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A special refrigeration apparatus was constructed

to simulat freeZing of sea water under natural conditions. Ice

thus obtai ed, as well as the residual waters, were studied to

ascertain he effect of freezing upon the sulf'ate/chlorinity

ratio 0 Th s ratio "vas found to be greater for salts retained

by the ice than for the original water. An equivalent deorease

in the rat:to occurred for the residual water. The ratio in the

ices varied considerably and was a function or t~e rate ot

formation of ice and the temperatures of exposure. Maximum

ratios were obtained at -SaC and -45°0.. Minimum ratios were

obtained at about -25°0.



INTROOOCTION

The alteration of the ratios ot the major constit­

uents in sea water, varticularJ.y the ratio sultate/chlorinity,

8S a result of free~1.ng and aging processes, has been a subject

ot considerable oontroveray. Ita importanoe 11es in the tact

that any measurable alteratlon might be used 1n studying the

transport of Be~ 1o~ as ~ell as deter.m1nlD6 its age.

In v"1ew of the conflicting reports outlined in the

tollowiDg section, the present laboratory Investication was

undertaken.

PREVIOUS INVESTIGATIONS

The ratio, sulfate/cblorinlty, was inveettgated ex-

tensively by on~ of the authors (7) 0 An average value ot 0.1395

was obtained when the concentrations of the sulfate 10ns were

oalculated as grams per kilogram of sea watero The values se-
+ .

cured OD most ot the samples were within - 0.0004 of the averese

but a tew showed deviations greater than the experimental errors

of tbe methods used for analyalso Data reported by some 1nV8s-

tigators (8) give varying ratios, whioh in many cases, may be

attributed to differenoes in the methods employedo However, a

few of the deviatioIls of tbe ratio indioate that contUtiona do

exist which may tend to atfect the oonstanoy of" the 8U.lrate/

chlorlnlty ratioo
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The 1Vork of H.inger (4, 6) indicated that a consid­

ers'ble ~.noreaBe in the's';t.lf.ate!chlorinity ratio might occur in

sea ice as the res"lJlt of' :el"l~ez,iDg. He noted that see water first

began -to fr6ez~ at sb01;rt ...108°0 and that further cooling result ad

in the initial preciplta'tio,u of Na2S0~ .10H2 0 at -SoC. This

decahydrate Gontil'n:~~sd.t;o (,",;)'.ryfJtallize wi til deorea~ing temperature

until at ~20oC less than one-tenth of the original sulfate re­

mained in solutj.OD.. At .... 23°0 NaCl. 2HzO b~Gn to crys·tallize and

continuev. ';0 form :,',;j:ljh decreasing temperature to -53°0. The

labo~atox~ conditions of Ringer were decidedly different from

those occurri:ng llaturall~{ and thus his resul-ts are not generally

a~ceptad as indicati~e of sea i~e (6).

Wiese (9), of' the Russian SEnOFF Expedition to Franz

Joseph's Land i.n 19~91 found an incre1.U'.iS in the ratio with thick­

nesa f019 ice fO~t'med '(;l1a previous win'te:r; and repol'ted a maximum

incraa::le of ~~ at 99 CID... S1.x samples of' ice whi ch had eged for

several years gave a mean value tor 'bhe ratio nearly four tlmJs

as great as th8 nonnal value for sea water. However this 1!,6

was nearly f.ree of salt, the salinity being only 0015 %(,.

Hep8 ,3} T4:Jporhed a eelel'~tive adsorption of aulfate

ions by ice from 801ut:ll,)'ns cor. TjalnilJ.~ Doth sulfate auf. chloride

lonse> He exposed ·ii 'Jtl~, Jed '>V~:f~f:r 11~e tc $<'JlutioD,s ('ontaj.nin~

alown BIDOunts of J'3ulf~,d;t:I 81..~e cl.ll...'l!'iI1·e ..

Pattel"aSOll un reported an increase iT.1 the sUlfate/

chlorinity ratio i,n natural Sea. tee ..
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tllh~~ Qa'ta nt" Sverdrup (5) aad MalID6ren (1) appear

to ~ontra.diot t·tlt' resl.llt5 ~~1ted abovp,. Their oonclu.sions, based

on in'\l'est1gat1C/n~1 of' Dt'1tul"al ina ~,;eremade during ·the MAUD EJeped...

'_('t\~ stud:tf,:;H ra.ported in 'the present paper were made

\foder laboratl;lCY rK·,ndJ.ti.ons using !'lspeoia.lly constructed upparatus

ee, thf:l't the .fo),,1ilat:1.mJ l;lf ice approached more nearly D.atural

ijol1dl ti011B o

~~~s

A r~tr.1gerator was oonstructed whioh permitted freezing

of 5&t\plea (')i' S"i!~l watie:r fI~om the surfaoe downward. This effect

IioIFle obtained hy 't.mtlrl1ng eyl.indr1cal1y shaped wella in the

'~lJu1.d b~ p.laee:uo l.'hB ~~f'ac~ betw~e!.., the iuner wall of t~e well

Ml~F.fr. MM.... 3 C()11ITHA8!?-~wr' 1J.D.1t." ~.Dl()y!ng F-l~ 8J"1.d oapab16 \If itm:l1'1­

taltl..bJg tfmJ.per6:t,U1.'e:~~ .E'!'nm =51)(} -r,v =4ft,oC o with e. 'v8'!:'1at10TJ. ~)'f

llha entt:r-e t;ttd. twas



eratures of the freezi1Jg compartment were taken with 0. liquid

m glass thermometer having a raJJP trom +OOoC to -60°0.

EX:PJ:RIMM'AL PROOEIORE

Sea water samples, tak~ at various times and

locations in the Puget Sound region were filtered, thoroughly

mixed, and about three 11ters were placed in the b&tte17 jar

conta1ners0 Simultaneously, a sample of' the same water was taken

and analyzed to determine the sultate/chloriDity ratio ot the

original water.

Each sample was exposed to freezing cond1tiona until

approximately one-third of the original volume had frozen. The

container was then removed trom the refrigerator and the ice and

solution separated and analyzed.

Air temperature readings were taken several times

da11y to determine the constancy of temperature within the retr1g­

eratoro These readings varied within tSOC of the temperature

sett1ng on the refrigerator' s tbermo-r~ulator.

ANALYSIS OF SAM.I?LlS

The chlor1nity and sulfate oontent ot the original

water, ice, and unfrozen solution ~lere determined. Duplioate

analyses were made for eacb sample. The chlorinity was obtained

by the Mohr method, using silver nitrate solutions standard! zed

asainst "normal water" trom the Laboratoire Hydrographlque in
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Copenhagen and against recrystallized sodium chloride. Sulfate

1'alues were determined by the method used by Thompson, J'ohnston

£md Wirth ('1). Because of its low salinity content, 18!8er samples

o:r the malted ice were used. Samples taken from the concentrated

unfrozen solution were correspondiDgly smaller. In this way

cond1tiona fc~· the precipitation of barium sulfate 'were made more

nearly the seme for the original water, unfrozen solution and the

melted ice.

Tae precision of the sulfate analysis ot the orig­

inal waters eud unfrozen solutions was the same as that previously

reported (7) or en average deviation ot !O.OO2 0/00 504 - The

relative precision for ice samples was slightly less, and experi­

mentally foun i to be one part in 500.

EXPERD4PNTAL R]SJLTB AND DISCUSSION

P\,urteen samples of aea water were frozen and analyzed

tor chlorin1t:7 and sulfate. The results are tabulated in Table I,

and a summary of the data given are shom in Table II. The

sulfate/chloi"1nity 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 1n the oria­

inal water have been calculated and tabulated in the colUIDD under

the headiDg A(S04/C1). The temperature at which each sample was

frozen is given, as well 88 the t1me of exposure to freezq
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conditions.

In Table III are tabulated A(S04 /Cl) t ~S04 %0,

and per cent SO" increase. These values were averaged tram

Table I. The differenoe between the experimentally determined

value for sulfate in the ice and the value which would obtain

if the sulfate/chlorin1ty ratio were the same in the ice as in

the original water is designated bY' AS04 ~/ 00. The value for

806
0100 whioh would have occurred if there had been no selective

retention of sulfate, vIas obtained by multiplying the chlorinity

of the ice by the sulfate/chlorinity ratio ot the original

water. Per cent 004 increase was seoured by dividing !:iS04,0 loa

by the experimental S040 /00 for the ice. ~(S04,101) versus

temperature is plotted in Figure I.

Figure I shows that the greatest increases in the

sulfate/chlor1nity ratio occurred in samples frozen at -SoC and

at -45°C. The 181ge increase at -SOC :night be attributed to

se1ective adsorption of bulfate ione as suggested by Repa who

has reported an inorease in adsorbed sulfate with time. Thus

tor slowly frozen samples a greater adsorption of sulfate might

be expected than tor more rapidly frozen samples.

In samples frozen at -45°0, the marked seleotive

retention or spltate by the 10e was probably due to preoipitation

ot sodium sulfate from pockets of concentrated brine whioh were

toemporarily reta1Ded by the loose network of 10e orystals at the
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interface between solid and solution. The fact that Ringer

found a maximum sulfate/chlorinity ratio in the ice at -20°C

is not contradicted by a maximum with an air temperature ot

-45°0, because a large thermal gradient occurred in the ice

(the solution nEWer became concentrated enough to be more than

about -2°0), and consequently the br1ne pockets were probably

never much colder than _00° even in the ice whioh tormed at

the surface.

Likewise, the minimum between -SoC and -45°0 may

be attributed to conditions which were conducive to neither

appreciable precipitatioD ot Na2SO" nor select!ve adsorption

ot sulfate.
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Sample C10/oO

TABLE I

Exge~mental Results
00

4
°700-- 50

4
7c1 A( So-04-1"7'"'c~1-:-)-~T~em-p-.--Fr=-e"-e-z-=-jn-g--

00 Period (hra)

:Y Orig
Ice·
Soln

I

IZ Orig
Ice
Som

P Or1g
Ice
Soln

G Orig
I Ice
, 80ln

I

I Or1g
Ice
80ln

I

IR Orig
Ice

: Soln
I
;U Orig
I Ice
I Soln

Irr Orig
: Ice
I

I Soln
I

~V Ong
I Ice

I Soln

V Orig
Ice
Soln

X Orig

I

Ice
Soln

I

3" Orig
I Ice
I 80ln

L Orig
Ice

I Gol»
I

I
M Or1g
I Ice

I Soln

16.48
4.473

21.16

16.46
4·000

20.20

~18.05

7.23a
19.67

17.10
7.764

19.97

17.11
7.06"

20.54

16.64
6.286

21.95

15 .. 81
6.361

20.53

17.67
7.591 •

16.44
6.844

24.60

18.16
6.66"

22.33

16.43
6.82g

21.56

16.87
8.642

21.60

16.03
8.474

20.66

15.96
7.042

20.39

2.007
0.640.,
2.952

2.~1

o. 614.,
2.816

2.516
1.019
2.740

2.387
1.087
2.776

2.386
0. 9896
2.818

2.3=:5
0.8820
3.053

2.205
0.8889
~.8'lO

2.475
1.068

2.ro5
0.9630
3.440

2.540
O.939a
3.114

2.306
0.9600
3.010

2. ffi3
1.231
E.994

2.2£7
1. f06
2.S50

2.E29
1.001
2.814

0.1400
0.1422
0.1395

0.1398
0.1430
0.1394

0.1394
0.1408
0.1393

0.1396
0.1400
0.1390

0.1395
0.1400
0.1385

0.1397
0.1403
0.1591

0.1395
0.1397
0.1398

0.1401
0.1407

0.1402
0.140'7
0.1398

0.1399
0.1410
0.1395

0.1404
0.1406
0.1396

0.1395
O.14~4

0.1386

0.1389
0.1423
0.1380

0.1397
0.1422
0.1380

0.0032

0.0052

0.0014

0.0004

0.0005

0.0006

0.0002

0 .. 0006

0.0005

0.0011

0.0002

0.0029

0.0034

0.00:65

-8

-8

-16

-25

-25

-25

-27

-28

-40

-40

-45

-45

-45

158

195

42

19

41

32

41

f:4

18

19

16

16



TABLE n

Average of All Results Shown in Table I

Orig
Ice
Soln

01%0 804%0

16.80 2.34'7
G.8&, 0. 9638

21.15 2.942

0.139'1
0.1412
0.1391

0.0015



TABLE III

Increases 1n 804 /01 and 806
0 / 00 , and per oent increase in Concentration

of Sulfate Ion In Ice Frozen. at Various Temperatures. (Mean VAlues
taken trom Table I)

~emperature °0 8(604,/01) AOO"Ojoo Per Cent 604 Increase

-So 0.0032 00015 2.59

-160 000014 0.010 0.98

-260 0.0005 0.004 0.56

rr' _40° 0.000'1 0.004 0.42

_45° 0.0029 0.024 2.04
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CONCLUSIONS

1. An increase in the sulfate/chlorinlty ratio occurred in the
salts re'tained by ice as the result of the freezing of sea
water.

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

3. Maximum increases in .the sulfate/chlorinity ratio of 0.0032
and 0.0029 were obtained at -SoC and ':'45°0 respect~ve1y.

4. A minimum increase in the.sulfate!chlorinity ratio of 0.0004
was -obtained for samples frozen at temperatures _~oC to
-28°C.
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