
SYMPOSIUM 
ON DIFFUSION IN 

OCEANS AND FRESH WATERS 
AUGUST 31-SEPTEMBER 2, 1964 



SYMPOSIUM ON DIFFUSION IN OCEANS AND FRESH WATERS 

at 

Lamont Hall 

Lamont Geological Observatory of Columbia University 

Palisades, N e w  York 

on 

August 31 through September 2, 1964 

Editor: Takashi Ichiye 

Published by Lamont Geological Observatory of Columbia University 
Palisades, N e w  York under sponsorship of the U. S. Atomic Energy 
Commission and the Office of Naval Research. 

December, 1965 



Preface 

Oceanographers have long been aware of the importance of mixing 
processes on different scales in different parts of the ocean. In natural 
water bodies, mixing processes are augmented manifoldly by stirring of 
the water by irregular motion or turbulence. Therefore, in oceanography 
the concept of eddy diffusion has been adopted since the turn of the century 
and widely used to explain distributions of temperature, salinity, dissolved 
oxygen and chemical components in the ocean. However, it was during the 
late forties that oceanographers started to utilize artificial tracers, includ- 
ing turnips, mimeograph papers, organic dye and isotope, in order to do 
controlled experiments on diffusion in the sea. 
diffusion experiments in oceanography was stimulated partly from a practi- 
cal reason, that is, by the necessity for determining diffusion behaviors of 
water contaminated by atomic bomb tests and partly from an academic 
reason - the development in statistical theory of turbulence. 

This sudden flourish in 

Initially, eddy diffusion in a medium, like ocean and atmosphere, 
was treated by the Fickian equation which is based on the similarity to the 
molecular diffusion. However, in order to explain diffusion of various 
quantities in a field of different scales of time and space, the diffusion 
coefficient or diffusivity in this equation must be taken as not only dependent 
on time and space but also variable in magnitude by almost ten orders. This 
rather embarrassing state was partially relieved by Richardson's introduc- 
tion of neighboring diffusivity in 1926 which replaces the eddy diffusivity in 
the Fickian equation. This concept gave a heuristic explanation on depend- 
ence of diffusivity on a scale of phenomenon. 
Kolmogoroff introduced a hypothesis of statistical equilibrium of the small- 
scale components of the turbulence. His work was the starting point for 
subsequent research on statistical theories of isotropic turbulence in the 
late forties, which gave a deductive explanation on the scale effect of eddy 
or neighboring diffusivity. 
sion experiments in the ocean in the late forties, as mentioned above. 

- 

In the early forties, 

This development in theory stimulated the diffu- 

During the fifties there was an apparent pause in activity in field 
experiments of diffusion in the ocean, except for research on large-scale 
mixing by measuring radioactivity in the ocean from fission products, mQst - 
ly by Japanese oceanographers, and from natural radioisotopes by groups 
of geochemists of the Lamont Geological Observatory and Scripps Institution 
of Oceanography. In the late fifties, Pritchard and his co-workers at the 
Johns Hopkins University developed a tracer technique using harmless 
organic dye which can be traced with a shipborne fluorometer with concen- 
tration sensitivity comparable to the radioactive tracer. 
Observatory has fully utilized this technique in various parts of the ocean 

A group at Lamont 
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Amount Approx. Length Discharge Lead Peak of Dye 
(Miles ) 

(Hours ) (Hours) 

Approx. 
Passage Time 

(Hours ) * 
Peak 
Cone. at Dose Site Injected Travel Time Travel Time Sub -Reach 

(Pounds) (PPb)* 
(cfs) 

Cumberland 
43 50.3 12 30 

45 45 48.6 17 40 

28.1 400 30 to Paw Paw 

Paw Paw 
to Hancock 37.9 1,010 

Hancock 
45 68.5 77.4 5.5 60 

90 54 63.8 7- 5 80 

to Williamsport 27.8 1,380 

to Shepherdstom 27.2 
Williamsport 

1,900 

Shepherdstown 

49.0 9 30 2,200 60 44.5 to Point of Rocks 24.1 

43.6 4,540 195 64 Point of Rocks 
to Washington 

69.8 12 40 
(Chain Bridge) 

465 359 Totals 188.7 

*At lower end of sub-reach. 
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SHADED AREA 
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3 HANCOCK 
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Figure 1. --Potomac River Basin. 
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Figure 2.--Time-Concentration Curves, Cumberland Dose. 
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Table 1 

Protocol of Tracer Experiments 

8 

9 

10 

11-1 

11-2 

11-3 

12 

13 

Tracer h t e  Nature Streamflow Point of Depth of Minutes Strength Volume of Weight 

of dye 

Station 101 surface 

dye for of dye RUn of cu.ft./sec. application feed 

at below water feed solution (liters) (h.) 
experiment 

10-20-6 1 

10-23-61 

10-25-61 

10-27-6 1 

12-1-61 

12-2-61 

Point source 2450 

Horizontal 4700 
line source 
Vertical 3400 

source 
Instantaneous 3000 

source 

Horizontal 12,400 
line source 
Point source 10,710 

20-50 feet 
from south 

shore 
Entire 

width 
Midstream 

Midstream 

1 

Across entire 
width 

20-40 feet 
from 

south shore 

4.5 67 1.5% 48 

1.5 5 1.6% 10 

5.6 1.6% 36 --- 
40.0% 0.5 

5.0% 4.0 

1.5 --- 
--- 
0.8 1.0% 20.0 

1.5 4.6 1.6% 26.0 

1.5 8.7 1.6% 50.0 

1.59 

0.35 

1.27 

0.44 

0.92 

1.77 



TABLE 2 

PAKAMEX’ERS OF M E  FUNCTION: C, - atb or U-‘- a’ tb’ , WHIM DESCKIBES 
THE TIME-KATE OF CHANGE OF PEAK CGNCENTRATION AND 

HOKIZONTAL SPREAD OF DIE TRACER 

b - Slope of Log-Log Plot 
TRACER FLCW 

$*VERSUS TIME 
PEAK CONCE~~ATION RUN CUBIC FEFP 0;’ VERSUS T E B  PW SECOND VERSE TIME 
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constitute routes to river environment which 
Manr e.g., fish, food, __-- constitute the Routes to 
beach sand, river water, bottom sediment. Systems. 

* Man and Biological 

fishi con tion of 
river gear) direct contact 

Harimurn Permissible 
Conoentration 2 
iver Wa er. of chemical, k t 

nuclear 
decay. 

phYsi=l, 
-* biological 

action. 

on beach 8a-3 etc. 

Portion of total allowable 
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f I 
body forcee. 

Convection by current8 rad 
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FIGURE 4 

Sto. 102 

Ot this station 

River Flow 3500 cu ft /sec. 

TRANSVERSE PROFILES IN BACK CHANNEL O F  NEVILLE ISLAND, OHIO RIVER 
BASED O N  SURVEY OF 9-8-61 WITH RAYTHEON RECORDING FATHOMETER 



FIGURE 5 
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Table 1 

SUMMARY OF STATISTICAL PARAMETERS OF HYPOTHETICAL DATA 

No. of Pieces Sampling Sampling Max. Correl. 
Set cf Data Period Interval Values M e a n s  Variances Covariance Coeff. -- - 

' (1) R a n d o m  600 180 0.3 10 10 t0.16 -0.27 15.43 16.41 -3.98 -0.205 
Biased (BR) 

(2)Ideal Sinus - 600 180 0.3 10 10 -0.15 $0.10 50.62 50.03 -0.045 -0.0009 
oidal (USH) 

(3)Biased Sinus- 600 180 
oidal (BSH) 

10 $0.31 -0.05 49.56 54.30 -2.57 -0.05 0.3 10 
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Fig. 1 - NOTs Cruise 62-3 - Station Standard (32O59.8 N; 118O29.1 W) 
Time studies - 2000 24 Sept. - 0600 25 Sept. 1962 

SURFACE SOUND VELOCITY 

\ 

NOTs CRUISE 62-3 
STATION STD. 
25-26 SEPT 1962 

Fig. 2 - NOTs Cruise 62-3 - Station Standard (32O59.8 N, ll8O29.l W) 
Time studies - 2100 25 Sept. - 0600 26 Sept. 1962 
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Table 2. Rn222/Ra226 Ratios in Oceanic Samples from Intermediate 
Depth in Western North Atlantic 

R P 6  &222 
&222 

- 226 
Sanple Water 10-14 equiv. 

Collection Sample Depth Depth 
(m) gm na-fL gm.5 Ra Date No. (m) 

w 1.2k0.2 
03 N 11/13/62 BWM21 50 >loo0 6.0tl.2 (5) 

11/20/62 EW#2 300 >loo0 6.121.2 (5) 1.2k0.2 

1/16/63 BW#5 200 >loo0 3.92008 (5) 0.8k0.2 

1/17/63 BLJ&# 600 >loo0 4.0k0.8 (51 0.8kO. 2 

1.2k0.2 

3/8 /63 Vl9-22 -600 >4000 6.. 5kl.O (5) 1.3L0.2 

2/24/63 Vl9-8 -300 >4000 6.1k1.0 (5) 

Table 3. Rn222 Concentration in Oceanic Air 

Measured' 
Rn222 

Sample Collection 10-l~ equiv. 
No. Location Da-bF- ~m R a n  

FHC-A Frazer's Cay, Bahamas 6/14/62 0.720.4 
FHC-B Frazer's Cay, Bahamas 6/15/62 0.8k0.1 
FHC-C Prazer's Cay, Bahamas 6/2*/62 0,6+0.1 

2/22/62 2.3k0.3 V19-4 R. V. Vema - Ambrose Light 
Ship, N.Y. Rarbor 

Vl9-7 R. V. Vema - W.N. Atlantic 2/23/62 0.5kO.1 
Vlg-19 R. V. Vema - U.N. Atlantic 3/7 /63 0.3k0.05 

Vl9-23 R. V. Vema - W.N. Atlantic 3/11/63 0.620.1 
Vlg-21 R. V. Vema - W.N. Atlantic 3/8 /63 1.2k0.1 
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Table 6, Rn222-Ra226 Ratios in Oceanic Samples Taken Near Bottom 

c-. 
w 
N 

Excess 
Distance &222 Ra 226 Rn222 

equiv. 10-l~ 10-l~ equiv. 
Lat if;v.de Bottom off 10-14 

Collection and Depth Bot tom 
Date Longitude (m) (m) gm Ra226/L gm/L gm Ra/L 

Table 7. Rn222-Ra226 Ratios in Surface Ocean Water 

Rn222 226 

NO s Location Ve loci tg gm Ra/L R2/L 

Ra * &222 

f1t26 Sample Wind 10-l~ equiv. 10-l~ gm 

FHC-3 
FHC-4 
FHC-5 
FHC-14 
V19-6 
Vl9-9 
v1q-lo 
Vl9-11 
V19-13 
V19-18 

\ 

c.' 
w 
W 

Tongue of the Ocean 
Tongue of the Ocean 
Tongue of the Ocean 
Tongue of the Ocean 
North Atlantic 
North Atlantic 
North Atlantic 
North Atlantic 
North Atlantic 
North Atlantic 

Normal 
Normal 
Normal 
Normal 
Normal 

Gale Force 
Gale Force 

Normal 
Normal 
Normal 

3 3kO. 3 
3.3fO. 3 
4,8+0.5 
5.710,. 5 
1.9+0.2 
l.lf0,2 
1.4k0.2 
2.0+0.2 
4.4kl.O 
4<5+1*0 

.65+.10 
65k 10 
.94+_. 10 

1. OOk. 10 - 0.4 
I.? 0.2 
Iv 0.3 - 0.4 - 0.9 - 0.9 

* 
Values in ( ) are estimates based on the results for otkrer samples (see Table 1). 



Table 8. Rn222 and Ra226 Results on Bahama Bank Waters 
(See Broecker and Takahashi, in press for exact locations) 

Excess 
226 &222 

222 Rn222 Ra Sample Bottom 
10-14 equiv. 10-14 ~n 10-l~ equiv. 

Ra226 gm Ra/cm2 
Depth Depth of 

Station (m) (4 Sediment gm Ra/L gm/L 

62-35 0 
62-35 0 
62-37 0 
62-30 0 
62-46 0 
63-5 0 
63-5 5 

2 63-7 0 
63-7 4 
63-12 0 
63-12 3 
63-24 2 
62-22 0 
62-17 0 
62-36 0 
63-13 0 
63-17 0 
63-18 0 
63-19 0 

r 

CaCO sand 3 2 
CaCO sand 3 2 
CaCO sand 3 3 

4 CaC03 sand 
0.7 CaC03 sand 

CaCO sand 3 5 
5 CaCO, sand 

CaCO sand 3 4 
4 CaC03 sand 
3 CaC03 sand 

CaCO sand 3 3 
CaCO sand 3 
CaCO mud 3 5 
CaCO mud 3 6 
CaCO mud 3 6 
CaCO mud 3 4 
CaCO mud 3 5 

5 CaC03 mud 
5 CaSQ, mud 

I 

4* * 

23+2 
24k2 
1722 - 
3153 
1822 
19k2 
33+3 
18k2 

39+4 
2022 
5626 

6.0k0.6 
1321 
1021 
15+1 
31+3 
14k 2 
a 5+2 

5.420.5 4.3k0.5 3.820.4 
4.0k0.4 4.2F0,j 5.8k0.6 

5.OiO.5 3.4k0.4 3.6k0.5 
5. 5kO. 5 - - 
5.0k0.5 6.2f0.6 3.7k0.4 

(5) -4 -7 
(5) -4 -7 
(5) -7 -11 
(51 -4 -5 
(5) -8 -10 
(5) -4 -5 
(5) -11 -20 

<0.5 

10+1 1. 020. 2 <1.2 
(7) -2 -3 
(10) -3 -10 
(10) -1.5 -2 
(LO) -1.5 -2 

6,6+0.6 O.?+O.l 
9+ 1 1.5f0.2 2.4k1.2 

* Talues in ( ) are estimates based on the 1462 results. 
** Adjacent to very shallow waters of Brown's Cay oolite bores. 
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