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ABSTRACT

A special refrigeration apparatus was constructed
to simulate freezing of sea water under natural conditioné. Ice
thus obtained, as well as the residual waters, were studied to
ascertain the effect of freezing upon thé sulfate/chloidnity
ratio. This ratio waslfound to be greater for salts retained

by the ice |than for the original water. An equivalent decrease

in the ratio occurred for the residual water. The ratio in the
ices varied considerably and was a function of the rate of
formation of ice and the tempera%ures of exposure. Maximum
ratios wers obtained at -8°C and -45°C. Minimum retios were

obtained at about -=25°C.



INTRODUCTION

The alteration of the ratios of the major constit-
uents in ses water, particularly the ratio sulfate/chlorinity,
as a result of freesinxg and aging processes, has been a subject
of considersble controversy. Its importance lies in the fact
that any measurable alteration might be used in studying the
transport of sex ice as well as determining its ege.

In view of the conflicting reports outlined in the
following section, the present laboratory investigation was
undertaken.

PREVIOUS INVESTIGATIONS

The ratio, sulfate/chlorinity, was investigated ex-
tensively by one of the authors (7). An aversge value of 0.1395
wéa obtained when the concentrations of the sulfate ions were
calculated as grams per kilogram of sea water. The values se-
ocured op most of the samples were within : 000004'of the aversge
but a few showed deviations greater than the experimental errors
of the methods used for analyeis. Data reported by some inves-
tigators (8) give varying ratios, which in many cases, may be
attributed to differences in the methods employed. However, a
few of the deviations of the ratio indicate that couditions do
exist which maey tend %0 affect the constency of the sulfate/

chlorinity ratio.



The work of Ringer {4,8) indicated that a consid-
erable ingrease in %hevsulfate/chlofinity ratio might occur in
sea ice &s the vesul: of Ireezing. He noted that see water first
began to freezs at sbout ~1.8°C and that farther cooling resultsd
in the initisal precipitatiou of NuyS0,.10H,0 at ~-8°C. This
decahydrate continued to cryestallize with dscreasing temperature
mtil at ~20°C less theu cus-tenth of the original sulfate re-
mained in solution. A&t ~23°C NaCl.2H,0 began to crystallize end
continved to form with decreesing temperature to -52°C. The
laboratory condisicces of Ringer were decidedly different from
those occurring naturally and thus his resulte are not generally
acceptad as indicative of sea ice (6).

Wiese {9), of the Russian SENOFF Expedition to Franz
Joseph;s Laud in 1929, found an increase in the retio with thick-
ness for jee formad the previous winter, and reported & meximum
increase of %% at 97 tm. Six samples of ice which had gged for
soveral years gave a mean value for the ratio nearly four tim:s
as great as ihs nowmmal wvalue for sea water. However this i-e
was nearly free of sslt, the salinity being only 0.15 ©/oc.

Rhepe {2) reported s selostive adsorption of sulfate
ions by ice from solutions canugining poth sulfete and chloride
ions., He exposed dlatiiled water ice ¢ solusione containing
<pown smounia of sulfate and euldride.

Petteorason (£} reported sn increass in the sulfate/

chlorinity ratio it natural sez ice.
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Ihe date of Sverdrup (5) and Malmgren (1) appear
to contradicy toe results e¢lved abowe. Their conelusions, based
on investigatic:s of yatural ice were made during the MAUD Exped-
tion. However, ue direct determinations of the sulfete ions
ware aade {6),

The atuiles reported in the present paper were made
wodszr laborstory ccuditions using espesially constructed apparatus
so that the formation of iee approached more nesrly patural
gandivions.

§32AHATUS

A refrigerator was constructed which permitted freezing
of samples of e water from the surface downward., This effect
wag obtained by tmilding eylindrically shaped wells in the
fresziug cwipartment inte whieh the containers of sea water

-

e placed. Tha space between the ianer wall of the well

il

RO TR E

&

grud dhE outalde o Tha contatoer was insulated with toseline to
praveni freezing around the walls of the container. The freezing
somparhmant L8 4towe in diegram I,

Glasgs bhagtery jars of four liter capacity were used
AR rreazing contaigers and wers of sufficlent strength to with-
stend ths pressure of the 3ee ine formed, A Prigidaive Meter
Higer W-3 comprsasor unils, =auloying F-1Z and capable of mein-
taining temperatures from -8YC to -489C, with e veriation of
+3%2 wan ipeorpereted inky sthe apparatus. The entire wuilt was

pertabis witk sxberior limevsicns of 26x?6x170 cm. Air Hamp-
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eratures of the freezing compartment were taken with a liquid
in glass thermometer having a range from +20°C to -60°C.

FXPERIMENTAL PROOEDURE

Sea water samples, teken at various times and
locations in the Puget Sound region were filtered, thoroughly
mixed, end about three liters were placed in the battery jar
containers. Simultaneously, a sample of the same water was takemn
and snalyzed to determine the sulfate/chlorinity ratio of the
original water.

Each sample was exposed to freezing conditions until
approximately one-third of the original volume had frozen. The
container was then removed from the refrigerator and the ice and
solution separated and analyzed.

Air temperature readings were taken several times
daily to determine the constancy of temperature within the refrig-
erator. These readings varied within #3°C of the temperature

setting on the refrigerator's thermo-regulator.

ANALYSIS OF SAMPLES

The chlorinity and sulfate content of the original
water, ice, &nd unfrozen solution were determined. Duplicate
analyses were made for éach sample. The chlorinity was obtained
by the Mohr method, using silver nitrate solutions standardized

egainst "normal water" from the Laboratoire Hydrographique in



Copenhagen and egainst recrystallized sodium chloride. Sulfate
values were determined by the method used by Thompson, Johnston
and Wirth (7). Because of its low salinity content, larger semples
of the melted ice were used. Samples taken from the concentrated
unfrozen solution were correspondingly asmaller. In this way
conditions for the precipitation of barium sulfate were made more
nearly the seme for the originael water, unfrozen solution and the
melted ice.

Tne precision of the sulfate angalysis of the orig-
inal waters and unfrozen solutions was the same as that previously
veported (7) or en aversge deviation of +0.002 %/oo SO,. The
relative precision for ice samples was slightly less, and experi-

mentelly fourd to be one part in 5C0.

EXPERIMENTAL RESULTS AND DISCUSSION

Fourteen samples of sea water were frozen amd analyzed
for chlorinity; and sulfate. The results are tabulated in Table I,
and a sumary of the data given are shown in Table II. The
sulfate/chlorinity ratios are given for the original sea water
samples, the ices and the resulting unfrozen solutions. The ab-
solute increases in the ratios in the ices over those in the orig-
inal water have been calculated and tabulated in the colummn under
the heading A4(S0,/Cl). The temperature at which each sample was

frozen is given, as well as the time of exposure to freezing
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conditions.

In Table III are tabulated A(S0,/Cl), a50, ®/oo,
and per cent SO, increase. These values were aversged from
Table I. The difference between the experimentally determined
value for sulfate in the ice snd the walue which would obtain
if the sulfate/chlorinity ratio were the seme in the ice as in
the original water is designated by AS04°/00. The velue for
S04%/0¢ which would have occurred if there had been no selective
retention of sulfate, was obtained by multiplying the chlorinity
of the ice by the sulfate/chlorinity ratio of the orizinal
water. Per cent SO, increase was secured by dividing HS0,°/00
by the experimental S0,°/00 for the ice. A(S0./Cl) versus
temperature is plotted in Figure I.

Figure I shows that the greatest increases in the
sulfate/chlofinity ratio occurred in semples frozen et -8°C and
at -45°C. The large increase at -8%C might be attributed to
selective adsorption of sulfate ions as sugzested by Repa who
has reported an inorease in adsorbed sulfate with time. Thus
for slowly frozen samples a greater sdsorption of sulfate might
be expected than for more rapidly frozen samples.

In semples frozen at -45°C, the marked selective
retention of sulfate by the ice was probably due to precipitation

of sodium sulfate from pockets of concentrated brine which were

temporarily retained by the loose network of ice erystals at the



interface between so0lid and solution. The fact that Ringer
found a maximum sulfate/chlorinity retio in the ice at -20°C
is not contradicted by a maximum with an air temperature of
-45°C, because a large thermal gradient ocourred in the ice
{the solution never became concentrated enough to be more than
about -2°C), and consequently the brine pockets were probably
never much colder than -20° even in the ice which formed at
the surface.

Likewise, the minimum between -8°C and -45°C may
be attributed to conditions vwhich were conducive to meither
appreciable precipitation of Na,SO, nor selective adsorption

of sulfate.
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TABLE 1

Experimental Results

Semple c1Y/o0 S0,Y /00 S0,/C1  A(so,/cC1) Tgmp . Preezing

Soln £0.39 2.814 0.1280

c Period {hrs)

‘Y Orig 16048 2-&7 0.1400 -8 158
Ice . 4.47;  0.640, 0.1422 0.0032

~ Soln 21.16 2,952 0.1395

Z Orig 16.46 £.201 0.1398 -8 193
Ice 4.%0,  0.614y 0.1430 0.0032
Soln 20.20 2.816 0.1394 :

P Orig 18,05 2.516 0.1394 -16 42
Ice 7.23;  1.019 0.1408 0.0014
Soln 19.67 2.740 0.1393

G Orig 17.10 2.287 0.1296 -25 19
Ice 7.76,  1.087 0.1400 0.0004
Soln 19.97 £.776 0.13%0

I Orig i7.11 £.286 0.1395 4
Ice 7.06,  0.989 0.1400 0.0005 ~25
Soln 20.34 2.818 0.1385

R Orig 16.64 2,325 0.1397 -25 4
Ice 6.285  0.88%, 0.1403 0.0006

| Soln 21.95 3.053 0.1391

|

U Orig 15.81 2. 205 0.1395 -5 B2
Ice 6.26, . 0.888, ¢.1397 0.0002

i Soln 20.53 £.870 0.1398

T Orig 17.67 2.475 0.1401 -27 41

" Ice - 7.59, . 1.068 0.1407 0.0006

| Soln - - -

|

W Orig 16.44 2.%05. 0.1402 -28 4
Ice 6.844  0.963, 0.140% 0.0005
Soln 24.60 B.440 0.1398

¥ orig 18.16 2.540 0.1399 -40 0
Ice 6.66,  0.939, 0.1410 0.0011
Soln 22.33 3.114 0.1395

X Orig 16.43 2.206 0.1404 -40 18
Ice 6.825  0.960, 0.1406 0.000%
Soln £21.56 3.010 0.1395

J orig 16.87 £.353 0.1295 -45 19

| Tce 8.64, 1,251 0.14%4 0.00£9

; Soln 21.60 £.994 0.1386

L orig 16.03 2.227 0.1289 -45 16
Ice 8.47,  1.206 0.1423 0.0034

{ Soln 20.66 2.850 0.1320

M Orig 15.96 2,229 0.1397 -45 16

| Ice 7.04;  1.001 0.1422 0.0025



TABLE II

Aversge of All Results Shown in Table I

€1%/00 50,°/00 50,/C1 A(S0,/01)
Orig 16.80 2,547 0.1397
Ice 6.82, 0.963g 0.1412 0.0015
Soln 21,15 2.942 0.1391




TABLE II1

Increases in 50,/C1 and S0,°/00, end per cent increase in Concentration
of Sulfate Ion In Ice Frozen at Various Temperatures. (Mean Values
teken from Table I)

Temperature °C  A(S0,/C1) A80,°%/00 Per Cent S0, Increase
~-g° , 0.0032 0.015 £.89
-16° 0.0014 0.010 0.98
-26° 0.0005 0.004 0.36
-40° 0.0007 0.004 - 0.42
-45° 0.0029 0.024 2.04
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CONCLUSIONS

An increase in the sulfebe/chlorinity ratio occurred in the
selts retained by ice as the result of the freezing of sea
waber.

The increase in this ratio varied with the temperature at
which the weter was frozen.

Maximun inereases in the sulfate/ ehlox'inity ratio of 0.0032
end 0.0029 were obtained at -8°C and -45°C respectively.

A minimum increase in the.sulfate/chlorinity ratio of 0.0004
was obtainéd for semples frozen ab temperatures -e5°C to
""28 cu



2.

3.

?.

9.

Malmgren, Finn

Pettersson, O.

Repa, A. G.

Ringer, W. E.
Sverdrup, H.

Sverdrup, H.

U.

U.’

Johnson, M. W., end
Flaming, R. H.

Thonpson, T.
Johuston, W.
Wirth, H. E.

Thompson, T.
Lang, 4. W.,
Anderson, L.

Wiese, Von W.

G.,
R., and

G.’
an

LITERATURE CITED

Norwezian North Polar Expedition with
the MAUD, 1918-1925, Scientific Results,
v01. I’ NO. 5’ 4-11 (192?)1

VIGA Expeditiones Vetensk, Jakt., Vol. 2
249-323, (1883), as reviewed in Beibl.

Bulletin Far East Branch Acad. Sci. USSR
NO- 31, 43"'7 (19%)0

Chem. Weekblad, 3, 223-249 (1506).
Norwegian North Poler Expedition with the
MaUD, Scientific Results, Vol. IV, No. 2
119-129 (1929).

The Oceans, N. Y., Prentice-Hall, (1946)
po 216"2190

J. Copseil 6:246-51 {1931)
Permanent Intern Exploration der.

Publ. Puget Sound Biol. Station
5:277-292 (1927).

Ann. Hydrog. und Marit. Met., Berlin
58:282-286 (1930).



No.
Copiesg

PROPOSED DISTRIBUTION LIST FOR TECHNICAL REPORTS

Addresses

Chief of Naval Research
Ravy Department
Washington 25, D.C.
Attn: Code 416

Naval Research Laboratory
Technical Services

Hashington 25, D. C.

|

Commanding Officer

U. S. Navy Office of Raval Research
Branch Office

495 Summer Street

Boston 10, Massachuseitis

l

Commanding Officer

U, S, Navy Office of Naval Research
Branch Office

346 Broadway

New York 13, New York

Commanding Officer

U. S, Navy Office of Naval Research
Branch Office

844 Rorth Rush Street

?m@go 11, Illinois

Commanding Officer

U. S. Navy Office of Naval Research
Branch Office

801 Donohue Street

San Francisco 24, California
&omnding Officer

U, S. Navy Office of Naval Research
Branch Office

1030 East Green Street

agadena 1, California

Officer in Charge

Office of Naval Research
Branch Office

Navy Number 100

Fleet Post Office

New York, New York

No.
Copieg

1

Addreases

Chief, Bureau of Ships
Navy Department
Washington 25, D. C.
Attn: Code 845

Director
Navy Electronics Laboratory
San Diego 52, California
Attn: Code 550

Code 552

Chlef, Bureau of Yards & Docks
Navy Department
Washington 25, D. C,

Hydrographic Office

Navy Dspartment

Washington 25, D. C,

Attn: Div, of Oceanography

Commandexr
Naval Ordnance laboratary
White Oak

Silver Spring 19, Maryland

Commanding General
Research & Development Div.
Department of the Army
Washington 25, D, C.

Commanding General
Research & Development Div,
Department of the Air Force
Washington 25, D. C.

Directorate for Geophysical
Research

Alr Force Cambridge Research
Ieboratory

230 Albany Street

Cambridge 39, Massachusetts

Regearch & Development Board

Rational Military Establishment

Fashington 25, D, C.

Attn: Comm. on Geophysics and
Geography



Distribution List (continued)

No.
Copies

Addresses

Hational Research Council

2101 Constitution Avenue
Washington 25, D. C.

Attn: Comm. on Undersea Warfars

Commandant
U. S, Coast Guard
1300 E, Street N.W.

Washington, D. C,
Attn: Aerology & Oceanographic Section, Room 7132

Director

U. 5. Coast and Geodetic Survey
Department of Commerce
Washington 25, D. C.

Woods Hole Oceanographic Institution
Woods Hole, Massachusetts

Scripps Institution of Oceanography
La Jolla, California

Department of Engineering
Univeraity of California
Berkeley, California

California Academy of Sciences
Golden Gate Park

San Francisco, California
Attn: Dr. R, C, Miller

Department of Oceanography
Texas A & M ’
College Statlon, Texas

The Chief, Armed Forces Special Weapons Project
P, 0, Box 2610

Washington, D, C,

Chesapeake Bay Institute
Johns Hopkins University
1315 St, Paul Street
Baltimore, Maryland (2)

Director
Lamont Geological Observatory
Palisades, New York

Director

University of Miami
Marine Laboratory
Coral Gables, Florida

Page 2



1 -~ Dean Vern F. Ray l-Dr. E; J. Ordal

Graduate School Microbiology
Administration Bldg. : H307 Health Seiences
2 - Jar Lawrence P, Murphy 1 - Dr. Maurice Rattray, Jr.
Fisheries~Oceanog. Library 308 Oceanography
Taheriea Building Hydrodynamica
1 - Dr. C. A, Barnes 1 - Dr. Dixy Ray
201 Oceanography : Zoology

23/ Johnson Hall
l-Dr. P, B, Church

Meteorology 1 = Dr. R. J. Robinson
201 Thomson Hall Chemistry
J 113 Bagley Hall
|
1 - Dr. Ao ca DeLacy
Fisheries Building 1 - Dr. E, F. Swan
Oceanography

Friday Harbor, Wash.
1 - Dra Ao Wo Martin

Zoology

140 Jomaon Hall . 1 - Dro ca Lo Utterback

FPhysics
205 Physics Hall




N
(]

TECHNICAL REPCRTS IN PREPARATION

University of Vashington
Oceanographic Leboratories

Congtruction of a model of Puget Sound - by Clifford A, Barnss,
John H, Idncoln, and Doneld J. Farmer

Megsurenmsnt of Tidal Ciwrrents in Puget Sound - by Robert G, Paquetts
and Cliffcord A. Barnes

Absorption Spectra of Some Pigments Occurring in Diatoms, Dino-
flasgellates and Brown Algae - by Francis A, Richards

Water Structure in Dabob Bay, Hood Cangl ~ by Clifford A, Barnes
and Eugene E, Collias :

Studies in Labyrinthula - by Stanley W, Watson and Erling J. Ordal

Water Structure Across thre Tacoma Narrows Sill - by Clifford A,
Barnes and Eugene B, Collias

Apparatus for Measuring Certain Physical Charact_eriS*i;ics of fog ~
by S, Darrell Reeder and Robert G, Paqustie

Spectrophotonetric Estimations of Flucrides in Sea Water - by
Courtenay D, fnselm and Rsoc J. Roblneon

\ '

—_— -
“.
i
£

‘»\.% -
“N



