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ABSTRACT
DISSOLVED INORGANIC AND
PARTICULATE IODINE IN THE OCEANS
GEORGE TIN FUK WONG

Submitted to the Department of Earth and
Planetary Sciences on February 20, 1976 in
partial fulfillment of the requirements for

the degree of Doctor of Philosophy

Analytical methods have been developed for the
determination of iodate, iodide and particulate iodine in
sea water. lodate is converted to tri-iodide and the absor-
bance of tri-iodide at 353 nm is measured. The precision of
this method is ca. +3%. lodide is first separated from most
other anions by an AG 1-x8 anion exchange column and then
precipitated as palladous iodide with elemental palladium
as the carrier. The precipitate is analyzed by neutron acti-
vation analysis. The precision of the method is +5% and the
reagent blank is 0.005 uM. Marine suspended matter is col-
lected by passing sea water under pressure through a 0.6 u
(37 mm diameter) Nuclepore filter. The iodine content of the
particles is determined by neutron activation analysis. The
method has excellent reproducibility and the filter blank is
ca. 3 ng.

Jodate is depleted in the surface waters of the
Equatorial Atlantic. The depletion is more pronounced than
in the Argentine Basin and possibly reflects the higher pro-
ductivity in the equatorial area. Superimposed on this fea-
ture, a thin lens of water, of a few tens of meters thick and
with high iodate concentrations, can be traced across the
Atlantic. Along the equator, this lens occurs at 80 m at 33°W
and rises upwards to 55 m at 10°¢W and it coincides with a
core of highly saline water which is characteristic of the
Equatorial Undercurrent. Longitudinal sections reflect the
complexity of the equatorial current system. At least three
cores of water with high iocdate concentrations may be iden-
tified. These waters may be transported to the equatorial
region from the highly productive areas along the north-west-
ern and western African coasts and the Amazon plume.

In anoxic basins, the concentration of iodide in-
creases rapidly in the mixing zone from 0.02 uM to O.44 ul
in the Cariaco Trench and from 0.01 uM to 0.23 uM in the
Black Sea. The iodate concentration, meanwhile, decreases to
zero, A maximum in the total iodine to salinity ratio is ob-
served just above the oxygen-sulfide interface (15 to 17

-18-



nmoles/g); it is suggestive of particle dissolution in a _
strong pycnocline. Below the interface, the total iodine to
salinity ratio is constant at 12.3 nmoles/g in the anoxic
zone of the Cariaco Trench, whereas, in the Black Sea, it
increases with depth from 10.0 to 19.4 nmoles/g and suggests
a poszible flux of iodide from the sediments. By considering
the distribution of icdate and iodide in oxic and anoxic
basins and our present analytical capability, the lower limit
of the pE of the oceans is estimated to be 10.7. Thermodyna-
mic considerations further suggest that the iodide-iodate
couple is a poor indicator for the pE of the oceans with a
limited usable range of 10.0 to 10.7.

In the Gulf of Maine during the winter of 1974 %o
1975, the effect of winter mixing was conspicuous. Uniform
concentrations of iodide and iodate were observed in the
nixed layer above the sill. The absence of a depletion of
iodate and the low iodide concentration (0.04 ul) in the sur-
face waters reflect the low biological activity in this re-
gion during winters.

Profiles of particulate iodine are characterized
by high concentrations in the euphotic zone (>5 ng/kg), and
lower concentrations (K2 ng/kg) at greater depths. Occasion-
ally, high concentrations have also been observed in the
nepheloid layer. The iodine-containing particles are probably
biogenic. A section in the Western Atlantic from 75°N to 5598
shows evidence of the transport of particles along isopycnals
and the re-suspension of surface sediments to considerable
distance from the bottom. The standing crops in the top 200
m may be qualitatively correlated with the primary producti-
vity.

Thermodynamic considerations show that iodide is a
metastable form at the pH of sea water. Laboratory studies
fail to show the oxidation of iodide at measurable rates.
Elemental ilodine is unstable in sea water and undergoes hydro-
lysis to form hypoiodous acid in seconds. Hypolodous acid is
also unstable and has a life time of minutes to hours. It may
react with organic compounds to form iodinated derivatives or
it may be reduced to iodide by a reducing agent. The dispro-
portionation of hypoiodite to form icdate seems to be a
slower process. A possible chemical cycle for iodine in the
marine environment is proposed.

Thesis Supervisor: Peter G. Brewer

Title: Associate Scientist
Department of Chemistry
Voods Hole Oceanographic Institution
Woods Hole, Massachusetts.
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CHAPTER I.

INTRODUCTION



I.1 Introduction

This thesis presents an investigation on ths mar-
ine chemistry of the element iodine, a multi-oxidation-state
element known to be in redox dis~-equilibrium, in an attempt
to gain a better understanding concerning biological-chemi-
cal interactions in the ocean.

Ever since Sillen's classic paper on ' the physi-
cal chemistry of sea water' (1961), many attempts have been
made to examine the controls on the chemical composition of
the oceans by computing the composition of an equilibrium
mixture from the existing thermodynamic information (Garrels
and Thompson, 1962; Sillen, 1963; Holland, 1965; Kranmer,
1965; Zirino and Yamamoto, 1972)., There are two basic assum-
ptions in this model., First, that the ocean is a closed sys-
tem and secondly, that sufficient time is available for the
attainment of a chemical equilibrium. However, the ocean in
reality is not a closed system as there are frequent exchan-
ges of both energy and matter among the atmosphere, hydros-
phere and the lithosphere., Moreover, since different ele-~
ments héve different residence times in the ocean varying

from 100 years for aluminum to 108

years for chloride (
Brewer, 1975 and references cited therein), it is unclear
that there is sufficient time for all elements to reach a
chemical equilibrium. Thus, it is not surprising that ‘ex-
ceptions' are often observed and, even in his classic paper,

Sillen (1961) has noted that gross dis-equilibrium does
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occur in some elements.

Dis-equilibria are especially noticeable in the
bio~active and multi-oxidation-state elements. Some of the
better known examples are: iodide-iodate, ammonia-nitrogen-
nitrite-nitrate and arsenite-arsenate (Goldberg, 1963; Riley
and Chester, 1971; Johnson and Pilson, 1972). Under the
oceanic conditions of a pH of 8 and a pE of 12.5 (Sillen,
1961), the reduced species in all these systems should be
undetectable within the limits of our present analytical
capabilities. However, significant quantities of these re-
duced species are often found. The predicted and observed
concentrations of the different species in these systems
are summarized in table I-1-1,

At least two processes are involved in maintaining
an observed redox dis-equilibrium. The first one is the per-
turbation of a stable system to produce the unstable species.
This reaction will be thermodynamically unfavorable. The
production of these unstable species such as iodide, arsenite
-and nitrite has often been attributed to biological activity
(Tsunogai and Sase, 1969; Johnson, 1972; Fiadeiro and Sitrick~
land, 1968) for a number of reasons. First, organisms can
utilize solar energy through photosynthetic processes and
they may subsequently use this energy, directly or indirect-
1y, to drive these thermodynamically unfavorable reactions.
Secondly, organisms possess complicated enzyme systems which

can be used as catalysts to lower the activation energies
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of these reactions. Thirdly, organisms need an electron
acceptor during their metabolic processes. The primary elec-
tron acceptor for aerobic organisms is oxygen. In the absenge
of oxygen, some organisms may use in succession nitrate,
sulfate and carbon dioxide as the terminal electron acceptor.
During such processes, other species may be directly or in-
directly reduced.

The second process is the tendency to re-esta-~
blish the stable system. The rate of this thermodynanically
favorable process will determine the persistence of the dis-~
equilibrium., For example, although molecular nitrogen is
unstable relative to nitrate (table I-1-1), it amounts %o
78% of our atmosphere and its presence is ubiquitous in our
oceans. Sillen (1961) suggested that its presence is due to
the high internal energy barrier of the N-N bond which
greatly reduces its rate of oxidation. However, although
this step is thermodynamically favorable, the possibility
of biological mediations such as nitrification is not ruled
out, and, in such cases, the rate of the reaction may either
be enhanced or retarded.

In this study, I have chosen to use the iodine
system to illustrate some of the implications of these con-

cepts on the chemistry of the oceans.
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I.2 A brief review of some aspects of the geochemistry of
iodine

I.2.1 Occurrence

Iodine, as an element, was not recognized until
the early nineteenth century when Courtois isolated elemen-
tal iodine from seawesed (Courtois, 1813). Elemental iodine
has not been detected in the lithosphere, except as small
traces in certain mineral springs. However, as iodide and
iodate, it occurs widely as a trace constituent (Anonymous,
19513 Sneed et al., 1954; Hills, 1956; Fuge, 1974). Table
I-2-1 summarizes the iodine contents of various rocks and
minerals. Minerals having iodine as an essential consti-
tuent are rare although dietzeite and lautarite have been
found in the Chilean saltpetre deposits. A list of the
known iodine-containing minerals is presented in table I-
2-2,
p The history of investigations on the chemistry of
iodine in marine environments has been briefly reviewed by
Riley (1965a). He traced the first study to 1825 when Pfaff
detected iodine in Baltic Sea water. This report was later
confirmed by Laurens (1835) who found iodine in French
coastal water. Early investigators reported a wide range of
concentrations from 0,017 ug/l (Macadam, 1852) to 8000 ug/1
(Marchand, 1855). Since then, a series of measurements have
been made (Reith, 1930; Skopintsev and Michailovskaya, 1933;

Dubraveic, 1955; Sugawara et al., 1955; Sugawara and Terada,
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Table I-2-1
Rock

Type
Amphibolite
Basalt
Diabase
Gneiss
Granite
Limestone
Marble
Mica Schist
Porphyry
Pumice

Quartzite

% Data from Hills (1956).

Iocdine content of rocks and minerals¥®

Iodine
Content
(ppm)

0.25-0.38
0.31-0,80
0.49~1.,04
0.38
0.20-1.25
0.44
0.07-1,98
0.54
0.38-0,54
0.25
1,10~3.70

Mineral
Type
Apatite
Biotite
Calcite
Cinnabar
Cuprite
Dolomite
Fluorite
Gypsum
Limonite
Pitchblende
Pyrite
Serpentine

Wulfenite

26

Todine
Content

(ppm)
0.23-0.4k
0.50

0.23

0.50
3.8-4000
0.32

0.55
0.25-0.27
0,75

0.9k

0.20

0.38

8.56



Table I-2-2 Todine containing minerals®

Mineral Name
Coccinite
Cuproiodargyrite
Iodembolite
Lodobronite
lodargyrite
Marshite
Miersite
Salesite
Schwarzembergite
Tocornalite
Dietzeite

Lautarite

* Data from Hills (1956).

Formula

Hg212

(Ag, Cu)Il

Az (Br, I, Cl1)
2AgCl, Z2AgBr, Agl
Agl

Cu212

LagI, Cul
CuIOBOH

Pb(I, Cl)z, 2Pb0
(Agt Hg)I
7Ca(103)2, BCaCrOh
Ca(103)2

-27~



1957; Barkley and Thompson, 1960a, 1960b; Voipio, 1961;
Kappanna et al., 1962; Tsunogai, 1971a, 1971b; Tsunogail and
Henmi, 1971; Liss et al., 1973; ¥Wong and Brewer, 1974), and,
presently, most investigators agree that the concentration
of total dissolved iodine in sea water is about 60 to 70
ug/l (0.5 uM) (Goldberg et al.,, 1971).

Relative to sea salt, iodine 1is more concentrated
in the atmosphere, in rain, in river waters and in inter-
stitial waters. Surface sediments also have high lodine
concentrations. The concentrations of iodine in natural
waters, sediments and the atmosphere are summarized in

table I-2-3,
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I.2.2 The speciation of dissolved iodine in sea water
Thermodynamic calculations show that iodate should
be the only detectable iodine species in the sea (Sillen,
1961). However, it has been long recognized that at least
two species of iodine are present. Winkler (1916) suggested
that they are iodate and iodide. The identity of the oxid-
ized species later developed into a controversial subject.
Sugawara (1957) supported Winkler's view of iodate as the
oxidized species while Shaw and Cooper (1957) thought that
hypolodous acid might be the dominant oxidized species ins-
tead. Later investigations by Sugawara and Terada (1958) and
Johanneson (1958) confirmed the presence of iodate and Shaw
and Cooper (1958) subsequently retracted their hypothesis.
The fraction of the inorganic ilodide that may be present as
ion pairs with the major ions can be estimated from partial
molal volumes (Millero, 1969). It iz negligible (table I-2-
4). Recently, the possibility of the presence of ‘organic
iodine' has been proposed by Truesdale (1975). He claimed
concentrations of up to 5% of the total dissolved iodine in
the surface waters of the Irish Sea., Lovelock et al, (1973)
detected the presence of methyl iodide. However, its kinetic
stability in sea water is low and it is susceptible to ex~
change reactions with chloride ions to form iodide ions ins-

tead (Zafiriou, 1975). The present discussion will deal only

with the inorganic species.



Table I-2~4 Ton pairing of the iodide ion with the major

+
ions in the ocean

2 50 =0 SW
* 2%/r Vicale) V{meas)
(&) (A'l) (ml/mole) (m1/mole)
2'16 Orq’é 41.8 41.1{3
V?eigct) = -7.5 X Zz/f = =3.45 ml/mole
% contact ion-pair:
0 SW =0 SW
V(meas) - V(CalC) _ 41014’ - 41.8 _ 1 2(,4
=0 SW = -3.15 T T el
v(elect) 3.

r - Pauling crystal radius

Z -~ Charge of ion

V?cigc) - Partial molal volume calculated

=0 SW .

V(meas) - Partial molal volume measured

v?eiict) - Electrostriction partial molal volume

#* Data from Millero (1969),
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I.2.3 The distribution of iodine in the oceans

The average concentration of toftal dissolved iod-
ine in the oceans is about 0.5 uM (64 ug/l) (Goldberg et
al., 1971). The ratio of iodide to iodate varies with depth
and with geographical locality. The concentration ranges of
iodide and iodate in the open oceans are <0.,01 uM to 0.2 uM
and 0.2 uM to 0.5 uM respectively (Tsunogal and Henmi, 1971).
Iodide maxima and corresponding iodate minima are often
found in surface waters. Below the euphotic zone, iodide
decreases to below the detection limit of about 0.01 uM
while iodate increases to an approximately constant level.
Low but significant iodide concentrations have been observed
in bottom waters (Tsunogai, 1971b; Tsunogai and Henmi, 1971).
Typical profiles of icdide and iodate are shown in figure
I-2-1. The distribution of organic iodine in the water col-
umn is unknown. The concentration of iodine in marine sus-

pended matter has not previously been measured.
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Fig. I-2-1 The vertical distribution of lodine at 12001'1\1,
158%02'E in the North Pacific where the depth is ‘
5855 m. (Tsunogai, 1971b)
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I.2.4 The biogeochemistry of iodine

The presence of measurable amounts of iodide in
the oceans implies that the iodine system in the sea is not
at chemical equilibrium with the 0,-H,0 system, Sugawara and
Terada (1967) found that the alga Navicula can interconvert
iodate and iodide. Tsunogai and Sase (1969) demonstrated
that bacteria that are capable of reducing nitrate to nit-
rite, or their enzyme extracts, can also reduce iodate to
iocdide. Thus, they proposed the enzymatic reduction of iod-
ate to iodide using nitrate-reductase as the catalyst.

Tsunogai and Hernmi (1971) later observed that the
concentrations of lodide in the surface waters of various
parts of the Pacific can be gqualitatively correlated to
their primary productivity. Wong and Brewer (1974) reported
that in the Argentine Basin, iodate i1s linearly related to
the micronutrients phosphate and nitrate, and consequently
to apparent oxygen utilization (AOU) as well. They obtained
the molar ratios of AOU:IQOB“:P04'3:103° of 2440135712311,
These relationships and the recent detection of methyl
iodide (Lovelock et al., 1973), which is a possible metabo-
lite, in sea water, suggest that iodine may be intimately
involved in the marine biochenmical cycles.

Indeed, iodine can be found in the body tissue of
#ll marine species {(Hansen, 1963). (The concentrations of
iodine in various organisms are shown in tables I-2-5 and

I-2-6,) It is an essential nutrient for red and brown

“3he



Table I~2~5 The concentration of iodine in marine organisms

Iodine Reference
Content
(ppm dr
weight
I. Plant
Plankton 300 Vinogradov (1953)
Brown algae 1500 Vinogradov (1953)
Young and Langille (1958)
Marine algae L-500 Young and Langille (1958)
Indian sea weed 104 Pillai (1956)

IT1. Animals

Coelenterata 15 Vinogradov (1953)
Mollusca 4 Vinogradov (1953)
Echinodermata 6 Vinogradov (1953)
Crustacea 1 Vinogradov (1953)

III. Hard tissues

Red algae 55 Vinogradov (1953)
(CaCOB?

Porifera L4800 Low (1949)
(CaCOB)

Porifera 2100 Low (1949)

(SiOZ)

Corals 5000 Vinogradov (1953)
(CaCOB)
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Table I-2-6 Concentration factor of iodine in marine

organisms
Concen~ Reference
tration
Factor
I. Plant
Plankton 1200 Bowen (1966)
Brown algae 6200 Bowen (1966)
Brown algae 3000~ Mauchline and Templeton (1964)
10000
Algae 184 Hiyama and Khan (1964)
Marine algae 500~ Young and Langille (1958)
60000
Gracilaria 150 US Dept. of Interior (1966)
foliifera
IT1. Animal
Fish Iy Hiyama and Khan (1964)
Shrimp 30 Hiyama and Khan (1964)
Sea urchin 39 Hiyama and Khan (1964)
Shell fish 1 Hiyama and Khan (1964)
III. Hard tissue
Shell fish 2 Hiyama and Khan (1964)

shell
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algae (Bowen, 1966) and Shaw (1959, 1962) reported that only
iodide can be absorbed. Marine plankton also take in and
excrete iodine, mostly in the form of iodide (Kolemainen,
1969; Kuenzler, 19469). For land plants, a suitable amount
of iodine 1is actually necessary for optimal growth (Hanson,
1963) and it is also essential for mammals (Bowen, 1966).
However, although lodine has long been classified as a bilo~
phile (Goldschmidt, 1954) and its metabolic pathways in the
higher mammals have already been intensively studied (Gross,
1962), its physiological functions in marine organisms in
general are not well documented. Thus, the link between
iodine and biological activity in the sea is still based

on indirect observations.

-3?..



I.2.5 1Iodine in the sediments and interstitial waters
Price and co-workers {(Price et al,, 1970; Price
and Calvert, 1973) have studied the distribution of iodine
in sediments. They observed high iodine content in surface
sediments which decreased rapidly with depth and also
decreased from oxidizing to reducing sediments. A linear
relationship between lodine and organic carbon content was
shown. Shishkina and Pavlova (1965) have also reported
eririchment of iodine in sediments and the iodine content
was found to increase with increasing organic content and
the degree of fineness of ‘the sediments. Bojanowski and
Paslawska (1970) measured iodine in interstitial waters
and reported the range of iodine concentrations to be 0.35
to 1.9 mg/kg. Recently, Pavlova and Shishkina (1973) further
reported that the concentration of iodine in intersitital
waters increases with depth. These observations suggest
intense diagenesis and post~depositional migration of iodine
in recent sediments and indicate a possible flux of iodine
from the sediments into the ocean. This was proposed by
Tsunogai (1971b) who observed a low but significant excess

of lodide in the bottom waters.
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L.2,7 The marine geochemical cycle of iodine

Since iodine is involved in many geochemical pro-
cesses as described earlier, its geochemical cycle will no :
doubt be complex. Miyake and Tsunogai (1963) presented a
scheme for the cycling of ilodine in the oceans and it has
subsequently been modified twice (Tsunogal and Sase, 1969;
Tsunogai, 1971b)}. The latest version is shown in figure I-2
~2, Many of the values of the fluxes iﬁvolved are specula-
tive and unconfirmed. However, the relative magnitudes of
the processes in the cycle are worth noting.:

The permanent loss of iodine to the sediments by
burial is the smallest flux. It is at least three orders of
magnitude smaller than other fluxes and suggests the cyclic
nature of iodine in the water column. Three cycles can be
readily identified. By far, the most important cycle quanti-
tatively is the incorporation of iodine into the organisms
in the surface layers and subsequent re-mineralization at
depth. The regenerated iodine is transported back to the
euphotic zone by advection and diffusion. A secondary, and
possibly significant, cycle is the sedimentation of iodine
containing particles which undergo diagenesis in the sedi-
ments., The dissolved iodine thus formed diffuses back into
the water column. The guantitatively almost insignificant
cycle is the input of iodine from river runoff and fallout

and the removal by transferring iodine from the oceans to

the atmosphere.
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I.2,6 TIodine in the atmosphere

Since the report of an enrichment of ilodine in the
atmosphere and especially in the marine atmosphere (Rankama
and Sahama, 1949; Goldschmidt, 1954; Duce et al., 1963),
much effort has been devoted to study the atmospheric chem-
istry of iodine. It is generally accepted that the ocean
is the nost likely source of the excess iodine in the atmos-
phere, However, the mechanisn for the transfer of iodine
from the ocean into the atmosphere is still unclear. Miyake
and Tsunogal (1963) suggested that the transfer is accom-
plished by the evaporation of the volatile elemental iodine
which may be formed by the photo-oxidation of ilodide accord-
ing to the reaction

217 + %0, + 2H" + hv = I, + H,0 (1-2-1)

Others (Bolin, 1959; Dean, 1963) favored the transfer of
organic iodine into the atmosphere by a bubble bursting
mechanism. The volatile methyl iodide has been suggested
as a possible candidate (Loveleck et al., 1973). Seto and
Duce (1972) found in their laboratory experiments that both
the organic and the gaseous iodine are important in deter-~
mining the total iodine enrichment on marine atmospheric

particles.,

by



1.3 The scope and organization of the research

My efforts in studying the marine chemistry of
lodine can be sub~divided into three sections. First, tech-
niques were developed for the analysis of dissoclved iodine
in both oxidation states, namely, ilodate and iodide, and
also for particulate iodine with improvements in simplicity,
sensitivity and precision over the existing methods. Then,
samples were collected for analysis from specific geogra-
phical areas with distinct characteristics in their produc-
tivity or oxidation potential. Data for dissolved iodine
have been obtained from the Equatorial Atlantic, the Black
Sea, the Cariaco Trench, the Venezuela Basin and the Gulf
of Maine., Samples of marine suspended matter were obtained
from the Atlantic through the GEOSECS (Geochemical Ocean
Sections Study) program. Laboratory experiments have also
been designed to study the stability, and the mechanisms

for the interconversion, of the iodine species in sea water.
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CHAPTER II. THE ANALYTICAL CHEMISTRY OF IODINE IN SEA WATER



IT.1 Introduction

Since iodine 1s present in the oceans at the uM
level, it is considered a trace element. The concentration
ranges of iodate and iodide in the open oceans are usually
0.2 to 0.5 uM and <0.01 to 0.2 uM respectively. With such
low abundances and narrow ranges of concentrations, precise
and sensitive analytical techniques are absolutely necessary
for reliable guantitative studies. I have developed a suit-
able method for measuring lodate in the oceans with a preci-
sion of better than 1% in an earlier study (Wong, 1973; VWong
and Brewer, 1974). In this chapter, I shall report on methods
for measuring iodide and particulate iodine in sea water.
loreover, the method for the determination of iodate has been
modified. This modified version is simpler and more suitable
for rapid surveys although the precision may be slightly

poorer.
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I1.2 Historical review

Riley (1965) has reviewed the earlier literature
through 1962, A few more methods have been reported since
then. They are all summarized in table II-2-1.

Analytical schemes for the determination of iodate
can be categorized into three groups according to their
methodologles: titrimetry (Skopintsev and Mikhailovskaya,
1933; Barkley and Thompson, 1960z, 1960b; Matthews and
Riley, 1970; Wong and Brewer, 1974; Truesdale and Spencer,
1974), photometry (Reith, 1930; Dubravcic, 1955; Sugawara
et al., 1955; Voipio, 1961; Kappanna et al., 1962; Tsunogail,
1971a; Schnepfe, 1972; Truesdale and Spencer, 1974) and
polarography (Petek and Branica, 1968, 1969; Herring and
Liss, 1973). The titrimetric methods involve the titration
of liberated iodine using the starch-iodine or the tri-
iodide ion color as the end point indicator. Amperometric
end point detection has also been used. The photometric pro-
cedures may depend on: (1) the catalytic action of iodide on
the oxidation of arsenic (III) by cerium (IV); (2) the color
intensity of the extracted iodine; or (3) the color intensity
of the lodine~starch complex. Some of the procedures require
tedious initial concentration and separation steps (for
example, Reith, 1930; Skopintsev and Mikhailovskaya, 1933;
Sugawara et al, 1955; Matthews and Riley, 1970; Tsunogai,

1971a). Others may require stringent control of experimental

5.
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conditions (Dubravcic, 1955; Barkley and Thompson, 1960a;
Voipio, 1961; Kappanna et al., 1962; Truesdale and Spencer,
1974). Some of the earlier methods (Reith, 1930; Skopintsev .
and Mikhailovskaya, 1933; Dubravcic, 1955) do not distin-
guish between the oxidation states and may not have suffi-
cient precision and sensitivity to detail the variations of
iodate in the oceans.

Because of its low abundance, the measurement of
iodide in sea water is even more difficult. In most cases,
iodide is measured as the difference between iodate and total
iodine. Consequently, the precision and sensitivity, and
thus the usefulness, of such methods are much reduced. The
only known direct method is Sugawara's method and its later
modifications (Sugawara et al., 1955; Matthews and Riley,
1970; Tsunogai, 1971a). In these methods, iodide is first
concentrated from sea water by precipitating mixed silver
halides. The precipitate is treated with bromine water to
oxidize iodide to iodate. The excess bromine and hypobro-
mite are carefully removed and the iodate is determined by
iodometric titration., This method is time consuming and
considerable manipulative skill is required to remove the
bromine compounds quantitatively. Moreover, the use of
rather large amounts of the obnoxious bromine water can
become a problem especially on board ship where fume hood
facilities may not be available,

Most of the presently available data were mea-
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sured by Sugawara's method and its modifications (Sugawara
and Terada, 1957; Sugawara, 1957; Sugawara et al., 1962;
Tsunogai, 1971b; Tsunogai and Henmi, 1971). Few of the re-
maining methods have been tested by measuring natural sam-
ples from the open oceans. Representative profiles of iodide
and iodate are shown in figure I-2-1. Although the claimed
precision of the analytical methods used is +3% for iodide
and +6% for iodate, large haphazard variations are found in
these profiles and they are almost certainly due to analyti-
cal uncertainties.

In light of the above, the precision and reliabi-
lity of the existing analytical methods seemed inappropriate
for this study. Consequently, 1 have developed new schemes
for the analysis of iodide, iodate and particulate iodine

in the oceans.



II.3 The determination of iodate in sea water
IT.3.1 Introduction

In my earlier work, I have reported a method for
the determination of iodate in sea water by spectrophoto-
metric micro-titration  (Wong, 1973; Wong and Brewer, 1974).
The precision of this method is better than 1%. I also found
that the iodate can be determined colorimetrieally by measu-~
ring at 353 nm the absorbance of the tri-iedide ions gener-
ated by the addition of acid and excess potassium iedide to
the sample using a scheme of standard additions. The precision
is about +3% (Wong, 1973). Although its precision is poorer,
this method is simpler and will be most appropriate for
surveying the large variations (up to 50%) of the iodate
concentrations in the surface layers. The addition method
has been modified and the results will be reported in this
section.

My previous data (Wong and Brewer, 1974) were
obtained from frozen samples analyzed in my laboratory at
Woods Hole. There was some concern about the possible
interference by nitrite. I have tested the sea-worthiness
of the titration method and designed schemes to remove
nitrite from the samples and the results will also be

included in this section.
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I1.3.2 Experimental
IT.3.2,1 Reagents

All reagents used were of the analytical reagent
grade.

Standard potassium iodate solution (8 uM)., Dissolve
0.856 g (4 mmoles) of potassium lodate in distilled watex
and dilute to 500 nl. The resulting solution is 8 mM.
Prepare an 8 vl solution from this stock sclution by suc~
cegsive dilutions.

Potassium iodide solution (10% w/v). Dissolve
2.5 g of potassium iodide in distilled water and dilute to
25 ml, This solution should be prepared daily.

Sulfuric acid (0.1 M). Add 25 ml of concentrated
sulfuric acid (18 M) to 400 ml of distilled water in small
increments with intermittent swirling and cooling in an
ice~water slush bath. Add 25 ml of distilled water. The
resulting solution is approximately 1 M, Prepare a 0.1 M
solution from this stock solution by a ten-fold dilution.

Sulfamic acid solution (0.1 % w/v). Dissolve 0.1 g

of sulfamic acid in distilled water and dilute to 100 ml.

5]



I1.3.2.2 Procedure

Filter about 250 ml of surface sea water through
& Whatman 40 filter paper. Pipette 40 ml of the filtered
sea water into each of a set of four 50 ml volumetric
flasks and mark them 0, 1, 2 and 3., 4dd 1 ml of 0.1 M
sulfuric acid and 1 ml of 0.1% sulfamic acid to each Fflask.
Swirl each flask and allow the solutions to sit for 15
minutes with occasional shaking. Pipette 1,2 and 3 ml of
8 uM potassium iodate solution to the flasks marked 1, 2
and 3 respectively. Add 1 ml of the 10% potassium iodide
solution and dilute to volume with distilled water. Again,
allow the solutions to sit with oceasional swirling for 15
minutes, Then, measure the absorbance of the solution in
each flask at 353 nm in a 10 cm cell. Repeat the procedure
twice for the same surface sea water. Plot absorbance
against the amount of iodate~iodine added and compute the
slope (S) of the graph.

Treat each sample in the same manner except
omitting the addition of icdate. Note the absorbance (A) of
each sample. The concentration of iodate in the samples can

be calculated from the formula

(103') = (A/S) x 0.197 uM (I1-3-1)
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IX1.3.3 Results and discussions

Sea water samples were collected in the Equatorial
Atlantic during cruilse AII-BB and were analyzed for iodate
on board ship by the colorimetric method. Table II-3-1
shows the raw data for constructing the calibration curves
through out the entire cruise, Figure II-3-1 shows on2 of
the calibration curves. The slopes of the calibration curves
were calculated by a linear least square fit., Within each
day, the uncertainty of the slope varies from +0.2% to
+1.3%. The average slope for the calibration curves in six
weeks has 10 of +2,3%. The precision of the colorimetric
method relies heavily on the consistency of the slope of
the calibration curve ag shown in equation II-3-1, Thus, it
is comforting to observe such reproducible results and the
uncertainty of the method can be estimated to be about
3%

In order to further check the reliability of the
colorimetric method, I have attempted to intercalibrate
results from this method and the titration method. Figure
II-3-2 shows the data from GEOSECS station 109 (2%, 4°33'w)
and the nearby station AII-83-2052 (2%, 10°W). The GEOSECS
samples were analyzed by the titrimetric method while
station AII-83~2052 samples were analyzed by the colori-
metric method. The profiles of Gy of these stations are
indistinguishable below 40 m while the profiles of salinity

and potential temperature become identical below 500 m. The
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Fig. 1I-3-1 A calibration curve for the colorimetric
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iodate profiles, within the precision of the analytical
methods, are indistinguishable throughout the entire depth.
This agreement indicates that there is no systematic dif=-
ference between these two methods.

I have also measured iodate in the Venezuela
Basin on board ship during cruise AII-79 by the spectropho-
tometric micro-titration method. No special difficulties
were encountered and the method seems to be sea-worthy.
This profile of iodate is shown in figure II-3~3. The profile
is remarkably smooth and the variation in the deep water is
only +2%. A few of the samples were frozen and analyzed in
the laboratory four months later. The stored samples give
absolute concentrations that are slightly lower than those
nearby samples analyzed on board ship as shown in figure
II-3-3. However, this difference is insignificant within
the uncertainty of the analytical method and may be due to
a slight error in calibrating the strength of the sodium
thiosulfate titrant, as different titrant solutions have
been used. Thus, it is apparently safe to freeze sea water
for an extended period of time for the analysis of iodate
on a later date. A more detailed study on the effect of
storage on ilodate analysis has been reported in Wong (1973).

The interference of nitrite on iodometric titra-
tions is well known. The reaction involved is

217 + 2HNO, + 2H' = 2NO + I, + 2H,0 (1I-3-2)

Thus, in an acidic solution, nitrite may oxidize the
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excess potassium lodide added to produce additional tri-
iodide ions and yield high results. Furthermore, nitrite can
be regenerated from nitric oxide by the reactions
, = 2N0, (11-3-3)

= T 1 - F el
2N0, + H,0 = HNO, + HNO3 (IT-3-4)

ZNO + 0

Nitrogen dioxide can also oxidize iodids to iodine in an
acidic solution according to the equation

NO, + 217 + 2H' = I, + NO + Hy0 (11-3-5)
Thus, theoretically, in the presence of acid and even a
trace of nitrite, iodide may be continuously oxidized to
iodine until it is exhausted. Methods for the removal of
this interference have been well studied (Kolthoff and
Belcher, 1957). Cohen and Ruchhoft (1941) proposed the use
of sulfamic acid for removing nitrite in the Winkler
titrations for dissolved oxygen by the reaction

NHZSOZOH + HI\IO2 = HZSOL;, + N2 + H20 (I1-3-9)
This reaction is rapid and quantitative and the products
do not react with any lodine specles. Thus, I have adopted
the use of sulfamic acid as a precaution against the
interference by nitrite.

Nitrite occurs at very low concentrations in the
open oceans., In deep waters, its concentration is less than
0.024 uM (Wada and Hattori, 1972). In the surface layers,
the concentration is quite variable. I have tested for
possible interference in the oxic zone of the Cariaco

Trench. I chose two close by samples that were about 100 n
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above the oxic-anoxic interface at 158 m and 162 m. Sulfanmic
acid was added only to the sample at 158 m. The concentrations
of iodate of these two samples were found to be 0.453 uM and
0.462 ul respectively and should be considered indistin-
guishable within the analytical uncertainties. The maximum
nitrite concentration in the Cariaco Trench was reported

to be 0.6 ul and occcurs at a slightly shallower depth

(Okuda et al., 1969). It seems likely that the nitrite,
because of its extremely low concentrations in the open
oceans, will not significantly affect the analysis. However,
in the surface layers, nitrite conceﬁtrations in exceas of

5 ul have been observed (Fiadeiro and Strickland, 1968).
Thus, it would be advisable to take propsr precautions
against an interferencs from nitrite by destroying it with

sulfamic acid.
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II.4 ‘The determination of iodide in sea water by instru-
mental neutron activation analysis
IT.4.,1 Introduction

I have previously reported on the distribution of
iodate in sea water (Wong, 1973). In this section, I shall
describe a simple and sensitive method for the determina-
tion of iodide.

The nuclear characteristics of iodine make it a
particularly favorable candidate for instrumental neutron
activation analysis. It occurs in nature as the mono~iso-
topie I-127 with a rather large (n,¥) cross section of 5.6
barns. Upon bombardment with thermal neutrons, I-128 is
formed. It has a half life of 25 minutes and undergoes B-
decay emitting ¥ rays with energies of 442.,7 KeV, 3526,3 KeV
and 743.5 KeV and relative intensities of 100:9:1 (Adams
and Dams, 1969), and [3wparﬁicles with energies of 1.13 MeV,
1.67 MeV and 2,12 eV and relative intensities of 2:16:76
(Wilson, 1966). Instrumental neutron activation analysis
has been used extensively to determine the total iodine
content of biological (Bowen, 1959; Ohno, 1971; Heurtebise,
1971; Malvano et al., 1972), industrial (Cosgrove et al.,
1958; Ballaux et al., 1969) and some meteorological (

Duce et al., 1965; Owens and Warburton, 1973; Moyers and
Duce, 1974) materials. However, all of these methods
involve a post-irradiation separation of iodine from

the sample matrix, and because of the short half life
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of I~128, the usefulness of the methods is much reduced. I
have applied neutron activation analysis to the determination
of iodide in sea water. Post~irradiational chemical manipu-~
lations of the gamples have been elinminated in faver of a
simple pre-irradiation separation step. The simplicity and
higher sensitivity of this method yield distinet advanitages
over the existing methods,

The procedure involves a separation of iodide
in the sample from lodate, other halides and most other
anions by passing sea water through an ion exchange column
containing the strongly basic AG 1-x8 resin in the nitrate
form, lodide, being retained in the column, is recovered by
eluting the column with a 2 M sodium nitrate solution. The
iodide is selectively precipitated from the eluate as palla-
dous lodide in the presence of excess palladous ions using
elenental palladium as & carrier. The elemental palladium
is produced by reducing some of the excess palladous ions
with sodium thiosulfate. The precipitate is filtered and

analyzed by instrumental neutron activation analysis.



11.4.2 Experimental
II.4,.,2.1 Reagents

All reagents used were of the analytical reagent
grade.

Sodium nitrate solution (2 M). The reagent should
be reerystallized so as Yo be fres from lodine., Dissolve
340 g of sodium nitrate in distilled water to form 2 1
of solution.

Sodium thiosulfate solution (1.5 mM). Dissolve
0.37 g of sodium thiosulfate pentahydrate and 0.1 g of
godium carbonate in freshly boiled, distilled water to make
1 1 of solution.

Standard palladium solution (1 mg Pd%z/ml).
Dissolve 0.67 g. of ammonium chloropalladite in about 150 ml
of distilled water. Add 41.7 ml of concentrated hydro-
chloric acid and dilute to 250 ml.

Standard rubidium sulfate solution (1000 ppm Rb').
Dissolve 0.78 g of rubidium sulfate in distilled water and
dilute to 500 ml.

Standard potassium iodate solution (10 ug I/100 ul)
Dissolve 0.1687 g of potassium iodate in distilled water
and dilute to 1 1.

Bio-rad AG 1-x8 resin, 100 - 200 mesh in chloride

form.,
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I1.4.2,2 Preparation of the ion-exchange column

Transfer about 100 g of the AG 1-x8 resin to an
erlenmeyer flask, Add 150 ml of 1:4 (v/v) hydrochloric acid.
Swirl the mixture vigorously. Allow the resin to settle
and decant the supernatant liquid. Repeat this procedure
with 150 ml of distilled water, then 150 ml of 0.5 M seodiun
hydroxide solution and then with 150 ml of distilled water
again, Repeat this cycle three times. Wash the resin once
with 150 ml 2 M sodium nitrate solution and store it in 2 M
sodium nitrate solution overnight. Pack the resin into glass
columns,with an internal diameter of 1 om, %o a length of

11 to 12 en.

II.4.2.3 Flux monitor

Pipette 100 ul of the standard rubidium sulfate
solution onto a 0.45 u 47 mm diameter Nuclepore filter. Dry
the filter under an infrared lamp. Press the filter into a
pellet of size approximately 8 mm in diameter in a stainless
stell pellet press as described by Spencer et al. (1972).
One of these pellets will accompany each sample or standard

throughout the irradiation and counting procedure.
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IT.4,2.4 Standard

Pipette 100 ul of the standard potassium iodate
solution onto a 0.45 u 47 mm diameter Nuclepore filter. Dry
it under an infrared lamp and then press it into a pellet.

Treat the standard exactly the same as a sample pellet.

II.4.2.5 Procedure

Pags 250 ml of a sea water sample through the
ion~exchange column at a rate of 2 ml/minute using a peris-
taltic pump to control the flow rate. Wash the column with
approximately 5 nl of distilled waiter, Discard the eluate.
Elute the column with a 2 M sodium nitrate solution at the
same rate, Discard the first 30 ml of the eluate. Collect
the next 80 ml in a 125 ml erlenmeyer flask. Add 1 ml of
the gtandard palladium solution and 2.5 ml of the 1.5 mM
gsodium thiosulfate solution. Swirl the mixture vigorously
and let it sit for 5 minutes. Place the flask in a hot
water bath at 80°C for 30 minutes, then allow the mixture
to cool., Collect the precipitate by filtering the mixture
through a 0.45 u 47 mm diameter Nuclepore filter. Wash the
filter with distilled water. Dry the filter in a dessicator
for at least two hours. Press the filter into the form of
a pellet to give it desirable physiecal characteristics for
neatron irradiation and counting.

Irradiate the sample together with a rubidium

fluz monitor for 5 minutes in a thermal neutron flux of
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12 1

about 4 x 10%% n cm™% sec™t. Let the pellets cool for 30
minutes. Count both pellets for 800 seconds on a Ge(Li)
detector coupled with a pulse height analyzer.

A schematic presentation of the procedure is

shown in figure II-4-1,
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II.4.3 Results and discussion

Strongly baslc anion exchange columns such as
AG 1-x8 have been shown to be a very effective means to
separate the halide elements, chloride, bromide and iodide,
from each other (Atteberry and Boyd, 1950; Degeiso et al.,
1954 Zalevskaya and Starobinets, 1969). Recently, this
technique has been used to concentrate iodide from melted
snow (Owens and Warburton, 1973). The affinities of the
various anions for the resin are in the order (Wheaton and
Bauman, 1951):

I”% phenolate » HS0,~ » 0103" > NOB" > Br~

- - - -y -
> CN > HSO3 > NOZ > Cl H003 > 103

» HCOO™ » Ae™ » OH > F~.
Thus, when sea water is passed through the column with the
resin in the nitrate form, few anions other than iodide
will be retained.

I have followed the behavior of iocdide during
column loading and elution by using both an icdide specific
electrode and the radiocactive isotope I-125. Figure II1-4-2
summarizes the behavior of the halides during the loading
and elution of the column. The electrode potential produced
by each halide at the concentration used in the experiment
differs. Bromide and chloride give a positive electrode

potential, whereas iodide at a concentration of :10"6 M or
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above gives a negative electrode potential. By making use
of this property, one can readily identify the peaks in the
elution diagram, The iodide peak was later further confirmed
by radioisotopic studies. As reported in previous work
(Atteberry and Boyd, 1950; DeGeiso et al., 1954; Zalevskaya
and Starobinets, 1969), chloride and bromide are eluted
earlier than iodide, In fact, since the resin is in the
nitrate form, a large portion of the chloride and bromide
is not retained in the loading process. I have followed the
changes in total halide concentration during the loading of
250 ml of sea water onto the column, and the subsequent
elution, by potentiometric titration of fractions of the
eluate with silver nitrate using the iodide electrode to
detect the end-point. The results are summarized in figure
II-4-3. Again, they show that most of the chloride and
bromide escapes from the column prior to elution. The
residual amount is eluted after passing 20 ml of 2 M

sodium nitrate solution through the column., I have also
used I-125 to study the elution behavior of iodide. I-125
has a half life of 60 days and is a pure Y emitter, emitting
¥ rays of 35and 27 KeV, The half life is convenient for
tracer use, however, the low ¥ ray energies cause some
counting problems, Figure II~-4-4 summarizes the results of
such a study. The major portion of the activity is confined
to the 10 ml fractions of 6 to 10. Quantitative recovery 1is

ensured by collecting fractions 4 to 11,
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I have also studied the ion exchange capacity of
the column for iodide. The results are shown in figure
II-4-5, After passing 1 1 of sea water (four times the
sample size) through the column, the capacity has not yet
been reached and break through does not occur.

Palladous ion is a well known selective precipi-
tant for iodide (Winkler, 1918; Vogel, 1953) in the presence
of bromide and chloride. However, in producing elemental
palladium as the co-precipitant, care must be taken to
control the amount of reducing agent used, Excess thio-
sulfate will slowly reduce palladous iodide causing poor
and variable yield. Thus, an excess of palladous ions should
always be maintained and this is evident from the peréis~
tence of the slight straw yellow color in the supernatant
liquid. The elemental palladium thus produced forms large
spongy clumps and is ideal for separation by filtration.

I have tested the yield of this procedure using
the radioactive isotope by comparing the activities in
sample pellets and in standards. The standard is prepared
by adding carrier iodide to the same amount of tracer and
then precipitating the iodide as palladous iodide with
excess palladous ions. Table II-L4-1 shows the results of
the study. The three samples gave activities that, within
the counting and handling uncertainties, were indistin-
guishable from the standards.

Since palladium is used as the precipitant and
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Table II-4-1 Check of recovery of added radiotracer from

sea water

*Activity (cpm) Mean  A.D.
Woods Hole Surface 1. 2010, 2059, 2012 2027 21

Water 2. 1979, 1951, 2072 2001 48
3. 2001, 1990, 2008 2000 6
Mean of 3 samples 2009 26
Standards 1. 2045, 1980, 1968 1998 32
2., 1929, 1942, 1918 1830 8
3. 1918, 1932, 1970 1940 20
lMean of 3 standards 1956 31
% Recovery 103%

* The figures for each sample represent three consecutive
one-minute counts.

A,D. - Average deviation.
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one of its stable isotope (Pd-108) has a large thermal
neutron cross section of 12 barns, dead time can present a
gserious counting problem. Natural palladium contains 26.7%
of Pd-108. During neutron activation, Pd-108 is transformed
to Pd-109m or P3-109, Pd-109m decays to Pd-109 with a half
life of 4.75 minutes by emitting Y-rays of 188.9 KeV (Adams
and Dams, 1969). Pd-109 in turn decays to Ag~-109 with a
half life of 13.5 hours via p-decay and emivts Y-rays of 88
KeV and 311.5 KeV in the process. I have minimized the
amount of palladium in the precipitate to the least amount
that can be easily handled. A& relatively long cooling period
of 30 minutes is used. In addition, I have used pellets
containing a rubidium standard for each sample or iodide
standard as a dead time and neutron flux monitor.

Figure II-4-6 shows the Y-ray spectra of a blank
filter, a standard ilodate-iodine sample and a Woods Hole
surface water sanple. The major ¥ peaks are identified on
the spectra. The region around the iodine Y peak of L4k42.7
KeV is expanded in figure II-4~7. The blank is insignificant
and for all practical purposes can be ignored. In the sample,
the peak shows no shoulder, suggesting no spectral inter-
ferences within the resolution of the detector (2.5 KeV
FWHM for Co~60 1,33 MeV gammas). The ratio of the photo-
peaks at 442.7 KeV, 526.3 KeV and 743.5 KeV in the standard
and the sea water sample are 100:7.4:0.7 and 100:7.6:0.5

respectively. They agree with each other well. This further
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suggests that there are no spectral interferences.

The reagent blank from the sodium nitrate solution
has been determined five tiwmes. The results are shown in
table II~4~2., The average reagent blank is 0.0046 uM with a
standard deviation of 0,00145 ulM,

The iodide concentrations in three sub-samples
from one sample of surface water collescted near Woods Hole
were determined by this method. The results are shown in
table IL-4-~3, The average concentration including the reag-
ent blank is 0.123 ulM and the standard deviation is 0.006 ulM.
This precision ig better than or comparable to the precision
of ‘the presently available methods (for example, Tsunogal,
1971v).

Figure II~4~8 shows a profile of dissolved lodide
from near surface watbters in the Equatorial Atlantic. As in
other parts of the oceans (Tsunogai, 1971b: Tsunogali and
Henmi, 1971), the iodide concentration is highest at the
surface and decreases rapidly with depth to an almost cons-
tant level of less than 0.01 uM. The absolute concentrations
agree well with others reported in the literature (Tsunogai,
1971b; Tsunogai and Hemnnmi, 1971). The smoothness of the pro-
file is as expected and gives confidence in the reliability
of the method. The data presented here have not been cor-
rected for the reagent blank, The three data points from 400
m to 750 m have an average concentration of 0.007 uM which

is indistinguishable from the blank of 0.005 uM. This shows

...79..



Table II-4~2 Reagent blank of the instrumental neutron

activation analysis of iodide in sea water

Trial Blank Concentration
(uM)

1 0.0037

2 0.0068

3 0.0052

& 0.0042

5 0.0031

Average blank 0.0046 S.D, (LG ): 0,00145 uM
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Table II-4-3 Preciszion of repeated analysis of Woods Hole

Surface VWater

Trial Concentration*
(i)
1 0.116
2 0.125
3 0.127
Average concenitration 0.123 SeDe. (1G ): 0,006 uM

* The concentration includes the reagent blank.
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that there is no serious contamination problem during the

pre-irradiation manipulations.
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IT1.5 The determination of icdine in marine suspended matter
IT.5.1 Introduction

Previous studies have demonstrated the bio-active
nature of iocdine (Bowen, 1966; Sugawara and Terada, 1967;
Tsunogal and Sase, 1969) and I have briefly discussed its
biogeochemistry in section I1.2.4. My own study also indi-
cates a slight depletion of total dissolved iodine in sur-
face waters of the oceans. This evidence suggests that a
significant portion of lodine may be present in the parti-
culate form like the other micro-nutrients such as nitrogen
-and phosphorus (Menzel and Ryther, 1964; Holm-Hansen et al.,
1966; Hobson and lMenzel, 1969; Holm~-Hansen, 1972),., Thus, a
knowledge of the heretofore unknown distribution of parti-
culate ilodine may be essential for a better understanding
of the geochemical cycling of ilodine in the oceans.

Neutron activation analysis has frequently been
uged for the determination of the bulk chemical composition
of suspended matter because it is non-destructive; it has
high sensitivity for many elements; and it gives a multfi-~
element analysis (Spencer et al., 1972). I have extended
this method to the determination of iodine in marine sus-
pended matter as lodine also has many favorable nuclear
characteristics for neutron activation analysis as described

in section II~4-1,
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IT.5.2 Experimental
I1.5.2.1 Reagents

All reagents used were analytical reagent grade.

Standard potassium lodate solution (1 ug 1/100
ul). Dissolve 0.1687 g of potassium iodate in distilled
water and dilute to one liter. Further dilute this stock
solution ten fold to form the standard solution.

Standard rubidium sulfate solution (100 ppm Rb* ),
Dissolve 0,78 g of rubidium sulfate in distilled water and
dilute to 500 ml. Dilute 25 ml of this stock solution to

250 ml,

I1.5.2.2 Sampling

For cach sample, about 10 1 of sea water was fil-
tered by air pressure through a pre-weighed Nuclepore fil-
ter (0.6 u pore size, 37 mm in diameter) immediately after
sample collection. Incoming air was filtered and passed
through non-metallic lines to avoid contamination. The fil-
ter was carefully rinsed with distilled water to remove sea

salt and then stored in a clean plastic box.
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11.5.,2,3 Sample preparation for irradiziion

The filter is equilibrated in a room at constant
humidity. Then, it is pressed into a pellet by using a hand
press in order to minimize geometry problems and to incresse
its resistance to irradiation damage and fragmentation
during analysis. The resulting pellet is approximately 4 mm

X 1 mm. Filter blanks are prepared identically.

II.5.2.4 Standard

Pipette 100 ul of the standard potassium iodate
solution onto a 0.6 u 37 mm diamster Nuclepore filter. Dry
it under an infrared lamp and then press it into a pellet.

Treat the standard exactly the same as a sample pellet.

IT.5.2.5 Flux monitor

Pipette 100 ul of the standard rubidium sulfate
solution onto a 0.6 u 37 mm diameter Nuclepore filter. Dry
the filter under an infrared lamp. Press the filter into a
pellet, One of these pellets will acconmpany each sample or

standard throughout the irradiation and counting procedure.
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11.5,2.6 Irradiation and data processing

Irradiate the sample together with a rubidiun
flux monitor for 10 minutes in a thermal neutron flux of
about b x 10 n em™? sec”t. Let the pellets cool for 5
minutes, Count both pellets simultaneously for 800 seconds
on a Ge(Ll) detector coupled with a pulse height analyszer.
Analyses of the spectra are carrvied out via magnetic taps
and the computer program GAMANL, Upon irradiation, the
radioactive I-128 is formed from the monoilsotopic stable
natural I-127, It decays with a half life of 25 minutes and

its gamma ray with an energy of 443 KeV iz used for analyses.
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IT1.5.3 Results and discussion

The spectra of a standard pellet and a sample are
shown in figures II-5-1 and II-5-2. The major photopeaks are
identified on the spectra. The ratios of the major photopeaks
of I-128 at 443 KeV, 526 KeV and 744 KeV in the standard and
the sample are 100:7:1 and 100:6:1 respectively. The peak at
Ll3 KeV which is used for calculating the iodine concentra-
tlions shows no shoulder. This evidence suggests that there
are no detectable spectral interferences within the resolu-
tion of the detector (2.5 KeV FWHM for Co-60 1.33 MeV gammas).

Since neutron activation analysis is such a sensi-
tive method, blanks may constitute a serious problem. For
analyses of suspended matter, the filter blank is the major
source of uncertainty. Since no chemical treatment is invol-
ved, there is no reagent blank. In the method reported here,
iodine impurities in the rubidium sulfate which acts as the
flux monitor will be included as a blank too. The results of
a series of tests are shown in table II~5-2. The blank for
iodine is quite variable even within one batch of filters.
The average blank for batch #2718 is about 3 ng with a stand-
ard deviation of 51%, Since about 10 1 of sea water was pro-
cessed for each sample, this blank is equivalent to about
0.3 ng-I/kg. In an earlier batch I observed no detectable
blank from the filters. The magnitude of the blank is small
relative to the sample concentrations in surface waters

where concentrations above 10 ng/kg are frequently encount-
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ered, However, in deep waters, the blank may be significant
since the concentrations in the samples drop to about 1 ng/
kg. Thus, proper cautions must be taken in interpreting
small changes in concentration in the deep waters.

As a short cooling time is used, dead time is
another possible problem. Residual sea salt on the filter
can cause high dead time and consequently high counting
uncertainties. Countings were made based on clock time. At
first, dead time corrections were calculated from the mean
value by the dead time meter. Later on, the pulser counts
accumulated in channel 4000 which also served as an energy
calibration was used. The pulser gives a signal fed into the
analyzer at the rate of 60 cps. The difference between the
ocbserved and preset counts will be the sum of the dead time
losses. A further improvement was made by using the area of
the major peak of the rubidium sulfate flux monitor. Since
the same améunt of rubidium is used each time, the difference
in counts between samples and standards can be used to cor-
rect for dead time losses as well as geometry differences
and flux variations.

Since the half life of I-128 (25 minutes) is
short, the irradiation technique used permits the irradi-
ation of only one sample at a time. Standards were irra-
diated periodically each day and the iodine contents in
the samples are calculated by comparing their activities to
those of the standards. This procedure assumes a constant

neutron flux and negligible geometry differences between
-92-



standards and samples. The consistency of the neutron flux
is checked by the Rb flux monitor which accompanies each
sample during irradiation and the resulis are shown in table
II~5-2 . Over a six months period, the fluctuvations were of
the order of +4%, Most of this variation ecan probably bs
atiributed to counting errors.

The reproducibility of the method has also been
checked by repeated analyses of one set of gamples over a
one year time span. The results are presented in vaw counts
in table II-5-3, The agreement is excellent with a corre-
lation coefficient of 0.97 and a slope of 1.00.

The contribution of residual sea salt to the mea-
sured concentrations of particulate iodinz can be easlly
estimated. The iodine to salinity ratio in sea water is
1.7 x 10"6 (w/w) (Brewer, 1975).Total sugspended matter in
the oceans measured by the present collection method is
usually less than 0.03 mg/kg. Even if it is 100% sea salt,
the iodine content will only correspond to 0.05 ng/kg
which is much lower than the observed concentrations of
> 1 ng/kg. Since the residual sea salt should only be a
minor portion of the total suspended matter, the contri-
bution from sea salt should be minimal and the iodine
content of the material retained on the filter should
represent the true concentration of iodine in marine
suspended matter.

Figure I1-5-3 shows a profile of particulate

..93...
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Table II-5-3 - Reproducibility of sample counts®

pepth (m)" 1974” 1975
10 2707 2508
101 2831 314k
152 2771 2606
202 3472 4292
303 5867 5518
395 5699 6206
549 3066 3525
622 3463 L4061
787 1944 1999
1100 1890 2182
1404 1219 1671
2712 1751 1754
2906 1492 1753
3102 1549 1552
3295 1610 1916
Correlation coefficient 0.97

=lope 1.00
Intercept 232

-

Counts are raw counts per 800 seconds.

Samples from GEOSECS station 17.

First irradiation was performed in April/May 1974 (x)
and re-irradiation was performed in Jan./Feb. 1975 (y).

TS
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iodine in the North Atlantic. A concentration maximum is
observed in the surface waters. Below this maximum, the con-
centration decreases rapidly with depth to a background
level in the deep water of about 1 to 2 nglkz. A slight
increase in concentration is also observed in the botton
water. Duplicate samples obtained at 2890 m give concen-
trations of 1.1 and 0.9 ng/kg. The average deviation of
these two samples (+0.1 ng/kg) is small and is well within
the variability of the blank. The profile is remarkably
smooth and all the features can be explained with our
present oceanographic knowledge as discussed in section

IIT. 4.
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CHAPTER III“. FIELD OBSERVATIONS

e



1II.1 The distribution of iodine in the upper layers of
the Equatorial Atlantic

III.1.1 Introduction

The marine bilogeochemistry of iodine has besn
briefly discussed in section of I.2. In this section, I
shall report the distribution of iodate and iodide in the
Equatorial Atlantic. The Equatorial Atlantic is one of the
more productive regions in the open oceans (Ryther, 1963;
Koblentz~Mishke et al., 1970). The primary productivity is
generally in the range of 150 to 500 nmg C/hz/&ay. In the
upwelling areas along the African coast, values above 1000
ng C/hz/day have been reported (Corcoran and Mahnken, 1969).
This region is also characterized by large salinity and
temperature gradients in the upper layers and is thus
strongly stratified (Metcalf et al., 1962; Metcalf and
Staleup, 1967). Consequently, vertical mixing is much res-
tricted and the characteristics resulting from biological-~
chemical interactions may be amplified and preserved, With
closely spaced samples and clo§ely spaced stations, I have
attempted to study the finer structure in the distribution

of lodine in the upper layers of the oceans.
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I11.1.,2 Sampling and analytical method

Sea water samples were collected from the Equa-
torial Atlantic during crulse ATI-83 of the R/V Atlantis II
during the GARP (Global Atmospheric Research Program) Atlan-
tic Tropical Experiment (gate). Five transects were made
between 2°N and 2°S along the lomgitudes 33%, 28%, 22%,
16% and 10°%W. The cruise track and the lLocations of the
stations are shown in figure III-1-1, Sawples from stations
20442046, 2048, 2050-2052, 2056-2060, 2062-206L, 2066~
2071, 2073-2081 and 1083-2089 were analyzed for iodate.
Samples from stations 2048, 2068, 2078 and 2086 were analy~
zed for iodide as well,

The samples were analyzed for iodate on board
ship by a colorimetric method modified from the titration
nethod (Wong and Brewer, 1974) as described in section II.3.
The precision of the method is about +3%. Samples for
iocdide analysis were frozen immediately after sampling
and were shipped to Woods Hole for later analysis by neu-
tron activation analysis as described in Wong and Brewer
(1976) and in section II.4. The precision of the method
is +5% and the reagent blank is about 0.005 uM. The iodide
data reported here have not been blank corrected. The come
plete listing of iodate and iodide measurements is compiled
in Appendix A. Detailed hydrographic data may be obtained

from Bruce and Katz (1976).

-101~



. *BLEP epTPpOT pue
21BPOT U300 YITM SUCTABLIS 30UsP Saienbs PTTOS *B1EP 938POT ULTM SUOTLBIS 930U8D
EOTOITO PITOS *€8=~IIV e8TnI0 JO SUOTIBOOT UOT3ELS PUB HOBIF oSTNIAD @Yyl T-T~TIT *S1Jg

QLS PIMOL it
LOIRS OU SALDIPU! YSO(] 340U

JBQUINU UCHDIS J2jaW jualnD
sequinu uolols 214doiboIphi be
Jaquinu ucueys gL

Li6l Anp teunp

pusbaT €Q BSINY T SHUDiY
f3era M 02
Mo0L oSt °02 . A ’ i ! 1
i ! i ! i 1 1 ! .
i / /
\\\ /
- . N )
Sed |N8Mx. or
- kKt — Zozzo
- A Zores vo } Tt
& woe ZEECO + - ;
TE K o S—— = @ X/ e .
- weEe N mu 59 T | e af = -~ o
oo \  Z0ic0 w ! = i = & el (o}
,, = =2 027 ¢ L = e o8 —
| U =4 2 ¢ _ = =
o} Dot &L T 22 w M 1 anw = ES H% f
- 3 i _ w9 iy E3 & : = &L
4 w = - =4 ! = = = Il #9 =4
- 0s0zt T ﬂ% €z 2z | o ¥ ES Z i = R
- : ! =4 i 202 ! = e a2 @ =
9 h - =¢ = A Sy =4 Eg 262 & sz L
- nqomA._ NI..% PA vw# { o = 23 - uwu = &
||I.lw oo ! Emuv 5 - = an+ T e
-0 mevoMlmnnW% 91 i nnmw ﬁ%w% Z £ =e 89 NUWN\M
- i b _ £ , — mii
. P gy 5 = z _Yo zowok
- svom} g M& < um@ mcl.u wm . i =0 W
- ¢ 24 ! i ; 5d mwn ! ES
_ eveT e 42424 - &/ =9 \ %w & S5 Z Aw £
< AN 0% | L 8252 i o :
] > - . ) i
. ) \ e = :
- 2 / +I.ow n —————
= svozd o5
¢ \
: \
- ' nw/a
N o2 =% krlxﬂimn et eL0% N
Vi Zegor 2% O
u N Jrog 4
- \ Z5120
N
A




IIT.1.3 Results and discussion

Figure 11I-1-2 shows the distribution of iodate
from the surface to 200 m depth in a zonal section along
the equator. The most prominent feature is the low iodate
concentration in the upper 30 to 40 m. The iodate concen-
tration in this region is less than 0.30 uM. A concentra-
tion less than 0.10 uM was observed at station 2079 (1%,
28% ), Below 140 m, the iodate concentration is uniformly
higher at about 0,40 to 0.45 uM. At 33°W the concentration
below 120 m approaches 0,50 uM, similar to deep water con-
centrations in the South Atlantic (Wong and Brewer, 1974).
The lower iodate concentrations in the surface waters of
the Equatorial Atlantic, relative to that in the Argeﬁtine
Basin (0.39 to 0.40 wM, Wong and Brewer; 1974), probably
reflect the higher productivity in this region.

Superimposed on these features, figure III-1-2
shows a lens of water with high iodate concentration
extending across the Ktlantic. It occurs at 80 m at 33%%
and rises upwards to 55 m at 10°%W. The concentration in the
core of this lens ranges from 0.45 to 0.60 uM, generally
higher than the concentrations at greater depths. Thus,
this feature appears as a maximum between the icdate-poor
surface water and the less iodate-rich deeper waters. This
core of high iodate water correlates with the Equatorial
Undercurrent as ‘defined by its salinity (Metcalf et al.,

1962; Metecalf and Stalcup, 1967; Neuman, 1969). Figure
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Pig. 1I1-1-2 The distribution of iodate in the upper layers along the Equator
of the Atlantic.
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Fig. I1I-1-3 Salinity along the Equator of the Atlantic.
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III-1~-3 shows the corresponding distribution of salinity
along the egquator. A core of high salinity water can be
readily identified, It is located at about 75 to 95 m at
33°W and again rises upwards to 50 m at 1.0°%. The striking
similarity tends to suggest that high iodate concentration
is a significant property of this advective core

Sharp maxima in iodate concentrations have not
been previously reported. One reason may be inadequate
sampling coverage. The lens of high iodate water reported
here has a thickness of only ten te twenty meters and can
easily be missed. During the GEOSECS (Geochemical Ocean
Sections Studies), a station (station 109, 2° 00's, 4° 33'W)
was occupied in this region and a profile of iodate was
obtained (Wong and Brewer, 1974). Pigure III-1-4 shows that
profile and a profile from a closeby station occupied
during the present cruise (station AII-83-2052, 2° 00'S,
10° 00'W). In GEOSECS station 109, the iodate maximum was
not observed because of poor sample coverage in that depth
interval. Even in this study, with samples 10 m apart, one
may still miss the depth with even higher iodate concen-
tration.

The longitudinal sections of iodate along 33°W,
28%, 22%, 16% and 10°W show the complexity of the cir-
culation in the Equatorial Atlantic. Along 33%% (figure

III~1~5); there is a high iodate core at 80 m centered

around the equator. This feature coincides with a high
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salinity (>36.2 % ), hizgh oxygen (>4 ml/l) and eagtward
flowing core, and represents the Equatorial Undercurrent.
There is a second region of high iodates concentration at
100 m at 1° 32'N. This northern core 1is associated with
lower salinity and oxygen content and is flowing westwards.
sections of salinity, oxygen and current speed along 33 Oy
are shown in figures I1L=1-6 to 11I-1-8,

Along ZBQW, the pleture is more complex. Thres

.

cores with high lodate concentrations can now be identified
(figure I1I-1~9). Betwesen Oand bO'N, a core at 60 n is
asgociated with high oxygen, high szlinity and an eastward

flow. At ZON, a

o

ore is assoclated with lower oxygen, lower
salinity and a westward flow. These two cores correspond to
those two described previously. However, the northern core
has apparently intruded into the equatorial core and some
mixing may have occurred. Moreover, there is evidence of a
parcel of water with low lodate concentration at 18°S
mixing with the eguatorial core and it is associated with
a corresponding oxygen maximum and a westward flow. The
third core is around 1°S. Relative to the egquatorial core,
this southern core has lower salinity, lower oxXygen content
and & slower eagtward flow. Sections of salinity, oxyzen
and current velocity along 28% are shown in figures
I131~1-10 to I1i-1-12,

Along 22%, one can identify the equatorial and the

southern cores by their association with higher salinity,
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higher oxygen, fast eastward flow and lower salinity, lower
oxygen and slower eastward flow, respectively. The Equator-
ial Undercurrent is centered at 70 m and 22°%'3. Apparently,
there is mixing between the Undercurrent and the southern
core, The data are summarized in figures ITI-1-13 to III-1-16.

Along 16% (figures III-1~17 to III-1-20), these
three cores of water are discretely separated from one an-
other. Their relative magnitudes in salinity, oxygen and
direction of flow are the same as previously described. In
between the cores are regions of lower lodate concentration
which are assoclated with oxygen maxima. Here the Equator-
ial Undercurrent is at 0° and at a depth of 50 m.

At 10% (figures ITI-1-21 to III-1-24), these
three cores of water with high lodate concentrations can
again be identified although their properties have become
much more uniform than before. Among these three cores, the
equatorial core, which supposedly represents the Undercur-
rent, still has the highest salinity and oxygen content, and
an eastward flow and it is centered at 40N and at 70 m
depth. However, it does not coincide with the region with
the highest salinity and highest easitward flow in this sec-~
tion anymore. Instead, this regions corresponds to a region
of higher oxygen content and lower iodate at about 20°S
and 50 m depth where the lodate maximum is absent. The
northern core still maintains its characteristically low

salinity and oxygen content. However, instead of moving
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wegtward, it is flowing towards the east at a slow speed of
0 to 10 em/sec. There is a fourth region of high iodate at
2% and 120 m depth. There is a suggestion of such a core
at 28% ana 2°N., However, with the limited data, its rela-
tionship to the other cores iz unclear at this point. The
properties of the northern, equatorial and southeyn cores

s

of water with high lodate concentrations at various longle
tudes ars summarized in table I11-1-1.
The scurces of these high lodate cores are unclear

at this point. The ilodate maxima observed in %

=
&_}a
0
i
@
s
Fe
o
3

.

are situated in the pycnocline as shown in typical profiles

in figures 111-1~25 to I1I-1-28. If iodate is being depleted

i.’ &

in the surface water by organisms then,upon death, a major
portion of these organisms may sink and re-mineralize at
this pycnocline since the high density stratification tends
to decrease the ginking speed of the pavrticles. This is
also evident from the corresponding phosphate profiles
(figures III~1-25 to III-1-28) where a sharp increase in
phosphate is observed in the game depth interval. However,
the phosphate profile does not show a maximum. This may be
due %o the differences in phosphate and iodate regeneration
and utilization rates. If the major portion of the re-
mineralization process occurs within a depth of few tens

of meters, lodate concentrations higher than those cbserved
in deep water will be found.

The high iodate concentration observed in this
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Table III-1-1 Properties at the iodate concenitration maxima

Station Latitude 103” Salinity Depth Current 0,
(ui) (% ) (m) (cn/sec) (ml/1)

33%
I.%% 2089 01°32.1°N 0.530 35.56k 97 LO-509  2.59
I1. 2086 00%02,0'N 0.560 36.232 77 90-100E 4,13
2085 00%19.0'S 0.563 36.381 75 60-708 k4,13

28%;

I. 2073 02907.7'H 0.663 35.559 63 60-70% 3,94
2074 0192248 0.607 35.854 57 20-304  3.78
II. 2075 00%43.6"N 0.495 36,100 56  20-308 4,28
2076 00°02.2'3 0.462 36,283 78 80-908 4,19
IIT. 2078 00%41.5'S 0,550 36,106 67 30-40E 3,93
2079 00°58.9'S 0.523 35.900 &7 10-208  3.53
2080 01%00.2'% 0.537 35.753 67 0-10 &  2.99

22%
II. 2067 00°31.3'N 0.514 36.033 55 20-308 4,18
2068 00%00.0'N 0.534 36.190 59 70-80E 4,31
2069 00°28.9'S 0,694 36.196 69 70-808 4,18
IIL. 2070 01900.3'S 0.577 35.855 68 30-L0E 3,47

2071 01°29,9'S 0,550 35,709 59 0-108 3,49
16°W

I. 2056 02%03.4°N 0.580 35.683 59 20-~30W  3.45
II. 2059 0000.2'N 0,514 36,032 50 90~100E 5.16

11I. 2064 02°01.2'5 0.500 35.661 40 0-10E  3.22
10%
T, 2044 01°58.6'N 0.588 35,678 78 0-108  3.20

IT. 2046 00%37.1°N 0.513 35.990 59 LO-50E  3.35
II1. 2051 01%21.0*s 0,664 35.800 39 10-208  3.35

* Oxygen, salinity and current data from Bruce and
Kate (1975).
%% 1 =~ Northern core. II - Equatorial core.
ITII - Southern core.
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study may be caused elther by advection or in-situ produc-
tion. Based on the present data, in-situ production seems
less likely. Pirst, the profiles of iodide (figures III-1-
25 to III-1-28) de not show any extraordinary features at
the lodate maximum. If iodide is +the intermediate in the
formation of iodate by re-nmineralization, one would expect
to see a corresponding waximum close to that depth. Second-
ly, there is no systematic east to west variation in the
icdate concentrations although it is known that producti-~
vity increases towards the African coast (Corcoran and
Mehnken, 1969); however, alternatively, this may be ex-
plained by the inability to sample at exactly the depth
with the highest lodate concentration at every station.
,Advecticn can qualitatively describe these obser-
vations{fProductivity is known to be high along the north-
western and western coastal regions of African due to up-
welling (Ryther, 1963; Corcoran and Mahnken, 1969). Waters
with high iodate concentration may be formed here. These
waters are swept towards the equator by the North and South
HEquatorial Currents. Metcalf and Stalcup (1967) (produced
in graphic form by Philander, 1973) showed that the Under-
current is sandwiched between two branches of the South
Equatorial Current. The edges of these Currents nay form
the northern and southern cores of high iodate waters. High

productivity has also been observed along the north eastern

Brazilian coasgt around the mouth of the Amazon (Zeitschel,

~120-



1969) and thus high lodate water may also be found there.
The Eguatorial Undercurrent is an extension of the Northern
Brazilian Current (Metcalf and Stalcup, 1967). Some of the
water from the South BEguatorial Current may be entralined
too. Consequently, it can also have high lodate concentra-
tions. There are regilons with no iodate maxima in between
the cores. These may be waters untouched by these currents
and subsequently show the normal distribution of ilodate in
the water column. Part of the high variability of lodate
concentrations in the Undercurrent may also be contributed
to the meandering of the Undercurrent., The core of the
Undercurrent oscillates in both the vertical and horizontal
planes (Rinkel, 1969; reviewed in Philander, 1973) with a
periodicity of weeks (Duing et al., 1975). Conseguently,
in a longitudinal section, one may be sampling the Under-
current at different phases repeatedly. However, present
evidence suggests that the meandering of the Undercurrent
ig confined between 1°N and 1% (Duing et al., 1975). Thus,
‘the cores observed at 2°N and 2°S cannot be part of this
systen.

These observations raise some questions concern-
ing the marine geochemistry of iodine. First, these surface
water masses are relatively young. If ilodate is generated
by the re-mineralization of organisms, the rate of oxidation
of iodide will have to be high if iodine occurs in organisms

as iodide (Shaw, 1962). I have not been able to demonsirate
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the oxidation of iodide chemically in sea water in the lab-
oratory at any measurable rate (see chapter IV for details).
A blologically catalyzed oxidetion of iodide is one of the
possibilities. Sugaware and Terada (1967) have suggested

such

m

mechanism based on their laboratory experiments with
algae. Furthermore, the exact source of the water masses
with high iodate cannot be established until & bstier under-
standing of the circulation in the Equatorial Atlantic can

be obtained and a study of the distribution of iedine in

)

the highly productive areas is made.
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I11.2 The marine chemistry of iodine in anoxic basins
III.2.1 Introduction
Anoxic conditions in natural waters are generated
when vertical mixing and advective transport, usually in
restricted basins, are insufficient to replenish the oxygen
consumad by organisms. ALL the anoxic basins have strong

pyenoclines which hamper vertleal mixing and shallow sills
which effectively minimize the renewal of the anoxic deep
waters by advection. The strong pycnocline may be maine

ined either by a sharp temperature gradient or a sharp
salinity gradient. &s a result of inhibited mixing, the
residence time of the anoxic water ls long snd, consequently,
the changes caused by biological-chemical interactions ay
large. Thus, although ancxic basins, by volums, nstitute
an insignificant portion of the world oceans, they have
attracted much attention from chemical and biological ocean-
ographers (Richards, 1965; Spencer and Brewer, 1971; Tutile
and Janna%ch, 1973; Brewey and Murray, 1973: Jannasch et
ales 1974) and they open up new routes to an understanding
of basic blological-chemical interactions in the sea.

Biochemical processes often involve electron trans-

fers (Lehninger, 1945). The terminal electron acceptor under
oxic conditions is oxygen and the end product is water. As
oxygen is depleted, some organisms may use nitrate, sulfate
and eventually carbon dioxide in succession as alternate

terminal eleectron acceptors (Richards, 1965). Consequently,
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reduced forms of nitrogen, sulfur and carbon such as nitrite,
molecular nitrogen, ammonia, Thiosulfate, sulfide and methane
nay be formed. Since the pE of the open oceans is presumably
poised by the oxygen-water couple at 12,5 (Sillén, 1661)
according to the equation

0,(g) + 4H + he” = 21,0 log X = 83,1 (I1I-2-1)
the removal of exygen causes a drastic drop in pE. Thors-
tenson (1970) and Brewer and Murray (1973) estimated that
in anoxic basins, the sulfate-sulfide couple has the largest
redox buffer capacity. Thus, the pE will be poised at -4 by
this couple in the absence of oxygsn according to the equa-
tion

50,7 + 9H" + 8e” = HS” + UH,0 log K = 33,0 (III-2-2)

This large, biologically induced change in redox
potential brings about accompanying changes in the specla-
tion and distribution of multi-oxidation-state elements
such as iron and manganese (Spencer and Brewer, 1971). Ths
presence of sulfide also causes a re-partition of many
trace elements (for example, zinc and copper) between the
dissolved and particulate phases as most sulfides are highly
insoluble (Spencer et al., 1972).
Anoxic basins are also well known nutrient traps

(Farming and Pilson, 1972; Brewer and Murray, 1973). Nutri-
ents are transported inteo the desp anoxic layer by blogenic
particles and re-mineralization may occur within the water

column or in the sediments. Physical removal of the re-gen-—
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erated dissolved nutrients 1s preventasd

processes ., However, some microbes live

anoxic interface. They derive their energy by chemosynthe-
sis (Sorokin, 1964; Tuttle, private communication). Conse-
gquently, they may remove some of tThe nulirients at such
depths (Brewer and Murvray, 1973).

In this section, I shall revort the distribution
of dissolved iodine in two anoxic bazing, the Black Sea and
the Carisco Trench, and in the oric Venegzuela Basin which
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The Black Sea

The Black Sea is the worlds largest anoxic basin.
It is connected only to the Mediterranesn Sea via the Bos-
porus, the Sea of Marmara and the Dardanelles. The maximun
511l depth in the Bosporus is 34 m (Gunnerson and Ozturgut,
1974) . A number of rivers including the Danube and the
ge flows of 6200 and 1700 MB/S@C
(Leopold, 1960), flow into the Black Sea and create a light,
less saline surface layer on a subsurface outflow. The
deep inflow of saline Hediterranean water is sporadic (Bog-
danova, 1961) with estimates of the annual flow ranging
from 328 kmB/yr (Merz and Moller, 1928) %o negligible
Ulloyot and Ilgaz, 1946). The average flow is often queted
as about 190 kmB/yr (Spencer and Brewsr, 1971; Brewer and
Hurray, 1973; Ostlund, 1974). Thus, whereas the surface
salinity of the Black Sea may vary from 17.2 % to 18.3 %
depending on the proximity to terrestrial runoffs, in the
deep water the salinity is relatively constant at 22.4 %
(Brewer, 1971). The potential temperature is also quite
variable at the surface and in winter the surface waters
are cooler than the deep waters, though vertical mixing is
inhibited by the strong salinity gradient. The strong verti-
cal stratification 1s thus maintained solely by the salin-
ity difference between the surface and the deep waters. The
absolute level of the salinity of the Black Sea is much

lower than that of the open oceans, consequently, it should
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not be classified as a typleal marine basin. Profiles of

the salinity and potential temperature of the Black Sea are

r~1

-

-

shown in figure I1I- .
The maximum depth of the Black Sea is about 2200 m

(Ross et al., 1974) and the oxygen-sulfide boundary occurs

at about 150 to 250 m (Brewer, 1971). The anoxic zone can

be further subdivided according to the radiocarbon ages.

The formal C-14 age of the water betwesen 300 and 1700 m is

about 1000 years, whereas, below 1700 m, the age may well

exceed 2000 years old and the water ils probably renewed

only by eddy diffusion (0stlund, 1974). The deep inflow of

Mediterranean water may occur at various depths, although

based on the formal radiocarbon ages and th
<

®

temperatures-
salinity relationship, it has to occur above 1700 m (Ost
lund, 1974; Brewer and Murray, 1973). The vertical advective
velocity and eddy diffusion coefficient in the mixing gzone
beﬁwaen about 100 m and 300 m have bean estimated to be
0.5 m/yr and 0,014 cmz/sec respectively (Spencer and Brewer,
1971).
The Cariaco Trench
The Cariaco Trench, the second largest known
anoxic basin of the world, is a depression situated on the
orthern Venezuelan continental margin at roughly 1OOBO'N
and 65031”W. It is approximately 100 miles long and 0 miles

wide and has a maximum depth of about 1400 m, It is separ-
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ated from the Caribbean Sea by a sill at a depth of about
150 m. Above this sill depth; the waters of the Cariaco
Trench mix freely with the surface waters of the open sea.
The Trench is subdivided into two deep basins (eastern and
western) with a saddle at about 900 m below sea level in
between (Maloney, 1966). The salinity decreases from about
36.8 %oat the surface to 36.185 %»in the deep water and
the potential temperature decreases from about 26°C to
16.?500. Thus, unlike the Black Sea, the Cariaco Trench is
a true marine basin and its vertical stratification is main-
tained solely by the strong thermal gradient instead of by
a salinity gradient. Profiles of salinity and potential
temperature are shown in figure III-2-~-2,

The deep water of the Cariaco Trench is renewed
by slow flushing. Estimates of the residence time of the
anoxic water vary widely. Fanning and Pilson (1972) subdi-
vided the anoxic zone into two layers and suggested that
advective renewal only occurs from 300 m to 1000 m. Below
1000 m, eddy diffusion is the only means for mixing. They
suggested the residence time of the water in ‘the upper layer
to be 800 years on the basis of a silicate balance. Richards
and Vaccaro (1956) and Richards (1975) reported a residence
time of 70.years by using phosphate as the tracer. Deuser
(1973) estimated a range of 22 years to 570 years with a
‘geometric mean of 112 years based upon estimates of the

rate of oxidation of organic matter; Presley (1974) sug-
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gested a range of 50 to 100 years from the sulfur accumula-
tion rate in the sediments. Radiocarbon dating gives a
residence time of about 100 years (Ostlund, private commun-
ication).

The shorter residence time of the anoxic waters
in the Cariaco Trench, relative to the Black Sea, suggesis
that it may be a less stable system. The potential density
(Cp) of the deep water is about 26.50. At the oxygen-sulfide
boundary at about 300 m, (y is 26.46 and at the sill depth
at 150 m, (, is 26.35. Thus, the overall density gradient
of the Cariaco Trench is only 0.15 in (; whereas in the

Black Sea it is about 1.0 in (.
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III.2.2 Sampling and analytical methods

) Samples were obtained from one station in each of
the two basins of the Cariaco Trench, one station in the
Venezuela Basin and one station in the Black Sea during
cruises AII-79 and CHAIN~120, The locations of the stations
are shown in figure III-2~3, Samples were either analyzed
on board for iodate or frozen at -5°C in polyethylene bot-
tles immediately after collection and transferred back to
Woods Hole for analysis. This method for the storage of
samples has been shown to be reliable (Wong, 1973). All
samples were analyzed for iodate by photometric micro-
titration with a precision of better than 1% (Wong and
Brewer, 1974). Iodide profiles were obtained from the east-
ern basin of the Cariaco Trench, the Venezuela Basin and
the Black Sea., The samples were anaiyzed by neutron acti-
vation analysis as described in section II.4 with a preci-
sion of +5% and a reagent blank of about 0.005 uM. The

data from these cruises are compiled in Appendices B and C.
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II1.2.3 Results and discussion
Todine in oxic and anoxic basins )

The distributionsof iodate and iodide in the oxic
Venezuela Basin (figure III-2-4) are similar to previous
observations from other parts of the open oceans (Tsuno-
gai, 1971b; Tsunogal and Henmi, 1971; Wong and Brewer,
1974). The iodate concentration is lowest at the surface
(0.3 uM) and it increases with depth to about 0.5 uM, A mid-
depth maximum is also observed. It corresponds with a phos-
phate maximum and a oxygen minimum and may be the result
of the re-mineralization of organisms (Wong and Brewer,
1974). In constrast, the iodide concentration is highest
in the surface waters and decreases rapidly with depth to
below the detection limit (0.005 uM) below the euphotic
zone. A thin sub-surface iodide maximum is observed at
100 m with a concentration of about 0.38 ul, corresponding
with a sub-surface salinity maximum. A sub-surface iedide
maximum of such magnitude has not been documented before
and the present data are insufficient for a detailed dis-
cussion of its origin;

In the anoxic basins, as a result of the drastic
drop in pE, iodine exhibits markedly different behavior
below the oxic zone. The profiles are shown in figures III-
2~5 to III-2-7, The oxygen-sulfide boundaries occur at 150 m

in the Black Sea and 265 m in the Cariaco Trench. In the
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oxic zone, an iodate minimum (0.88 uM in the Black Sea;
0.340 and 0.369 uM in the eastern and western basins of
the Cariaco Trench) is again present at the surface,’and
the concentration increases with depth to 0.146 uM in the
Black Sea,and 0,431 uM and 0,459 uM in the two basins of
the Cariaco Trench. However, at about 100 m in the Black
Sea and 180 m in the Cariaco Trench, the concentration
starts to drop sharply and reaches zero at approximately
the oxygen-sulfide boundary. In constrést, the concentra-
tions of iodide are high at the surface (0,047 uM in the
Black Sea; 0,086 uM in the Cariaco Trench) and they de-
crease to minimum concentrations at 75 m (0.011 wM) and
160 m (0,019 ul) in the Black Sea and the Cariaco Trench
respectively. Below these depths, the concentrations in-
crease rapidly. Below the oxygen-sulfide boundary, the
lodide concentration remains approximately censtant at
about O.44 uM in the Cariaco Trench. In the Black Sea,
there is a clear general increasing trend towards the bot-
tom from 0.22 uM to 0,43 uM.
The interconversion of iodide and iodate is

represented by the equation

10,7 + 6HY + 6e” = I + 3H,0 log K = 110.1 (III-2-3)
The change in the speciation of iodine in the anoxic zone
can be predicted from the thermodynamic properties of this

reaction. A concentration diagfam of the ilodine system at
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a pH of 8.1 and a total iodine concentration of 0.5 uM is
shown in figure III-2-8, In the oxic layer where the pE is
12.5 (Sillen, 1961) iodate will be the dominant form. By
constrast, the pE in the anoxic zone is -4 (Spencer and
Brewer, 1971) and iodide will be the predominating species.

The conversion of iodate to iodide occurs between
100 m and 150 m in the Black Sea and 160 m and 265 m in the
Cariaco Trench. Between these depths, oxygen and sulfide
co-exist at low concentrations and their combined redox
buffer capacity at most depths is between +1 meq/kg and -1
meq/kg as shown in table III-2-1. In comparison with the
redox buffer capacities in truly oxic or anoxic waters,
this is remarkably low (<20%) and suggests a chemical insta-
bility in this zone where the redox potential may fluctuate
with the degree of mixing between oxic and anoxic waters.
The pE of a body of natural water is calculated from the
couple having the highest redox buffer capacity to poise
the system., In this mixing zone, the picture seems unclear.
If jodide and iodate are at chemical equilibrium so that
they may be used as indicators, the pE will be between 10.0
and 10.7 and suggest that neither the oxygen-water couple
nor the sulfate-sulfide couple is poising the pE.

The profiles of specific total iodine, which is
defined as the ratio of total iodine to salinity, of the
three basins are shown in figure I1II-2-9, In all cases,

there is a slight depletion in the surface waters with
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value of 7.3 nmoles/g and 11.6 nmoles/g in the Black Sea
and the Cariaco Trench respectively. This depletion may be
caused by the uptake of iodine by organisms.

In the anoxic zone of the Cariaco Trench, within
the noise of the data, specific total iodine may be consi-
dered constant at 12.3 nmoles/g. However, in the Black Sea
there is an increasing trend with depth from 10.0 to 19.4
nmoles/g. This may be caused either by the advection of
water of high ilodine content into the Black Sea, or a dif-
fusion of iodine into the bottom water from the underlying
sediments. The specific total iodine in the deep Venezuela
Basin is only about 14 nmoles/g. and there is no a priori
reason to suppose that the inflowing Mediterranean water
should be much different from other oceans. Thus, an advec=
tive source for this increased iodine seems unlikely al-
though it cannot yet be completely ruled out. There is
however ample evidence suggesting a flux of iodide out of
the sediments. In addition to Tsunogai's observation (1971)
of excess iodide in ‘the deep Pacific, Price and co-workers
(Price et al., 1970; Price and Calvert, 1973) have reported
an enrichment of iodine in surface sediments. The concen-
trations correlated linearly with the organic carbon content
and decreased exponentially with depth. Iodine is also
enriched in interstitial waters and concentrations up to
150 uM have Dbeen reported (Bojanowski and Paslawska, 1970).
Pavlova and Shiskina (1973) further showed that the concen-
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tration increases with depth. These observations suggest a
possible pest-depositional diagenetic remobilization of
iodine from organic-rich sediments in reducing environments.
Thus, diffusion of ilodine into the bottom water appears to
be a plausible explanation for the high specific total
iodine in the Black Sea. The difference between the Cariaco
Trench and the Black Sea in this respect may be due to the
longer residence time of the water in the latter. Other
factors, such as the iodine concentration gradient in the
interstitial waters and the composition of the sediments
will certainly affect the distribution too, however, there
are no available data at the present time for a more detailed
agssessment.

The distributions of iodide, iodate and total
iodine in the mixing zones of the Black Sea and the Cariaco
Trench are shown in figures II1I-2-10 and I1II-2-11. These
data are compared with the profiles expected from simple
mixing between two boundary conditions by vertical advec~-
tion and diffusion as described in Spencer and Brewer

(1971). This steady state one dimensional model is formu-

lated as
de _ & de_ g (III-2-4)
at = K 2 dz * -

where K is the vertical eddy diffusivity and w is the ver-

tical advective veldcity. The solution of this equation is
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2/z%
c - Co) = (Cm - Co) (ez /%*“ =

(e ™ - 1)

(I11~-2-5)

where Co is the concentration at the lower boundary Zgs Cm

is the concentration at the upper boundary z_, and z¥ is

m®
the ratio of K/w (Craig, 1969). The model is applicable only
over linear regions of the 6-S diagram where horizontal
velocities and concentration gradients may be neglected.
The assumption of a true steady state in the Cariazco Trench
is questionable, It may however closely approach a steady
state in short time intervals. z* can be estimated from

the profiles of salinity or potential temperature. The
values used here are 0.23 km and 0,09 km for the Cariaco
Trench and the Black Sea respectively. Iodate appears to

be consumed over the entire depth interval of the mixing
zone in both basins, reflecting the chemical reduction of
iodate to iodide. Iodide is produced in the same intervals,
which may be the result of the combined effgcts of the
reduction of lodate and the re-mineralization of particles.
In the Black Sea, there is some consumption below 200 m
which may possibly be attributed to biological activity
(Brewer and Murray, 1973). For total iodine, there is pro-
duction above the interface and slight consumption below
it. Spencer and co-workers (Spencer and Brewer, 1971;
Spencer et al., 1972) have observed similar features in
dissolved manganese and iron. They suggested the localized

dissolution of the mineral oxides in a strong pycnocline
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as an explanation. A similar mechanlism may also be operat-
ing in the iodine system; whereby lodine-rich blogenic
particles may preferentially re-mineralize in the pycno-
cline., In the lower mixad 1ayer9 the consumption may again
be explained by chemosyntheslis. The interconversion of
iodins between iodate and lodide will not affect the dis-
tribution of total iodine. A more rigorous model is in-
appropriate at the present time because it calls for a
priori knowledge of the functioﬁality of the production
and consumption term with depth as in Spencer and Brewer
(1971). Since the distribution of iocdine in the mixed layer
is controlled by a host of processes as described earlier,
quantification of such a term will be difficult. Moreover,
the growing complexity of this term may prohibit an analy-
tical solution ofAmhe advection-diffusion equation with
the limited known boundary conditions.

In general, the profiles of iodate, lodide and
total iodine in the mixed layer of the Cariaco Trench show
features similar to the Black Sea; hdwaver; they are usual-
ly more subdued., This may reflect the fact that the Black
Sea 1s a more stable system with longer residence time and

a stronger pycnocline.
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The redox potential of the oceans

The common oxidation siates of iodine are: (1)
~1 as hydroiodic acid and iodides; (2) 0 as elemental lodine;
(3) +1 as hypoiodous acid and hypoiodites; and (4) +5 as
iodic acid and lodates., The distribution of iodine among
these species as a function of pE at a pH of 8.1 énd a total
iodine concentration of 0.5 ui is shown in figure I1I-2-8,

A& more detailed discussion on the thermnodynamics of the
iodine system is given in section IV.Z, »

In oxic waters, if the pE is poised by the OZ/HZO
couple, its value will be 12,5 (Sillen, 1961) and iodate
will be the only measurable species, Brewer and Murray (1973)
suggested that the pE is poised by the SOQZ/HS“ couple in
anoxic waters so that the pE will be ~4. At such a pE,
iodide will be the only detectable iodine species. The
present analytical capability has a detection limit for
iodate or iodide of about 0.005 udM. My observations from
the anoxic and oxic basins confirm these predictions except
in the surface waters where the disequilibrium is attri-
buted to biological perturbation (Tsunogai and Sase, 1969).

Breck (1974) has recently suggested that the pE
of the oceans is poised by the Oz/Hzozvcouplea He calcu~
lated the lower limit of the pE of the ocean to he 8,5 and
proceeded to use this value for the prediction of chemical
s?eciatioms in the oceans. However, this pE value is incon-

gistent with the observed distribution of the iodine
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species, Figure II1-2~8 shows that at a pf of 8.5, the con-
centrations of iodate and iodide will be 10717 u ana 10763
M respectively., This implies that iodate should not be
detectable with the presently available analytical methods
and this is contrary to the fact that lodate is ubiquitous
in the open oceans and it is the predominant species. In
oxic deep waters where blological perturbations of chemical
equilibria may be minimal, the iodide concentration is
indistinguishable from the blank of 0.005 uM and iodate
constitutes all the measurable ilodine (figure III-2-4).
This observation is more consistent with a pE of 12.5 as
calculated from the OZ/HZO couple., If one takes the upper
1imit of the iodide concentration in the deep waters as
0.005 uM, one can calculate the lower limit of the pE of
the oceans to be 10.7,

Liss et al. (1973) suggested that the lodate~
iodide couple may act as a sensor for the effective pi
level in the oceans, The interconversion between lodide
and lodate involves the transfer of six electrons. Conse-
quently, the concentration ratio of these two species will’
be extremely sensitive to pE changes. Given the detectiocn
limits of iodate and lodide to be both at about 0.005 uM
(10"8"3 M), one can calculate the usable range of this
sensor to be 10.0 to 10.7 as shown in figure III-2~-8. Thus,
it is apparent that at least at the present time, the

iodate~iodide couple is not a desirable tool for measuring
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pE in the oceans which may have a range of 12.5 to -4,
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IIT.3 The distribution of iodine in a coastal basin, the
Gulf of Maine

IIT.3.1 Introduction

If the distribution of the dissolwved iodine
species in the surface waters of the oceans is controlled
by biological activity (Tsunogai and Sase, 1969; Tsunogal
and Henmi, 1971; Tsunogai, 1971b; Wong and Brewer, 1974),
seasonal effects may indirectly induce changes in this
distribution. These seasonal effects are probably more
prominent in the coastal waters of the temperate zone where
seasonal changeé in productivity ars more pronounced. In
this seotion; I shall present data on the distribution of
iodine in the winter of 1974-~1975 in a coastal basin, the

Gulf of Maine.



II1.3.2 Sampling and analytical methods

I have occupied three stations in the Gulf of
Maine, two in the Wilkinson Basin (AII-86-2122 and AII-
86~2138) and one in the Mufray Basin (AII-86~2151) during
cruise AIK»Bé within the period of January 4 - 11, 19753
The locations of the stations are shown in figure ITI-3-1.
Samples were frozen immediately after collection and were
shipped back to Woods Hole for analysis. Samples from
station 2122 were analyzed for both ilodate and iodide while
samples froﬁ stations 2138 and 21517were analyzed for.
iodate only{~Iodate was énalyzed by photometric micro-
titration with a precision of better than +1% (Wong and
Brewer; 1974) while lodide was analyzed by instrunental
neutron activation analysis with a precision of‘£5%
(Wong and Brewey; 1976 ). The reagent blank of the activa-
tion analysis is about 0.005 wM and the data reported here
have not been blank corrected. The complete data set is

shown in Appendix D.
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I1I1.3.3 The Gulf of Maine and the Murray-Wilkinson Basin

The Gulf of Maine is a semi-enclosed basin bounded
by Maine to the north; Massachusetts to the west, Georges
Bank to the south, and Browns Bank and Nova Scotia to the
east. The Murray-Wilkinson Basin is one of the depressions
in the Gulf and it is situated between 42°N and #BON, and
69° and 70°. It is elongated (NNW-SSE) and is about 80
miles long; It has a maximum depth of about 285 meters and
is surrounded by a sill at about 150 meters depth. It is
connected to the Rogers Baéin to the east; the Pranklin
Basin to the southeast and the Platts Basin to the north
by passages at depths of about 185 m, 185 m and 170 m res-
pectively. The'deep part of the Murray-Wilkinson Basin is
subdivided by the Wilkinson Divide at about 250 m into the
Wilkinson Basin and the Murray Basin.

The surface layers of the Gulf mix freely with
coastal watefs and their-properties are probably signifi-
cantly influenced by local events., Among all the bhasins in
the Gulf; the Murray-Wilkinson Basin has the most stable
- deep water and it is renewed by slope and coastal waters of
Labrador origin (Colton, 1968). A more detailed description
of the hydrography of the Basin has been prepared by Spencer
and Brewer (1975).
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III.3.4 Results and discussion

Although +the winter of 1974At0 1975 was not a
particularly severe one, the effect of overturn in the water
colum is clearly evident. There is only a weak thermocline
between 140 m and 200 m where the potential temperature
drops about 1°C and the 65 of the bottom water is only
about 0.8 (5 units higher than that of the surface water.
The sill is also situated at about 150 m. Above 140 m, the
water is well mixed and none of the properties (salinity,
potential temperature, Gg , oxygen, silicate and phosphate)
measured show any significant gradient (figure I1II-3-3 to
I1I-3~-8) although sometimes there are differences in the
absolute values between one station and another. The stations
weré occupied in the order of 2122, 2138 and 2151. Between
stationg 2122 and 2138, there was a severe winter storm
with snow and freezing rain and its effects on the proper-
ties of the surface waters are difficult to assess quanti-
tatively. However, most of the properties (salinity, © , Uy,
and oxygen) in the top 70 m of station 2138 do exhibit
noticeable deviatiqns from the other stations.

Productivity at this time of ‘the year 1s probably
low. Although no C-~14 uptake measurements were made, the
nutrient values in the surface waters seem to be consistent
with this interpretation. Phosphate and silicate in the
surface waters are about 0.9 uM and 9 uM fespectivelya sSuch

values are exceedingly high. In typical open ocean surface
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waters with a moderate productivity, phosphate and gilicate
are usually only about 0.1 uM in both cases (GEOSECS
preliminary repoxts). The high nutrient levels observed
here imply low surface productivity.

_ The profiles of iodate and iodide are shown in
figures I1I-3~2, III-3-6 and I1I-3~8 for stations 2122,
2138 and 2151 respectively. The iodate concentrations in
the top 100 m of stations 2122 and 2151 are rather uniform
with minor variations between 0.40 and 0.44 uM. This uniform-
ity is common to all properties and reflects vigorous winter
mixing. Station 2138 seems to be anomalous and considerably
larger variations in the concentrations of iodate in the
surface layers can be observed. A much lower concentration
is found in the top 50 m with a minimum concentration of
0.35 uM at 25 m. Between 50 m and 100 m, the concentration
is similar to the other stations. Saliﬁity} 6 and phosphate
also exhibit deviations from uniformity in the top 50 m of
the same station. Actually, the salinity and 8 of the
surface waters of this station are the lowest and give
rise to a distinct surface minimum. This anomaly may be
caused by dilution of the surface waters by rain and snow
during the storm.

Below 100 m, considerable variation can be
observed in all properties within each station and from
station to station. A sharp break can be observed in the

profiles of all propérties between 120 m and 150 m where
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the sill situates. This break in the ilodate profiles seems
to océur at slightly shallower depths than the other pro-
perties. lodate increases smoothly with depth from about

150 to 200 m at stations 2122 and 2138. At station 2151, the
profile exhibits complex fine struétures between 130 and 200
m, Similar features are found in profiles of phosphaﬁe,
silicate, oxygen, salinity and 8, and may represent mixing
between different water types.

Below 200 m, all the other properties show only
subtle variations. However, a distincet iodate minimum 1is
observed at all three stations at about 225 m. In the pro-
files of the other properties, there is no or occasionally a
weak suggestion of an inflexiqn at this depth. The present
data are insufficlilent for making a more detailed assessment
of the cause of this minimum.

The most striking, although not unexpected, obser-
vation is the absence of the marked depletion of iodate (up
to 50%) in ‘the surface waters which has frequently been
reported (Tsunogal and Henmi, 1971; Tsunogal, 1971b; Wong
and Brewer, 1974). In this winter, in the Gulf of Maine,
any depletion of iodate (if one is present at all) is hidden
within the,variationé, real or experimental, of the profiles,
This behavior of iodate seems to support the proposal that
iodate is removed by 1its reduction to iodide +through bio-
logical agents (Tsunogal and Sase, 1969). Consequently,

during winters, when productivity is low, the depletion of
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iodate will he least pronounced.

The profile of iodide from station 2122 (figure
I1I-1~2) is consistent with this interpretation of the
distribution of iodate., Todide is also rathar uniform in the
top 150 m ag a result of vigorous vertical mixing. However,
its absolute concentration of 0.04 uM is only about 40% of
the nearby Woods Hole surface water (0.123 uM, Wong and
Brewer, 1975) and <50% of the moderately productive Equator-
ial Atlantic waters (0.10 ud, Wong, 1976; seé also section
III.1) probably as a result of a lower biological activity
in the winter time, ~

The iodide concentration decreases noticeably below
150 m to a minimum of abeut 0.02 uM. However, its concentra-
tion even below the thermocline is always significantly above
the blank of 0;005 uM. There are three possible sources for
this iodide which is thermodynamically unsitable and is pro-
bably produced only in surface waters or reducing environ-
ments: (1) the sinking and subsequent advection of ilodide
rich surface waters along isopycnalss (2) the downward diffu-
sion of iodide from the surface waters through the thermo-
cline; and (3) the diffusion of iodide from the underlying
sediments. All three mechanisms seem to be poSSible hereo-The
first mechanism implies that the deep water is young so thaf
the iodide has not been completely removed by oxidation.:The
deep water of this Basin is probably young as it originates

from the nearby Labrador slope water (Colton, 1968). The
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thermocline is also weak as a result of winter mixing with

a (y difference betwesen the surface and deep water of only
0.6 to 0.7 G, unit. Thus, diffusion throuzh the thermocline
cannot be ruled out. Moreover, below 200 m, there is also a
general trend of increasing iodide concentration towards the
bottom. Although this increase in concentration is small and
is within the analytical uncertainty, it points to the possi-
bility of a flux of lodide from the sediments as suggested

by Tsunogai (1971b).
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III.4 The distribution of iodine in marine suspended matter
IIT.4.1 Introduction

The present status of our knowledge on the geo-
chenistry of the marine ilodine system has begen briefly re~
viewed in section I.,2, This evidence suggests that particu-
late ilodine is likely to be important in the cyeling of
iedine in the ocean. In this section, I shall report mea-
surements of particulate lodines in samples obtained from
the Atlantic during the GEOSECS (Geochemical Ocean Sectlions

Study) expedition.
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IIT1.4.2 Sampling and analytical method

Samples were obtained from 13 stations of the
GEOSECS (Geochemical Ocean Sections Study) expedition. The
crulse track and the positions of the stations are shown
in figure III-bk-1. Stations where particulate jlodine data
are avallable are mariked as so0lid triangles. The analyti-
cal method has been described in detall in section IL.5.
Brieflyp for each sample, about 10 1 of sea water is pres-
sure filtered through a 0.6 u (37 mm in diameter) Nuclepore
. filter. The sea salts are carefully washed away. The filtex
is dried and then pressed into a pellet (4 mm x 1 mn). The
pellets are analyzed by neutron activation analysis using
the facilities at the Rhode Island Nuclear Sclence Center
at Narragansett; Rhode Island. A listing of th@ data is

shown in Appendix E.
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ITI.4.3 Results and discussion

Most of tha partieles in the surface waters are
likely to be blogenic. Consequently, the particulate compo-
sition may be close to that of marine organisms. On the
other hand, particles close to the bottom of the ocean may
have a composition similar to surface sediments, lodine
concentrations usually range between 100 and 300 ppm in
marine organisms (Bowen, 1966) énd beitween 60and 800 ppm in
surface sediments (Price et al., 1971; Price and Calwvert,

973). Table III-4~1 shows the iocdine content of suspande

PN

matiter collected closest to the surface and the bottom of
the Atlantiec at thirtesn stations. The concentrations are

Y, £

normalized to the dry weight of the total suspended matier,
The ranges of concentrations of lodine in the pavticulate
matter from the surface and the botton waters are 32 to
1256 ppa aﬁd 19 to 225 ppm with mean concentrations of: 271
Ppm and 112 Ppm respactively. These thirteen stations cover
a large geographical area (75ON to 5598)u The wide rangeé
of the concentrations of particulate iodine in the surface
and hotitom waters prdbably reflect real geographical varia-
tions. However, the means of these vélues are within the
range of iodine content in marine organisms snd suvfacs
sediments. Thus, although no previous data are available
for a direct comparison, the values reported here sesm to

be reasonable.



Toble III-4-1

Todine content of particulate matter collected

closest to the surface and the bottom of the Atlantic

during the GEOSECS expedition

Station Distance Iodine Distance Todine
Numbex from Content® from Content*
Bottonm Surface
(m) (ppm) (m) (ppm)
3 62 5k 19 150
5 228 87 7 81
11 156 71 7 259
17 - 179 80 %0 73
18 74 194 18 1256
23 2 138 1 117
27 100 118 7 185
29 75 106 150 571
31 679 19 z9 176
Lo 662 116 1 125
54 208 225 8 242
60 10 179 2 257
74 31 71 8 32
Mean 112 271

3

Relative to tThe

ry weight of total suspended natter.
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Figure I11~-4-2 ghows  typical profiles of parti-
culate lodine and votal particulate matter. The most pro-
minent feature in particulate jlodine is the sharp maximum
in the surface waters., The highesgst concentration obzerved
ig 127 ng/kg {relative to the weight of sea water filtered)
gt 18 m in station 18. The maximum may ocecur at the surface
or at a few tens of meters below the surface. In all cases,
the maximum occurs within the euphotlic zone. Below this
zone, the concentration drops sharply to about 1 to 2 nz/kg
and it remains approximately constant with depth until the

nepheloid layer, where an increase in concentration towards

the bottom is freguently observed. Total particulate matier

shows similarx features although the increase in concentration

in the nepheloid layer is more marked.

The sharp maximum in the euphotic zone is
probably caused by a high rate of fixation of iodine by
biolegical activity. The sharp drop of concentration at
about the thermocline implies a rapid cyecling of iodine
between its dissolved and particulate phases within the
euphotic zone as a large portion of the blogenic pafblcles
is re-mineralized. The concentration of total suspended
natter also decreases shavply in the same depth interval
and this seems to indicate a dissolution of particulate
material. This distribution of particulate iodine in the
surface layers is similar to particulat te organic carbon,
phosphorus and nitrogen (Menzel and Ryther, 1964; Holm=-
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Hansen et al., 1966; Hobson and Menzel, 1969; Holm~Hansen,
1972) and it suggests +that they may be controlled by similar
processes. Rapld cycling of biologieal waterial within the
euphotic zone is well known. Williamset al. (1969) estimated
that only 0.5% of the phbtosynthevlcally Tixed carbon enters
the deep sea. In the bottom water, the inerease in parti-
culate lodine concentration is possibly caused by the re-
suspension of surface sediments as the total particulate
concentration also increases markedly.

Inorganie detrital contribution %o particulate
lodine is probably insignificant. In marine suspended matier,
the lodine content is always a few tens of ppm op highey
throughout the entire water column. This is about two orders
of magnitude higher than the concentration in rocks, Pro-
files of particulate ilodine in units normalized to the dry
welight of total particulate matterear@ much noisier than
those normalized to = unit weight of sea water. This is pro-
ﬁably due vo the larger umceftainty in the detérmination of
total particulate weight; However, there is still a tendency
of higher particulate iodine content in surface waters with
an average of about 200 ppm. Below the euphotic zone, ‘the
concentration is approximétely constant at around 100 ppm
even in the nepheloid layer. Table IIT~b-1 seems to bear out
this welationship although consliderable variations may cccur
from station to station. Since clay detrital particles

are usually resistant to dissolution, this cannot be
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used to explain these variations in concentration with
depth.

A profile of the ratlo of particulate iodine to
particulate scandium (I/Sec) is shown in figure.lllw@~3“
Particulate scandium has a detrital origin and lis likely
t0 be related to the clay fraction. The profile shows high
I/Sc in the surface waters. It decreases rapidly with depth
to a background level which remains low even in the nephe-~
loid layer. In the surface waters, the particles are mostly
biogenic. Consequently, iodine concentration is high and
‘the scandium concentration is low and thus I/Sc is high.

In deep waters, Tthe degradable blogenic particles have
already been decomposed leaving only a residual amount of

iodine behind. As a result, I/Sc is low. In the bottom

6]

waters, only particles most resistant to degra&ation
remain, A significant or even major portion of them may
have a detrital origin. The increasé in particulate iodine
probably reflects only the increase in total suspended
matter. Thus, the accompanying increase in particulate
scandium concentration is sufficient to compensate for
this effect and the 1/Sc therefore remains low.

Figure I1I-4-4 shows a section of particulate
jodine in the VWestern Atlantic from 75°N to Sﬁose The
surface waters seem to be characterized by concentrations
above 5 ng/kg. The higher concentrations (above 10 ng/kg)
are confined to the higher latitudes where biological

“l 5~
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activity is highest. In the deep waters, the concentrations
are generally below 2 ng/kg»}

There is evidence suggesting the transport of
particles with the water nasses along isopycnals. At station
1?} 8t ?EONp the thermocline is weak. The Gé surfaces ars

almost vertical. As a result, parvticulate lodine is uniform-

€«
]

1y high down %o about 2300 m. This distribution sugges
~downward mixing. There is alse a tongue of water with high
particulate iodins concentratlion that extends down To about
2000 m between BGON and 50°N and this may represent ithe
ginking of the Labrador Sea Vater. The Gé surfaces also

SNhOoW an accompanying Sharp‘dip in this region. Station 31

at 27N is in the middle of +the Noxth Atlanﬁic gyre; The
productivity of this region isvlow (Koblentz-Mishke et al.,
1970) and this is reflected in the low particulate lodine
concentrations throughout the entire water column. In this
station, below 900 m, the concentration never exceeds 1 ng/
kg. the lowest level observed in the entire Atlantic. Higher

particulate iodine conecentrations are observed in the nephe-

»

.

loid layer at stai

i

P

ions 3, 29, 54, 60 and 7h4.

1]

The standing crop of pafticulaﬁe iodine in the
top 200 m of The water column of each station has been esti-
mated and tabulated in table III-4-2, The map of the distri-
bution of primary productivity compiled by'Koblentz«Misnke
et al., (1970) is shown in Ffigure I11I~4-5 and the approxi-

nate positions of the stations are marked on the map. Al-
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Table III-4-2 Standing crops of particulalbe iodine in
24 P

the top 200 m of the Atlantic

Station  Latitude Longitude Standing Crop
Number (mg-1/ sq. m)
3 51°50°N 143%07 'y 2.1
5 56%560H L2930y 0.8
11 63%32N 35910 0y 2.8
17 74955y 01°11°W 0.6
18 69°59 N 00°07 *u 6.4
23 60924 N 18%40°y 167
27 L1957y 41°%59 0y 2.3
29 36°00°N 47°00 W 1.0
31 27°00'N 53931 7y 1.3
10 03°55°N 3832 *y 1.0
5l 15%02°3 29%32 1w 1.5
60 32°%5813 12°30'W 3.3
7l 55°00°s 50°07 v 1.7
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Fig. III-4-5 The distribution of primary productivity in
the Atlantic Ocean (Koblentz-lishke et al,, 1970).
E==3>250 ng C/n’/yr [ )150-250 mg C/m"/yr
m 100-150 mg C/m?'/yr Y/} <100 ng C/mz/yr
+ - Station with standing crop of »2,0 mg :{/mz.,

o - Station with standing erop of 1.5 1o 2.0 ng I/mzt
& - Station with standing crop of <1.5 mg I/mzu
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though this map of productivity is rather crude, a qualita-
tive correlation between the standing crops of particulate
iodine and preductivity is still apparent. Standing crops
above 2 mg»l/mz in stations 3, 11, 18, 27 and 60 are all
associated with high productivity whereas in the niddle of
the gyre, stations 29, 31 and 54, the standing crops avre
helow 1.5 mg»«l/mze Finer detalls can be observed with the
help of more refined maps of productivity. The marked dife
ference in the standing crops betwsen stations 17 and 18
probably reflects ﬁhe laﬁge difference in productivity
between the Norweglan Sea and the Greenland Sea as shown by
the more detailed map by Berge (1958). Zones of high pro-
ductivity also hug +the coasts of the southeyrn tip of Green-
land and the north-~eastern coasts of Canada, wher@a“; in
between these zones in the Labrador Sea, the productivity
ig lower (Steeman Nielsen, 1958)., The distribution of the

rea 1Ls con-~

8]

standing crop of particulate lodine in this
sistent with this pattexrn with highsr concentrations at

gtation 11, 3 and 27 and lower concentration at station 5.
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CHAPTER IV. THE INTERCONVERSION OF THE DISSOLVED IODINE

SPECIES IN THE OCEAN
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IV.1 Introduction

In this section, our present understanding on the
effects of thermodynamics, chemical kinetics and biological
activity on the interconversion of dissolved icdine species
will be reviewed. Based on this information and data from
further laboratory studies, the relative stability aﬁd the
fate of the various species of dissolved iodine will be
agssessed. The plausibility of invoking these specles as

agents in geochemical processes will be examined.
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IV.2 The thermodynamlc prbpertieg of the agueous iocdine
gystenm
Todine shows five principal oxidation states:
(1) ~1 as hydroiodic acid and iodides: (2) 0 as elemental
iodineé (3) +1 as hypoiodous acid and hypoiodites; (&) +5
as iodic acid and iodates; and (5) +7 as periodic acid and

periodates, Other oxidation states (+4 and +3) have been
reported but they are treated m@rely as chemical curiosie-
ties (Latimer, 1952}, Some thermodynamic properties of the
iodine systen are summarized in tables IV~2-1 and IV-2-2,
The relative abundances of the various speéieg
at equllibrium, at a total lodine concentration of 5 x 10 M
as a function of pE and the detection limits of our present
analytical capability are shown in figure IV-2-1. &Lbove a
pE of 10,7, iodate is the dominant form, while, below a
pE of 10.0, iodide will be dominant. Iodate and iocdide co-
exist in measurable guant lﬁlas only within the pE range of

10.0 to 10.?a A1) the other speCLes are presently undetsct-

able., The concentration dlagram does not show the relative

o

tabllities of all the spscies. It only presents the compo-
sition of the mixture at equilibrium. The relative stabili-

ti

o

of the different gpecies of a single elemant may be
better shown by an oxidation state diagram (Johnson,
1968) which has not yet been used by oceanographers. It

is a plot of the electrode potential for the conversion

~1 84~



Table [V-2-1 The thermodynamic properties of some

lodine species

Formula State Hfo s° Ff sSource
Keal cal/deg Keal
1" aq 13,37 26,14 ~12.35 1
13" aq -12h 1,5 ~12.31 1
15" aq 6.9 3
I, g 14,876 62,280 L,63 1
_ 12 c 0 27,9 0 1
Is aq 5.0 3.926 2
103"” : - aq -55.0 277 -32 H 1
Hy 10" aq w254 1,3
HIO aqg =38(%) «23,5 2
0" ag -34(%) ~8.5 2
HIO,, ag w15,02 3
10, aq ~12.7 3
Hﬁlﬂéw aq -123,88 3
HIO. ™ aq ~58.11 3
105“”“ ag ~L3.11 3
ICL c ~8,03 2l 5 =3 .24 2
1013 c ~2101 Li.l «5.36 1
HIO3 aq -33 .34 3
IC1 aq ~ly 0 2

*  Garrels and Christ
I Rossinl, Wagman, BEv
2 Latimer (1952)

3 Anonymous (1960)

aq - agueous; g - gaseous; ¢ - crystalline
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Fig. IV~-2~1 A concentration diagram of the iodine system in
an agueous solution at pH of 8.1 and total iodine -
concentration of 5 x 10 7M¢
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of an element from a certain oxidation state to its standard
state against the oxidation state. It shows the stability
of a certain oxidation state towards oxidation, reduction
and disproportionation. It also points out the possibility
of the existence of metastable species. Oxidation potentials
ave usually given in two sets in standard textbooks, with
one set determined in 1 N acid and the other in 1 N base
(Douglas and MeDaniel, 1965). The reference state used by

3,

chenmists is the hydrogen-hydronium ion couple. In natural
waters, hydrogen does not occur in significant guantities.
The oxygen-water or the oxygen-hydroxide ion couple seenms
to he the more appropriate reference state. Thus, in aclid,
the reference couple will be

e - 2 lia™ X
02 ¥ }‘4‘11. < w"@ = 21{

and; in base, the reference couple will be

50 log X = 83,1  (IV-2-1)

0, ZHZO + he” = NOHT log K = 13.56 {IV-2-2)
The oxida state diagram of the lodine system 1s shown

in figure IV-2-2 and the thermodynamic parameters ussad
in the construction of the diagram are shown in table IV
2~3.

In an acidic solution, iodate is the most stable
form. Todide will be oxidized to elemental lodine which is
metastable., Hypoiodite will disproportionate o form iodate
and elemental iodine whereas periodate will be reduced to
iodate. Although elementzal iodine is lessvstable than

iodate, it is a metastable form and it will not be oxidized
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The Oxidation State Diagram
of the Agueous lodine System

.0

volt

s OXTd@tron
8 Srate

o

nk

Base

o | 2}
|

Fig. IV-2-2 The oxidation state diagram of the lodine
system in an agusous solution. In acid, the 02»}£20
couple is used as a reference. In base, the 02~OH”
couple is used as the reference.
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Table IV-2-3 Data for the construction of the oxidation

state diagram of the agueous lodine systea®

Reaotion REO{a) . nﬁg(b) nEO(C)
volts voLlts volts

In acid

17 S I? -0, 54 +0.69 s om v
HIO 2 12 +1 .45 +Q,22 -
103” e I Y +6 .00 =0.15 .
HglOg e R P 9ol +0.80 -
In base

i s I, ~0, 54 i 01l
10”7 - > I? QM5 e +0.05
103“ enmcmarnany I? +1.01 o w099
H31®6 rm——— 12 b2 o bl e =0 ,39

Standard half-cell emf {(in volts)
In acld

- e ) -t o } - e - i
L LA SR EL ST T, RS VL & T I TY/A TP
2 3 . 5770
L ‘ ]
“1020
323
Haﬁ » 02
In base ” ) ,
had "“Owﬁ‘a!‘ - =0, "5\_ e ‘”0@3-.'{ - =0, . i
[
L""On‘é’
L =0 B0
OH > 02

* Data from Latimer (1952)

{a) Relative to the szH¢ couple,

(b) Relative to the 0,-H,0 couple.
(e} Relative to the 0,~0H  couple,
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to ilodate unless it is first oxidized to hypolodite and
this astep is thermodynamically unfavorable. Thus, a solution
of lodide in an acidic m@dzum will bve oxidized to elemental

lodine which will pewsist in such an oxidation state.

In a basic solubtlon, ilodate is still the most

0

table form. However, lodide i now the metastable species.

cth elemental ilodine and hypolodite are subject to dis-

[ws]
3]

proportionation giving iodide and i@date as the final pro-
ducts. Periodate will again be reduced to iodate. Thus,
lodide will persisﬁ in a basic solution and its oxldation
to lodate may be initiated only if it is first oxidizad

to elemental iodine. Although the ocean is neither 1 N in
acid nor 1 N in base, one may expact jodine to exhibit
behaviors more similar to those in a bzstc solution since
sea water has a pH of 8.1 (Sillen, 1961).

The stability of the iodine system relative to
the other more common redox couples in the ocean 1is shown
in the electron free energy level diagram in figure IV-2~3.
The data are compiled in tables IV-2~-1 and IV-2-4. In this
diagram, the oxidized species of a couple lower down in the
energy scale will oxidize the reduced member of a couple
higher upwhen all species are in their standard states.
Thus, in an acidic solution, oxygen will oxidize iodide to
iodine according to the equation

BIT 4+ WHT 4 0, = 21, + 2H,0 (IV-2-3)

whereas, in a basic solution, the corresponding reaction
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Electron Free Energy Levels

In Acid In Base
NADPH NADPY
o _
™
Ho H*
ok 107 103
1,24 103
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T /1 \\\ ‘
- HS SOy I aq 107
S
= * e 05,H20
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S )
NS ! 10
S o
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©
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3
g 1053
-
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Fig, IV-2-3 The electron

P

free energy level diagram of the
iodine asystem and some relevant couples.
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L7 o+ 0, +' 2H,0 = 21, + LOH™ (Tv-2-4
will not occur.

The other redox couples presented in the figure
are frequently involved in blochemical reactions. Reduced
species such as sulfide, nitrite, ammonia, methane and me-

thanol, which may bs produced as msitabolic byproducts, all

have the potential of changing the oxidation state of ilodines.
o]

0

A particularly interssting redox couple is the NADPH (re-

duced nicotinamide~adenine-dinucleotide phosphate) and the

3

3"

NADP  couple. The interconversion between thess two species

is & well known route for electron transfer in bilochemical
processes (Lehninger, 1965). The clectron free energy level
of this couple is high and 1t implies that biological pro-
cesses involving the interconversion betwesen NADPH and

. o+ . . . . . s
NADP  may induce the interconversion between iodide and

lodate 1f these two meactions can be coupled together.

=1 Gk



IV.3 The complexation of iodide in sea water

Since sea water isg a complex mixture of ilons, the
association of ions to form complexes and ion-pairs such as
MgSQﬁ(Garrel$ and Thompson, 1962) is well recognized. The
formation of complexes will change the chemical behavior of
an element, Thus, in considering the physical chemistry of
iodide, the possibility of complexation must be examined.

I have studied the conmplexation of iodide by po~-
tentiometric titrations of solutions with standard iodide
solutions using an lodide specific electrode as a.@etector@
The electrode potential is given by the Nernstian eguation

E = 8% - 59,16 log C (IV-3-1)

A
at 25°C where B is the observed electrode potential in nV,
E® is a characteristic empirical constant and CI is the
activity of the iodide lons, If Cp is the total concentra-
tion of iodide and C. is the ecncenﬁfation that has under-
- gone complexation, then

¢y =Gy - Cy (1V-3-2)
and E = E° - 59,16 log (Cy - C_). (IV~3-3)
If no complexation occurs, Ce = 0 and log CT will he a
linear function of B, On the other hand, in the presence of
complexing agents, a plot of E against log GT will no longer
be linear unless C(3 is a linear function of CT so that Cc
= k CT where k is a constant. However, as such a titration

roceeds, the complexing cavaclity of the soluition is reduced
. & 3 4

and may finally be exhausted. Consequently, Cc will probably
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be more dependent on the complexing capacity than on the
amount of lodide added to the solution.

Figure IV-3-1 shows the potentiometric titration
of 2 1 of a 0,01 ¥ Na « LOH

Bu 0 and 0.5 M NaCl solution

270 2
with standard ilodide solutions at 250Ce The borate acts as a

2y

pH buffer, poilsing the pH of +the solution at about 9, The
sodium chloride sets the ionic strength of the solution which
will be about 0.53 molal. The iodide concentration in the
solution after each addition of the standard iodide solution
is calculated from the concentration and the volume of the
titrant added. The electrode potential is linearly related
to the log of the concentrations above 10 )h with a slope

of «54 mV per concen"crationdecadee Figure IV-3-1 also

shows the results of a similar titration of 2 1 of Woods
Hole surface water (salinity ~34 to 35%e ) which has a com=-
parable ionic strength of 0.67 molal (Kester and Pytkowicsz,
1969). The electrods potent lal is again linearly related

to ‘the 1og.of the concentrations above 10 5M with a slope

of ~52 mV per concentration decade.

The linear relationships and similar slopes sug~
gest that lodide behaves identically in sea water and in
sodiun chloride solution. Rechnits @t‘aln (1966) reported
a range of the slope of -53 to -59 mV per concentration
decade for the calibration of an iodide electrode in care~-
fully prepared standard iodide solutions using sodium

nitrate as the lonic strength adjuster and under meticu-
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lously controlled experimental conditions. The agreenment
between the reported slopes and those determined in this
study also suggests that the complexation of lodide in sea
vater is unlikely. This interpretation also agrees with the
caleculation in table I-2-4 which shows that the percent of
contact ion-pairs of iodide estimated from partial molal
volumes 18 negligible within the uncertainty of the calcu~

lation.
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IV.4 Chemical kinetiecs in the interconversion of agusous
lodine species
The oxidation of lodide to lodate has not bheen
studied previously. & gtudy of the literature showed that
experiments werse designed mainly to observe the oxidation
to adjacent oxidation states, Pagt efforts were focused on

three reactlons:

- o e L + Fs RS T mL -
617 + 0, + 4H 213 k 2H,0 (TV~liml )
I, + OH" = HIO + 17 (IV~4-2)
3HIO + 30H” = 103" + 217 + 3H,0 (IV-i3)

Studies on reaction (IV-4-1) were always done in
strongly acidic medium. The results of earlier investigators
(Plotnikov, 1907, 1908; Winther, 1924, 1926; Berthoud and
Nicolet, 1927, 1928) contradict each other. More recently,
careful investigations from two different groups (Abel,
1952, 1954, 1958a, 1958b; Sigalla and Herbo, 1957, 1958)
Tinally yielded consistent results. They suvggested the rats
law

a(157)/at = (0,) (17) H") (TV-limlt)
Sigalla and Herbo (1957) reported k at 25°¢ to be 8 x 1073
N”Z min"l and Abel also reported k of similar magnitude
{1952, 1958a). A summary of the available data is shown in
table IV-4~1, However, while Abel favored a mechanism
involving a series of reactions with one electron transfers,
the formation of free radicals and chain reactions, Sigalla

and Herbo proposed a series of reactions with two electreon
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transfers and without the production of free radicals or the
initiation of a chain reaction. Alridge (1966) studied the
reaction again and arrived at the same rate law but he Tfalled
to further clarify the mechanisms. However, all the proposed
mechanisms involve intermediates such as 107, HIO or atomic
iodine although their stability in aguesous solutions has

not bsen thoroughly investizated. |

b

Avppropriate precautions should be taken in extra-

polating these observations to natural conditlons as these
experiments were all performed in artificlal medium with an
acld concentration of no less than 0.1 N, ilodide concentra-
tion of no lower than 0,06 M and plentiful supply of oxygen.
Catalysis by trace constituents has been carefully and
intentionally removed. In the ocean, the pH is 8, the jodide
concentration is less than O.ﬁ uM and the oxXygen concentra-
tion 1s usually less than 225 ul. Moreover, sea water con-
tains numerous trace constituents and some of them may
catalyze the reaction., Some of the known catalysts are
cupric ion (Sigalla and Herbo, 1958) and iron (Alridge,
1966). If indeed the rate law can be extrapolated to the

.

ocean, the rate of formation of elemental lodine from lodide
at 25°C will be 9 x 1071 1 min™t or 1.3 x 107 wi aay”t,
an undetectable rate indeed.

The hydrolysis of elemental iodine in basic
solution is extremely fast. Earlier chemists "agsumed that

the speed with which equilibrium is established precludes
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any adequate investigation" (Morgan, 1954). Most of the
reactions involved in the hydrolysis of the halogens, with
the exception of chlorine, occur in about 10"3 second or less.
Eigen and Kustin (1962) were able to study these reactions
by using a T-jump relaxation technigque. For the overall
reaction (IV-4-2), they determined the rate constant k to
be 3 sec:“1 with (H+) of 10”5M, (Iz) of 10”3M and an ionic
strength (u) of 0.1 molal. Thus, the rate law is _
a(HIO)/dt = (3 sec™™) (I,) (IV-4-5)
and the half life of elemental ilodine will be less than 0.5
second. Again, the experimental conditions are appreciably
different from the oceanic conditions. However, if their
study can be used as an indication of what isg happening in
nature, 1t implies that the life time of elemental iodine in
the ocean will be extremely short, This seems to corroborate
the field observations since elemental iodine has never been
detected although its formation has been proposed (Shaw,
1959; Miyake and Tsunogai, 1963). The mechanism for the
hydrolysis of elemental iodine is complicated and Eigen and

Kustin suggested the following scheme

I, + H

2
J \x/ I,0H" + H &= H10o + H" + 1~
=

I, + OH + H

20

However, this mechanism has not yet been verified by other
investigators.
The disproportionation of hypoilodite to form
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iodate in a basic solution has been studied by a number of
chemists sgince the turn of the century; Forster (1903)
proposed the first rate law and Skrabal and coworkers (1907,
1908, 1911, 191k, 1916, 1934) followed with a series of
reports. The historical developmenﬁuhas been reviewed by
lorgan (1954) and the proposed rate laws are summarized in
table IV-k-2. The most recent report by Li and White (1943)
gave the rate law as

~a(107)/at = k, (107)% + 1y (107)*(X7)/(0H™)  (1V-k-6)
vhere k; = 2.9 1"t nin™t ana k, = 10k Mt min~t. This rate
law wag obtained from strongly alkaline solutien. The
hydroxide ilon concentration varied from 0.923 M to 0.177 M
and the iodide concentration varied from 0.085 M %o 0.015 M.
In the ocean, (0H) is about 10"6M and (I7) is less than
0.1 uM, (I07) must be less than the total iodine concentra-
tion of 0.5 uM. If this rate law is assumed to be applicable
to sea water, then, as an upper limit, ~d(I07)/dt is 3.3 x

=12 1 1

10 Mmin ~ or 5 x 1077 day ~. This rate is slow and

may not be measurable in the laboratory easily.
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ted interconversion of the lodine
species

That iodine is concentrated in some marine organ-
isms has been known for a long time. Bowen (1966) gave
concentration factors of 1200 and 6200 for mixed plankton
and brown algae respectively. Enrichment factors as high as
10& have been reporied for some brown algae (Mauchline and
Templeton, 1964), A summary of the existing data is shown
in section I.2.4. Barly studies (Bailey and Kelly, 1955;
Tong and Chaikoff, 1955; Klemperer, 1957) focused on the
mechanism for attaining and sustaining such high concentra-
tion gradients between the cell and its surrounding medium.
A common conclusion of these gtudies is that only iodide
is removed from sea water into the cell. Inside the cell,
iodine occurs mainly as iodide, although a fraction of it
may ocecur in organic forms. Howsver, upon hydrolysis, only
a trace of the organic iodine is left, The major portion of
it is converted into inorganic iodide. Shaw (1959, 1960)
investigated the possibility of accompanying changes in the
speciation of iodine during iodide accumulation by the brown
sea weed Lamiﬁaria digitata. He reported that, in agreement

with some earlier studies (Dangeard, 1928a, 1928b, 1930;

jo )

Kylin, 1930; Roche et al., 1949), iodide can be oxidize
to iodine by marine algae and the oxidation can proceed in
the dark. The elemental ilodine then quickly undergoes hydro-

lysis to form hypoiodous acid, which, being a neutral mole-~
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cule at the pH of sea water,'can easily diffuse into the
tissues. Inside the tissues, hypoicdous acid may elither be
reduced back to ilodide or be converted into organic iodins.
Since the tissues have a lower permeability to lons than to
neutral molecules, iodide is retainsd inside the tissues.

He presented a scheme as shown in Tigure IV-5-1 (Shaw, 1959,
1962). More récently, Gozlan (1968) also reported the occur-
rence of ilodine-producing bacteria.

Sugawara and Terada (1967) studied the assimila-
tion of lodine by a species of the marine alga, Navicula.
They reported that the alga preferentially assimilated
iodide lons. Little or no uptake of iodate ions occurred.
In fact, excessive amounts of iodate can hamper the growth
of the algae. There is evidence indicating the conversion
of iodide to iodate and vice versa during the growth of the
algae.

The reduction of iodate to iodide by bacteria
has been reported by Tsunogal and Sase (1969). They con-
cluded that bacteria that are capable of reducing nitrate
to nitrite, using nitrate reductase as the enzyme, can also
reduce lodate to iodide. They also claimed the detection
of the formation of elemental lodine in the process.

These studies indicate that biological activity
is important in the interconversion of thé ilodine species.
Both the oxidation of lodide and the reduction of iodate can

be induced by such processes. However, since these studies

~206~



seawater tissues

st //
"ot tiss.%x;’_/i //

“constituents

O

/re,duce/d

OZ'*'I'

\

iodide

I HIO
2

y HIO Ftis5u
\ /t)/m/:é/e/\ /\//l!//c?nsut?t ents
1.0 “‘——-v—}'rfrll / //(] 7///
‘L )

odinated tyrosine
S st PSS

Fig. IV-5~1 A possible mechanism of iodide absorption
by brown algae proposed by Shaw (1959).

207 -



are limited to a few species of algae and bacteria, it is
as yet unclear whether these processes are quantitatively

important in affecting the oceanic distributions.
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IV.6 Previous laboratory studies

Sugawara and Terada (1958) were the earliest
investigators to study the stablility of various specles of
iodine in sea water. They added in excess of 50 mg of ele-
mental iodine to a liter of sea water and cbsepved a gradual
decrease in the elemental lodine concentration and a corres-
ponding inerease in the lodate concentration. Less than
L0% of the elemental iodine added was left after 25 days.
This rate is substantially slower than those determined in
artificial media (see section IV.4). Nonetheless, this
experiment shows that elemental iodine is unstable in sea
water and Sugawara and Terada favored the hydrolysis of
elemental iodine to hypolodite and 1ts subsequent dispro-
portionation to iodate and iodide as an explanation for

their observations according to the reactions

I, + OH =17 + 107 + Ht (IV-6-1)
and 3107 = 217 + 103‘" ‘ (IV-6-2)

They also suggested that the direct oxidation of iodide to
a higher oxidation state, such as hypoiodite, is difficult.
Recently, Truesdale (1974) has re-examined this
problem. He suggested that elemental iodine in sea water
‘may behave differently at trace concentrations. He limited
the addition of elemental iodine to less than 1400 ug 12«1/16
He also observed & rapld disappearance of elemental iodine
in sea water. Less than 15% of the added elemental iodine

igs left after 24 hours. In low iodine concentration (260
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ug 12«1/1)p all the elemental lodine disappears after 30
minutes. The rate of the veactlon decreasss with time. How-~
ever, in the first half an hour, the rate is always about
240 uM/day. He suggested that the elemental ilodine initial
1y reacts with organic compounds elther by reduction to
form iodide or by iodination to form ilodinated derivatives.
At low elemental lodine concentrations, the organic con-
pounds in sesa water may be able to consumes all the elemente
al ilodine. At higher elemental iodine concentrations, after
these organic compounds are exhausted, the slower reactlions,
the hydrolysis and subseguent disproportionation of element-
al ilodine to form iodate, may then proceed, Thus, according
to Truesdale (1974), the fate of elemental iodine in sea
water will mainly be

I, + 2R = 2RI | (IV-6-3)
and I, + 2R = 217 + 28" (LV-6-4)
where R is an unknown organic oompoumd; There arve some
doubts about the reliability of these results. Truesdale
purged all the oxygen from his reaction mixture with nitro-
gen before initiating his experiments because oxygen is an
interferent in his analytical method. The effect of the
absence of oxygen on the reaction pathways is not known. An
inert nitrogen atmosphere instead of the natural oxidizing
atmosphere may suppress oxidation and thus favor the reduct-
ion of ilodine. Consequently, his conclusions should be

treated with caution.
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IV.7 Laboratory studies
IV.7.1 The oxidaticn of iodide in an agueous solution
Iv.?7.1.1 ZExperimental

Potassium iodide is added to solutions with known

pH and ionic strengths so that the final concentration is

about 1 mM in lodide. The medium may be filtered Woods Hole

5

gurface water or an artificial solution. Two liters of the

solution are quickly transferred into a reaction vessel in’

¥

a constant temperature water bath., Alr or oxygen is bubbled
through the solution. The pH, temperature and lodide con-
centration inside the reaction vessel are monitored by a
combination pH electrode, a thermometer and an lodide ion
specific electrode. The temperature bath is covered with
gtyrofoam sheets to minimize heat loss and direct light.

A sketch of the apparatus is shown in figure IV-7-1.

IV.7.1.2 Results and discussion

Figures IV-7-2 and IV-~7-3 show the results from
five experiments in various solutions at different pH
values. In the first three experiments (figure IV-7-2), a
medium which is 0.1 M in potassium nitrate and 1 mM in
potassium iodide was used. The pH was buffered at 9, 12 and
6.7 respectively and the temperature was maintained at 4900.
A decrease in electrode potential will indicate an increase
in ‘the iodide concentration. Thus, as the oxidation of

iodide proceeds, the electrode potential should increase in
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the positive direction. No consistent trend was obsserved.
At pH 9, there was in fact a decrease in electrode poten-
tial of 6 mV in 6%‘hours¢ No electrode potential changes
could be detected at pH 12 in 6 hours, while at pH 6.7,1it
increased in a haphazard manner for about 9 mV in 23 hours.
(The sharp change in electfode protential in the initial 30
to 60 minutes was caused by the tempefature eguilibration
between the reaction mixture and the temperature bvath.)

In the fourth experiment (figure IV-7-3), a 0.5 M
sodium chloride and 0.1 M hydrochloric acid solution was
used. The lodide concentration was 0.5 mM and the pH was 1.
The bhath temperature was maintained at ZSOC. The variations
in electrode potential were only about 1 to 2 mV in 53 hours
and should be considered constant within the enperlmental
uncertainties. No change could be observed even when oxygen
instead of air was bubbled through the solution. A similar
experiment was done using sea water which had besn titrated
to a pH of 0.9 with hydrochloric acid (figure IV-7-3). The
electrode potential dropped 2.5 mV in the first 3 hours. It
then drifted downwards slowly for the next 95 hours. The
total drop in electrode potential in the entire experiment
of 98 hours was only & mV.

These experiments did not provide any conclusive
information, In retrospect; the use of an electrode as a
sensor for the disappearance of iodide in this study is

actually a poor choice, The change in electrode potential
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(AE) is a logarithmic function of the change in iodide con-
centration since
AE = 59,16 log (a-./a..) (IV~7-1)
v 710
where a1 is the activity of lodide at time T, 2rg is the
initial ilodide activity and AE is in mV. Thusg, with slow
reactions which do not go to completion, obseprvatlions will

.

be made in a region where the elecirode response is least
sensitive to concentration changes. In this series of eiperw
iments, the maximum change in electrode potential was an
increase of 9 mV in 13 hours in expsriment 3. This AE cor-

respoends to

15
(]

0% decrease in the initial concentration.

In the otheyr experiments, AE wag less than 2 mV but it may
still represent a 9% decrease in concentration. However,
over such a long time span for the experiments (7 %o 97
hours); other faotors; guch as elec%rqﬁe drift, may be sufl-
ficient to account for these changes in electrode potentials
too. Moreover, there is no systematié change in the rate of
digappearance of iodide with varying pH. Even. within an
experiment at consgtant pH, the change in electrode potential
with time is often haphazard. In one of the experiments,

the change in electrode potential would actually suggest an
inecrease in the lodide concentration. This is physically
impossible. The only generalization that may be derived from
these data is perhaps that iodide is not easily oxidized in
agueous solutions. The rate of the reaction is too slow to

be observed with the techniques used here.

216~



IV.7.2 The change in iodate concentration in sea water

with time
IV.7.2,1 Experimental

Woods Hole surface water 1s collected and filtered

through Whatman 40 filter papers. The filtered sea water is
divided into sub-samples which are stored in 250 ml poly~
ethylene bottles at room temparature (about 259C). 4 sample
is transferred to the freezer after each preset time inter-
val. All the samples are analyzed for iodate at the end of
the experiment by the colorimetric method as described in
section IT.3., The initial sea water {rozen immedlately
after collection is used forxr the construction of a calibra-

tion curve.

IV.7.2.2 Results and discussion
Figure IV-7-4 shows the results from an experi-

ment for a duration of 52 days. The sea water has been
analyzed before the experiment was started and it was found
to contain 22.3 ug/l of iodate-iodine and 15.7 ug/l of
iodide~iodine. Within the error bar (ﬁ 5%), no change in
iodate concentration could be observed after 52 days of
storage at room temperature. The best £it by the linear
least square method gives

(103") = 0,002 t + 22,34  (IV-7-2)
where't is time in days. The correlation coefficient is

0.05 and the standard deviation of the slope is +0.547.
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Thus, 1f indeed ilodate has been produced by the oxidation of
iodide within the period of 52 days, 1t is undetectable with

this method and the change is less than the experimental

uncertainty of +1 ug-I/1.
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IV.7.3 The stability of elemental lodine in an agueous
solution

IV.7.3.1 Experimental

Standard iodine solution (3% w/v in potassium lodide)

10 g of distilled water and 7.5 g of potassium
iodide are transferrved into a stoppered weighing bottle.
0.0317 g of elemental iodine (% mmole I,-I) is added to the
solutioh, The mixture is gently swirled until the elemental

iodine is completely dissolved. Th

w

solution is transferred

[

into a 250 ml volumetric flask. The weighing bottle is
washed three times with small amounts of distilled water and
the washings are also added to the volumetric flask. The
solution is +then diluted to volume. The concentration of
jodine is determined by titrating 25 ml of this iodine solu-~
tion with a standard sodium thiosulfate solution (4.0356

mM) using the starch-iodine color for the detection of the
end-point. The amount of iodate present in the iodine solu-

tion as an impurity is determined from the difference

i

n
the amount of thiosulfate consumed batween an unacidified
and an acidified sample of the iodins seolution. The concen-
trations of iodine and iodate in the standard iodine solu~
tion are 0,9243 mM I,-T and 0.02588 mii IOB"»I from the

average of two determinations.
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Procedure

Two liters of an artificial solution or sea water

arve transferred into a reaction vessel in a constan

Y

Tempai-
ature bath. The solution is gstirred at a constant rate. The
pH of the solution is wmonlitored with a cmmbiﬁaﬁion pH eleg-
trode. After the reaction mixture has thermally equilibra-
ted with the water bath, 5 ml of the standard ilodine solu-

,

tion is added. Forty ml of this mixture is pipetted into

o

each of two 50 nl volumeiric flasks at fixed time intervals.,
In one flask, the solution is diluted to volume and its
absorbance is measurad as guickly as possible in a 10 om
cell at 353 nm. To the other flask, which contains 1 nl of
0.1 M sulfuric acid before the addition of the gample; 2 nl
of a 5% (w/&) potassium lodide solution is added and the
mixture is diluted to volume. After allowing thé mixture to
stand for 5 minutes with occasional shaking, its absorbance
at 353 nm is measured.

In the first two experiments, the medium was Woods
Hole surface water filtered through a Whaiman 40 filter
paper, The third one was distilled water titrated to a pH
of 8.2 with a 0.1 M sodium hydroxide solution. The fourth
one was & 0.5 M sodium chloride and 2.25 n¥ sodium bicar-
bonate solution. The pH was adjusted to 8.2 by titratving

the solution with a 0.1 M sodium hydroxide solution.
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IV.7:3.2 Results and discussion

The inorganic lodine specles added to the medium
gave the following concentrations: 292.5 ug Izml/l, 8.2 ug
103“w1/l and 57 mg I -1/1. The amount of elemental iodine
added is at the lower end of the concentration range used
by Truesdale (1975) and should not mask his proposed reac-
tions with the organic compounds. The amount of elemental
iodine in the solution was monitored by measuring the absor-
bance of the solution at 353 nm in a 10 cm cell. At this
wavelength, both elemental iodine and the tri-iodide ion
absorb strongly (Awtrey and Connick, 1951) while the other
iodine species do not absorb significantly.

Some of the reactions that may be involved in the

experiments are

I, + 17 @ 13“ (1v-7-3)
I, + Hy0 @ I7 + HIO + H' (TV~7~0t)
HIO = HY + 107 (IV-7-5)
2R + I, = 2RI (Tv-7-6)
3107 = 103“ + 217 (Iv-7~-7)
R + HIO «—3» RI (Iv-7-8)
107 + reducing agent = 17 (IV-7-9)
1057 6" 4+ 517 = 3I, + 3H,0 (IV-7-10)

R represents some unknown organic compounds.
Figure IV~7-5 shows the results from four experi-
ments in various media. IT elemental iodine is stable in an

aqueous solution at a pH of around B, only reaction IV-7-~3
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will occur and it will yield a constant absorbance with time
in both the acidified and the unacidified samples. In reality,
in the unacidified samples, the absorbance 1is only about

0.01 to C.03. Although it is rather constant with time, it

is much lower than the expected value of 0.22, (This value

ig estimated from the amount of elemental iodine present

and a calibration curve obtained by generating known amounts
of elémental iodins through the reaction of lodate with
eXcess iodide in an acidic solution.) This consumption of
elemental ilodine occurs within a minute or two ~ the short~

e

est time within which an absorbance reading can be made -
and supports the previous reports that iodine ls unstable
in sea water (Sugawara snd Terada, 1958; Truesdale, 197 ) o
Since the reaction occurs in both sea water and distilled
water, the reaction seems to be only pH dependent and is
likely to be the hydrolysis of elemental lodine.

Upon acidification, the absorbance increases
sharply. In sea water, part of this abscrbance is due To
the iodate present as shown by reaction IV-7~10. This back-
ground absorbance is denoted as a broken line in figure
IV-7-6. The restoration of the absorbance by acidification
implies that the reactlon that consumes elemental iodine is
a reversible one. Thus, reactions such as reaction IV-7-6,
which is favored by Truesdale (197%), are not likely to
occur since such reactions are usually irreversible.

The absorbance of the aclidified samples decreases
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gslowly long after the lniltial elemental ilodine has hesn
consumed, as s ggegtéd by the constant and low absorhances
of the unacidified samples. This implies the presence of an
intermediate which can be converted back to elemesntal ilodine
upon acldification as discussed previously. Moreover, this
intermediate has 0 be reactive and it is this intermadiate
rather than elemental lodine that is irreversibly consumed
with time.

The nmost likely candidate for this intermsdiate
is hypoiodous acid since earlier studies have shown that
the hydrolysis of iodine to form hypoliodous acld is rapid

in an alkaline solution and this reaction (reaction IV-7-4)

3

is reversible (sea sections IV.2 and IV.4 for a mors detail-
ed discussion). It is also a very reactive species and it

can undergo reactions such as IV-7-7, IV-7-8 and IV~7-9,

The disproportionation of hypoiodite to form iodate (rsac-
tion IV-7~7) cannot account for the observed decrease in
absorbance with time in the acidified samples since ons

mole of HIO will produce two moles of I-I either throuzh
reaction IV-7-4 or through the combination of reactions IV~
7-7 and IV-7-10, Since lodate is stable in an aqueous solu~
tion, if reaction IV-7=7 is the only reaction occurred, there
will be no change in absorbance with time. The othe? routes
for the removal of hypolodite will be its reduction to iodide
by an organic or an inorganic reducing agent (reaction IV-7

~9) or the ilodination of organic species (reaction IV-7-8).
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Neither route can be ruled out at the present time.

In sea water, the absorbance of the acidified
samples drops to the background level within 2 hours. This
level is slightly higher than the absorbance from the lodate
initially present in the sea water and this excess (0.015
absorbance unit) is probably caused by the trace of iodate
in the standard lodine solution. For practical purposes, one
may probably assume that all the hypolodite is consumad
within 2 hours. Thus, the reaction that consumes hypolodite
seems to occur much faster than the disproportionation of
hypoiodite to form iodate (reaction IV-7-7). In the artifi-
cial media prepared with distilled water, less than 40% of
the initial absorbance is lost in 2 hours and this implies
that hypoiodite is consumed at a much slower rate in these
solutions. The presence of sodium chloride or changes in
ionic strength cannot be the cause since the reaction occurs
equally slowly in the 0.5 M sodium chloride solution {(figure
IV-7-6). A major difference petween distilled water and the
coastal surface sea water is in their organic contents. 1T
is possible that the wmuch lower concentration of organic
compounds in distilled water is limiting reactions IV~7-8
and IV-7-9 which are suggested earlier as the routes for
the removal of hypoiodite. Alternatively, one may attribute
the difference in reaction rate to the possible absence of
catalysts in trace gquantities in the artificial media.

The loss of iodine from the solution by volatili-
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zation is unimportant in this study. Truesdale (19?&) has
examined this possibility and found that the volatilization
of icdine does not occur at the pH of sea water. I have also
avoided the bubbling of gases through the vsaciion mixture,
kept the reaction temperature low {2506) and finished each

experiment w:

b}

thin 3 hours in order to further minimige this

L ad

problem, Thug, no elemental iQdine should have bean lost
during the experiments from th@ reaction mixture. Loss by
volatilization may also cccur in the acidified samples in
the volumetric flasks. However, I havevchecked the gtabi-
1ity of the absorhance of the triwiddide ilon in acidified
samples with time and found that there is no observable
change in abscorbance in over an hour. In my exp%rimehts,
the absorbance of each acidified sample was measured within
half an hour after the generation of the tri-iodide ions.
Thus, the decrease in absorbance with time cannot be ex-
plained by this mechanism.

In summary, my experimen®ts have shown that ele-
mental iodine is unstable in sea water. Its major decompo-
sition route is probably not by its direct reaction with
crganic compounds. Iodine probably undergoes hydrolysis to
form hypolodous azcid which further reacts with eilther re-
ducing agents to form iodide or ozganic molecules to form
icdinated compounds. These reactions seem o occur much
Tagter than the disproportionation of hypoiodite to form
iodate,
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IV.8 A possible oceanic iodine cycle

A tentative cycle of lodine in the ocean is shown
in figure IV-8-1. Only elemental ilodine and hypoiodite are
included as possible intermediates betweern lodide and iodate
because they are the only remaining lodine spscies that show
significant stabllity in aqueous gsolutions. The oxidation of
iodide to lodate does not necessarily have to go through

these

U

pecies. However, since my experiments suggest that
this reaction occurs with difficulty if it occurs at all,
this implies the presence of intermediate species which act
as energy barriers, Elemsntal lodine and hypoliodite are two -
possibilities, |
The oxidation of iodide to elemental iodine is

thermodynamically unfavorable in a basic scolution (sections
IV.2 and IV.4), but there is evidence suggesting that
organlsms can use enzymes, such as lodide oxidase, to cata-
lyze the resction (Shaw, 1959 section.IVQS)o If elemsnital
iodine is formed, i% may be transformed o iodate chemically
via hypolodite by hydrolysis and disproportionation. However,
other molecules may compete for hypoiédite and reduce it to
the -1 oxidation state. Thus, two cycles may be involved

(1) 17 commy Lo o T07 ey I (1V-8-1)

(2) I7 e Iy = 107 = 1057 —> 17 (IV-8-2)
Apparently, cycle (1) proceeds much faster than cycle (2),
However, once lodate is formed through cycle (2), it will

remaln stable in sea water. The only known way ©to remove
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thermodynamically unfavorable reactions

Fig. IV-8-1 A possible oceanic lodine cycle.
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laodate in the open ocean is by bacterial reduction to form
iodide (Tsunogal and Sase, 1969). This reduction of iodate

is thermodynamically unfavorable and a biological mediation

mst be inveked.
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CHAPTER V. CONCLUDING REMARKS
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Reliable analytical me: hodb have bsen developad
for the determination of lodate, lodide and particulate
ilodine in ses water. These techniques are gtraightforward
and thelr precisions are sufficient for studying the vario-
tions in the marine environmants.

In addition to physical processss such as advec~
tion and diffusion, the distribution and speciation of
dissolved iodine in the ocean seem to be controlled by
redox potentlial changes and blological activity also. The
drastic shift in redox potential from oxzygenated to sulfide-
bearing water in anoxic basing brings about accompanying
reduction of lodate to lodide as predicted from thermody-
nanlic considerations. In the open dceanaﬂ the occurrence of
iodide is confined to the euphotic zone and ﬁhe lodate con-
centrations at corresponding deptitns are low. This distri-
bution is consistent with the suggestion that iodide is
produced by the enzymatic reduction of iodate by organisms
(Tsunogai and Sase, 1969), In coaétal waters, the speclation
and distribution of i@diné may also be affected by the sea-
sonal changes in productiviity. Particulate iodine also
plays an important role in the cyeling of iodine in the
ocean. Relative to rocks and minerals, marine suspsnded
matter has much higher iodine content. The lodins~containe-
ing particles seem to be biegenic, The concentration of

particulate lodine is highest in the euphotic zone and it

drops sharply with depth to a background level. This dis-
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tribution is similar to the distributions of bioactive ele-
nents such as phosphorus and nitrogen in mérine suspended
watter, The standing crops of particulate iodine in the top
200 m also seenm to correlate with surface productivity. The
preferential dissolution of particles in strong pycnocline
also affects the distridbution of dissolved lodine in the
water column, The thermodynamically favorable autoxida-
tion of iodide to iodate in sea water may also be mediated
by bielogical activity. Iodide seems to be guite stable in
sea water. I was not able to show the oxidation of iodide
to lodate at a measurable rate. On the other hand, elemental
iodine is extremely unstable with a life time of seconds to
minutes in sea water. Thus, elemsntal iodine must be pro-
duced at a very fast rate if it is the vehicle for the
tranasfer of lodine from the oceans to the atmosphere as sug-
gested by Miyake and Tsunogai (1963). The diffusion of
iodine from the sediments into the water column probably
occurs in the Black Sea. However, in the open ocean, this
process is not clearly evident from the distribution of
lodide in the bottom water.,

There are still discrepancies in our understanding
of the marine geochemistry of iodine. Some of the major
gaps in our knowledge are: (1) the form and physiological
functions of lodine in marine organisms; (2) the rate and
products of the re~mineralization of lodine in organisms;

(3) the possible diagensis of iodine in the sediments and
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subsequent diffusion of iodine into the bottowm water; (i)
the agent for the transfer of lodine from the ocean into
the atmosphere; and (5) the interconversion among the oxi-
dized and reduced species of iodine via biological and
chemical processes. This study has defined the importance
of, pointed out the possible answers to and provided some

T

of the necessary tools for Tuture investigations of these
T
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APPENDIX A . DISSOLVED IODINE MEASUREMENTS IN THE EQUATORIAL

ATLANTIC DURING CRUISE AII-83 (JUNE, JULY, 1974)
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Station 2044 Station 2045 Station 2046 Station 2048
1958.6'N 10°%00.7'w  1°21.6°N 10%02.2'W 0°37.1'N 10%00.5'% 0°01.3'N 9°58.2'W

Depth Jodate Depth Jodate Depth " Jodate Depth Yodate
{m) (u) (m) (uM) {m) (uM) (m) (um)
1 0.249 1 0.24k 1 0.242 1 0.257
29 0.235 30 0.24g 30 0.273 29 0.273
39 0.231 40 0.266 40 0.302 39 10.293
Ly 0.226 50 0,264 50 0.373 49 0.486
59 ) 0,302 59 — 59 ‘ 0.513 59 0.366
69 0.457 69 0.h22 69 0.495 69 0.366
78 0.588 79 - 0.453 79 0.431 78 0.402
98 0.437 99 0.422 99 0.422 98 0.397
123 0.575 124 0.470 124 0.425 123 0.419
147 0.470 149 0.417 149 0.439 ih7 0.417
196 0.435 198 0.448 198 0.151 196 0.417
294 0.448 297 0.439 297 0.448 294 0.415
392 0.446 396 0.431 396 0.393 392 0.408
588 - 0.435 594 0,437 594 0.451 588 0.413
784 0.433 792 0. Ll 792 0.455 784 0.433
980 0.437 990 0. bLll 990 0.453 980 0.433
1170 0.437 1176 0. llk 1188 0.457 1176 0.433
1455 0.431 1455 0.437 1485 0.451 1470 0.419
Station 2050 Station 2051 Station 2052 Station 2056
0%40,2's 10%%4.2'%  1°21,0's 10%01.8"w 2%00.2's 10%00,0'W 2%03.4'N 16%04. 4w
Depth Iodate Depth Iodate Depth Iodate Depth lodate
(m) . (wd) (m) (ut) (m) (unt) (m) (urt)
1 0.282 1 0.277 1 0.262 1 0.220
23 0.304 30 0.306 30 0.300 29 0.176
30 0,342 39 0.664 ) 0.435 39 0.214
38 0.386 L9 0.557 50 0.48L L9 0.236
53 0.371 - 69 0.6 59 0477 59 0.580
61 0.393 78 0.419 69 0.433 €9 0.469
76 0.426 98 0.410 79 0,446 78 0.443
96 0.437 123 0.399 99 0.5 98 0.409
117 0. 196 0.435 124 0.415 123 0.423
160 0.431 294 0.448 149 0.413 1kl 0.411
252 0.446 392 0.437 198 0.408 180 0.425
340 0.435 588 0.428 298 0.433 280 0.398
522 0.433 784 0.419 595 0,446 366 0.425
696 0,444 980 0.l451 794 0446 528 0,427
870 RN 1080 0.453 992 0.423 700 0.k27
1044 0.453 1170 0.8 1190 0.408 864 0.342
1305 0.439 ' 1488 0.431 1095 0.423
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Station 2057 "~ Statlon 2058 Station 2059 Station 2060
1926.3°'N 16%04,9'w  0°40,3'N 16%01.2'W 0%00.2'N 16%02.0'w 0%19.9's 16°01.9"%

Depth Iodate Dapth Jodate Depth Jodate Depth Iodate
1 0.171 1 0.249 1 0.222 1 0.262
29 0.185 30 0.358 30 0.274 30 0.338
38 - 0.218 Lo 0.320 36 0.383 39 0. Lok
48 0.211 50 0.409 b2 0.411 49 0.451
58 0.211 60 0.309 50 0.51k 59 ‘0.429
67 0.%03 70 0.383 55 0.438 69 0.429
77 0,376 80 0.396 61 0.400 - 79 0.1k
96 0.314 100 0.369 69 0.409 99 041k
120 0.391 125 0.360 79 0.380 123 0.385
14l 0.387 149 0.405 99 0.405 148 0.407
192 0.398 199 0.398 124 0.418 197 0.365
288 0.398 299 0.h27 149 0.403 296 0.416
384 0.418 398 0.k25 198 0. h1k 394 0.407
576 0.398 598 0.409 297 0.423 %493 0.383
768 ©0.367 797 0.427 . 396 0.436

960 0.327 996 0,358 594 0.431

1152 0.418 1195 0,400 792 0.425

1440 0.403 1494 0.378 990 0.423

1188 0.438
1485 0.431

Station 2061* Station 2062 Station 2063 Station 2064
0938.2's 16°00.7'W  0°57.0's 16°05.1'W 1919.6's 16%03.4'%W 2%10.2's 15°59.9'v
Depth Iodate Depth Iodate Depth Todate Depth Iodate
(m) (um) (m) () (m) (uM) (m}) (un)
1 0.207 1 0.298 1 0.280 1 0.314
25 0.274 29 0.307 30 0.29% 30 0.300
33 0.311 39 0.320 39 0.311 Lo 0,500
42 0.256 L9 0.385 49 0.409 50 0.460
50 0.262 58 0. 434 59 0.394 60 0.451
58 0.256 68 0.431 69 0.416 69 0. ko
66 0.342 78 0,445 79 0.425 79 0434
83 0.365 98 04143 99 0.429 99 0.423
104 0.398 122 0.h43 124 0,429 124 0.k5
125 0.398 147 0.443 148 - 0.431 149 0.lhs
166 0.400 196 [y 198 0.429 198 0.458
252 0.403 295 0.445 298 0.436 298 0. lh7
340 0.403 395 0443 398 0.434 397 0. hl3
528 - 0.407 495 0.l4s5 599 0.436 595 0.k65
712 o.h14 799 0,436 794 0.465
890 0,391 999 0.431 992 0.476
1068 0.409 1198 0.431 1190 0. Lly7
1335 0.409 : 1497 0.h20 1488 0.463

# Post-tripped
Data discarded.
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Station 2086

Station 2067

Station 2068

Station 2069

Station 2070

1°00.4's 22%1.4'W

Station 2071

1%29.9's 22%2,9'w

1485

Station 2073

2%07.8'n 28%9,0'w

1%00.5h'n 21°59,5'  0°31,3'N 21°56,5'W 0%00.0's 21°53.9'W 0°28,9's 21°58.5'W
Depth Todate Depth Iodate Depth Todate Depth Todate
(m) (um) (m) () (m) (uti) (m) (unt)
1 0,307 1 0.293 1 0.286 1 0.257
29 0.286 28 0,293 29 0.311 30 0.277
39 0.318 37 0.302 39 0.379 Lo Y0,322
49 0.487 46 0.39% L9 0.415 50 0.449
59 0.469 55 0.514 59 0.534 59 0.687
69 0.428 64 0.471 69 0.460 69 0.694
79 0.437 7 0. 440 78 0.431 79 0.595
99 0.433 92 0.394 98 0.401 99 0.385
123 0,433 115 0.401 123 0.354 124 0.397
148 0.433 139 . 0.381 148 0.412 149 0.392
198 0.426 186 0.379 197 0.419 198 0.399
297 0,437 280 0.417 296 0.388 297 0.403
396 0.397 376 0,410 394 0.356 397 0.412
595 0.367 473 042k 592 0.383 98 0.412
793 0.397 791 0.2

991. 0,392 990 0.357

1189 0.433 1188 0.421

1487 0.338 0.401

Station 2074

1%22.4'N 28%00.4'W

Depth Jodate Depth lodate Dapth lodate Depth Iodate
(m) (uM) (m) (uM) (n) (ux) (m) (u)
1 0.266 i 0.279 1. 0,286 1 0,295
29 0,275 30 0.277 27 0,303 29 0.298
39 0.347 Lo 0,289 36 0.303 38 0.333
49 0,336 Ly 0.329 45 0.300 48 F0.577
59 0.482 59 0,550 sh 0.332 57 0.607
68 0.577 69 0,431 63 0.663 67 0.455
78 0.449 79 0,412 72 0.523 76 0.413
98 0,426 99 0. 4l2 90 o.4ho Q5 0.448
123 0421 124 0.442 113 0.460 119 0.455
147 .42k 148 0. 442 135 0.46L 143 0.460
196 0. 42k 198 0.446 180 0. 474 191 0.335
296 0.426 297 0.419 270 0.464 288 - 0.382
396 0,426 396 0.455 360 0.420 386 0.385
596 0.437 495 0.455 540 0.464 583 0,342
797 0.401 720 0.471 771 0.375
996 0,412 900 0. 24 957 0.415
1195 0.440 1092 0.478 1145 0.488
1494 0. 440 1380 0,464
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Station 2075 Station 2076 Station 2077 Station 2078
0%43.6'N 28%04.3'W  0%02.2's 28%00.5'W 0°16.5's 28°01,9'W 0%41.,5's 27%s8. 1w

Depth Todate Depth Jodate Depth Iodate Depth Jodate
(m) (um) (m) (uM) (m) () (m) (um)
1 0.291 1 0.170 1 0.254 1 0.290
28" 0.286 29 0.163 27 0,25k 29 0.290
38 0.2858 39 0.265 36 0.254 38 ,0.278
4y 0,298 L9 0.317 Ls 0.263 48 0,256
56 0,495 58 0.455 53 0,326 8 0417
66 0.340 68 0,462 62 0.333 67 0.550
75 0.371 78 0.446 71 0.419 77 0.437
ol 0,422 97 0.398 90 0,401 96 0.426
118 0.436 121 0.426 113 0.398 120 0. 414
1 0.399 146 0414 136 0.401 1l 0.41h
189 0.422 195 0.7 182 0,401 19k 0.435
285 [JIR215 591 0.417 276 0.407 294 0. hll
380 0.6 786 0.439 371 0.423 392 0.451
570 0.429 979 0.373 h69 o.h14 588 0.455
760 0.410 1470 0.403 784 0. L446
950 0.389 980 0. 41
1142 0.460 1176 0,451
1433 0.453 . 1470 0. 446
Station 2079 Station 2080 Station 2081 Station 2083
0°58.8's 28%02.8'Ww  1°20.2's 28%01.,7'W 2%00.7's 28%1.0'% 1%27.5's 33%02.2'W
Depth Todate Depth Todate Depth Iodate Depth Iodate
(m) (ux) (n) (uM) () () {m) (i)
i 0,057 1 0.204 1 0.213 1 0.286
29 0,125 29 0.211 29 0.229 29 0.291
38 0.158 38 0.229 38 0.240 38 0.295
58 0.197 48 0.272 48 0.265 48 0.288
67 0.523 58 0.426 57 0.469 58 0,288
77 0.453 67 0.537 67 . 0.401 67 0.291
96 0.328 77 - 0.362 76 0.428 77 0.303
120 0,335 96 0.367 95 0.437 96 0.160
144 0.337 120 0.369 119 0.410 120 - 0.467
194 0,344 144 0.374 143 0.428 14k 0467
291 0.360 193 0.365 192 0.435 193 0.481
493 0.353 292 0.376 293 0.435 292 0.476
390 0.383 392 0.482 390 0.476
587 0.403 590 0.435 587 0.495
78l 0.401 783 Co0.lkh 781 0.497
980 0.392 978 0. Ul 97l 0.488
1176 0.378 1169 0.426 1169 0.497
1470 0,394 1464 0.455 1461 0.495
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Station 2084 Station 2085 Station 2086 Station 2087

0%40,6's 32°59,1'%  0°19,0'S 33°00.8°%W 0%02.,0°'N 32°58,.8'% 0°26.4'N 32°57.3"w
Dapth Iodate Depth Iodate Depth =~ Iodate Depth Todate
{m) (uM) {m) (um) (m) (i) (m) (ur)
1 0,279 1 0,284 1 0.281 1 0.293
29 0.277 28 0.295 . 29 0.291 29 0.293
39 0.281 38 0.312 38 0.298 38 \0.298
L9 0.277 47 0.310 48 : 0.317 L8 0.307
59 0.295 66 0,434 58 0.356 58 0.324
69 . 0.443 75 0,563 67 0.413 67 0.k50
78 0. 46k 9k 0. 434 77 0.560 77 0,448
98 0.410 118 0.462 96 0.399 96 0.422
123 0,424 141 0464 120 0.460 120 0.485
k7 0.431 191 0.470 1hl 0.462 144 0.467
196 0.460 290 0.462 193 0.462 193 0. 464
294 0.460 388 0.467 291 0.460 292 C0.459
392 0.l55 488 0.6l 389 0.467 391 0.7k
588 0.467 587 0.439 492 0.399
784 0.448 774 0.453

980 0. 464 958 0.457

1176 0,460 1124 0.469

1470 0.457 1395 O. 47k

Station 2088 Station 2089

0%46,0'N 32%58,0'w  1%32,1°'N 33%02.9'w

Depth Todate Depth Jodate

(m) (ui) (m) (upi)

1 0.225 1 0.267

28 . 0.265 29 0.324

38 0.274 39 0.295

47 0,274 Ly 0.298

56 0.272 58 0.366

66 0.293 68 0.361

75 0,307 78 0.394

ok 0.356 97 0,530

118 0.394 121 0.460

k1 0.469 146 0,478

190 0.469 193 0.467

287 0.453 289 0.481

386 0.450 582 0,502

590 0.453 774 0.502

97k 0.485 1160 0.504

1170 0. 464 1449 0.490

L6k 0.488
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Station 2048 Station 2068 - ~Station 2078 Station 2086
0°01.3'N 9%58,2'% 0°00.0's 21953.9'w 0%1,5's 27958.1'w 0°01.1'N 32°59,8'4
*

Depth Iodide* Dopth Jodida Depth Iodida% Depth Xodide
(m) (uM) (m) (uM) (m) (ui) (m) (uM)
1 0.070 b 0.101 1 0.100 1 0,11k
25 0.083 24 0.091 29 ©0.110 24 0.112
50 0.055 L8 0.083 38 0.108 48 ‘0,111
7k 0.052 71 " 0.048 48 0.112 73 0.098
83 0.033 95" 0.032 58 ' 0,071 97 . 0.057
99 0.018 143 0,013 67 0,086 145 0.013
149 0.007 - 190 0.008 77 0.018 193 0.006
198 0.008 285 0.003 96 0.022 290 0.0C5
396 0.002 380 0,001 14l 0.027 387 © 0,002
594 0.004 575 0.001 194 0.003 580 0.005
743 0.001 1013 ~0.001 294 0.003 1021 0.001
1040 -0,001 1452 ~0.002 588 0.002 1315 0.001
1337 ~-0,002 980 0.002

1470 0.000

# fThe data tebulated here have been corrected for the reagent blank which is
0,006 uM + 0.,00145 i,
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APPENDIX B. DISSOLVED IODINE MEASUREMENTS AND HYDROGRAPHIC
DATA FROM THE VENEZUELA BASIN AND THE CARIACO TRENCH

DURING CRUISE AII-79
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Station AII-79-2033

Venezuela Basin.

13%22'8 64°43°W,

-t

Total Depths 400 m.

* Jodide concentrations havgfggrrected for the reagent blank which is 0.0046 uM,

~259-

Depth Sal. 6 0, PO, 830, I 103” 1 11/3al
(m) (%, ) (°c) (m1/1) (uM) (uM) (uM) (uM) (ud) (nmole/)
0 34,828 26,401 4,54 0 0 0.098 0.325 0.423 12.1
25 35,658  —— 4,55 0 o 0.124 . 0.318 0.2 12 .4
51 36,341 25.768  3.93 0.035 0 —— 0.370 - o
76 36,678 I~ k3 0.039 0 0.116 0.342 0.458 12.5
100 36.906  -~=- 3.88 0.170 0 0.377 0.438 0.815 22,1
148 36,685  —w- 3,45 0.228 0 0.151 0.469 0.620 16,9
196 36.322  17.309 3.3k 0.276 1.30 0.007 0.460 0.467 12.9
e 17.299
246 36.080 15.8?Z 3.46 0,424 3.35 —— 0.469 —— —
15. 84
296 35.865  —-- 3.37 0.491 3.35 0.004 0,46k 0.468 13.0
394 35,334 11.127  2.94 0.475 7.73 0.007 0,446 0.453 12.8
11.101
492 34,930 —w- 2.77 1.0k 12.57 ——— 0.497 — ——
589 34,760 2.338 2,87 1.16 14.53 —— 0.492 — —
. 888
688 34,751 —e- 3.09 1.18 17.23 0,003 0.498 0.501 14,4
737 34 754 5,809 3.18 1.17 17.88 - 0.492 —— —
5.795
780 34,774 5.565 3.46 1.15 18.81 —— 0.467 —— ———
5.557
838 34,816 —-- 3.65 1,16~ 18.90 - 0.480 — ——
a78 34,876  ~-- 3.75 1.0% 17.23 ——— 0.471 — ——
9L8 —— 4,901 o —— — — ——— - ——
976 34,918 5,169 4,17 0.956 17.60 0.001 0.476 0.477 13.7
1460 34,956 2.092 5.07 0.873 18.62 0.002 0,430 0.432 12,4
.11
1706 34,964 —-- 5,13 0.851 19.09 0.004 0.l 0.448 12.8
1955 34,991 3.919 5,20 0.825 20,30 0,000 0,462 0.462 13.2
3.915
Station AII-79-2033 (continued)
2167 34.974 %.ggg 5.22 0.815 20.11 — 0.466 — —
2425 34,975 oo 5.24 0.819  18.72 0,006  0.476  0.482
- 2478 3%.979 --- 5.00 0.812 17.88 ——— 0.4;1 — EELB
2663 34.977 %.ghg Loy 0.799 20,02  =-- 0474  ~me —
.87
2692 34.976 g.gag 5.41 0.812 19,65  w-- 0473 ~—m —
2810 34,979 g:ggg 5.00 0,860 19.83 0,001 0.462 0.463 13.2
2925 34,977 —im 5.32 0.819  19.93  «wn 0.488  —am ——
3156 34,976 g;ggg 5.33 0.831 19,09 0.001 0.465 0.466 13.3
gggg ggg% Sl 5.01 0.812 21.69  —-- 0.460  —mm —
. - 5.1 0,825 19.65 ~0.000 0,471 0.471 .
3666 34.978 3.233 5.14 0.815 21.23 — 0.4%1 _--7 33_5
.827
3670 34.980 gggfl* 5.03 0,819  19.27 0,000  0.476  0.476  13.6
3915 34981 i 5.09  0.803  20.39  ~0.000 0.484  0.h8k .8
L2079 34,979 ;.ggﬁ %,90 0.812 21,32 0.000 0.475 0.475 ig.s



Station ALL-79-2038 Cariasco Trench Eastern Basin, 10%31'N 64%%5*W,

Depth  Sal. 0 ro,”2  nm* 1 10,” 71 31/SaY
(m) (%) (°c) (um) {un) (uH) (ubt) (uH) (rmole/g}
0 36,758  ——- —— — 0,086 0.34%0 0.426 11.6
e 36.822 23,180 0.098 ——— 0.051 0,395 0446 12.1
54 36,817 - 0,108 — 0.045 0.400 0,445 12,1
69 36.818  ~—- 0.131 — 0.042 0.411 0.453 12,3
83 36.833  ~-- 0.151 — — 0.401 — ———
98 36.843 22,173  0.141 —— 0.056 0.412 0.468 12,7
123 36,632  —-- 0,341 ——— 0.033 0.410 6.3 12,1
123 36,537  ~== 0.479 0.024 0,40k 0.428 11.7
133 36,192 e 0.532 0,027 0414 0.l41 12.1
157 . 36.445 18,399 0,630 0.019 0.431 0.450 12.3
36,423  ~-- 0,669 —— 0.208 0.415 0.623 17.1
176 36.375  —-= 0.840 —— 0.069 0.420 0.489 13.4
196 36.355 17.689  0.925 —— 0.271 0.270 0,541 i4.9
206 36,331 w-- 0.991 0.178 0.209 0.255 0.6k 12.8
36,333  ~-- 1.001 - 0.297 0.228 0.525 4.4
221 36,320  ~-= 0,948 0.167 0,357 0.213 0.570 15.7
246 36,301  17.370 1.332 —— 0.380 0,054 0.434 12,0
17.375 .
270 36,292 --- 1.371 0.237 ——— 0.000 —~—— ———
295 36,277  —-- 1.h1k 0.587 0.413 0.000 0.413 11.%
45 36,262  17.086  1.483 0.999 0.509 0.000 0.509 14,0
18 36,209  we- 1.608 1.810 ——— —— —— ———
hi2 36,233 === 1.604 2.003 0.321 0,000 0.321 8.9
491 36.223  16.900 1,637 2.385 0.416 —— 0.416 11.5
541 36,227  —-- 1.667 2,797 0.478 —— 0.478 13.2
587 36.211 12.841 1.680 ° 3.734 0,437 —— 0.437 12,1
16.833
600 36,191 - 1,667 3,346 0.463 0,000 0.463 12.8
688 36,202  ~ee 1.657 3,612 0.465 ——— 0.465 12,8
737 36.252 16,799 1.572 2.991 0.3k — 0. 434 12,0
Station ALI-79~2038 (continued)
786 36,199  ~-- 1,782 L,656 0.322 ——— 0.322 8.
796 36,202  w~- 1.693 3.997 ——— —— ~_§ -_2
882 36,196 ig.ggs 1.791 5,096 0.376 ——— 0.376 10.4
.800
934 36,195  ~eo 1.791 5,263 0.461 —— 0,461 12,7
1031 36,193 16,772  1.745 4,330 0.456 —— 0.456 12,6
1081 36,196 16,770 1,798 5.092 —— — ——— ———
1173 36.197 ig.ggg 1.824 5.775 0.409 _— 0.409 11.3

# Yodide concentrations have been corrected for the reagent blank which is 0.0046 ul.
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Lat. 10-32N Long. 64-464

AIT 79 Sta. 2031

Eastern Basin

Pot. Temp.

Corr. 59 0, ™ SuTf. (M 590
Depth 00 0o /] {g ) 2
c

0 36.725 25.153 4.56 -

24 738 4.52 -

72 826 22.639 3.52 -
120 611 2.57 4.84
144 531 19.112 2.16 6.33
168 474 4 1.82  9.68
192 ©.39] 18.001 67 18.72
214 .348 17.679 16 20.77
233 1328 - 27.93
216 2310 17.397 - - 32.50
263 300 17.368 .07 .08 33.43
281 . 294 - 1.04 35.94
304 277 17.199 - 3,24 37.52
313 274 - - 3.08 39.57
323 272 17.179 3. 49 £0.03
30 1263 . 8.86 44.13
361 _258 17.096 S.61 44.88
356 (256 - - 9.2 44.79
374 251 10.88 5.2
405 ~247 12.96 46.93
433 238 16.990 16.43 49.63
182 927 16.93 11.47 '
1492 224 16.922 14.53 53.17
530 219 ' 16.888 14.67
541 219 18.96 53.17
580 215 16.859 16.75 |
590 215 16.837 22.82 56.98
679 208 16.816 51.03 -

689 -208 26.50 57.73
777 207 16.789 93.69 _

785 206 16.799 28.35 58.94
876 1203 16. 724 27.26 :
885 205 31.78 61.64
975 201 16.772 31.95

93" 200 16.793 44.93 62.38
1147 .190 16.761 35.39 64.43
1196 1194 35.30,35.39  64.43
1296 1195 16.756 35.84 . 65.18
1330 197 37.09,37.22 65.46
1364 195 ' 16.766 37.50 65.64
1383 196 37.38,37.34  65.36
139] 156 16.772 37.02 66.01
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APPENDIX €. DISSOLVED IODINE MEASUREMENTS AND HYDROGRAPHIC
DR’I‘A FROM THE BLACK SEA DURING CRUISE CHAIN-120
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Station CHAIN-120-1355 Black Sea, 42°50'N 33%00'E.  Total Depths 2160 m.

Depth sal. 0 0, H,S I 10, i1 L1/Sal
(m) (%) (%c) (m1/1) {un) (ut) (ui) (un) (nnole/g)
10 18.371 0,047 0.088 0.135 7.3
10 18.374

10 18.376

31 18,483 7.858

38 18,526 \

43 18,562 7.642

49 18.777

68 19.654 7.992

75 19,785 2.29 0.011 0.135 0.146 7.4
91 20.240 8.310

95 20,599 8.438

97 20.627 . :

98 20.431 0.1 0.015 0.146 0.161 7.9
101 20,633 8,467

102 20.690 0.34 3.28 0.060 0.139 0.199 9.6
102 20,732 8.495

107 20,782 ‘

108 20,829 0.34 0.50 0.088 . 0.053 0.141 6.8
114 20,850 8.546

117 20,907 8.545 : .
120 20,913 0.27 28,03 0.150 0.081 0.231 11.1
123 20.975 0.39 0.200 0.104 0.304 1k.5
136 21,036 8.553 :

137 21,092 8.597

143 21.114

143 21.156 8.652

144 21.1ko : 0.232 0,055 0.287 13.6
149 21.191 12,57

157 21.281 8.665

Station CHAIN~120-1355 (continued)

165 21.325 28,03

178 21.392 §.711 »

180 21,0115 8,74k

184 21.416

186 21 b0

19k 21,460 8,704

201 21,488

203 21.506 8.745

209 21.533 7.90 0.216 0.000 0.216 10.0
223 21,583 8.775

230 21.620

237 21,638 8,789

243 21.653 .

255 21,675 8.825

260 21,703 .

281 21,742 8.831 .

286 21.773 151.3 0.267 0.000 0.267 12.3
297 21,784

304 21,802

323 21.836 8.843

328 21,843 215.2 0.276 0.276 12.6
335 21,864 8.867

343 21.850

395 21,894 8.822

366 21.903

382 21,948 8.870

388 21.950 292,0 0.287 . 0.287 13.1
Ly 22,004 8.873

450 22,010

482 22,053 8.886

483 22,054 8.865

490 22,058 359.3 0.300 0,000 0.300 13.6
490 22,225
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Station CHAIN-120-1355 (continued)

580 22,131 8.900

588 22,137

726 . 22.216 8.895

735 22,222 Lg6.2 0.366 0.366 16.5
971 22,300 8.948

980 22,33h

967 22,228  8.963

973 22,295 525.0 © 0,357 0.000 0,357, 16.0
1365 22.335 8.981 i

1371 22.328 510.6 0.303 0,000 0.303 13.6
1472 22,335 8,934

1478 22,336

1740 22.3h2 9.069

1746 22.338 545,0 0.433 0.000 0,433 19.4
1794 22,341 9.085 )
1800 22.343

1937 22,336 9,116

1943 22,347 522.8 0.432 0.000 0.h32 19.3
2042 22,340 9.105

2048 22.343

# Todide concentrations have been corrected for the reagent blank which is 0.0046 uM.
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APPENDIX D. DISSOLVED IODINE MEASUREMENTS AND HYDROGRAPHIC
DATA FROM THE GULF OF MAINE DURING CRUISE AII-B86,
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Station AII-86-2122

42935,5'R 6941, 5%

%

Depth Pres. Tew.  Sal. 0, Sil. Theta  Sigth PO,  Dynhi 037 I

m db C Yo w1 /1 C ;:M/]' ) uit uM

0 33,464 6.25 10.20 o .87 , 0.402 0.038

5 5 7.690  33.476  6.47  9.13 7.690 26.144, .82 .09 0,407 0,040
10 10 7.70  33.468  G6.24  8.84 7.709  26.135 .82 .019  0.40B 0.039
20 20 7.730  33.463  6.19  9.52 7.728  26.129 .89 ,038 0,406 0,038
35 35 7.690  33.465  6.16  8.93 7.687  26.136 01 066 0,805 0.037
50 50 7.740 33,465 6.8  8.84 7.735  26.129 .92 .n95 0,419 0.04k
4 74 7720 33.471 6.7 9.3 7733 26,137 1.0 .141  0.415 0,035
98 33.441  6.14  9.22 : - 1.02 0.413 ~-=
93 100 7.770  33.484  6.18  B.84 7.760  26.141 - .95  .189 0.422 0,040
121 122 7.670  33.460 8.84 7.658 26,136 1.05  .231  0.393 -~
126 125 7.760  33.486  6.15  8.54 7.748  26.144 .95 .236  0.393 0.032
144 145 7.800 33,495 - 6.10  8.54 7.785  26.145  3.05  .275 0.398 0,035
149 150 7.920  33.637  5.02 12,53 7.905  26.239 1.14  .286  0.383 ~--
168 169 7.570  33.671  4.76 13.40 7.554  26.317 1.3 .318  0.416 0.019.
183 190 6.920  33.746  4.68 15.34 6£.903 26,466 1,25  .354 0.425 ~--
204 205 7.080 34,026  4.24 19.23 7.081  26.665 1.48 376 0.434 0,014
223 224 7.260 34.112  4.19  18.64 7.239  26.708 1.56 - .403  0.344 0.012
232 234 7.350  34.178  4.09 18.55 7.338  26.746 1.59  .416  0.43% 0.016
242 34,184 4.04  18.74 1.63 0.419 0,015
251 253 7.380 34,188  3.94 18,64 7.356 . 26,751 1.67 .441  0.461 0.016

# JTodide concentrations hav-; béen correc‘f_eh(f»fo.xf;eagent blenk whic is 0.0046

Station AII-B86-2138

52°32,0'N 69°31.0'%

uh,

Depth  Pres.  Temp. sal. 0, Sil. Theta  Sigth . vDynht 30,57
mn db °c %o ml/1 i/ °C . v m uM

2 2 7004 33.200 6.42 8.66 7.104  26.010  1.06  -.000  0.393
1212 7.090  33.200 6.59 8.84 7.089  26.012 94 020 0.393
25 25 7000  33.201 6.40 8.84 7.008  26.012 .86 .06 0.347
48 . 48 7.340 - 33.321 6.46 8.84 7.336  26.073 .95 .092  ©0.3%91
66 665 7.800 33510 6.38 8.74 7.794  26.156 .88 27 0.bks1
84 85 7.79b 33.515 6.19- 8.64 7.782 26.162° 1.00 161 - 0.430
102 103 7740 33.512 6.16 8.64 7.730  26.367° .98  .195  0.437
120 33.523  6.13  8.64 ‘ .97 ©0.353
136 137 7.730  33.517 6.08 816 7.717  26.173 87 .259 - 0,40k
140 141 7.600  33.726 472 14.27 7.58  26.355  1.26 266 0.k07
154 155 7730  33.687 4.96 13.50 7.715  26.306 = 1.28  .291  0.k16
169 170 . 6.930  33.803 4.50 16.99 6.915  26.510 .36 .316. .0.433
173 174 7180 33.793 4.43 14.57 7.164  26.468  1.42 322 0.k21
191 192 7.030°  33.920. 4.43 1719 7.012  26.591  1.39 L350 0.434
209 210 7050 "34.040  4.34 17.77 7.130  26.673  1.47 376 ©.433
218 219 7990 34.083 4.79 18.35 - 7.169  26.695  1.45 389 0.455
227 229 7.070 34,077 4.18 18.35 7.208  26.679 1.0 . 402 0,37k
236 30160 4.2 18.35 e 0.5t
245 247 7.360  34.182 4.08 18.64 7.336  26.748  1.47 427 0.h62
250 252 7370 34.187 4.07 18.64 7.346  26.751  1.52
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APPENDIX ¥. IODINE CONTENT OF SUSPENDED PARTICULATE MATTER
COLLECTED DURING THE GEOSECS ATLANTIC EXPEDITION
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