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PHASE RELATIONSHIPS IN SEA ICE AS A FUNCTION OF 
TEMPERATURE 

By C. RICHARDSON 

(Arctic Submarine Laboratory, Naval Undersea Center. San Di ego, California 92132 , 
U .S .A. ) 

ABSTRACT. Quantitative m easurements of the liquid water phase in a sample of sea ice were made with a 
nuclea r ma gne ti c resonance sp ec trometel'. The mea surements a re used to compute the phase relationships 
in sea ice as a fun ction of tempera ture. A model for sea-wa ter based upon a mixture of seven binary sa lts 
is used for these computations. The n .m .1'. measurem ents a re related to the so lva tion water wh ich is associated 
with each bina ry sa lt. This so lva tion wa leI' is bound to the sa lt in a pseudo-crysta lline struc ture, with the 
amount of wa ter determined by the eut eCl ic concentration of the sa lt. The results a re give n in tabular form 
and differ som ewha t from previously published ta bl es. Two controve rs ia l h ydrated sa lts we re added to the 
table, based on the n.m. r. data . 

RESUME:. Rela liolls enlre phases dalls la glace de Iller el/ fo llclioll de la lelllperalllre. Les mesures qua ntita ti ves de la 
phase c1e I'eau liquidc clans un echantillon de la glacc d e mer ont be faites avec un spectrome tre nucleaire a 
rt'sonnance magnetiquc. Les m esures sont uti lisees a ca lculcr Ics rela tions e ntre phases dans la g lace de mer 
en fonc tion de la tem peratu re. Un modelc c1'eau d e m er base sur un me lange de sept sels binaires est employe 
pour ces ca lcu ls. Les mesures d e R .M .N. sont en re lation a,'cc l'ea u d e di ssolution qui es t assoc iee a chaqul' 
sel bina ire. C elte eau de di sso lution es t liee au sel dans une structure pseudo-crista lline. la qua ntite d 'eau 
etant c1eterm inee pa r la concentra tion eutec tique du scl. Lcs resulta ts so nt donnes sous forme de tablea u ct 
sont un peu differents des ta bles publ iees aupa ra \'a nt. Sur la base d cs d o nnees R .M.N .. d eux sels hydra tes 
controve rses ont e te rajoutes a la ta ble. 

7.USAMME NFASSUNG . Phasellbez ie/Illllgell illl lvleerei" als Fllllklioll der T emperalllr. Quantitat ive M essungen c1er 
f-lU ss igen V\ 'asserphase in e ine r M eereisprobe wurden mi l cincm kernma gnctischen R eson a nzspektrometer 
,·o rgenommen. Die Messungen werden c1azu benutz t. di e Phasenbez ichungcn im Meereis a ls Funktion del' 
T empera tur zu berechnen. Ein Modell fUr M ecrwassc r a uf c1er G rund lage eines Gemenges vor sieben 
ZweislOff-Sa lzen wircl fUr c1iese Berechnungen benutc t. Die kernmagne t ischen Resonanzmessungen sincl 
abhangig von dem Liisungswasser , d as in jccl cm cle r Zwcisto fT-Sa lzc vo rko mmt. Dieses Liisungswasser ist in 
Form eine r Pscuclokrista ll-Struktur an c1i e Sa lze gcbundcn . wobe i 'e ine M enge durch die eutektischc 
Kon zcntra tio n des Sa lzes bes timmt ist. Die Ergebnisse sincl in tabell a rischer Form da rges te ll t ; sic unter
schieclen sich e twas \'o n {'rUher h e ra usgcgebenen T a be llcn. Zwe i zweife lha fte hyd ratische Sa lz!' wurclen 
aufgruncl d e l' k!'rnmag netische n R esona nzmessunge n in di e Tabell e mit a ufgenommen. 

] . I NTRODUCTION 

If a sample of sea-wat er is p laced in a conta iner and subj ec ted to sub-freezing tempera
tures, a series of quasi-equi libr ia develop (one at each tempera ture value). These equi libria 
are form ed between the solid phases of ice and precipit a ted sa lt ·, and the liquid phase, brine. 
Such a closed sys tem represents the entrapped brine cells in actual sea ice. The quantity. 
composition , a nd distribution o f these cells affec t the behavior and physica l pl'Operti es of sea 
ice, and therefore have interes ted Arcti c sc ienti sts for many yea l-s. 

In 193 7 Gitterman (193 7) publi shed the first comprehensive quantitative ana lysi s of the 
solid and liquid phases of a sampl e of sea-water as a fun ction o f sub-freezing temperatures . 
Gitt erma n not on ly succeeded in computing the liquid and so lid phases, he a lso computed the 
quan titi es of four of th e hydrated salts. In 1954 Nelson and Thompson ( 1954) analyzed the 
I-es idual brine from frozen samp les of sea-water. They determ in ed the relative amounts of 
each of the six major ions and t h e amount of res idua l brine. These data we re u sed by Assur 
( 1958 ) to compute quantitati ve values for th e six major ions, six hydrated sa lts , and ice in 
eq uilibrium at temperatures d own to - 54°C. Assur a lso made use of some quantitative data 
published by Ringer ( 1906, 1928) . Ringer 's work with concentra ted and art ifi c ial brines 
g ives the on ly data reported for temperature beloy\' - 43 °(:. 

In 1966 the author, with E. K eller, publish ed data on the to ta l liquid -water content ofa 
sea-water samp le at sub-freez ing temperatures (Richardson and K ell er, 1966). These data 
\\'ere coll ected from measurements made with a nuclear magne tic resonance sp ec trometer. 
J\ uming the res idual and entrapped brine ha d the same ion content , the \vat e r data we re 
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used to compute the to ta l amo unt o f brine present a t each quasi-equi librium. However , the 
sensitivity of the n .m .L spectrometer and associated equipment limited the temperature r'ange 
for accura te resu lts to - 2S oC . When ncw n.m.L equipment becam e available, the proj ec t 
was resumed in an e ffort to remove som e of the ambiguiti es report ed at lower temperatures . 
.-\ n ew , more sensiti ve ca librat ion sys te m and signal-ave raging equipment extended the range 
of water measurements to - S loC . The m easurements were then combined wilh the experi
m ental da ta on ion ralios and so lubility curves to compute a table of phase rela tionships 
simi lar to Assur 's ( 1958) table 3. 

11 . THEORY 

The basic n .m .L theory of liquid-wate r measurement was presented in Richardson and 
K e ll e r ( 1966). From this reference the final equation for the percentage of liquid-water 
content in a sample is g iven by 

rls ( 1 - Se) pc 
W = 

Ac Ps 

where As is the area under the n.m .L absorption curve of the sample, Ae the area under the 
n.m .L absorption curve of the comparative solution, Se the sa linity of the comparative 
so lution, pc the density of the comparative so lution, and Ps the densi ty of the sample. 

This equation was used to comput e the a mount of liquid I·vater in the sea-ice samples at 
each temperature. Two comparative so lutions were used: one, a eutect ic so lution of 29 .868 0" 
calcium chloride; the second , a 3. 507 % so lution of calcium chloride. The two comparative 
solutio ns were used at each temperature to calculate tl<\,O va lues of th e water cont ent for each 
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sample m easurement. This system provided compensation for ice effec ts and a check on the 
electronic amplification calibration. One comparative solution had about the same salt 
content as the sea-water samples; therefore their n .m.r. signals tended to be 'about the sam e 
strength and have the same ice-broadened shape. The eutec ti c solution , on the o ther hand, 
formed no ice and had n .m .r. signals one hundred to a thousand times stronger than the 
sample. These strong signals required attenuation. 

In order to evaluate Equation ( I), several test curves were run. These evaluation curves 
were run on refrigeration brines such as sodium chloride and calcium chloride . These brines 
have tabulated values for salt concentration at sub-freezing temperatures and, consequently, 
known values of water content as a fun ction of temperature. Figure I is typical of the graphs 
obtained for a single sample at various temperatures. Other curves were obtained by using 
five solutions of different concentrations and m easuring the water content at one temperature. 
All of the evaluation graphs had correlation coeffi cients of 99 % or bett er. 

I I I. EXPERIMENTAL ARRANGEMENT 

The nuclear magnetic resonance spectrometer was a Varian DP-60, with external lock for 
proton stabilization . The spectrometer also included an electronic integrator. Sample size 
was 0.41 cm 3, placed in a spinning dewar, with the entire sample within the a c tive volume of 
the receiver coil. A Nicolet 1070 signal averager was used for signal enhancem ent at low 
temperatures. Temperature control was maintained stable within ± o. I deg. T emperature 
accuracy was ± 0.3 deg at the sample, since no thermocouple could be placed near the 
sample, i.e . within the n.m .r. radiofrequency fi eld. All samples and comparative solutions 
were de-gassed and the atmosphere replaced with dry nitrogen . 

IV. DISCUSSION 

The phase distribution tables of Gitterman ( 193 7) and Assur (1958) have the same 
format as Table 1. They differ from Table I and from each o the r in the quantiti es and types of 
salts formed. The phase distribution table presented by Assur ( 1958, table 3) was calculated 
with the aid of one of the standard curves of freez ing point versus salt content (Anderson, 
1960, fig . I ) and the solutions of a great many mass-balance eq uations for the various ions. 
The quantitative data on ions used in these computations came from the experiments of 
Ringer ( 1906) and Nelson and Thompson ( 1954)' Gitterman ( 1937, table 12 ) appears to 
have performed the same quantitative m easurements of the ions in the res idual brine as 
Nelson and Thompson did. He then made calculations similar to Assur's and published a 
table of phase relationships. Gitterman 's table 12 included the six major ions, four salts, and 
the quantities of ice, brine and water present at each temperature of his experiments. One of 
Gitterman's salts, CaS04 · 2H 20, is not m entioned in any of the works referenced above. 
However, Savel'yev (1963[a] , [b] ) reports on CaS04 '2H 20 precipitation from sea-water 
beginning at - I7 °C, and Thompson and Nelson (1956) m ention it in connection with ice
blocked bays. 

Savel 'yev ( lg63[a] ) used the reaction equation , 

to describe the situation. Precipitation of Na2S04 causes a rightward displacem ent of the 
above reac tion . At - 17 °C the equation reverses and a precipitation of CaS04 induces a 
leftward displacement, whereupon the precipitation ofNa2S04 ceases. This binary salt model 
was used to account for the results obtained by Gitterman ( 1937). At - 17°C Gitterman's 
table 12 shows CaS04 beginning to prec ipitate and Na l S04 redissolving (see Fig. 2) . 
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TABLE I. THE DISTR IBUTION OF IONS, WATER , H Y DRATED SALTS. AND ICE THAT CONSTITUTE THE QUASI-EQU ILIBR IUM 

CONDITIONS IN A ONE KILOGRAM SAMPLE OF COPENHAGEN SEA-\VATER AT SUB- FREEZING TEMP ERATURES 

Telll
IJera tllre 

C 

0.0 
- 2 

- 4 
- 6 
- 8 

- 10 
- 12 
- 14 
- 16 
- 18 
- 20 
- 22 

- 24 
- 26 
- 28 
~ 3° 
- 32 

- 34 
- 36 
- 38 
- 40 

- 42 

- H 
- 46 
- 48 
- 50 
' 52 

T~IIl 
perature 

°C 

0.0 

- 2 

, - 4 
- 6 
- 8 

- 10 
- 12 
- 14 
- 16 
- 18 
- 20 
- 22 

- 24 
- 26 
- 28 
- 30 

- 32 

- 34 
- 36 
- 38 
- 40 

- 42 

- 44 
- 46 
- 48 
- 50 
- 52 

K 

"I" 

t 
0.336 
0.309 
0.28 1 
0.25 1 
0. 209 
0. 100 
0.039 
0.01 5 
0.009 
0.008 

CaCO, 
·6H,O 

0.000 
0.03 1 
0.088 
0. 11 5 
0. 166 
0.208 

Sea-wa te r chlorin ity 

Ca' l 

0.408 
0.402 
0.39 1 
0.386 
0.376 
0.366 
0.362 
0.356 
0.350 
0·344 
0·339 
0·337 
0.336 
0·335 

Na,SO. 
'IOH,O 

0.000 

I 
t 

1.086 
4.029 
5.452 
6.402 
7. 12 1 
7.698 
8. 137 
8.403 
8.556 
8.647 
8.709 
8. 748 
8·799 

Mg" 

1.297 

I 
~. 

1.2 11 
1.048 
0 .9 18 
0.8 17 
0·757 
0.63 1 
0.4 19 
0.2 12 
0.076 
0. 0 15 

Ca SO. 
'2H ,O 

0.000 

I 
I 

y 

0.009 
0. 024 
0.05 1 
0.078 
0. 104 
0. 124 
0. 134 
0. 139 
0. 14 1 

/ 0 11.1' 

SO,' 

·f 
2·377 
1·495 
1.063 
0.765 
.0·535 
0·349 
0. 207 
0.1 22 
0.073 
0.045 
0.029 
0.0 16 
0.0 ? 

NaCl 
'2H,O 

0.000 

t 
12.360 
24.2 1 I 
30.592 

33 ·934 
35·497 
36.40 3 
37.075 
37.47 1 
37.833 
38.0 98 
38.302 
38,474 
38.642 

38.75 1 

38.836 

19 .373%0 ; ,~a-wa t e r salinity 34.99Wl;,o 

Na ' 

t 
10.608 
10. 187 
9.983 
9.848 
9·745 
9.662 
9·599 
9.561 
6.5 2 3 
3.620 
2.054 
1.232 
0.844 
0.623 
0·459 
0.362 
0.274 
0.209 
0. 159 
0.1 17 
0.076 
0.050 
0.029 

KCI 

0.000 

+ 
0. 10 1 
0. 148 
0.20 1 
0.259 
0·339 
0.546 
0.663 
0.708 
0. 720 
0.722 

Cl 

1
9

f 2 

I 

I 
t 

14.7 17 
10.273 
7.880 
6.62 7 
6.04 1 
5·399 
4.65 1 
4. 101 
3.643 
3.33 1 
2.789 
2.050 
1.365 
0.922 
0.7 10 

MgCl, 
' 12H ,O 

0.000 

~ 
1.1 06 
3. 198 
4.852 

6 .1 47 
6.9 12 
7. 234 

I 
I 
I 
y 

UlIkllowll 

0.090 
0.b81 
0. 065 
0.057 
0 .042 
0.030 

t 
0.02 7 
0.024 
0.021 
0.0 19 
0.016 
0.01 3 
0.0 10 
0.007 
0.005 
0.0 ? 

MgCl, 
·8H,O 

0.000 

I 
I 
Y 

0·994 
3.083 . 
5. 11 6 
6-45 1 

7.0 55 

Total 
lOll S 

34.998 
34.98 3 
34.956 
34·943 
34·439 
33. 11 4 
32.474 
32 .0 35 
3 1.696 
3 1.42 I 
3 1.2 1 I 
31.086 
23.363 
15.984 
12.006 
9.9 1 5 
8.923 
7.920 
6.8 15 
6.007 
5.327 
4.848 
4 .0 14 
2.960 
2.003 
1.392 
1.0 97 

UlIkllOWlI 
Jalts 

0.000 

0.003 
0.006 
0.009 
0.01 1 
0 .0 14 
0.0 17 
0 .020 
0. 02 3 
0 .025 

°T
O 

t 

Liquid 
water 

965.002 
860.825 
488.7 14 
335.00 1 
247·534 
196.921 
173.4 12 
154· 769 
139.783. 
12 7.042 

116.225 
106.673 
77-481 
52 <H7 
39. 177 
32.104 
27·397 
23 ·393 
19.720 
17.005 
14.893 
13.507 
10.988 
7.804 
5. 150 

H 04 
2.645 

Salts ' 
water 

0.000 
0.0 16 
0.046 
0.060 
0.693 
2.362 
3. 161 
3.698 
4. 105 
4·433 
4.682 
4.833 
9.629 

14. 196 
16.663 
17.956 
18,58 1 
19.694 
2 I .40 1 
22.70 1 
23 · 738 
24·345 
25. 269 
26·593 
27.883 
28. 727 
29. I 2 ~l 

Bri'll' 
Ja lillil}' 

34.998 
39. 0 52 

66.752 
94·455 

122. 135 
143.952 
157.728 
171.490 
184.839 
198.286 
2 I 1.685 
225. 655 
23 1.6 75 
233.905 
234.570 
235.966 
245.6 77 
252 .930 
256 .830 

261.038 
263.452 
264.044 
26 7.564 
274.99 1 
280.022 
290 . 2 42 

293· I 59 

Ice 

0.000 
104. 16 1 
476.242 

629.94 1 
716.77 5 
765.7 19 
788.42 9 
806·535 
821. 11 4 
833.527 
844. 095-
853.496 
877.892 

898 .459 
909. 162 
9 14.942 
9 1 9.024 
92 1.9 15 
92 3.879 
92 5.2 96 
926 .37 1 

92 7. I 25 
928.745 
930 .605 
93 1.969 
932.87 I 
933. 234 
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x x 

x o 

x 

x 

o--NMR data 
x- - Ion data 
1- - ref. Gitterman 

O+-~--~~~~--,-~--~~--~-.--~-.--~~--.-~--~--~~ 
o -10 -20 -30 -38t 

5 1 I 

Fig . 2. The precipitatiol/ curve/or ,\ 'a,SO, ' l uH, O. The Clir/ 'e i ; a/ourth-order re.gres; ;ul/ oj the puil/t ;. ca /cu/tl trdjrolll the 
1/.III.r. data. R' is 0.98. Ref. Gitlerlllal/ refers to Gitlermal/' s table 12 ( 1937 ) . 

These data are not subs tantiated by the Nelson and Thompson (1954) data , which show a 
continuous loss of Na+ from - 8.3 °C to - 23 °C (the eutec tic temperature of NaCI) . Melior 
(1922- 37) reports on the solubilit y of many cryohydrates, including Na2S04 , but makes no 
mention of any salt redissolving upon a negative change in temperature. Melior (1922 - 37, 
Vo\. 3) reports on the solubility of CaS04 down to a tem perature of - 7°C. However, no 
eutectic temperature is given . Unfortunately, this is not the only difficulty in set ting up the 
phase relat ionships: another arises in connection with the two hydrates of a single 
salt , e.g. magnesium chloride (MgCI2' 12 H 20 and MgCI2 • 8H 20 ) and sodium sulfate 
(Na2S04 • IOH 20 and Na2S04 • 7H 20 ) . Assur added the oc tahydrat e to his table, but nOI1f' 
of the other authors mention it. 

Melior ( 1922- 37, Vol. I and 3) presents solubilit y curves for both sodium sulfate and 
magnesium chloride. Figure 3 is a portion of the magnesium chloride so lubility curve. Thc 
octahydrate is shown as a quasi-stable form that mayor may not be present. A similar se t of 
curves desc ribes sodium su lfate decahydrate and the quasi-stable heptahydrate . The octa
hydrate of magnesium chloride has a eutectic temperature of - 43°C, and, since the precipita
tion of the d odecahydrate is nearing comple tion , any large increase in the precipitation of a 
new hydrate wi ll show up as a change in slope of the water curve. This does occur at - 43°C , 
as shown in Figure 4. H owever, it is not evident from - IOoC to - 14°C, where the sodium 
sulfate heptahydrate would be likely to precipitate. Calculations based on the n .m .r. data 
for this temperature range rule out any prec ipitation of the heptahydrate. These calculations 
and a ll of the other phase calculations are based on a binary salt mixture model similar in 
part to the one Savel'yev ( l g63 [a] ) proposed with Equation (2). The model for sea-water 
contains seven binary salt s: sodium sulfate, sodium chloride, calcium sulfate, calcium chloride, 
magnesium chloride, potassium chloride, a nd calcium carbona te. In orde r to develop this 
mode l, and its characteristi c, a single binary salt , magnesium chloride, is used as an example. 

9u 
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In Figure 3, if a mixture of 20 % magnesium chloride is subjected to a gradual lowering of 
the temperature , nothing occurs until the temperature reaches -30°C. At that temperature 
the 20 % line intersects the ice curve and ice forms . As the temperature continues to decrease, 
more ice forms. The solution becomes more concentrated until point B is reached . This is the 
eutectic point for the dodecahydrate. If only the dodecahydrate is present, then the entire 
mixture will solidify. The process appears to be a series of alternate freezing of ice and pre
cipitation of salt, more ice , more salts , so that the final conditions are a heterogeneous mixture 
of ice crystals lying in a matrix of salt. In some mixtures this alternating system is sufficiently 
regular to result in a lamellar effect with alternating bands of the two components. 

In the presence of a second salt, the sequence is interrupted. At some point the increased 
concentration of the second salt lowers the freezing point of the system below the temperature 
of the solution and no more ice is formed. Thus the concentration of the first salt is below the 
eutectic concentration and precipitation ceases. The system reaches a quasi-equilibrium. 

In Figure 3 the octahydrate is a second salt, and at each temperature below - 36°C (B) 
more water freezes out and more dodecahydrate solidifies . At - 43°C (L ) the last of the 
dodecahydrate precipitates and the concentration of the octahydrate is raised to the eutectic 
concentration. Then the entire system solidifies. 

If a third salt, such as calcium chloride, is present, then the octahydrate only partially 
precipitates at - 43 °C and the same process as the first salt underwent is repeated for the' 
second salt. It should be noted that precipitation under these conditions is rarely complete. 
The precipitation follows a curve similar to a parabola, as shown in Figure 2, until the increase 
in precipitation is be low the detection levels. Of the seven binary salts in the sea-water model, 
six form hydrates and their behavior follows that of the example above. The basis for this 
behavior can be found in solvation theory. 

One of the models for solvation proposes that surrounding a solute ion there are three 
regions which can be fairly well distinguished from each other (Conway and Barradas, 1966). 
Close to the solute ion there is an increase in solvent structure. (For polar solvents one or more 
layers of solvrnt molecules are adsorbed on the surface of the solute ion. ) Lying outside this 

--~ 

Mg Cl 2·8H20 : 
--=----=---, 0 

30 

--

20 

A 

1~--~----~---~----~-------.------~ -10'C 20 30 40 - ' C 

Fig. 3. A pUllioll (~/ Iht" .I(J/llbililr m!'iI' )uIIIUlgllf.l·illlll ch/uridf. I'uilll Jj i.1 Ihf dodeCII/!)'drale l'IIII'clic; f)uilll L i.1 Ihe eutectic for 
the octa/u,drllle. 

https://doi.org/10.3189/S0022143000013770 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000013770


PHASE R E I.ATIO:-;SHIP S 1:\ SEA I C E 

o--NMR data 

o 

o 

o 
a 

-26' -30' -35" -40' - 45' - 50"C 

f-ig. 4. Liquid LVO / (,Y rontl'n' (~( (/ I r o- w o l f r .wm/J/r N!p(/ .I/lrrrl ~)' (1 11 '1.111.". ,1/Jrr fr01ll f lfr. ( ;111 1'( / 1 modr "/) (!/ 111 1'((' ranges; 
each range is (/ se/laral f fourlh-order regressioll fIIla/I's;s q/ 111f dala. The sqllared cllrrdfllillll rn~fficim ls , (R' ) arf {J'98, 
0·99,0·9.9· 

region is an area where the so lvent molecules suffer some disorderi'ng as the result of the 
opposing effects of solute and the surrounding solvent molecules. In the third region the 
solvent molecules are essentially unperturbed by the other two a reas. 

Not all ion-solvent interac tions exhibit hydration. Many salts of the larger monovalent 
ions (K, Au, Rb) are anhydrous. In these cases the water m olecules are not bound to the 
surface of the ion and the ion acts as a structure-disordering species . In sea-water KCI salt 
is of this type. 

Now, if we assume that the first and second regions of a binary salt molecule constitute a 
pseudo-crystal-like structure, then in a eutectic solution all of the water molecules are part of 
this structure and none are available for making ice or precipitate. At the eutectic tempera
ture the pseudo structure can no longer be maintained and ice is formed . Then salt and more 
ice precipitates alternately, until the entire solution solidifies. In the non-eutectic concentra
tion mixture , the water required to form a eutec tic mixture with the reduced concentration 
is bound and the rest of the water is free to freeze out. Thus, in a binary salt model of sea
water, all of the water molecules can be assigned as either bound to one of the salts or free in 
the outer space. Then, as the temperature is reduced, all of the free water freezes out , and the 
entire phase distribution at each quasi-equilibrium can be computed on the basis of the 
amount of bound water remaining. This bound water is measured by means of the n.m.r. 
spectrometer. Of course, the salt KCI does not lend itself to such computation since it forms 
an anhydrous precipitate. 

V . RESULTS 

The results of the n.m.r. studies are summarized in Table I. This table varies considerably 
from those of Gitterman (1937) and Assur (1958). The initial ion concentrations are based on 
the ion ratios in so-called "normal sea-water". These are the same ion ratios used by Assur 
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(1958) . The phase relationships in Table I were computed from n.m .r. m easurements of the 
to tal liquid-water content of a frozen sample of sea-water . 

For the upper tempera ture range (o°C to - 24°C) the n .m.r. d a ta from the previous 
paper (R ichardson and K eller, 1966) were used. For the lower range (- 26°C to - 52 °C) 
data from recent experiments were used . These data are shown in Figures 4, 5 and 6. The 
solid-l ine curves in a ll three figures are the results of fourth -order regression analyses of the 
respective data . Figure 5 is a single regression analysis of the data for the entire low
temperature range. Figure 6 is the regression analysis of one of the three segments of the low
temperature range which have distinct curva tures . These segments have temperature ranges 
( - 26°C to - 36°C , - 38°C to - 43 °C , - 44°C to - 55°C ) which correspond to the precipita
tion of major sa lts. Similarly, there are two curved regions (o°C to - 7°C , _ 8°C to - 23 °C ) 
in the high-temperature range. T he regression analysis of each segment produces a be tt er 
fit of the data , as shown in Figure 4, a composite of the three analyses. 

All data points shown are mean values of the n .m .r. data. In Figure 6 some of the data 
points are shown with extensions to indicate two standard deviations either side (95 0/0 ) 

ra nge of the data . I n a ll cases where regression analysis was used the equa tions were tested 
for fit by F tests and the square of the correlation coeffi cient was computed , using standard 
ANOV A techniques. The equations in a ll cases produced F test resu lts within the 5 % lim its. 
The ind ividual corre lation coeffi cients are presented in the caption for ea ch figure. 

In addition to the n .m.f. data , the eutectic temperatures and concentrations of the 
hydrates (M elior , 1922-3 7) were used in the calcu lations of the phase distributions. This was a ll 
of the information required for the compu tation of Table I , except for the two salts K C I and 
CaCO .1 which required ion measurem ents from Gitterman (1937) and N elson and Thompson 
( 1954) . The calcium salt could not be calcula ted with the other sa lts because the solubi lity 
data are sr a tl erf' d and ronAicting . 

. ofwater 

o 

o 

x 
o 

0 
-26· - 30" - 35· 

x 

0 

0 

- 40" 

x 

0 

0 

- 45" 

o--NMR data 
x-- re i. Assur 
%- -rel. Gitterman 

-50·C 

Fig. 5. Liquid-wil Ier COll lfll l of 11 _wlllple a/Jen-wnler lIIeaJl/red br all 1I.III .r. s/leclmllleler. The CIIT/'e iJ afourlh-order regressioll 
of lhe 1I .III .r. dala. The other data hme been weighted fo r differences ill salinities . R' is 0.97 . Re! As",r refers to Assllr's 

_ lahle 3 ( 1.958) . R~! Gittermoll refers 10 Gitterman's table 12 ( [937). 
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o 

o--NMR data 
x- - r.f. Assur 

0+------,,------,------,-------.------,-------.------,------. 
- 43' -44' - 48' - 50' C 

Fig. 6. Liquid-waler colllelll of a "ea -water salllple l/"aslITed by all 1I.III.r. spectrome!er. The cur"e is a fOllr th-order regression 
of the 1/. 117.r. data. The bars represent a raT/ge of two standard deviations either side of the data collected. R' is 0.99 . 

After computing the values for potass ium chloride and calcium carbonate hexa~ydrate 
(columns 12 and 16), the total amount of each ion involved in the remaining five salts was 
computed. For example, using atomic rati os and eutectic concentrations, the distribution o[ 
the sodium ions is calculated [or each sodium salt. The total amount of sodium ion precipi
tated per kilogram of sea-water in the form of sodium sulfate d ecahydrate is given by 

Nas+ = 
10·753 Nase++ Nacc+ 

1. 2 58 g 

where Nase+ is the eutectic concentration of the sodium ion in the decahydrate, and Nace+ 
is the eutec tic concentration in sodium chloride dihydrate . The remaining Na+, 9.495 g, 
forms the chloride salts . 

A similar computation divides the magnesium ions. Using these values and the values fOI ' 
the chloride ions in potassium chloride and calcium ions in the carbonate salt, the ion distribu
tion for a ll the salts can be computed, ineluding calcium chloride hexahydrate, which was not 
listed since its eutectic temperature is - 55°C. 

The total weight of ions in each salt is now used to compute the total amount of bound 
water that ea ch salt requires [or a eutectic concentration. Now the total ionic weight and the 
bound water for each salt can be used with the n.m.r . data to calcul a te the values of the 
hydrates in Table I , except for the next-to-last value for calcium sui fat e dihydrate. This latter 
value occurs at a temperature where three hydrates precipitate simul taneously and the 
computations become complicated. Fortunately, the prec ipitation of gypsum nears com
pl et ion at this temperature so that the changes are very small and the point may be extra
polated from a smooth curve through the final point which is known. Using the graphed 
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value for the amount of gypsum precipitated at - 24°C (0.139 g), the amounts of the other 
two salts that precipitate at the same temperature may be computed. These calculations 
illustrate how the values for the precipitated salts were obtained. 

TABLE 11. WATER IN HYDRATED SALTS PER 

KILOGRAM OF SEA-WATER 

Salt Bound water 

MgCI.· J 2H.O 
MgCI.·8H.O 
CaCI.·6H.O 
CaSO.·2H.O 

Total 
Total water from n.m.r. 
Residual water W 

g 

8.8g8 
8.480 
2.240 
0.65 1 

20.26g 
77.481 
57. 212 

The bound water associated with the salts that precipitate at lower temperatures is first 
subtracted from the total water given by the n.m.r. data. The remaining water is divided for 
each salt according to ion ratios. Finally, this bound water is associated with a quantity of ions 
in the eutectic solution. These individual ions are subtracted from the total ions calculated 
for the particular salt. The remaining ions go to form the precipitate of that salt at that 
temperature, as in Table H. 

W = wes+wec 

where Wes and Wee are the bound water of the eutectic solutions for Na2S04 and NaC!. 

I-Ces 
Wes = -C-- Ss 

es 

= aSs 

where Ces is the eutectic concentration of sodium sulfate. 

Wes 24·974S 8 

Wee = 3·348Se 

W Wes 
= 1+ -

Wee Wee 

Ss 
1 + 7.460 Se 

where Ss/Se is the ratio of the two salts in solution at the preceding temperature 

57·212 g 
Wee = = 54.529 g 

1.0492 

Wes = 57.212 g-54·529 g = 2.683 g. 

The amount of ions of the salt remaining in solution is 

S 
_ Wes 

s-
a 

2. 683 g 
= 0. 1074g· 

24·974 
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The amount of ions precipitating in the hydrate, hs, is given by the difference between the 
total ions of the salt T s in the eutectic solution and those left in solution 

hs = Ts-Ss 
hs = 3.880 g-o. 107 g 

= 3·773g· 
The total weight of the hydrate is 

Hs = 3·773 g 
0.44 1 

= 8,554 g Na2S04 • loH 20. 

This value compares to 8.509 g obtained from the ion data of Nelson and Thompson ( 1954) , 
Values for the other five hydrates were calculated in a similar manner. The tabulated values 
in Table I were obtained from fourth-order regression analysis of the calculated points. After 
the tabulated values for the hydrates were obtained , the remaining columns in Table I were 
readily calculated. 

Under the original assumption that the residual and entrapped brine have the same 
composition, the salinity measurements of Gitterman ( 1937), Nelson and Thompson (1954) 
and Ringer (1906) offer an opportunity to compare the result s of Table I with experimen tal 

o 

o 

o 

25 
o 

x x 

2 

15 
x- - GiUermon 

0- - Nelson 
.- -Assur 
6- Ringer 

10+-~~~,-~~---,--~---,~-----,~-----. 
o -10 -20 -30 -40 -50·C 

Fig. 7. The saliniry curueJar brine ot s llb :free~i"g temperatures. The first two segments are linea r regressions of the experimental 
data . The upper two segments arefourth-order regressions rifthe experimental data. The Rz are 0.99, 0.99, 0.98 and 0.97. 
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data. Figure 7 is a compilation of the three a uthors' measurem ents. Assur 's computed values 
are included for reference. The graph consisting of two linear segments and two curved 
segments was constructed from two linear regress ions and two fourth-order regress ions of the 
respective data. Figure R is a ("omparison ofth(, regress ion result s \\·ith th e values from Table 1. 

25 

o 

2 

t5 

o 

o 

o NMR data 
- Rag. Eq. 

o 

o 

to+---~~.---~~-r~~~~--~--~~--~~ 
o -10 -20 -30 -40 -50·C 

Fig. 8. A comparisoll q/ the experimelltal CIITl"rJfrolll Figllre 7 u·ith the colII/Jllted rn lllcs bnscd IIpon tlze 1I .III .r. datn. 

VI. CONCLUSIONS 

Nuclear magnetic resonance m easurem ents of the liquid-water content of sea icc were used 
to compute the phase relationships as fun c tions of temperature . The computations wen; 
based upon a binary salt mixture used as a m odel for sea-water . These salts have their solva
tion water bound in a pseudo-crystalline structure. The amount of solvation water is based 
upon the eutec tic concentrations of the salt s. On the basis of the salinity comparison in 
Figure 8, this m odel produced results which a re in good agreement with experimental 
salinity data . 

The mode l and the n .m.f. dat! establish ed new evidence for the addition of two contro
versial hydrates to the list of precipitating sal ts. Assur (1958) first postulat ed the octahydrate 
of magnesium chloride. Solubility and n .m.r. data appear to confirm the precipita ti on of this 
salt. Gitterman 's (1937) proposed dihydrate of calcium sulfate also appears to b e confirmed 
by the n .m.r. results, although the solubility data on this salt are incomplete and therefore the 
reported amounts of this precipitate were based upon an es timate of eutectic conditions. 
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