........
Lipid with Protein ......ciiieiieiinernnnnrereaoannnnens

Rate of accumulation of surface pressure
Sea Water ......ciiieitrnianaassoransoccassssannnsos
Lake Waler ...vevvternnnnenonncasasoonncanscasansas
Sea water with protein .........ciiiiiiitiieiannnans

Film dynamics

LAKe WABEET .. veverretoarsesaasanssoeossssnasanassans
Sea WALEY ...t ervrroossssssessassnosanassnasonsons
Protein in artificial sea water ........ e e e e
Protein in sea water .......cevtevreercicnrrcarans PRV

DISCUSSION
The interaction of proteins with radiation
Ultraviolet absorption by proteins in sea water ..,,

Effects of radiation on proteins in surface
films: a comparison of previous and present

TESULES i iivevesnsianecocnonasasssseassaantoasanns

Effects of radiation on proteins in solution .......
Lipids

Previous work .......c.iviiiiiniireennonneinennannns

Absorption of solar radiation by unsaturated
lipids in sea Water ..........oeeeeeoneencnsansons

Reactions .....c.ccvveeeerireeeecsennsacecenosansoanse

Geochemistry of unsaturated lipids ...............

46
47
47

51

51
51

52

52
54
54

55

65

68

70

75

76
78

81

ii



Organic films on natural bodies of water .......ccoceeeeens

Surface films, proteins, and lipids as sources
of particulate £0Od.....civiaeeeeenccnrectcaccenssscsccnnana

Abiotic transformation of dissolved carbon to
the particulate State. ....ceveeceescensscsscosssassasssanns

Limitations of reSUltS ....cceeeerecensecsscncasansanssansa
BIBLOGRAPHY ...vieevesoncossconsssuansccossssncssasecnssonnns cesen
APPENDICES

Appendix I .......... Ces ettt sssasecascsceseraasennsssnessas

Appendix II ......... Ceeeesisecsecrsinaresaertotncannn s e

Appendix TIT ...oeceeorosscvenoasossnessssscooncanssnancnas

Appendix IV ® 0 ® & 0 % & 5 90 28OS 0B SO SO E B NS S0 G S 0o

86

89

91
92

93

102
103
106

111

iii



iv

ABSTRACT

The effectgsof solar levels of ultraviolet radiation were
investigated on selected lipids and proteins in sterile artificial
sea water, and on natural and model organic surface films,

Unconjugated linoleic acid, upon irradiation, developed increased
absorption at 234 mm, indicating diene conjugation. Unconjugated
linolenic acid after irradiation absorbed more intensely at 234 and
269 nm, indicating diene and triene conjugation, respectively. Some
formation of particulate material was noted after several hours of
irradiation of either lipid, the particles being retained on a filter
of 0.8 u pore-size. Oleic acid showed no significant change in its
abgsorption spectrum and no development of filterable particles, A

lipid extract of the marine diatom Thalassiosira fluviatilis was also

indicated to undergo diene conjugation.

| Trypsin and ovalbumen, when irradiated, came out of solution
as discrete particles, some of which bore strong resemblence to some
organic particulates found in sea water. Their film-like morphology
indicated that they were formed at interfaces.

Radiation was found to increase significantly the rate of
accumulation of surface pressure in sea surface films mildly enriched
with protein. When certain natural and model organic films were
subjected to increased surface pressure they tended to collapse, the
film organics being transformed into a new state; this state was
capable of being disrupted into small particles that tended to sink.

The present research is discussed with regards to the fate of

dissolved organics and surface films.
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INTRODUCTION

The organic material of natural waters has been imflicated in severai
significant geochemical processes. Both dissolved and particulate organics,
for instance, are a source of the kerogen of sediments, which in turn may
be the precursor of petroleum. Duce et al. (1972) have indicated that
interfacial organics are involved in sea surface enrichment of certain
metals, and this in turn may affect aerosol fractionation. Also, dissolved
organics can influence aquatic ecology, and thus alter the distribution
of non-conservative elements in the water column.

Despite the importance of dissolved organics in aquatic environ-
ments, our knowledge of organic chemical reactions that occur in natural
waters is limited. The delineation of organic reactions occurring
within a given parcel of sea water is rendered difficult because the
dissolved organic substances that are present in sea water are of
varied nature and molecular weight; also, most of the organic material
has not been characterized. Thus, inferpretation of organic processes
observed in sea water, in terms of reactions, is usually not possible.

It is perhaps more gainful to investigate the reactions of naturally-
occurring concentrations of known organics in an artificial sea water
medium. As the system would be throughly characterized, observed
phenomena could be interpreted in terms of the reactions of the few sub-
stances added. However, distilled water, which would serve as the
solvent in the sea water medium, frequently contains concentrations

of organics equal to or greater than sea water concentrations. These

dissolved organics tend to separate from distilled water as



particulate material (Wangersky, 1965).

Clearly, if we wish to investigate reactions of naturally-
occurring amounts of organics, and especially if we wish to determine
whether particulate material is a product of the reactions, a method
must be found for cleansing distilled water of its relatively high
concentrations of dissolved organic substances. A high-temperature
combustion method has been developed for prodﬁcing water of very low
organic content; by careful preparation of salt, it is possible to
produce artificial sea water of such low organic content that
separation of any inherei.t substances is so minimal as not to interfere
with the observition of particulate reaction products. Thus, particulate
material produced in the reaction vessel can be readily interpreted
in terms of the reactions of the added reagents. By incorporating a
source of simulated solar radiation into the vessel, we may hope to
gain insight into solar photochemical processes that may occur at the
sea surface.

This research is a study of the effects of simulated solar
ultraviolet radiation on the dissolved organics of surface sea water.
These effects were investigated at several levels: A, in artificial
sea water studies were undertaken of 1) selected lipids, 2) selected
proteins, 3) a lipid extract of a marine phytoplankter, 4) lipid
and protein together, and 5) protein surface films; B. in natural
sea water and lake water studies were carried out on the effects of
this radiation on the physical chemistry of natural organic surface
films, and on natural films with added organics. By investigating
the actions of solar wavelengths and intensities of ultraviolet at

several levels of substrate complexity, we hoped to gain an



appreciation of the role of this high-energy fraction of sunlight in

the carbon cycle of the sea.

The organic composition of the ocean surface

General

The origin of the dissolved organics of sea water is the
biosphere. As many biological substances are surface-active, the
sea~alr interface affords a site for the accumulation of surface
water organics. Figure 1 illustrates the distribution of dissolved
organic carbon with depth in the ocean. The data for dissolved
carbon at 15-20 cm and also in the upper 0.15 mm, are from Williams
(1967); the remainder of the data is from Menzel and Ryther (1968).
In the laboratory, Jarvis (1967) has shown that the rate of
accumulation of surfactants at a sea water—air interface is increased
several fold by both stirring and bubbling of the bulk solution; at
the ocean surface such an increased rate of accumulation may
be effected by turbulence and bubbles produced in breaking waves.
Garrett (1967) has found the major chloroform-soluble constituents of
the sea-air interface to be fatty acids, fatty acid esters, fatty
alcohols, and hydrocarbons. He believes (Garrett, 1970) that proteins
may also be significant in modifying the surface properties of sea
water.

The sea surface is also enriched in particulate organic carbon
(Williams, 1967), which may be transported to the interface or possibly
formed in situ. Williams' data for particulate organic carbon,

particulate organic nitrogen, and dissolved organic nitrogen in surface



films and subsurface waters 1s given in table 1. In all cases,
concentrations are higher (at times ten to twenty fold or more) in
the upper 150 u of the sea that at 15-20 cm depth. Also, all

concentrations are higher at 15-20 cm than at greater depth (10m ~ 74m).

Unsaturated lipids

Unsaturated fatty acids constitute a significant fraction of marine
organisms in general (Lovern, 1964), and of diatoms in particular (Kates
and Volcani, 1966); they are invariably present in sea surface water,
and make up é large fraction of the organic material in the sea surface
film (Jeffrey et al., 1964). In particular, unsaturated lipids with a
chain length of 18 carbon atoms are abundant in marine organisms (Lovern,
1964), in nearshore surface water, and in ocean films (Garrett, 1967;
Jeffrey et al., 1964). Garrett (1967), for instance, has determined that
the fatty acid 18:2 (probably linoleic acid) and its methyl ester can
account for up to 48.5% of the total chloroform-soluble material in the upper
150 u. His analysis of chloroform extracts of film organics from the North
Atlantic and North Pacific oceans and from the Gulf of Mexico indicated
that 18:2, 18:1, and 16:1 are frequently abundant relative to most
other fatty acids at the interface., This abundance of unsaturates
did not appear to be correlated with the presence of a visible slick.

Other polyunsaturated acids constitute significant fractions of
the lipids of marine organisms. Lovern (1935) reports that 25% of the

" total lipid of Calanus fimmarchicus are 22-carbon chain fatty acids

with an average unsaturation of 4 double bonds; 247 are 20~carbon

chains with an average of 3.9 double bondS; and 177 are 18~carbon



chains with an average of 2.5 double bonds, Ackman et al, (1968) have
found thaf 16:4, 18:3, 18:4, 20:4, 20:5, and 22:6 make up much of the
total fatty acids of the marine phytoplankton they investigated. For
instance, these acids together account for slightly greater than 50%

of the total fatty acids of the chlorophyte Dunaliella tertiolecta.

The polyunsaturated lipids of organisms have largely methylene-
interrupted unsaturation (Markley, 1960), and thus the lipids of sea
water would also possess unconjugated unsaturation., Fatty acids of
marine organisms in general have a greater range of molecular weight
and a greater unsaturation than the fatty acids of most terrestrial
organisms. It is this variety of uﬁsaturated free fatty acids, and
their methyl and glycerol esters, that is the source of much of the

surfactant at the sea-air interface.

Organic nitrogen

.In addition to long-chain hydrophobic fatty substances, the
sea surface film is known to be enriched over subsurface waters in
dissolved and particulate organic nitrogen (table 1), Although the
nature of this nitrogenous film fraction has not been determined, some
of what is present in the dissolved state may be protein,

All proteins are surface-active to some extent; solutions of
even the most soluble natural proteins (such as ovalbumen) tend to
form monomolecular surface films. The solubility of a protein in
water depends upon the distribution and ratio of hydrophilic and
hydrophobic residues within the molecule, and upon the resulting
dipole moment., When a protein contacts an air-water interface its

tertiary structure is modified as a consequence of interfacial forces,



Figure 1. Distribution of dissolved organic carbon
with depth.
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Table 1. Concentrations (in ug/l) of dissolved and particulate organic nitrogen, and particulate

organic carbon in surface films and subsurface waters (from Williams, 1967).

Station 22 zZ9 30 32 33 34 1 2 3
POC surface film 1410 540 450 2500 790 170 830 170 1490
POC subsurface 114 135 62 267 252 30 - - -
PON surface film 210 164 134 840 204 293 87 29 189
PON subsurface 24 12 18 65 52 6 - - -
DON surface film 381 446 333 547 435 527 122 127 127
DON 15-20 cm 157 175 151 118 115 108 88 78 87

DON subsurface 92 97 106 35 86 96 76 71 74



the result being a partial unfolding of the molecule. This unfolding

is indicated to be irreversible, resulting from the breaking of one or more
intramolecular bonds (such as a cysteine-cysteine S-S bridge). Once

partly unfolded, proteins may have a strong tendency to remain at

the interface and thus contribute to the total organic material of

the film, and to modification of surface properties as suggested by

Garrett (1970).

The flux of solar radiation at the sea-air interface

As many biochemical surfactants absorb sunlight to some extent,
solar radiation is an energy input to the sea surface film, The theoretical
relationship between energy and wavelength in the vicinity of the
solaf spectrum is shown in figure 2; in the solar ultraviolet,
energies of quanta exceed the dissociation energies of bonds which
occur~in many biological molecules.

The distribution of solar energy at 326 N latitude is illustrated
in figure 3. It is agreed by most workers that the lower limit of
solar wavelengths reaching the earth's surface is somewﬁat less éhan
3000 X. However, Roburn (1963) has presented evidence that dieldrin
(a chlorinated pesticide that does not absorb at wavelengths greater
than 2850 X) is subject to solar photolysis. Also, Barker (1969)
reports that a small but effective fraction of solar radiation
between 2000 K and 2850 X reaches the earth's surface. Rosen
(1971) believes that most of Barker's reported far ultraviolet is

concentrated in the 2000 & - 2200 X region,



The wavelengths and intensity of solar ultraviolet reaching
the surface is largely a function of atmospheric oxygen and ozone
concentrations, and of solar altitude. Figure 4 illustrates the
large variation in intensity of short-wave ultraviolet with time
of day and with season (i.e. with celestial altitude) at 39° North
latitude. Ozone is formed above the tropopause from oxygen in a
photochemical process at wavelengths shorter than 2424 X. Ozone
itself absorbs strongly between 2200 K and 2900 X, and consequently
almost all solar radiation within this region that impinges on the
atmosphere is absorbed. Absorption at these wavelengths takes place
largely in the stratosphere, as a sharp ozone concentration maximum
occurs at about 20-30 km altitude. The amount of ozone responsible
for this intense absorption is very small, and at STP amounts to a
layer only a few mm in depth. Concentrations are greater at high
latitudes, and at these altitudes there is a seasonal variation;
concentrations also vary with local meteorological conditions, and
with time of day. As absorption is an exponential function of the
thickness of the ozone layer, small variations in concentration can
result in marked changes in the surface intensity of short-wave radiation.

The attenuation of sunlight in sea water is due to absorption and
scattering by water, dissolved salts, dissolved organics, and
suspended particles. Attenuation of visible and ultraviolet radiation
by water and dissolved salts may be relatively unimportant in coastal
regions, but would be of greater significance in the open ocean where
absorption and scattering by other agents would tend to be less (see

Lenoble, 1956; Sullivan, 1963). Jerlov (1955) found that in certain
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coastal waters absorption by "gelbstoff'" was responsible for more

than 50% of attenuation at 3800 4. Burt (1958) and Ivanoff et al.
(1961), near Bermuda and the Galapagos, respectively, determined

that absorption and scattering by particulates were responsible for
84~1007% of the attenuation at 4000 X. Jerlov (1951, 1964) has conducted
the only published studies of the attenuation of short-wave near
ultraviolet in sea water. He investigated the transmittance of water
from the North and South Atlantic, North and South Pacific, and Indian
Oceans at 16 wavelengths from 3100 X to 7000 X. He found that sea
water transparency to 3100 Z radiation varies with location, but is
quite high: transmittance = 50-86%/m. At 3500 X the range is 71-94%/m;

(o}
at 3750 4, 79-96%/m; and at 4000 A, 84-97%/m.



Figure 2. Relationship between energy and wavelength
in the vicinity of the solar spectrum,
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Figure 3. Intensity of direct solar radiation in June at
32° North latitude. Drawn from data in Pettit,
1932.
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Figure 4. 1Intensity of solar ultraviolet radiation
£3132A incident on a horizontal plane at 39°
North latitude. From Coblentz and Stair,
1944,
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METHODS

Artificial sea water

The production of water of low organic content was accomplished
by passing oxygen and vapor from either doubly distilled water or
Millipore Super—-Q water through a 1000 c® furnace packed with quartz
chips (figure 5). 1In his analysis of this water, Sharp (1972)
detected 0.1-0.2 mg/1l of dissolved carbon. Because his high-temperature
carbon analyzer was operated at the same temperature as was the high-
temperature still, he felt that the carbon detected was not inherent
in the vapor from the still, but rather was introduced during
subsequent collecting and handling. To insure minimum contamination,
we soaked all glass and quartz associated with the still in chromic-
sulfuric acid solution for 7 days prior to assembly. In addition,
we heated the condenser and receptacle to just below the annealing
point of pyrex.

To prevent airborne contamination when water was withdrawn, the air
inlet of the receptacle was fitted with an activated charcoal column
and filters. Water was transferred from the still via silicone rubber
tubing directly into the reaction vessels, which contained known amounts
of salts. Rejcrystallized NaCl was heated to 650 C° for 5 days prior to
dissolution. Reagent grade KCl, CaCly, and MgSO, were re-crystallized
in the low-carbon water. The pH of the salt solution was adjusted
to 8.0 with NaOH. The concentrations of elements (see tahle 2) were

approximately those of sea water.



Figure 5. High-temperature still used in the production
of low-carbon water.
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Table 2. Composition of artificial sea water (all values

in g/1)
Cons tituent Artificial Sea Water Sea Water¥*
Cl 17.27 19.00
Na 10.50 10.50
SO4 3.95 2.83
Mg 1.05 1.35
Ca 0.40 " 0.40
K 0.38 0.38

* from Goldberg (1965)

16



Reaction vessels and ultraviolet radiation

a) Reaction vessels

The reaction vessels consisted of either 1) a 3 1 spherical flask
(figure 6), 2) a 2 1 separatory funnel, or 3) a 500 ml erlemmyer flask,
All were equipped with a source of radiation, an inlet and outlet for
heated compressed air, and an injection port for the sterile intro-
duction of organics. The source of radiation was a 2.4 watt low-
pressure mercury arc (Ultraviolet Products, Inc,) which was operated
at 80°, Radiation from the lamp was passed through a soft glass
filter, resulting in exclusion from the reaction vessel of wave-
.1engths shorter than 2940 K. The transmission of the filter is
illustrated in figure 7. The emission of the lamp through the

filter was recorded on a Cary 14 spectrophotometer,

b) Actinometry

Energy transmitted to the solution in the 3 1 vessel was
determined via uranyl oxalate actinometry. 1In this method oxalic
acid is decomposed in a process photosensitized by uranyl ion, the

major reaction products being U4+, €o, co,, H,0, and HCOyH. The

22
amount of oxalic acid lost is determined by the difference in the
amounts of KMnO4 required to titrate the oxalate of irradiated and
unirradiated solutions. The reaction occurs between 2080 X and.

4350 K. Liquid actinometry has the advantage that the geometry of

the experimental set-up is precisely duplicated during the

actinometric procedure.

17



Three liters of a solution of 3.75 g uranyl oxalate and 6.30 g
oxalic acid per liter were added to the vessel in the dark, the lamp
was turned on, and 50 ml aliquots were withdrawn over a 60 hour period;
titrations were with 0.1 N KMnO,. A control run in the dark for 60
hours resulted in no measurable oxalate decomposition. The volume of
KMnO;, equivalent to oxalate loss was plotted against duration of
exposure (figure 8). These data yielded a total flux of 5.86 x 10'9
Nhv/sec, which was equivalent to a maximum intensity (between 2940 X
-and 4350 X) of about 1040 u watts/cm? just below the tip of the lamp.
The maximum intensity below 4000 X was calculated to be 387 that of
natural mid-day direct ultraviolet sunlight at 320 N latitude (see

appendix 1 for these calculations). The lamp output is compared with

natural sunlight in figure 9.

c) Aeration of experimental solutions

'Because the present research was an investigation of the effects
of a given variable (ultraviolet radiation) on dissolved organics, we
decided to limit as much as possible other variables from the
reaction vessel. Bubbling has been implicated in the transformation
of dissolved organics to the particulate state (Baylor and Sutcliffe,
1963; Riley, 1963; Wangersky, 1965; Riley, 1970). It would thus have
been best to eliminate bubbling entirely, so that any particulates
produced could be more readily ascribed to the effects of radiation.
It was decided, however, that air should be introduced into the
vessels, as 1) reactions of the organics may be dependent on a supply
of oxygen, and 2) oxygen is available at the sea surface, and it was

desired to duplicate sea surface conditions in this regard. Tank

18
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compressed air was introduced into the vessel at a minimal rate (once
each hour at 10 cc/minute for 30 seconds) in order to supply the
system with oxygen while at the same time minimizing bubbling. In an
effort to decrease any possible organic contamination, the air was
passed through a 1000°¢c furnace prior to its entity into the vessel.

The control experiments (with aeration in the absence of radiation)
indicated that the amount of bubbling employed did not induce formation

of particulate lipid or protein at the concentrations investigated.

1



Figure 6. Three liter reaction vessel with the ultra-
violet lamp and filter in position.
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Figure 7. Transmission of the filter used in conjunction
with the low-pressure arc.
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Figure 8. Relationship betveen the decomposition of
uranyl oxalate-oxalic acid solution, and
its duration of exposure to the filtered
radiation.
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Figure 9. Intensity of filtered radiation ( )
compared with that of direct sunlight
(----) at 32° North latitude. The solar
energy data is from Pettit, 1932,
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Experimental procedure

I. Studies with reaction vessels

a) General

After the vessels and associated glassware had been scrupulously
cleaned with chromic-sulfuric acid solution, they were rinsed
thoroughly with high-temperature distilled water. The vessel was
asgsembled, the salts were introduced, and it was filled to the
mark with low-carbon water. This assembly was then autoclaved at
115°C for 20 minutes. Also autoclaved were the glassware and
artificial sea water wused in the sterile transfer of organics. After
autoclaving, the vessel and instruments were allowed to cool to room
temperature; solutions of the organics investigated were then
injected. In the experimental runs, the lamp and filter were placed in
position within the reaction vessels. In the controls, the lamp
was placed in series with the vessel, irradiating a volume of
oxidized compressed air equivalent to that above the water surface
in the reaction vessel. This had the effect of introducing ozone
into the vessel at about the same concentrations that were present
in the experimental runs. Thus the possibility of ozone (rather
than radiation) inducing the observed reactions was accounted for
in the controls. Blanks consisted of running through the
experimental procedure without added orgamics. Reactions were
investigated at 22 + 4°C . Sterility was examined at the end of

each experiment by incubating a few drops of the artificial sea
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water in a bacteriological test medium (0.1% peptone + 0.025% yeast

extract in artificial sea water).

b) Lipids

Lipids were dissolved in n-hexane, the solvent having been
previously purged with nitrogen. They were introduced into the vessels
as n-hexane solutions, and the solvent was allowed to evaporate prior
to the onset of irradiation. Reactions of the pure lipids were
investigated at two concentrations: 338 ug/l and 1.8 mg/1.
1) At the lower concentration, the 3 1 vessel was used in the
determination of particulate reaction products. The 2 1 vessel was
used in cyclohexane extraction studies for the determination of changes
in absorption spectra induced by the radiation. 2) At the higher
concentration the 3 1 vessel alone was used, and changes in absorption
spectra were not followed. However, particles produced were counted,
and théir size~frequency distribution was determined.

After irradiation, either of two procedures was followed:
a) the contents of the 3 1 vessel were passed through a 0.8 u pore-
size filter, or b) the contents of the 2 1 vessel were extracted with
cyclohexane. After filtration in (a) the filter was rinsed with 20
ml of lipid-pure n-hexane (Applied Science Laboratories). This rinse
minimized filter retention of all but hexane-insoluble material. The
filter was then stained with 0s0,, a histological lipid stain. The
cyclohexane solutions from procedure (b) were analyzed in a Unicam
SP8000 recording spectrophotometer.

The lipids investigated were cis-oleic acid, cis-~9, cis-12-

linoleic acid, and all-cis-9,12,15~1linolenic acid (all were 99%



purity from Sigma Chemical Co.). These substrates were stored under
nitrogen at -20% prior to use. A chloroform-methanol extract of

T. fluviatilis was re-dissolved in nitrogen-purged cyclohexane, and
stored in the dark under nitrogen at 5°C. Its reactivity was

investigated at 590 ug C/1.

¢) Proteins

Ovalbumen was obtained in 99% purity; bovine pancrease trypsin
was obtained twice re-crystallized; both were from Sigma Chemical
Co.. After irradiaﬁion in the 3 1 vessel at 300 ug/l (ovalbumen) or
250 ug/l (trypsin) for 4 hours, the contents of the vessel were passed
through a 0.8 u pore~size filter. The filter was then stained with
bromphenol blue, which is positive for protein. The stains, staining
apparatus, and procedure were identical to those in Sharp (1972).

The 500 ml reaction vessel was used in conjunction with
partiéulate carbon analysis. After irradiation of ovalbumen at 750 ug/1,
the vessel's contents were passed through a 0.8 u pore-size silver
filter (Selas Flotronics, Inc.). The filters were heated, prior to
use, to 440°C in a muffle furnace and remained at that temperature
for 24 hours. The heating had the effect of reducing the amount
of carbon inherent on the filters. After use, the experimental
filters were dessicated at room temperature. '"Zero time"
samples were taken by introducing the ovalbumen into the vessel
and immediately filtering the resulting solution; these were also
dessicated, as were filters for determination of filter blank. The

carbon and nitrogen retained on each filter was determined with
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a Hewlett-Packard F & M model 185 CHN analyzer. See appendix 2 for

details of the analyzer and its calibration.

d) Lipid with protein

The reactivity of linoleic acid with ovalbumen, each at 1 mg/1,
was investigated in the 3 1 vessel. After 10 hours irradiation, the
contents were filtered through a 0.8 m pore-size Millipore filter,

and stained with either 0s0; or bromphenol blue.

II. Surface film studies

Monomolecular surface films exert a pressure on barriers which
confine them; this "surface pressure" is due to intermolecular
repulsion within the film, and is numerically equal to the decrease
in surface tension due to the film's presence.

In this work surface tension was measured directly with a
Surface Tensiomat (Fisher Scientific Co.). The platinum ring was
cleaned in chromic-sulfuric acid solution, and rinsed in artificial
sea water prior to each reading. The trough was 29.8 cm x 18.8 cm
X 4.6 cm deep, and was equipped with moveable glass barriers (figure
10). The trough and barriers were rinsed in a solution of paraffin
in octane, and allowed to dry. The resulting paraffin-coated
apparatus provided the hydrophobic surfaces necessary for the
proper functioning of the trough. The waxed barriers could be
glided acrosgs the trough, increasing or decreasing the area of the

film.



Studies were undertaken of the effects of ultraviolet on the
rate of accumulation of surface pressure and on the collapse
pressures of artificial and natural films. 1In view of the findings
regarding the effects of radiation on the rate of accumulation of
pressure, studies were subsequently made of the effect of lateral
surface pressure on the transformation of dissolved carbon to the
particulate state.

The trough was filled to near-overflowing with either 1) a
solution of ovalbumen in artificial sea water (1.71 mg/l),

2) Sargasso surface sea water or surface lake water (both bucket
samples), or 3) the Sargasso sea water spiked with ovalbumen (1.71
mg/l). In the determination of surface pressures at varying film
areas, the waxed barrier was moved so as to decrease the area in
certain decrements. After each adjustment of the barrier the film
was allowed to equilibrate for 5 minutes prior to determining surface
tension. When used, the ultraviolet lamp and filter were placed

2 cm above the centre of the trough solution to give a maximum
ultraviolet intensity of approximately 1040 u Watts/cmz.

The data were plotted as force vs. area curves (ATF vs. A),
where AF (equivalent to film pressure) was calculated from surface

tension data:

AF = surface tension at original area — surface tension after film

compression

When studying rates of accumulation of surface pressure, the
area of the film remained constant and AF was plotted against time,

where



A F = surface tension at zero time — surface tension at time of reading

The natural waters were filtered through a 0.8 u pore-size filter
prior to introduction into ‘the trough.

In determining the effect of increased surface pressure on the
transformation of film organics to the particulate state, films were
allowed to accumulate for various periods, and then compressed at the rate
of approximately 19 cm2/sec to an area of 18.8 cm2 from 560.2 cm2. The
barrier was held for 3 minutes, and then released to allow the film to
re-expand at the interface. The extent of re-expansion was measured as
subsequent decrease in surface tension. Compressed film which did not
re-expand was collected on Millipore filter pads, and examined micro-
scopically to determine film collapse and the formation of particulate

carbon from interfacial organics.
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Figure 10.

Trough and tensiomat used in the determin-
ations of surface tension. The barrier (B)
can be moved across the trough, increasing
or decreasing the area of the film. The
arm holding the platinum ring is clamped
to the horizontal torsion wire within the
tensiomat. A force pulling the ring up
out of the surface is mediated through

the torsion wire when the dial on the face
of the tensiomat is turned clockwise.

When this force on the arm just exceeds
the force holding the ring in the water
surface, the ring will break through the
interface: surface tension can then be
read directly on the dial.
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RESULTS

Lipids

Linoleic acid

Upon irradiation in aerated artificial sea water at 338 ug/1,
linoleic acid developed intense absorption at 234 nm, indicative of
conjugation isomerization of the double bonds (figure 11). Upon
exposure in the dark to aerated sea water, absorption in this region
increased moderately. A very slight decrease in absorption at 234 nm
developed when this lipid was exposed to nitrogen-purged artificial sea
water (i.e. artificial sea water without oxygen and radiation).
Particulate reaction products were noted in the vessel after 7 hours
of irradiation in aerated sea water. These particles were retained by
a 0.8 u pore-size filter and stained readily with 0s0, (figure 12).
This ﬁositively staining particulate matter of characteristic
morphology was not produced when control artificial sea water (without
added lipid) was irradiated.

Upon irradiation at 1.8 mg/l, positively~staining particles
were noted in the vessel after 1 hour. It appeared from microscopic
observation of the filters (and the filtered linolenic acid reaction
products--to be discussed) that much of this high concentration of
lipid was dispersed through the 3 1 of artificial sea water as very
small droplets, ranging in diameter from about 1 u to over 100 u.
Initially it appeared that all of these droplets passed through the
filter, as after the hexane rinse no trace of lipid remained on the

filter surface. After 1 hour, however, portions of some of these
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droplets remained on the surface, appearing as positively-staining
circular discs. In addition, definite particles were present after
several hours of irradiation (figure 13). Microscopic observation of
filter-retained material suggested the transition: '"filter-passing
droplet —) partially retained droplet-——) particle'" (possibly gradual
polymerization). It is difficult to relate the morphology of filtered
-material to the history of lipid in the reaction vessel, and the above
proposed transition is hypothetical. However, with increasing periods
of irradiation, the discs increased in number, appeared to stain more
intensely, and there was a greater number of particles within the

disc areas. These observations support the above mechanism.

It was not possible to distinguish some opaque discs from
particles, and it was decided to include all lipid material on the
filter in the "particle count" to which each filter was subjected.

In 5 separate experiments, linoleic acid was irradiated at 1.8 mg/l

in the 3 1 vessel, and after either 1,2,4,7, or 13 hours, the entire

3 1 volume was filtered; the filter was rinsed with hexane, and
stained. Each of the 5 resulting filters was then examined with a
Zeiss microscope equipped with Nemarsky interference optics. On

each filter 31 fields were examined, the number of discs plus particles
were counted, and their diameter or greatest dimension was recorded.
From the number of discs plus particles observed, the total number

on the filter was estimated (see appendix 3). This estimate was

representative of the total amount of hexane-insoluble filter-retained



lipid. These estimates and their 95% confidence intervals are plotted
against time of exposure of the lipid to radiation in figure 14.
When 1.8 mg/1 of this lipid were exposed to ozonated artificial sea
water for 7 hours (control) and filtered through a 0.8 u millipore
filter, no positively-staining hexane-insoluble material was present
on the filter. This contrasted with 13,436 + 2,786 discs plus
particles retained on the experimental filter after 7 hours, indicating
that the lipid was retained on the filter due to its previous
subjection to radiation.

Eigure 15 illustrates size-frequency distributions of the
filter-retained material after exposure of the 1ipid to radiation for

4, 7, and 13 hours.

Oleic acid

When.irradiated for 12 hours in aerated artificial sea water
at 338.ug/1, oleic acid showed a slight decrease in extinction at
234 nm (figure 16). No development of particulate material was
observed. Also, no formation of particulate material was evident

after 12.5 hours of irradiation at 1.8 mg/1l.

Linolenic acid

In aerated sea water under irradiation, linolenic acid developed
absorption maxima at 234 nm and 269 nm, indicating diene and triene
conjugation respectively (figure 17). As was the case with linoleic
acid, positively-staining reaction products were filterable after 7
hours of irradiation. A.small but significant increase in absorption

at 234 nm developed when the lipid was subjected to the aerated sea
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water without irradiation.

At 1.8 mg/l, reaction products were retained on a 0.8 u pore-
size filter after 3 hours of irradiation. These products (discs
and particles) were indistinguishable from those of linoleic acid
irradiation; however, they appeared to be formed at a lesser rate.
The products were subjected to the same numerical analyses as the
linoleic acid products: filter-retained lipid vs. time of exposure
is illustrated in figure 18; the size-frequency distributions of the
retained lipid after 7 and 12 hours of irradiation are shown in

figure 19.

Diatom lipid extract

The absorption spectrum of a lipid extract of Thalassiosira

fluviatilis is shown in figure 20. Upon irradiation in the presence
of air, an absorption maximum developed in the conjugated diene
regioﬁ (figure 21). After 12 hours, positively staining disc areas
(similar to those due to irradiation of the pure lipids) were

observed after filtering the contents of the 3 1 vessel.

Increased abgorption in the near-ultraviolet

Coincident with the conversion of methylene-interrupted
unsaturation to conjugated unsaturation upon irradiation, was the
development of increased absorption at wavelengths longer than
2900 (figures 11, 17, and 21). Thus, the reaction products absorb
high-energy solar ultraviolet more intensely than do the lipid
substrates. Such absorption may lead to further photochemical

reaction at the sea surface.



Figure 11, Absorption spectrum of linoleic acid
after 0 ( ), &4 (----), and 12 (-***)
hours of irradiation in aerated artificial
sea water.




JINVEaYyOSavY

325

300

275

250

225

35

WAVELENGTH (nm)



Figure 12, Photomicrographs of some particulate
lipid resulting from irradiation of
linoleic acid at 338 ug/l in artificial
sea water for 7 hours. x1000









Figure 13. Photomicrographs of some particulate

lipid resulting from irradiation of
linoleic acid at 1.8 mg/l in artificial
sea water for 7 hours. x400









Figure'14. Filter-retained lipid (discs plus particles)
resulting from irradiation of linoleic acid.
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Figure 15. Size-frequency distributions of the filter-
retained lipid resulting from irradiation
of linoleic acid for 4, 7, and 13 hours.
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Figure 16. Absorption spectrum of oleic acid after

0 ¢ ), 5 (----), and 15.5 (****) hours
of irradiation in aerated artificial sea
water.
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Figure 17. Absorption spectrum of linolenic acid after

0 ¢ ,)9 4.5 (---=), 9 (++++), and

12 (-=*-*-) hours of irradiation in aerated
artificial sea water.
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Figure 18. Filter-retained lipid (discs plus particles)
resulting from irradiation of linolenic
acid,
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Figure 19. Size-frequency distributions of the filter-
retained lipid resulting from irradiation
of linolenic acid for 7 and 12 hours.
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Figure 20.

Abgorption spectrum of a chloroform -
methanol extract of Thalassiosira
fluviatilis, after re~-solution in
cyclohexane. 1In addition to the maxima
in the blue and red (from chlorophylls)
the extract absorbs intensely in the
ultraviolet.
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Figure 21. Absorption spectrum of a lipid extract of
T. fluviatilis after 0, ¢ ), 1.5 (« =),

6 (+---), and 15,5 (--~~) hours of irradiation
in aerated artificial sea water.
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Proteins

Trypsin and ovalbumen were chosen for investigation as both
are very soluble in water. Some of the protein under irradiation

was therefore in bulk solutiom.

Trypsin

Upon irradiation at 250 ug/l, particulate material was formed
within 4 hours. The particles were retained on a 0.8 u pore-size
filter, and stained intensely with bromphenol blue, which is
positive for protein. The stained particles were evident from
curgsory examination of the filter with the unaided eye. The
particles were predominantly of filament-like morphology (figure
22a & b); the remainder were flake-like (figure 22c¢ & d),
resembling very closely the flake-like proteinaceous particles
found in sea water (Gordon, 1970). Some proteinaceous éérticles
from bucket samples of surface Sargasso sea water are illustrated
in figure 23: note especially that both the natural particles
and the particles from the reaction vessel are folded upon them-
selves.

Trypsin subjected to ozonated sea water in 4 hour control
experiments yielded no particulate material as observed above.
However, some protein tended to adhere to the filter surface
producing large positively staining areas around the periphery,
which were possibly associated with irregularities in flow of the
protein solution through the filter. These areas stained only

mildly with bromphenol blue to a yellow color, while the particles



produced with radiation stained intensely blue-green. The experimental
filters, in addition to particulate material, also showed mildly
yellow-staining areas similar in appearance to those on the control
filters. When artificial sea water without added protein was
irradiated for 4 hours, neither mildly yellow-staining areas nor

the abundant blue-green-staining particulate material was produced.

Ovalbumen

When ovalbumen at 300 ug/l was exposed to radiation for 4
hours, particulate material was produced which was indistinguishable
in morphology and staining reaction from the trypsin precipitate.
Similar yellow-staining areas were present upon the filters from

the control (ozonation) experiments.

Quantitative analysis of filtered material

.Ovalbumen at 750 ug/l was irradiated in the 500 ml vessel.
Seven experiments were run: &4 of these involved exposing the
protein solution to radiation for 4 hours; 3 were "zero time"
experiments to determine filterable carbon present prior to
irradiation (see Methods, p. 14).

The results are illustrated in figure 24. Each "4 hour" and
"zero time" value is subtended by its 957% confidence interval,
which is a function of the error in determining the CHN analyzer
standard curve, Nine filter blanks were determined, and their
average is likewise bracketed by its 957 confidence interval.
The differences between each of the 3 sets of data is significant:
a "t" test for the difference between the means of the blanks

and "zero time" samples yields P € 0.001; a "t" test for the
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Figure 22. Some filament-like and flake-1like
: particles resulting from irradiation

of trypsin at 300 ug/l for 4 hours.
x400






)
(T "‘é"z‘ﬁ ¢y
42 y

A




Figure 23. Some filament-like and flake-like
particles filtered from bucket samples
of Sargasso Sea water. x400
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Figure 24. Ovalbumen (at 750 ug/l in artificial sea
water) retained by a 0.8u filter at '"zero
time" and after 4 hours of irradiation.
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difference between the means of the "zero time” and "4 hour" samples

_ yields 0.01<P<0.02.

Lipid with protein

Irradiation of linoleic acid with ovalbumen (each at 1 mg/l
concentration) resulted in particulates which stained both with
bromphenol blue and with 0sO4. The bromphenol blue-staining material
was ldentical in morphology to the material produced upon irradiation
of ovalbumen and trypsin. The material that stained with 0s0,
appeared to be in large part adhered to the filaments and flakes;
there appeared to be lesser amounts of lipid particulates similar
in morphology to those produced upon irradiation of linoleic acid

alone,

Rate of accumulation of surface pressure

Sea water

Filtered Sargasso Sea surface water was allowed to stand in
the trough, and the rise in surface pressure was measured as a film
accumulated. ‘Two experiments were run without ultraviolet, while
one incorporated the lamp., The presence of the radiation did not
appear to have any effect on the rate of change of surface pressure

(figure 25).

Lake water
Filtered Halifax reservoir water was investigated as was the
sea water above. Three experiments were without, and two were

performed with radiation. Again, the simulated solar radiation was
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indicated to have no affect on the rate of change of surface

pressure (figure 26).

Sea water with protein

Solar levels of radiation significantly increased the rate of
accumulation of pressure at the surface of a solution of ovalbumen
(1.71 mg/1) in filtered surface Sargasso Sea water. In figure 27,
curves A and B illustrate the results of two experiments in which
surface tension was recorded as the film accumulated in the presence
of radiation. Curve C illustrates the accumulation of pressure in the
absencé of radiation. In experiment D tension was recorded in the absgence
of radiation for 21 hours; at that time the lamp was turned on, and tension
was noted for an additional 14 hours.

To test the significance of the apparent difference in AF/t
between experiments A and B and experiments C and D, the data for A
and B ﬁp to 6 hours, and the data for C and D up to 11 hours were
combined. Straight lines were fitted to each of the two groups of
data (figure 28). The "t" testing each regression was significant:
P ¢€ 0.001 for the data of experiments A plus B; 0.01 € P £ 0.02 for
the data of C plus D. The difference between the slopes of the two
regressions was examined with a "t" test, and was found to be

gignificantly different (0.01 £ P ¢ 0.05).

Film dynamics

Becauge radiation increased the surface pressure of sea water
moderately enriched with protein, we investigated the effects of

such increases of lateral pressure on film dynamics.



Lake water

Filtered lake water was allowed to form a surface film for
periods ranging from 10 minutes to 104 hours; the film was then
subjected to lateral pressure by compressing the film to a smaller
area. The surface tension at the collapse pressure (the point at
which there begins a decrease in the rate of change of AF) was
within the narrow limits of 51.4 to 54.6 dynes/cm ‘irrespective of
film age (figure 29). o

Such increases in the lateral surface pressure of lake water
films (as may occur in windrows or along leeward shores, and possibly
assisted by solar radiation) can be accompanied by a transformation
of film organics to a state incapable of re-expanding at the interface.
Filtered lake water was allowed to accumulate a film for either 14 or
18 hours, and the film was compressed and reieased (Methods, p. 17).
Film re-expansion was measured by recording subsequent decrease in
surface tension. The results are illustrated in figure 30: the
fi}m, after compression, was not capable of re-expanding at the
interface to yield the same decrease in surface tension as was effected

by the presence of the original film. Although the amount of organics

lost to the new state was not known; that amount was capable of exerting

a surface pressure of approximately 3 dynes/cm. After compression, a
visible surface solid was left at the end of the trough, and was
readily collected by immersing and withdrawing a filter through the
interface. When shaken in low-carbon water, the surface golid was

disrupted into small particles.
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A portion of a slick on a Nova Scotian lake was compressed

2 to approximately 40 em?. A

from an area of approximately 100 cm
vigible surface solid formed, which was readily disrupted by
disturbing the surface: the resulting particles ranged from about

1 cm2

in area to colloidal (capable of producing a tyndall effect).
The particles were observed to sink through the water column. The

large particles could be easily disrupted into smaller omes.

Sea water

Organic films from filtered Sargasso Sea water did not exhibit
a collapse point (figure 31), nor was there evidence of the formation
of a new state (incapable of re-expanding at the interface) upon

lateral compression of the film (figure 32).

Protein in artificial sea water

A film on a solution of ovalbumen in artificial sea water
(1.71 mg/1) was allowed to accumulate for 12 hours. Upon lateral
compression as above, the film was converted to a surface solid.
When a film was allowed to accumulate for 12 hours in the presence
of radiation, compression yielded material which did not differ from
the fibers produced in the absence of radiation. When the
precipitate from each experiment was shaken in artificial sea water,

particles were formed which resembled very closely the bromphenol

blue-staining particles from irradiation of dilute solutions of protein

in artificial sea water.
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Protein in sea water

Ovalbumen was dissolved in filtered Sargasso Sea surface water
(1.71 mg/l), and a film was allowed to accumulate for 19.5 hours.
After compression and release as above, surface tension was followed
for 9.8 hours. The results are illustrated in figure 33. As was
the case with lake water, some film organics were transformed into a
state incapable of re-spreading at the interface.

Considering 1) the effect of radiation on the rate of accumula-
tion of surface pressure in water moderately enriched with protein, and
2) thg phenomenon of pressure-induced transformation of film organics,
it is conceivable that solar ultraviolet may at times play a part in

prombting the formation of particles from interfacial substances.



Figure 25. Rate of accumulation of surface pressure

in Sargasso Sea surface water in the
presence of (E)) and in the absence of
(® and &) simulated solar radiation.
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. Figure 26.

Rate of accumulation of surface pressure

in lake water in the presence of (¥¥ and
© ) and in the absence of ([} , A , and
& ) simulated solar radiation.
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Figure 27.

Rate of accumulation of surface pressure
in Sargasso Sea surface water slightly
enriched with ovalbumen (1.71lmg/l) in the
presence of ( A, B ) and in the absence
of ( C, D) simulated solar radiation.



58

0)4

(sanny) swr)

O¢

- L
-cl

-l

(‘wofseudp) o4 v

-Gl .



Figure 28.

-

Straight lines fitted to data of Figure 27
to test the significance of the difference
in the rate of accumulation of surface
pressure between experiments A & B, and
experiments C & D. See p.52 for discussion.
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Figure 29.

Force-area relationships for lake water
films which have accumulated for 10 min-
utes (: ), 2.5 hours (----), and

14 hours (-...). Note that the collapse
points (indicated by the arrows) lie
within a small range irrespective of the
large variation in film age.
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Figure 30.

Accumulation (upper curves) and re-expansion
after compression (lower curves) of films

on lake water. The film, after compression,
is not capable of re-expanding to yield the
same decrease in surface tension as was
effected by the presence of the original
£ilm.

s



AF (dynes/cm.):

154

S
i

8

¥y + v 1T 1 1V v v °r ¢+ v 3V 1 & vV 7 T Y ©t 1 1T 1T 1T 1
9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

Time (hours)

19



Figure 31. Force-area relationships of two films that
developed on Sargasso Sea surface water.
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Figure 32. Accumulation and re-expansion after compression
of three films that developed on Sargasso
Sea surface water.



AF (dynes/cm.)

T J T Y
20 22 24 26

Time (hours)

£0

| D N D S U D Y D O .
30 32 34 36 38 40 42 44 46 48 50

(=]
w



Figure 33.

Accumulation, compression, and re-expansion
of 1) a film from Sargasso Sea surface
water (--~--) compared with 2) a film from
Sargasso Sea surface water with protein at
1.71 mg/1 ¢ ). In (2) some film organics
are transformed into a state (particulate)
incapable of re-expanding at the interface.
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DISCUSSION

The interaction of proteins with radiation

Previous studies of the effects of ultraviolet radiation on pro-
teins have almost invariably employed unfiltered emission of unspecified
intensity from low or médium pressure mercury arcs. Such radiation
congists in large part ( ) 907 for many low pressure arcs) of energy
at wavelengths less than 2600 X. Such high-energy quanta may be
responsible for primary and secondary processes that may not occur at
solar wavelengths; the reactions observed in those studies may not,
therefore, be indicative of the fate of proteins at the sea surface.

As will be discussed below, some results obtained in the present work
differ from results reported in previous studies; these differences are

probably due in part to differences in the wavelengths employed.

Ultraviolet absorption by proteins in sea water

The absorption spectra of ovalbumen in artificial sea water at
ph 5.8 and pH 11.8 are illustrated in figure 34. The maximum in the
2800-2900 X region is due mainly to absorption by the aromatic amino
acids, with slight contributions by cystine and cysteine. The absorption
maximum, its red shift with increase in pH, and its increased extinction
at higher pH are characteristic of all proteins containing aromatics.
The increase in extinction may be due to the greater number of possible

resonance structures at higher pH for tyrosine, as the chromophore is



Figure 34. Absorption spectra of ovalbumen in artificial
sea water at pH 5.8 ( ) and pH 11.8 (----).
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This may result in increased stabilization of the excited state, and
thus increased extinction (West, 1956).

. This red shift and concomitant increase in absorption of
proteins may be significant oceanographically: since the pH of
organisms is lower than that of sea water, proteins upon release into
sea water would tend to absorb gsolar ultraviolet more intensely by
virtue of the change in pH. The present research illustrates that
(in artificial sea water) absorption of solar levels of ultraviolet by
proteins results in the formation of discrete particles, Such trans-
formation into a state which can be readily ingested may be a significant
process in the cycle of organic nitrogen in surface waters.

Absorption by the peptide bond is believed not to occur at
wavelengths at 2800 K and longer, indicating that this chromophore is

respongible for little if any absorption of solar radiation. "End
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absorption'" of low extinction extends well into the solar ultraviolet:
Setlow and Doyle (1957), in an investigation of the action spectrum for

the inactivation of ribonuclease, reported a high quantum yield at 3130 X.
Also, Steele and Szent-Gyorgyi (1958) reported flourescence from proteins
irradiated at 3400 X. The chromophores responsible for end absorption have

not been determined.

Effects of radiation on proteins in surface films: a comparison of

previous and present results

Protein at a concentration of 1.71 mg/l in artificial sea water
was found to form a film which, upon compression, yielded a fibrous
material. Similar observations on buffer and on distilled water have
previously been reported; however, McLean and Geisa (1950) found that
unfiltered radiation from a low pressure arc results in proteolysis
in surface films, the protein fragments being detected in the substratum
liquid. Kaplan and Frase (1958), irradiating an ovalbumen film,
followed changes in area as the film was kept at a constant pressure.
They detected 1) an initial increase in area (equivalent to the
increase in pressure at & constant area observed in the present work),
followed by 2) a prolonged decrease in area. Neurath (1936) and
Dognon and Gougerot (1943) also report decreases in the surface
activity of proteins upon ultraviolet irradiation. Kaplan and
Fraser attribute their observed initial increase in gurface activity
to further unfolding brought about by light absorption and rupture of
a labile bond. They believe that the well-documented prolonged

decrease in area observed by them and others was due to photolysis,
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resulting in depletion of the film as the protein fragments dissolved
in the bulk liquid. Such a decrease in surface activity (which would
have been manifestéd in the present work as a decrease in surface
pressure) was not found in these studies of protein films on ocean
surface water. This indicates that solar levels of ultraviolet
radiation are not measurably responsible, over 32 hours, for
proteolysis in films on sea water.

Kaplan, Andrews, and Fraser (1953) found that the ability of
protein films to form fibers upon compression is lost entirely after
two or more hours of exposure to unfiltered radiation from a low
pressure arc; they refer to this loss as a 'regular and extremely
reproduceable phenomenon,'" and attribute it to proteolysis. The
wavelengths and intensities employed in the present work, however,
apparently did not effect such proteolysis over 12 hours as to render
the film less capable of fiber formation upon compression.

While the differences between the present results and those of
previous studies (regarding both surface activity and film collapse)
may be due to either 1) differences in wavelength employed, or
2) differences in intensity, or both, it is possible that differences
in wavelength played a significant role. The peptide bond itself
absorbs below 2500 X (Beavon and Holiday, 1952); such wavelengths
were employed in previous work. Absorption by the peptide bond may
not necessarily result in proteolysis; photolysis can also result
from absorption of a quantum of sufficient energy by a second
chromophore (e.g. an aromatic amino acid), with the energy being
transferred to a nearby peptide bond (Szent-Gyorgyi, 1958; Shore and

Pardee, 1956). Although the dissociation energy of the peptide link
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within proteins is not known with certainty, it is questionable
whether the solar levels of radiation employed possessed sufficient
energy to effect proteolysis. There is no doubt, however, that
proteolysis can result from absorption of frequencies employed in
previous work (Bernhart, 1939; Giesa, 1950; Wheeler et al., 1970).

The differences between the present and previous results concerning
the action of ultraviolet radiation on protein films is probably due in
part to differences in wavelength employed. This indicates that in
considerations of solar photochemistry one should view with reservation
the results of experiments utilizing radiation of higher frequency than

is found in sunlight.

Effects of radiation on proteins in solution

'The nature of the "control"” experiments in the work with trypsin
and ovalbumen in dilute solution leaves little doubt that the
particulates observed microscopically (figure 22), and determined
analytically (figure 24) were formed due to the presence of the simulated
solar radiation. The particles were sheet- or film-like, and identical
in morphology to disrupted compressed protein surface film: both of
these characteristics strongly indicate that the particles were formed
at interfaces. The resemblence of gome of the particulates to the
"flakes" and "oblongs' of gsea water may not be entirely coincidental:
it is possible that some oceanic proteinaceous particles may also be
formed by surface denaturation; the extent of solar catalysis at or

near the sea surface is, however, questionable.



If film-like proteinaceous particulates do (as indicated by their
morphology) form at interfaces, this would imply that interfacial
forces act on the molecules prior to their incorporation into particulate
material.. The resulting interfacial unfolding may have the effect of
increasing the protein's susceptibility to enzymatic hydrolysis, as
segments of its amino acid chain would be more exposed to the action of
proteolytic enzymes. 1In sea water, interfacial forces may thus aid in
organic nitrogen and carbon being cycled back into the biosphere;
exposure to ultraviolet radiation would, at least in the case of protein
in artificial sea water, result in conversion into a form in which this
more readily hydrolyzable protein could be ingested.

" Interfaces are numerous both in surface water and in deep water,
and it is conceivable that continual accumulation of protein at an
interface, and concomitant increase in surface pressure, could result
in particle formation from protein films in sea water. Such pressure-
induced transformation of organics to the particulate state was
demonstrated in this research at the interface of protein-enriched sea
water. The compressed material, upon disruption, closely resembled some
of Gordon's (1970) proteinaceous '"flakes" and "oblongs'. Bubble surfaces
and the sea-air interface offer sites for the accumulation of protein
in surface waters. A bubble surface, moreover, is subject to tangential
forces from the flow of sea water about it as it rises through the water
column; such forces would tend to increase surface pressure in adsorbed
films, and may result in the aggregation of any adsorbed protein., Any
organics, inorganics, organisms, etc. within the protein matrix on the
bubble surface would probably be included in the resulting proteinaceous

particle.
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Processes resulting in the collapse of protein films on bubble
surfaces or at the sea-air interface may account for some of the
particulate material resulting from bubbling of sea water samples
(Riley, 1963; Riley, 1970; Wangersky, 1965). Gordon (1970) found that
the flakes and oblongs of sea water stained intensely with bromphenol
blue, indicating a high protein content. Sharp (1972) agitated filtered
sea water on a shaker, resulting in the '"vigorous production of bubhles."
The particles produced by this procedure had (with few exceptions)
definite edges, resembling in morphology Gordon's flakes. The ahove
work, and the present demonstrations that film-like particulates can form
at the air-water interfaces of 1) protein-artificial sea water solutioms,
2) protein-sea water solutions, and 3) lake water lend support to the
concept that the sea-air interface, or bubble surfaces, or both may be
of importance in the transformation at sea of dissolved carbon to the
particulate state. While protein has herein been shown to be capable
of yielding film-like particulates at the sea water-air interface, it
is not known with certainty whether the presence of protein is essential
for particle formation from interfacial organics. If the flakes and
oblongs of sea water are indeed derived from pressure-induced trans-
formation film organics, Gordon's finding that these particles stain
predominantly and invariably with bromphenol blue supports a concept
of protein playing an essential role in the formation of particulates
via the lateral compression of surface films,

Unfolding of proteins is not limited to air-water interfaces, but
will occur at any interface where the phase difference is favorable to
a tertiary structure other than that of the dissolved state, Adsorption

at an oil-water interface, for instance, results in a modification of
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poly-DL-leucine tertiary structure (Cheesman and Davies, 1954)., The

form of this peptide at the air-water interface is that of an incompletely
"unfolded chain, the residual folding being due to internal cohesion
between the hydrophobic -CHZ-CH-(CH3)2 groups. At the oil-water inter-
face, however, the peptide conforms to a different teriary structure:

the non-polar side chains penetrate into the oil phase, reducing internal
cohesion to close to zero. Thus, unfolding of (and film formation by)
proteins is not limited to air-water interfaces, but may be a character-
istic of proteins at interfaces in general. Uﬁfolding and film formation
may occur, for instance, at a solid-water interface‘provided the phase
difference is conducive to a modification of tértiary structure. It is
possible that deep water offers interfaces that would promote unfolding
and film férmation by dissolved proteins. Adsorption coupled with
increases in film pressure could result in the formation of film-like
particulates. It is possible that such processés account for the
proteinaceous flakes and oblongs Gordon has found to be abundant in deep
water.

The quantitatiﬁe analysis of the particulates produced (see Figure

24) yielded an estimate of the amount of dissolved protein that was
converted to the particulate state by radiation. Of the 150 ug of protein
(103 ugC) within the vessel at 750 ug/l concentration, 13.8 4 1.8 ugC

(or 13.4 + 1.8 %) was filterable after 4 hours of irradiation. However,
10.0 + 1.8 % of the 150 ug was filterable immediately following
dissolution (see the "zero time' values of Figure 24)., At lower con-
centrations (300 ug/l and 250 ug/l) ovalbumen and trypsin, upon filtration
immediately following dissolution, left only macroscopic mildly yellow-

staining areas on Millipore filters; there was no evidence of particulates


http://partic.ulat.es

upon microscopic examination. These areas were interpreted as being dpe
to protein which had adhered as the solution was being filtered. It can-
not be definitely said that adhered protein was responsible for the
carbon measured on the silver filters at '"zero time'", as 1) the concen-
trations involved were different between the solutions that were Millipore
filtered and those that were silver filtered, and 2) the filters were
of different composition. There is little doubt, however, that protein
adhered to the Millipore filters.

If the '"zero time'" protein values illustrated in Figure 24 are
indeeq due to adherence of protein to the filter (as opposed to the
actual trapping of particulates by the filter surface), it could indicate
that gome organics of ocean water may adhere to‘silver filters. Menzel
(1966) has sugéesééd tﬁat some digsolved carboﬁ is adsorbed by such
filters, although Riley (1970) doubts that sueh adsorption is of
significance. Wangersky (cite@ in Riley, 1970) passed sea water through
a dialysis membrane to remove particulates and all dissolved substances
' with a molecular weight in excess of 10,000, He passed the dialysate
through silver filters but could not detect a significant increase in
filter-retained carbon. Ovalbumen has a molecular weight of approximately
46,000; its presence (possibly in the adhered or adsorbed form) on
silver filters in this work could indicate that high molecular weight
organics tend to adsorb upon filtration. Good experimental work is
needed to resolve the question of the extent (if any) of adsorption of
sea water organics onto filtgrs. If guch adsorption occurs to a
significant extent, and it is not taken into account in analyses of carbon
retained on silver filters, our estimates of the standing stock of
particulate carbon in the water column would be higher than is actually

the case.
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Lipids

Previous work

Previous research on the effects of ultraviolet radiation on lipids
has invariably employed energies greater than that found in solar radia-
tion reaching the earth's surface. As was indicated in the discussion of
protein reactivity, the results of such work must be viewed with reserve
in considerations of solar photochemistry: prfmary and secondary processes
may differ at different wavelengths. Moreover, all previous work has
utilized higher concentrations than the present..study: muph research has
employed pure lipids (1007 concentration). Concentration can influence
courses of reactions: a free-radical mechanism may proceed at greater
concentrations, but (due to a short half-life of the radical) may not be
a significant process in dilute solution. Much previous work employed an
atmosphere of pure oxygen: oxygen pressure is known to influence courses
of autoxidation., For instance, in the oxidation of «-methylstyrene

(Mayo, 1958) high oxygen pressure favors reaction (1) over reaction (2):

(1)  ROOCHyCHR- + Op =——3 ROOCHCHROO-

0
/ B
(2) ROOCH2CHR: ~—=> RO. + CH£>CHR

Where (1) is favored, the major product is a polymeric peroxide, while at
low pressures the epoxide is stable and will predominate. In the present
study, the findings of particulate (possibly polymeric) reaction products

was of significance. Thus, it was essential to use an oxygen pressure
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representative of sea surface conditions, rather than the high pressures
employed in previous work: reactions that predominate under pure oxygen
(e.g. the polymerization from (1)) may not do so in air at one atmosphere.
In the present study, only solar levels of radiation were employed.
The concentrations investigated were not unrealistic in terms of the
concentrations of unsaturates at the sea surface; the solvent, moreover,
wag artificial sea water. Tank compressed air (rather than pure oxygen)
was used to aerate the sample. In effect, the methods were more suitable
to consider the question of what may be the fate of unsaturated lipids at

the interface.

_Absorption of solar radiation by unsaturated lipids in sea water
‘ The absorption spectra in the region of 3000 X of the three fatty
acids investigated are illustrateﬂliﬁ figure 35. The spectra are of the
lipids in cyclohexane. However, absorption of solar wavelengths by

these substances in sea water, or when adsorbed to a surface which is
polar with respect to cyclohexane, may be greater than that indicated.
The process responsible for the absorption of near ultraviolet radiation
by unsaturates is a# —» W% transition (i.e. upon absorption an electron
occupying a ground state Y7 orbital is excited to occupy a vacant ‘T
orbital). Polar solvents such as sea water, and polar adsorbants such as
.the surfaces of mineral grains, interact more strongly with and stabilize
an excited (»,vw*) state than the ground state; this is due to the
excited state being more polarizable than the ground state (Nicholls and

Leermakers, 1971). The energy of the excited state would therefore be



Figure 35. Absorption spectra of oleic acid (....),
linoleic acid ¢ ) and linolenic acid
(----) in cyclohexane.
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lowered more than that of the ground state (compared with the energy of
these states in cyclohexane). The energy gap between the two states
would thus be reduced, and hence there would be a red shift in the
absorption spectrum. This red shift probably takes place upon the
transfer of the lipids from cyclohexane to sea water or to artificial
sea water. The absorption of solar wavelengths by unsaturates in sea
water would therefore tend to be more intense than would be indicated

by their absorption spectra in non-polar solvents.

Reactions

The development and intensification of absorption in the 234 mu
and 269 mu regions have long been employed in following the course of
oxidation of polyunsaturated lipids (Mitchell and Kraybiil, 1941;
Hendrfckson et al., 1948; Swift et al., 1949). In methylene-interrupted
olefinic acids, development of such absorption has been associated in
many investigations with hydroperoxidation (Bergstrom, 1945; Khan et al.,
1954; Privett et al., 1954). 1In the case of linoleic acid, abstraction
of a hydrogen atom in the presence of oxygen would result in the forma-
tion of a resonance hybrid, which would be preferentially peroxidized at
C-9 or C-13 to yield conjugated hydroperoxides.

That oxygen is essential for the development of conjugation is
indicated by the finding that no significant change in the absorption
spectrum of linoleic acid developed when it was subjected to artificial
sea water without oxygen; in the aerated medium, however, there was a

significant increase in conjugated diene absorption. The oxidation processes
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deduced in earlier studies would appear, therefore, to offer a plausible
explanation of the observed reactionms.

The increased extinction that developed in the near ultraviolet
upon irradiation of linoleic acid, linolenic acid, and the diatom lipid
extract, was due to absorption by the reaction products. Both the
linoleic and linolenic acid conjugated hydroperoxides and their
decomposition products (conjugated ketones) absorb solar wavelengths
more intensely thaq do the parent lipids. As the wavelengths are fixed
in an area of weak extinction by the substratg; the reaction products are
soon ;esponsible for most absorption. The 0-0 bond dissociation energy
of the peroxide is exceeded by the energies of much of the near ultra-
violet quanta, and thus absorption of solar ultraviolet by the reaction
products may lead to peroxide decomposition. The resulting free radicals
would tend to cause further hydrogen abstraction from.the substrate.
This chain reaction would tend to be autocatalytic at solar wavelengths.
However, it has been indicated that singlet molecular oxygen (produced
" in a photosensitized reaction from triplet oxygen) may be involved in
some peroxidations (Foote and Wexler, 1964; Wilson, 1966). Also,
Gollnick and Schenck (1965) consider that an excited oxygen-sensitizer
adduct may operate in photosensitized oxidations. It is not certain
which of the above mechanisms were operating within the reaction
vesselsg: each would be expected to result in the observed spectral
changes, and in peroxidation,

At the sea surface the abundance of unsaturated lipids and the
presence of peroxide (Van Baalen and Marler, 1966) and high-energy
radiation would appear to favor hydroperoxidation, Polyunsaturated

lipids can undergo hydroperoxidative polymerization (0'Neill, 1954){



such polymerization may account for the presence of particulate reaction
products. It is possible, however, that the particulates were the result
of a phase change, possibly brought about by photochemical decarboxylation
and separation of the resulting hydrocarbong. But the latter would be
soluble in hexane and would tend to be washed through the filter during
the hexane rinse. A macromolecular space network afforded by a polymer
may offer a better explanation of the filter-retained particulates.

The reactivity of the diatom lipid extract was examined in an

attempt to approach, in the reaction vessel, the lipid complexity of the

sea surface. Ackman et al. (1968) have indicated that Thalassiosira
fluviatilis contains relatively minor amounts of oleic, linoleic, ;nd
linolenic acids; the predominant unsaturates are 16:1, 16:0, 20:5, 14:0,
and 16:3 (27%, 14%, 5%, 5%, and 4% of the total lipid, respectively).

The concentrations of the polyunsaturates was less in this study than in
the studies investigating the pure lipids. As was the case with oleic -
acid, 16:1 would not be expected to develop a diene chromophore upon
oxidation, as there is no second double bond available w%th which it can
become conjugated. In the case of monoenes, migration of the bond into
conjugation with the carbonyl group is improbable. The development of
both positively-staining disc areas and diene conjugation upon plankton oil
irradiation (see figure 21) is evidence that processes were occurring
which were similar to those that took place when pure lipids were
irradiated. Considering that linoleic and linolenic acids constitute
only about 0.2% of the total lipids of this diatom (Ackman et al., 1968),
it is questionable whether the reactions of these two lipids alone could

have accounted for the reactivity of the diatom extract. It is probable

that similar reactions of other polyunsaturates (e.g. 20:5 and 16:5)



81

contributed to the observed spectral changes and to disc formation.
Considering 1) the findings of previous workers regarding the
susceptibility of unsaturated systems to peroxidation, conjugation
igomerization, and polymerization; 2) the present findings of simulated
solar catalysis of what appear to be similar processes for linoleic acid,
linolenic acid, and a diatom lipid extract at trace concentrations in
artificial sea water; and 3) the abundance of. unsaturates and the
presence of peroxide at the sea surface, it appegrs that some unsaturated
lipids at or near the interface may be photochémically reactive in the

presence of sunlight.

Geochemistry of unsaturated lipids

General

The greatest concentrations of unsaturated geolipids are found
within organisms and as part of the dissolved organic matter of natural
waters, Traces of oleic acid have also been detected in soil
(Khainskii, 1916), and in the D'Arcy oil (Ramsay, 1966), its presence
in crude oil perhaps attesting to the stability of this particular
lipid over geologic time. C18:1 has also been detected in shales
(Leo, 1966).

Unsaturated lipids have been found in the surface layers of algal
mats (Parker and Leo, 1965), and in some sediments. Leo (1966) detected
16:1 and 18:1 in recent sediments in the Gulf of Mexico, Peterson
(1967) found the only unsaturated acids gn slope sediments to be 16:1 and

18:1, while in shelf surface sediments he detected some polyunsaturates



(e.g. 20:5) in addition to these two monoenes. Rosenfeld (1948) reported
a decrease in the iodine number with depth in sediments, indicating
decreasing concentrations of unsaturates. This sparcity of unsaturates
in sediments is in contrast to their abundance in marine organisms and

in sea water (see pp. 4-5).

The decrease in unsaturates with depth in sediments is accompanied
by a decrease in the total fatty acids: soon after deposition the fatty
acid content falls to values approximating those of ancient sediments
(Parker, 1967). However, fatty acids are very stable, being resistant
to both abiotic and biotic fragmentation. 1In view of 1) this resistance
of lipids to fragmentation, 2) the susceptibility of the oxidation
products of unsaturated lipids to polymerization, and 3) the findings of
this research that unsaturates may be subject to rapid oxidation and
polymerization upon release into sea water, it is conceivable that some
of the abundant unsaturates of marine waters are (rather than fragmented)
transformed into a state which is not extractable from the sediment --
ie. kerogen. The decrease in unsaturates and total fatty acid with
depth may be in part a reflection of the transformation of lipids to
a new "particulate” (or "inextractable") state, rather than their
fragmentation. It is possible that settled polymeric lipid, or the
oxidation and precipitation of unsaturates within the sediment, may

contribute to the framework of kerogen.
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Unsaturated lipids at the sea surface and in the water column

The transformation of lipids to the particulate state may occur
in enclosed bodies of water where they can become concentrated by intense
biological activity., Stadnikoff (1930) suggested that Coorongite and
Balkshashite result from lipid polymerization in oxygenated waters.
Coorongite is a material of rubber-like consistency found on the shores
of a lagoon in southern Australia; it has been considered to be derived

from the blue-green alga Elaeophyton coorongians. Balkshashite, also

described as "rubber-like", is found in Lake Balkshash in Siberia, and

appears to be a product of the oil-rich green alga Botryococcus braunni K.
Stadnikoff believes that both these materials are derived mainly from

the lipids of the algae with which they are associated. Although he
believes the process to be one of '"polymerization'" of unsaturates,
there is no evidence that the substances are truly polymeric. 'Hbﬁever,
the finding of the present work that particulate material (ﬁossibly
polymeric) is produced when low concentrations of unsaturated lipids

are exposed to simulated solar radiation, lends some support to the
suggestion that these substances may be products of unsaturated algal
lipids.

Breger (1969) applies Stadnikoff's suggestion of polymerization to
sea surface processes and proposes that polymerization of unsaturates
occurs at the sea-air interface. He suggests that the process may
contribute to suspended particulate carbon., However, extensive
polymerization into discrete particles may not be pogsible at the ocean
gurface due to the presence at the interface of high concentration of

non-reactive organics (e.g. saturated lipids). Relatively high
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concentrations of non-reactive suhstances could be expected to inhibit
polymerization of activated unsaturates physically. 1In such a situation
peroxidation and conjugaticn may occur, »ut peroxide radicals could
conceivably be prevented from interacting on a large scale in the
bimolecular reactions necessary for the production of polymers of high
molecular weight. Such a situation is perhaps seen in the irradiation
of linoleic acid and protein together: it was apparent that the
presence of the protein inhibited to some extent the formation of particu-
lates with the morphology characteristic of those from irradiation of
linolgic acid alone. Reaction of the lipid may have taken place,
however, on the surface of the sheet-like protein particles (where most
of the lipid appeared to be adhered), and a type of membrane formation
is a possibility. .

The particulate products of lipid irradiation stained intensely
with 0s04; however, when non-living particulate matter from the sea
surface and various depths is subjected to this stain, very little
positive reaction occurs. Parsons and Strickland (1962) examined the
biochemical composition of non-living oceanic‘particles, and concluded
that the lipid content was less than 1%. The above field evidence does
not support the concept of extensive lipid polymerization into discrete
particles at the ocean surface, However, Lisitsyn et al. (1965) present
evidence that lipids constitute a significant fraction of suspended
particulate matter. In their analysis of suspended '"bituminous
substances" (filterable material whose origin they believe to be the
lipids of marine organisms), sea water was passed through mcmbrane
and powdered glass filters; the filters were subsequently extracted

with organic solvents. They report that extractable lipids (determined
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by the difference: organic matter = [proteins + nucleic acids +
carbohydrates] ) in particulate matter at four stations in the tropical
Pacific varies from 2.16-48.29 ug/l. Their data indicate 1) a
correlation of concentration with geographical location, and 2) a slight
tendency of suspended lipids to decrease with depth in the water column.
These investigators report higher concentrations of resins and
asphaltenes in the non-living as compared to the living particulate
fractions: they believe that gradual transformation of biochemically-
resistant lipids from surface water organisms results in precursors of
these gnd other cyclic petroleum hydrocarbons. Meinschein (1969),
however, doubts that the polyunsaturates of organismg, in their methylene-
interrupted configuration, can undergo such cyclization over geologic
time. The rapid oxidations and isomerizations that are indicated, by
the present research, to occur upon release of lipids into sea water
render these substances much more susceptible to cyclization. It is
thus possible that the unsaturated cyclic hydrocarbons indicated in the
Rugsian work (and also some benzenes and naphthalenes of petroleum)

may have their origin in the oxidation products of the abundant
unsaturates of surface waters. Although this is only a possibility and
there is no direct evidence in support of such cyclization within the
water column, the indications of rapid conjugation isomerization upon
release of lipids into sea water provide a link in the hypothetical

trangsition of marine lipid —p petroleum hydrocarbon.
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Organié films on natural bodies of water

Organics at the sea-air interface are derived from atmospheric
deposition, and via accumulation from the water column. Some may be
derived in situ from the neuston. They are subject to 1) ejection
into the atmogphere to become a part of the marine aerosol, 2) adsorp-
tion onto particulates and subsequgnt sinking (Bader et al., 1960),
and 3) (as illustrated in this research) possible solar photochemical
reactions, and transformation into organic particles.

Jarvis (1967) and Jarvis et al, (1967) have indicated that sea
surface water contains a spectrum of organics with varying tendencies
to adsorb at the interface. As a surface film ages, the less surface
active material appears to be pushed up or down out of the interface due
to the gradual accumulation of the more surface active molecules. When
the interface is swept with a barrier, a relatively clean water surface
is left that permits accumulation of more film material. Presumably,
if this process of surface film accumulation and sweeping were continued,
the water sample would eventually become depleted of surfactants.

The present work has illustrated that films that accumulate from
filtered lake water, and from filtered Sargasso Sea water containing
protein in very dilute solution, are subject to collapse upon application
of lateral pressure. Collapse is accompanied by the transformation of
some film organics to a state which is not capable of re-spreading;
this new state (capable of being disrupted into small particles) was
formed from organics previously dissolved in the bulk liquid., 1In view
of 1) the demonstration by Jarvis that dissolved organics will

accumulate at the interface if the previous film is swept away, and



2) the present demonstration of the susceptibility of films to collapse
and subsequent disruption into discrete particles that tend to sink =--
it is conceivable that such film collapse phenomena (within windrows,
for instance) may be a part of a continual cycle that tends to remove
disgsolved organics from the bulk water and precipitate them as particles
back into the water column.

Simulated solar radiation was found to increase significantly the
surface pressure of protein-enriched sea water, probably via the photo-
lysis of intramolecular bonds respongible for maintaining tertiary
struc;ure. Such increases in pressure effectively decrease the area to
which a film must be compressed for collapse to occur, and therefore
golar ultraviole: may aid in collapse and particle formation. Thus, at
sea, in addition to possibly being responsible for the transformation
of dissolved to particulate protein and lipid (see results with
ovalbumen,’trypsin, linoleic acid, and linolenic acid solutions), solar
ultraviolet may act indirectly in the dissolved —9 particulate
transition by decreasing the area to which a film must be compressed for
pressure-induced particle formation to occur.

The demonstrations of particle formation from interfacial organics
lend support to the proposal of Sutcliffe et al. (1963) that the increase
in light scattering they observed beneath windrows may have been due to
"monomolecular films which may be aggregated into insoluble organic
particles." Garret (1969), however, expresses doubt that films within
windrows are compressed to the collapse pressures of protein or lipid
monolayers. It may not be entirely valid, however, to assume that the
physical chemistry of the organically-complex sea surface film is

entirely analogous to that of simple monolayers:' the collapse pressures,
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and the reactions of complex natural films to lateral pressure, may
differ from what would be expected from consideration of simple
monomolecular systems. As an example, the particulates from lake water
films were observed to form only within 1 cm in front of the moving
barrier, and at no other location in’the trough. This suggests that the
natural film, unlike simple lipid or protein monolayers, is slow to
equilibrate upon application of lateral pressure. Regions of high
pressure effecting collapse and particle formation may thus develop
locally (as one developed in front of the barrier in this case), while
perhaps at the same time there would be less of an increase in pressure
in adjacent regions of the same film., While simple monolayers afford a
convenient and useful tool for the study of the physics of surface films,
the study of the dynamics of natural films themselves contributes more

directly to our understanding of processes occurring at the sea surface.
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Surface films, proteins, and lipids as sources of particulate food

It appears from the present research that one of the photochemical
effects of solar.radiation at the sea surface may be to aid in the
transformation of dissolved carbon to the particulate state. As the
non-1living particulate fraction of sea water has been indicated to be
a gource of nutriment at the base of the food web in the sea (Baylor
and Sutcliffe, 1963; Riley, 1963; Riley, 1970), it is indicated that
solar radiation may play a part in supplying such nutriment to the
water column. This abiotic transformation of dissolved organics is in
contrast to the biotic photochemical organic synthesis within organisms

containing chlorophyll a.

Surface films

The nutrient value of collapsed surface film remains to be examined,
but is possibly high. As proteins are highly surface active it is
probable that they occur, perhaps invariably, in natural films. As this
unfolded protein would be included in (or perhaps form an integral part
of) pressure-induced particulates, it is indicated that collapsed films
have at least some value as a food source. Bacteria are known to be
scavenged from bulk water by bubbles, and to be deposited at the inter-
face (Blanchard and Syzdek, 1972); it is probable that other organisms
are likewise scavenged and deposited, along with a wide spectrum of
organics. Much of this material would be incorporated into collapsed

film, and some would certainly have nutrient value,
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Proteins

It is probable that 1) a variety of (if not all) herbivores
contain proteolytic enzymes, and 2) in many organisms the activities of
these enzymes are responsible for the‘bulk of the animal's supply of
organic nitrogen. It is known that proteins at air-water interfaces
undergo unfolding, and it has been indicated in this research that
golar levels of radiation are responsible for further unfolding at the
sea water-air interface (see Figure 27). As discussed above, this
unf01§ing and the subsequent formation of protein particula?es would
appear to provide a source of ingestible and readily hydrolysable

nitrogen and carbon to the water column.

Lipids

Lipids exist in sea water adsorbed at interfaces (solid-water,
or water-air); some may be present in solution. It was evident from
the present research that lipids in artificial sea water readily
adhered to protein particulates; moreover, this adsorption appeared to
inhibit the formation of 1lipid particulates as observed from irradiation
of linoleic and linolenic acids alone. Lipids are ingested by filter
feeders, as these substances would tend to adsorb to some extent on
the standing stock of particulates in the real ocean; the'extent of
lipid utilization by herbivores, however, has not been studied. It is
uncertain whether these organisms can utilize any ingested

triglycerides. Mammals are capable of absorbing free fatty acids,
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monoglycerides, and diglycerides through the gut wall; however,
triglycerides must first be degraded to at least & diglyceride and a
free fatty acid by the enzyme lipase before absorption can occur.

It would be worthwhile to investigate the capacity of herbivores
and marine bacteria to utilize the lipids of sea water. The results
of such an investigation would aid in our understanding of the fate

of this abundant surfactant.

Abiotic transformation of dissolved carbon to the particulate state

While Barber (1966) has indicated that bacteria may be of
significance in the production of the non-living particulate organic
fraction of sea water, the present work indicates that the presence of
bacteria may not be essential for the transformation of disgsolved carbon
to thé particulate state. The production of lipid and protein particles
in clean, sterile artificial sea water does not imply that such solar
photochemical processes occur at the organically-complex sea surface;
however, the reaction vessel experiments do indicate that the phenomena
observed are energetically possible. Although the surface films invest-
igated were not sterile, the observed processes of film collapse and
fragmentation were probably largely physico-chemical rather than having
been dependent on any previous activity of bacteria on the film organics.
Bacteria may play a significant role in the sea's cycling of organic
carbon, but they are herein indicated to be not essential for the

production of particles from dissolved organics.



Limitations of results

Experimental results are qualified not only by statistical limits
placed on the data, but also by the fact that only certain variables
are being investigated. In the experimgnts with reaction vessels, the
formation of particulate matter and changes in absorption spectra were
under congideration; it is possible that other processes, such as
proteolysis or lipolysis, may have been occurring to a significant
extent. 1In the work with protein surface films, however, proteolysis
was not detected. More thorough understanding of the effects of solar
levels of radiation on organics in natural waters awaits more exhaustive
studies of other organics and their reaction products. Such studies
should utilize simple, thoroughly characterized systems as those
employed in some studies herein. But this work is best coupled with
corollary studies of the effects of radiation on the composite organics
of sea water itself. While investigations of the simplified systems
may lead to an understanding of the photochemical reactivity and reaction
products of individual substances, the more complex and natural systems
will give us insight into the gross manifestations of the reactions
obgserved. In the present study a spectrum of substrate complexities was
chosen, emﬁloying what appeared to be the more valid organics. It
proved possible to discuss many of the present findings in relation to
previous work on particulate and dissolved carbon, and in some cases to
relate the reactions observed in the elementary systems to the reactions

and gross effects observed at greater substrate complexity.
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Appendix I

The data from the actinometric procedure yielded a rate of
oxalate decomposition of 1.12 ml/12 hours. - This value was incorpor-
ated into the formula for uranyl oxalate actinometry (Bowen, 1946):

ml titrant

(e) (a) (2-10%)

Nhv =

where Nhv = the number of einsteins of radiation; ml titrant = ml of
KMnO; equivalent to the oxalate loss (see text p. 17); e = the quantum
efficiency of oxalate decomposition; and a = the fraction of radiation
abgorbed by 1 cm of the actinometric solutionm.

The resulting value of 6.91 - 10"7 Nhv/second is equivalent to
2.16 - 107 ergs/second, or 2.16 - 10% uwatts. It was determined from
the solid geometry of the system that the maximum intensity of oxalate-
sensitive radiation (on the surface of the solution just below the tip
of the lamp) was approximately 1040 uwatts/cmz. Of this latter value,
84.4% (or 878 uwatts/cm2) was of energy at wavelengths less than 4000 X.
Pettit (1932) has determined that, at 32° North latitude, the intensity of
direct mid-summer solar radiation of wavelengthslless than 4000 X is
2320 uwatts/cmz. Thus, the intensity of ultraviolet radiation used in

this study was

_878 100
2320

or approximately 38% of solar ultraviolet radiation as measured by

Pettit.



Appendix II

The Hewlett-Packard F&M model 185 CHN analyzer is designed for
measuring the carbon, hydrogen and nitrogen content of organic material.
After conversion of the elements to €05, Hy0, and Ny at high temperature,
the gasses are separated on a chromatographic column, and subsequently
enter a thermal conductivity detector. The generated electrical signal
is fed to a potentiometric recorder, resulting in a chromatogram. The
instrument was calibrated for carbon in the range used in this work
(Figure 36); the standard was cyclohexanone-2,4-dinitrophenylhydrazone.

The data from the quantitative analysis of particulate protein

(see Figure 24) are tabulated below.

Filter blanks (peak height) Zero time (peak height) 4 hours of irradi-

ation (peak height)

2.1 5.6 8.8
3.4 5.1 7.9
3.0 7.4 7.9
2.8 8.7
2.3
2.8
1.6
3.0
3.2

For the peak heights resulting from the combustion of each "zero
time" and each "4 hour" sample, and for the average peak height resulting

from combustion of the filter blanks, the corresponding value of ugC
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was egtimated. The 957 confidence interval for the estimate is a
function of the error in the determination of the standard curve, and
was calculated as in Sokal and Rohlfe (1969):

by.x (¥4 - ¥) 4

95% confidence interval = X + S - H

where

Sp2 g2 2
= Pyx T Fos@-2) %

and

T2

t - (Y:-Y)

H= sz-?)z D(1+-r]—;-)+__.}___.
D n-2 Exz



Figure 36. Standard curve for carbon, as determined on
the Hewlett-Packard CHN analyzer.
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Appendix III

In the cases of 1) each of the five filters resulting from
linoleic acid irradiation, and 2) each of the four filters from
linolenic acid irradiation (see pp. 32 and34 , respectively) 31 micro-
scopic fields were examined at x400 magnification. From the number
of discs plus particles that were counted the total number on the
filter was estimated as

T=x @

)
where ¥ = the estimate of the total amount of filter-retained lipid,
N = the number of fields at x400 comprising the entire filter surface,
and y = the mean number of discs plus particles in one field at x400.

The 95% confidence interval for Y is

S
A A A N2
Y+t o/fvar ¥ Yt2 /3 (var y)

The following tables contain the data from microscopic examin-

where n = 31.

ation of filter-retained lipid; this data is the basis of figures 14,

15, 18, and 19.

Linoleic acid

1 hour of irradiation: total number of particles + discs in 31 fields = 4

size (u) size (u)
1.9 13.4
1.9 3.8

continued



107

2 hours of irradiation: total number of discs plus particles observed

in 31 fields = 11

size (u)

1.9 1.9 3.8 3.8
1.9 3.8 1.9 5.8
5.8 5.8 1.9 3.8

4 hours of irradiation: total number of discs plus particles observed

in 31 fields = 20

size (u)

9.6 30.7 23.0 5.8

59.2 15.4 55.7 15.4
5.8 21.1 28.8 38.4
17.3 21.1 32.6 9.6

Zi.l 21.1 3.8 28.8

7 hours of irradiation: total number of discs plus particles observed

in 31 fields = 100

5.8 28.8 15.4 55.7 9.6
86.4 3.4 86.4 92.2 3.8
15.4 13.4 3.8 99.8 7.7
51.8 17.3 15.8 1.9 61.4
5.8 7.7 42.2 5.8 49.9
7.7 13.4 51.8 7.7 13.4
23.0 11.5 9.6 11.5 15.4

continued



3.8
11.5
9.6
7.7
3.8
42.2
13.4
13.4
9.6
21.1
1.7
21.1

28.8

13 hours of irradiation:

size (u)
5.8

19.2

3.8
53.8
38.8
3.8

7.7

5.8

19.2
30.7
1.7
7.7
9.6
11.5
111.4
105.5
119.1

7.7

'17.3

23.0

3.8

5.8
9.6
3.8
30.7
21.1
5.8
7.7

88.3

total

in 31

78.7
21.1

3.8

(%2}
<o

3.8
11.5
121.0
9.6
76.8
21.1
3.8
3.8

5.8

number of discs

fields = 126

3.8

15.4
21.1
57.6
42.2
69.1
9.6

74.9

53.8
17.3
11.5
9.6

13.4
9.6

13.4
94.1
5.8

21.1

11.5

\\\\\\\\\\\
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113.3
61.4
9.6
30.7
23.0
73.0
15.4
57.6
11.5
7.7
11.5
9.6

13.4

plus particles observed

57.6
9.6

15.4
28.8
94.1
38.4
13.4

13.4

42.2
5.8
11.5
11.5
3.8
9.6
7.7

9.6

continued



38.4
17.3
96.0
5.8
25.0
7.7
215.0
5.8
78.7
11.5
7.7
23.0
40.3
9.6
61.4
128.6

1 hour of irradiation:

2 hours of irradiation:

size (u)

30.7

174.7
5.8
44,2
19.2
36.5
9.6
24.9
9.6
28.8
151.7
7.7
42.2
25.0
23.0

5.8

74.9
13.4
7.7

15.4
38.4
7.7

44.1
9.6

25.0
19.2
57.6
23.0
53.8
11.5

21.1

Linolenic Acid

48.0

in 31 fields

in 31 fields

13.4

36.5
26.9
5.8
40.3
32.6
9.6
32.6
15.4
38.4
209.3
11.5
69.1
25.0
13.4

171.0

23.0

59.5
69.1
57.6
74.9
7.7

46.1
9.6

71.0
32.6
97.9
71.0
32.6
7.8

15.4

15.4

total number of discs plus particles observed

total number of discs plus particles observed

46.1

continued
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7 hours of irradiation:

size(u)
9.6
30.7

153.6

12 hours of irradiation:

size (u)
9.6
3.8
5.8
5.8
36.5
30.7
42.2
32.6
7.7
5.8
25.0

3.8

5.8
13.4

17.3

105.6
13.4
15.4
9.6
26.9
61.4
17.3
19.2
5.8
9.6

11.5

11.5

in 31 fields =

7.7
19.2

15.4

number of discs

fields =

23.0
73.0

19.2

7.7

57.6
7.7
5.8
26.9
5.8
7.7
21.1

5.8

3.8
1.9

28.8

110

total number of discs plus particles observed

36.5

19.2

plus particles observed

19.2 -
11.5
169.0
7.7
5.8
73.0
7.7
17.3
42.2
19.2
5.7

3.8

69.1
25.0
17.3
109.4
13.4
28.8
7.7
3.8
15.4
130.6
7.7

26.9
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Appendix IV

Manufacturers or suppliers of equipment and reagents cited in

the text are listed below.

Applied Science Laboratories, Inc., State College, Pennsylvania, U.S.A.
Fisher Scientific Co. Ltd., 8505 Devonshire Rd., Montreal, Quebec, Canada
Hewlett-Packard Canada Ltd., 275 Hymus Blvd., Pt. Claire, Quebec, Canada
Millipore Corporation, Bedford, Massachusetts, U.S.A.

Selas Flotronics, Inc., Spring House, Pennsylvania, U.S.A.

Sigma Chemical Co., 3500 DeKalb St., St. Louis, Missouri, U.S.A.

Ultraviolet Products, Inc., San Gabriel, California, U.S.A.





