
varying from 0.2 to 0.5 / (0.4 I aver- 
age) in length and 60 to 120 A in di- 
ameter at the center. The end portions 
had large irregular projections similar 
to some examples illustrated by Hux- 
ley. The filaments, however, were not 
spindle-shaped, and the large irregular- 
ities were clearly discernible at low 
magnification (Fig. 2b). This is a con- 
sistently reproducible preparation, and 
it appears that the particular pH of 
the medium is a factor determining the 
size and characteristics of these fila- 
ments. 
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Liquid Water in Frozen Tissue: 

Study by Nuclear Magnetic Resonance 

Abstract. Nuclear magnetic reso- 
nance (NMR) spectroscopy was used to 
examine the behavior and extent of 
liquid water in postrigor-frozen tissue 
of cod at temperatures below 0?C. A 
liquid-water phase persists in the tissue 
down to about -70?C; the extent of 
the phase decreases rapidly between 0? 
and -10?C and slowly at lower tem- 
peratures. That the NMR absorption 
peak of the liquid water increases in 
wiidth, with decreasing temperature, 
suggests loss of mobility or structuring 
of the phase. A technique for introduc- 
ing geometrically uniform cores of mus- 
cle into the probe of the high-resolu- 
tion spectrometer permits quantitative 
determinations of liquid water. 

Information on the behavior of water 
in frozen tissue at temperatures below 
0?C relates to understanding of the 
mechanisms of protein denaturation 
and tissue degradation during frozen 
storage, and may throw light on the 
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in frozen tissue at temperatures below 
0?C relates to understanding of the 
mechanisms of protein denaturation 
and tissue degradation during frozen 
storage, and may throw light on the 
complex role of water in the living 
cell. We now report results of nuclear 
magnetic resonance (NMR) spectro- 
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scopic examination (1) of postrigor- 
frozen muscle of cod (Gadus mnorhua). 

Quantitative determinations of liquid 
water were made on geometrically uni- 
form cores of tissue cut from fillets of 
dorsal muscle of fresh cod with a modi- 
fied 5-mm Varian A-60 sample tube. 
The tube was modified (Fig. 1) by cut- 
ting-off the sealed end and by grinding 
a scalloped cutting edge on that end. 
When screwed into the fish fillet, the 
tube cut a core of tissue that remained 
within the tube; the lower end of the 
tube was then closed with a 5-mm plug 
of window putty. The tube, with core 
sample (at least 4 cm long), was in- 
serted in the Varian A-60 probe to a 
depth of 3 mm above the temperature 
sensor, and the sample was rotated at 
20 to 40 rev sec-1. Spectra consisted 
of a single, broad, symmetrical peak 
whose position downfield of tetra- 
methylsilane coincided with that of dis- 
tilled water at the same temperature. 
If air bubbles or other gross inhomo- 
geneities were introduced with the sam- 
ple, spinning side bands appeared and 
peak shape was distorted. The core- 
cutting sample tube reduces "filling 
factor" variability, which hinders quan- 
titative NMR measurements on non- 
liquid materials (2). Liquid-water con- 
tent of tissue was obtained from NMR 
absorption-peak area by comparing the 
tissue-water peak area with the area of 
the water peak of a 23.3 percent NaCI 
(eutectic) solution at the same tempera- 
ture. Weight-percentage of tissue water 
was calculated as follows: 

Liquid water (percent)= (At ss.e/Aeutee tic) 
0.766 (peutect c/Pt iss,,e) 

where A is the peak area (of tissue or 
eutectic solution), 0.766 is the weight in 
grams of liquid water per gram of 
eutectic solution, and p is the density 
(of tissue or eutectic solution) at 20?C. 
The validity of the calculation is shown 
by Fig. 2, which serves as a calibration 
chart and which plots known water 
contents of saline solutions of differ- 
ent concentrations (0.9, 3.0, 8.0, 16, 
and 23.3 percent NaCI) against the 
above function of peak-area ratio at 
temperatures between 38? and -21 ?C. 
Between 0? and -21.1?C the noneutec- 
tic solutions deposited varying amounts 
of pure ice. Their liquid-water contents 
depended on temperature and initial 
concentration and were computed 
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tures. A 45-degree straight line drawn 
through the origin connects all these 
calibration points; this suggests absence 
of radio-frequency saturation, good field 
uniformity, and a constant line-shape 
function, all factors that tend to make 
peak area directly proportional to the 
number of resonating protons per unit 
volume of sample (2, 3). 

The variation in the liquid-water 
content of cod fillet with temperature 
is shown in Fig. 3; the data, for the 
same sample of tissue, indicate that 
rapid decrease in content between 0? 
and -10?C is followed by a slow de- 
crease at lower temperatures. Quanti- 
tative measurements were made down 
to -20?C. Qualitative measurements 
on a wide-band spectrometer, at tem- 
peratures below -20?C, show that the 
liquid-water spectrum exists at -68?C 
and disappears at about -70?C (4, 5). 

Figure 4 shows the variation in ab- 
sorption-peak width with temperature. 
Peak width, measured at 0.6 of peak 
maximum, increases with decreasing 
temperature, suggesting a loss of mobil- 
ity, or increase in structuring of water 
molecules, with decrease in extent of 
the liquid phase and in temperature. 
Water-peak widening has been reported 
(6) for water in clays at temperatures 
below 0?C, as well as an increase in 
water-peak width as the water content 
of various natural materials, particular- 
ly starch, decreases (7). 

Peak width at temperatures between 
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20? and 0?C is about 10 cy/sec, com- 
pared with about 2 cy/sec for pure dis- 
tilled water and 7 cy/sec for the 
"Homo-adjust" standard (a solution of 
paramagnetic salts) used with the A-60 
machine. Below 0?C the peak widens 
rapidly, reaching 140 cy/sec at -19?C. 
Broadening of NMR water signals (or 
decrease in transverse relaxation time) 
in the presence of DNA, human cells, 
starches, and other materials (8, 9) has 
been ascribed to loss of mobility and 
structuring of the liquid water by proc- 
esses such as H-bonding, adsorption, 
gelation, hydration, and others. The 
broadened tissue peak is still much nar- 
rower than a pure-ice peak; compari- 
son of the two on a wide-band spec- 
trometer (5) showed the peak width of 
pure ice to be 70 times greater than 
that of the liquid water of fish muscle 
at -16?C. 

The rapid freezing rate followed by 
the slow freezing (Fig. 3) may be in- 
terpretable in terms of freezing of 
"free" and "bound" water phases, the 
concept of "bound" water having some- 
thing of a tradition in discussions of 
cellular water (9, 10). Figure 4, how- 
ever, showing no sharp slope changes 
below 0?C, indicative of a disappear- 
ance of phase, suggests that the change 
in binding is gradual and probably in- 
volves a spectrum of binding energies. 

Most estimates of the extent of liquid 
phase in frozen tissue, based on calori- 
metric, histological, dilatometric, and 
thermal-conductivity observations, agree 
that most of the liquid phase is solidi- 
fied at or above -20?C. Estimates of 
the temperature of complete solidifica- 
tion of animal tissue vary from -20?C 
to -65?C (10). Riedel (11) reports 
that cod muscle freezes completely be- 
low -65?C. 
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Manganese Nodules: Their Evolution 

Abstract. That manganese nodules 
and adjacent deep-sea sediments are 
accumulating manganese at almost the 
same rate has been established by tho- 
rium-230 dating of both sediments and 
nodules of known manganese content. 
The rate of manganese deposition is 
nearly constant over the world oceans. 
A relatively simple model of nodule 
evolution explains the distribution of 
manganese nodules between sediment 
column and sediment-water interface; 
the model appears to apply to other 
trace elements such as copper, nickel, 
and cobalt. 

Since Murray and Renard (1) first 
reported the discovery of manganese 
nodules by the Challenger expedition 
(1873-76), many workers have specu- 
lated regarding the origin of these fer- 
romanganese oxide concretions. Kue- 
nen (2) reviewed the evidence that 
the nodules grow by slow accumulation 
of authigenic manganese. More recent- 
ly Bonatti and Nayudu (3) discussed 
indications that manganese nodules are 
formed by rapid accumulation of man- 
ganese coming from submarine vol- 
canic exhalates. The composition, min- 
eralogy, occurrence, and theories re- 
garding the evolution of nodules were 
recently discussed extensively by Mero 
(4) and Menard (5). 

We propose the following simple 
model, based on our findings, for the 
evolution of manganese nodules. The 
relatively constant rates at which man- 
ganese accumulates in deep-sea sedi- 
ments (Table 1) indicate that there is 
a rather uniform "rain" of manganese 
over the entire ocean floor. Whereas 
most of this manganese is incorporated 
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most of this manganese is incorporated 
into deep-sea sediments, hard bodies 
such as sharks' teeth and volcanic frag- 
ments lying on the sediment surface 

325 

into deep-sea sediments, hard bodies 
such as sharks' teeth and volcanic frag- 
ments lying on the sediment surface 

325 


