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I. INTRODUCTION 

l lh i s  r e p o r t  d e s c r i b e s  t h e  work c a r r i e d  o u t  on Lake Tangonyilta d u r i n g  n 

o o p e r a t i v e  e x p e d i t i o n  i n  F e b r u a r y ,  1973 .  The propost11 f o r  sncll a n  e x p e d i t i o n  

,as i n i t i a t e d  by c o r r e s p o n d e n c e  between tl. C r a i g  o f  t h e  S c r i p p s  I n s t i t u t i o n  

g Oceanography, U n i v e r s i t y  o f  C a l i f o r n i a ,  G .  W .  C o u l t e r  of  t h e  Burund i  F i s h e r y  

. e s e a r c h  P r o j e c t ,  and C .  tl. C l a y ,  FAO, Rome, Pe rmiss ion  t o  c a r r y  o u t  r e s e a r c h  

,,, L a k e ' ~ a n g a n ~ i k a  w i t h  t h e  Burund i  F i s h e r y  P r o j e c t  (FAO) w a s  l t indly  g r a n t e d  

, t h e  D i r e c t e u r  d e s  Eaux et  P o r e t s ,  B u r u n d i ,  and p e r m i s s i o n  t o  work w i t h  pro- 

e c t  s t a f f  and f a c i l i t i e s  was g iven  b y  t h e  C o o r d i n a t o r  of Lake P r o j e c t s ,  FAO, 

:one .  

T h i s  s t u d y  o f  Lake Tanganyika  o r i g i n a t e d  i n  t h e  d e s i r e  t o  a p p l y  t h e  geo- 

: h e m i c a 1  methods and t e c h n i q u e s  r e c e n t l y  deve loped  f o r  o c e a n o g r a p h i c  r e s e a r c h  

:o t h e  problems e n c o u n t e r e d  i n  t r y i n g  t o  u n d e r s t a n d  t h e  c i r c u l a t i o n  and c h e m i s t r y  

t f  a  l a r g e  and d e e p  l a k e .  I n  t h i s  r e s p e c t ,  Lake Tanganyika i s  O F  o u t s t a n d i n g  

; c i e u t i E i c  i n t e r e s t  t o  t h e  i n t e r n a t i o n a l  community o f  o c e a n o g r a p h e r s ,  limno- 

-og i s t s ,  and h y d r o l o g i s t s .  In many .ways Lake  Tanganyilta r e s e m b l e s  t h e  o c e a n s ,  

' s p e c i a l l y  i n  t h e  1.ong " r e s i d e n c e  t i m e "  of  d e e p  w a t e r  r e l a t i v e  t o  r e p l a c e m e n t  

ty  mixing w i t h  s u r f a c e  w a t e r .  T h i s  t i m e  is  e s t i m a t e d  t o  b e  of  t h e  o r d e r  of 2000 

r e a r s  i n  b o t h  L a k e  Tanganyika and i n  t h e  o c e a n s .  I n  t h e  o c e a n ,  t h e  mixing i s  

: a p i d  enough,  a n d  t h e  r a t e  o f  consumpt ion o f  oxygen i n  t h e  deep w a t e r  is s l o w  

=l lough,  s o  t h a t  most  d e e p  ocean  w a t e r  m a i n t a i n s  a  s i g n i f i c a n t  c o n c e n t r a t i o n  of 

l i s s o l v e d  oxygen and s u p p o r t s  l i f e .  However, i n  c e r t a i n  a r e a s  such  a s  t h e  

Z r o p i c a l  w a t e r s  o f  t h e  E a s t e r n  P a c i f i c  and i n  some o f  t h e  d e e p  t r e n c h e s ,  t h e  

'Xygen is e n t i r e l y  consumed and  t h e  w a t e r s  r e s e m b l e  t h e  d e e p  wa te r  of Lake 

r a n g a n y i k a  which i s  a n o x i c  a n d  does  n o t  s u p p o r t  l i f e .  In  b o t h  c a s e s  t h e  decorn- 

' Q s i t i o n  o f  s i n k i n g  o r g a n i c  m a t t e r  t a k e s  p l a c e  under  a n a e r o b i c  c o n d i t i o n s  and 



;I v c r y  s p c c i . i ~ l  c h e n ~ i s t r y  d c v e l o g s  which c l ~ a r n c t c r i z c s  t h e  p r o d u c t i o n  of  1111tri- 

c n t  c?letnr?nts i n  so:l.t~bLe form i n  t h e  clc!c.p w:lter. Sit icc i t  :is tlic opwell . ing of 

t h e s c  i l r ~ t r i e n t  el .ements which s u p p o r t s  t l ie  pi:otluctiv:Lty of t h e  s u r f a c e  w a t e r s ,  

i t  i s  v i t a l l y  i s ~ p o r t a ~ i t  t o  underst;rnd t h e  clicniicol prclccsfics l.11 tlie dk?c.p w a t e r  

w l ~ i c l ~  protluce t h e  n t ~ t r i c u t s ,  and  t l ~ c  p h y s i c i l l  p r o c e s s e s  wlr:Lch b r i n g  t h e  11utrl.- 

enl- e l en ieo t s  to t h e  s u r f a c e  t o  s u p p o r t  t h e  f : l s l ~  ;iod pl.ankton p o p u l a t i o n .  Tlte 

s tu t ly  o f  t l i e sc  c l ~ c m i c a l  iund p h y s i c n l  proc:esOes wlii.ch s u p p o r t  t h e  p ro t luc t iv i . ty  

i n  s u r f a c e  w a t e r s  i.s a  nicc?t:l~i[:-gror.111~1 i n  whiclt ocennog~:il])lrers i~nrl l :L~~~no: logLs t s  
I 

s h a r e  n colnnlon i n t e r e s t  111 :I ~ ~ H C I I ~ C I I  ilrfil CIC v i t l l l  ~ . I ~ ~ ~ I : ~ L I I I C C  Eor r l ie  cxp.lo:it- 

i ~ t i o i i  o f  w o r l d ' s  aqueous  env j . ron~nen t .  

N a t u r a l l y  o c c u r r i n g  r n r l i o a c t i v e  i s o t o p e s  s l ~ c l i  a s  rnd:loc;utbon (carbon-1.4) 

radium,  atld s i l . lcon-32,  p r o v i d e  c,:loclts w i t h  t ime-sc i i l e s  r i ~ n g i n g  f r o ~ n  500 t o  

5 , 0 0 0  y e a r s ,  w1if.c.h a r c  c u r r e n t l y  be ing  usetl i t1  oceanogriiphic s t t ~ d i e s  t o  lltensurc 

c. lrculat :Lon and mixl.ng r n t e s  i n  t h e  s e n  which a r e  s o  slow t h a t  they canno t  b e  

s t u d i e d  by ally o t h e r  tochnir lue .  A t  t h e  sanle t in ie ,  man-made r a d i o i s o t o p e s  p ro -  

tlucecl by n u c l e a r  e x p l o s i o n s  i o  t h e  atmosphere., such a s  t r i t i u m  (hydrol:cn-3), 

e n t e r  t h e  w a t e r  s u r f a c e  and   nix tiownward on a  time s c a l e  of t h e  o r d e r  o f  20 

y e a r s .  Such i s o t o p e s  prov:l.de i n f o r ~ ~ ~ a t i o n  on t h e  r a t e  of dow~iward c i r c u l u t i o n  

of n ~ a t e r i a l  J n t o  t h e  d e p t h s .  l?inoll.y, t h e  lneasrlretllcnt of c e r t a i n  n a t u r a l  

t r a c e - e l e m e n t  i s o t o p e s  sucl l  a s  l ead-210 ,  whiclt i s  c1iemical.ly scavenged by organ-  

isms, p r o v i d e s  a  time s c a l e  f o r  t h e  r a t e  a t  which  p a r t i c u l a t e  m a t t e r  s i n k s  from 

t h e  s u r f a c e  t o  s u p p l y  t h e  n u t r i e n t s  t o  t h e  d e e p  w a t e r .  

1\11 o f  t h e s e ,  and many o t h e r  r e c e n t  techniques f o r  o c e a n i c  r e s e a r c h ,  can 

be f r u i t f u l l y  a p p l i e d  t o  d e v e l o p i n g  o u r  unders tan t l ing  of t h e  p h y s i c a l  and chenl- 

i c a l  r eg ime  of a  d e e p  l a k e  s u c h  a s  Tangany ika .  Thus o u r  o b j e c t i v e  i n  t h i s  pre-  

l i m i n a r y  r e s o a r c h  p r o j e c t  on Lake Tonganyika was t o  o b t a i n  measurements of tlie 



d i s t r i b u t i o n  of t h e  most i m p o r t a n t  of these  geochemical  p a r a m e t e r s ,  i n  o r d e r  

t o  p r o v i d e  a b a s i c  framework f o r  f u r t h e r  d e t a i l e d  s t u d i e s  b a s e d  on t h e s e  

methods .  Such s t u d i e s  o f  t h e  p l ~ y s i c a l  and chemi.ca1 p r o c e s s e s  by which n u t r i -  

e n t s  r e a c h  t h e  s u r f a c e  w a t e r s  a r e  b a s i c  t o  t h e  p r o j e c t  r e s e a r c h  on b i o l o g i c a l  

and f i s h  p r o d u c t i o n  now b e i n g  c a r r i e d  out  by t h e  Buruudi  F A 0  p r o j e c t .  

T h e  1 9 7 3  E x p e d i t i o n  

Our work on t h e  l a k e  i t s e l f  was done aboard  t h e  FA0 b o a t s  "Lady A l i c e  11" 

and "Banga-finnga" based  i n  Bujumbura. The p e r s o n n e l  i n c l u d e d  P r o f e s s o r  and 

Mrs. H .  C r a i g  and I?. Dixon f rom Scr ipps  I n s t i t u t i o n  of  Oceanography, P r o f e s s o r  

J .  Ed~uoncl o f  t h e  M a s s a c h u s e t t s  I n s t i t u t e  of Technology,  Dr. G. C o u l t e r  and 

M r .  W .  P e r r o  of  t h e  Burundi  F i s h e r y  P r o j e c t ,  and b o a t  crew members A .  Bol ingo ,  

J .  R a c i n o n i ,  and E .  Nikomeze. 

F i v e  h y d r o g r a p h i c  s t a t i o n s  were occupied i n  t h e  n o r t h e r n  p a r t  of  t h e  l a k e ,  

and 2 3  h y d r o g r a p h i c  c a s t s  were  made dur ing  t h e  s i x  d a y s  a t  s e a ,  d u r i n g  which 

more t h a n  4 0 0  s a m p l e s  o f  l a k e  wa te r  were c o l l e c t e d .  

The f o l l o w i n g  s t a t i o n s  were  occupied: 

S t a t i o n  1: seven  m i l e s  o f f  Kigoma i n  1350 meters of w a t e r .  

S t a t i o n  2 :  o f f  Nyanza Lac  (480 m e t e r s ) .  

S t a t i o n  3 :  o f f  Kagongo ( 3 7 5 m e t e r s ) .  

S t a t i o n  4 :  o f f  Magara ( 3 0 8  m e t e r s ) .  

S t a t i o n  5 :  1 0  miles w e s t  of Bujumbura (210 m e t e r s ) .  

Numerous w a t e r  s a m p l e s  were  a l s o  c o l l e c t e d  f r o m  t h e  R u z i z i  R i v e r ,  t h e  

Muzazi  R i v e r  and o n e  of i t s  t r i b u t a r i e s ,  and from s t r e a m s  a t  Magara, Mutumba, 

and Kagongo. T h e s e  r i v e r  s a m p l e s  a r e  most i m p o r t a n t  f o r  s t u d y i n g t h e  chemical  

"budge t s"  of  t h e  major  and minor  elements i n  t h e  l a k e ,  a s  t h e y  p rov ide  a mea- 

s u r e  o f  t h e  i n p u t  o f  a l l  c h e m i c a l  s p e c i e s  by r u n o f f  from t h e  su r round ing  l e v e l .  



In a d d i t i o n  t o  t h e  f a c i l i t i e s ,  b o a t s ,  a n d  equipment p r o v i d e d  b y  PAO, 

Burundi, s p e c i a l i z e d  equipment was b r o u g h t  t o  Burundi  from t h e  S c r i p p s  I n s t i -  

t u t i o n  of Oceanography and  NIT f o r  i n t e r i m  u s e  on o u r  m i s s i o n .  T r a n s i t  e n t r y  

of t h i s  equipment d u t y - f r e e ,  was  v e r y  k i n d l y  a u t h o r i z e d  by t h e  D i r e c t o r  of 

Customs, a c c o r d i n g  t o  t h e  r e q u e s t  by t h e  D i r e c t e u r  d e s  Eaux e t  F o r e t s .  

S a m p l e  C o l l e c t i o n  a n d  A n a l y s i s  

Over 400 s a m p l e s  r a n g i n g  i n  amounts  from 50  m l .  t o  20 l i t e r s ,  w e r e  c o l -  

l e c t e d  a t  t h e  f i v e  s t a t i o n s .  The t o t a l  amount o f  w a t e r  s h i p p e d  t o  t h e  U.S. f o r  

. ana lys i s  was 400 k g .  Most o f  . t h e  a n a l y t i c a l  work h a s  been c a r r i e d  o u t  i n  t h e  

l a b o r a t o r i e s  of H .  C r a i g  a t  S c r i p p s  I n s t i t u t i o n  o f  Oceanography and J. Edmond 

at MIT, b u t  s p e c i a l i z e d  a n a l y t i c a l  work h a s  a l s o  been done a t  t h e  U n i v e r s i t y  o f  

Miami ( t r i t i u m  a n a l y s e s )  and  a t  t h e  T a t a  I n s t i t u t o  of  Fundamental  ~ e s e a r c b ,  Bombay, 

I n d i a  ( s i l i c o n - 3 2 ,  uranium, .  t h o r i u m ) .  A t  S c r i p p s  and MIT w a t e r  has b e e n  analysecl  

f o r  major and minor c a t i o n s  and a n i o n s ,  n u t r i e n t  s u b s t a n c e s ,  s t a b l e  and  r a d i o -  

a c t i v e  i s o t o p e s  of w a t e r  ( d e u t e r i u m  a n d  oxygen-18) ,  d i s s o l v e d  g a s e s ,  ca rbon  

i s o t o p e  r a t i o s ,  t r a c e  e l e m e n t s ,  radium,  r a d i o a c t i v e  lead-210,  e t c ,  

The p h y s i c a l  s e p a r a t i o n  of  t h e  p a r t i c i p a n t s  i n  t h e  f i e l d  and a n a l y t i c a l  work, 

and t h e  heavy involvement  o f  s e v e r a l  o f  u s  i n  a nine-month P a c i f i c  Ocean e x p e d i -  

t i o n  program d u r i n g  1973-1974, h a v e  p r e c l u d e d  t h e  p r e p a r a t i o n  of an  i n t e g r a t e d  

and l o g i c a l l y - a r r a n g e d  p r e s e n t a t i o n  of t h e  d a t a  i n  t h i s  r e p o r t .  In o r d e r  t o  speed 

t h e  p r e p a r a t i o n  o f  t h i s  r e p o r t ,  w e  have t h u s  c h o s e n  t o  p r e s e n t  t h e  r e s u l t s  to -da te  

as t a b u l a t e d  a t  e a c h  of t h e  p a r t i c i p a t i n g  i n s t i t u t i o n s  who measured t h e  d a t a .  

The f o l l o w i n g  s e c t i o n s  t h u s  p r e s e n t  t h e  measurements  made a t  S c r i p p s ,  MIT, Univer-  

s i t y  of Xiami ( t r i t i u m  d a t a ) ,  and  UNDP, Burund i  (ba thy the rmograph  measurements ) .  



Samples were  a l s o  c o l l e c t e d  f o r  p r o f i l e s  of Ra-228 and Si -32  by immersing chemi- 

c a l l y  t r e a t e d  f i b e r s  on a moored l i n e  a t  S t a t i o n  1 f o r  27 h o u r s ;  t h e s e  samples  

a r e  be ing  a n a l y z e d  a t  t h e  P h y s i c a l  R e s e a r c h  L a b o r a t o r y  a t  Ahmedabad, I n d i a ,  by 

B. L .  K .  Somayajulu  and D. L a l ,  and t h e s e  r e s u l t s  w i l l  be  r e p o r t e d  a t  a  l a te r  

d a t e .  

I t  i s  a  p l e a s u r e  t o  thank  t h e  Government of  Burund i  nnd i t s  r e p r e s e n t a t i v e s  
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SECTION 11 

STATION POSITIONS 

SAMPLING LOCATIONS (Lake s u r f a c e  w a t e r ,  r i v e r s )  

STATION 1: Cast l i s t ,  b o t t l e  d e p t h s ,  t h e r m o m e t r i c  data ,  d e p t h s  sampled 

BT DATA: S t a t i o n s  1-5 and s e c t i o n  from S t a t i o n  1-2 



Sampling a n d  1,ocat i o n s  

The l iydrograpl i ic  s a m p l i n g  aboard  Lady A l i c e  I1 was d o n e  wi th  n o n - m e t a l l i c  

PVC "Nislcin" b o t t l e s  ( G e n e r a l  Oceanics ,  Miami, F l o r i d a ) .  B o t h  5 - l i t e r  (numbers 

50 - 55) and 3 0 - l i t e r  (numbers 1 - 4)  b o t t l e s  were u s e d .  Thermomet r i c  ineasure- 

n e n t s  were made w i t h  t h e  r e v e r s i n g  p r o t e c t e d  and u n p r o t e c t e d  tberinometers from 

510 and WHOI .  T h e  the rmomet r i c  d a t a  w e r e  r e d r ~ c e d  by Arnold Mantyla  a t  t h e  Geosecs 

S p e r a t i o n s  Group, SIO, and  we r e c o r d  o u r  g r a t i t u d e  t o  him f o r  t h i s  s e r v i c e .  

S t a t i o n  1 w a s  t h e  d e e p e s t  s t a t i o n  o c c u p i e d  (1350  m e t e r s ) .  Our winch a l lowed  

us  t o  sample  to  a dep th  of  o n l y  867 m e t e r s ,  w i t h  t h e  30-1. i ter  b o t t l e s .  Subse- 

quent  work was d o n e  e n t i r e l y  w i t h  5 - l i t e r  b o t t l e s ;  m u l t i p l e  casL s a m p l i n g  was used 

f o r  the l a r g e  s a m p l e s  (20  l i t e r s )  t a k e n  f o r  r a d i u m  and  o t h e r  t r a c e  e l e m e n t s .  Some 

19 c a s t s  were  r e q u i r e d  a t  S t a t i o n  1; a d e t a i l e d  l i s t i n g  is i n c l u d e d  i n  t h i s  aec- 

t i o n .  A t  S t a t i o n s  2 - 5 o n l y  s i n g l e  c a s t s  w e r e  t a k e n  and t h e s e  a r e  t a b u l a t e d  

g i t h  t h e  h y d r o g r a p h i c  d a t a  i n  S e c t i o n  111. No thermometers  were a v a i l a b l e  a f t e r  

S t a t i o n  1 as i t  was n e c e s s a r y  t o  f l y  them t o  Dakar t o  meet t h e  R/V lCNORR f o r  con- 

t i n u a t i o n  o f  t h e  A t l a n t i c  Geosecs  e x p e d i t i o n  work.  

River  s a m p l e s  a r e  numbered from n o r t h  to  s o u t h  f o r  c o n v e n i e n c e .  Samples 7 

t o  9 i n  T a n z a n i a  and Zambia, a n d  l a k e  s u r f a c e  samples  A ,  B ,  and C ,  s o u t h  o f  Sta-  

t i o n  1, w e r e  c o l l e c t e d  b y  G. C o u l t e r  o n e  month a f t e r  t h e  s t a t i o n  worlc was completed 

Rivers  w e r e  sampled j u s t  above t h e i r  mouths ,  g e n e r a l l y  a t  t h e  i n t e r s e c t i o n  w i t h  

a road a l o n g  t h e  lalce. 

The s t a t i o n  and s a m p l i n g  l o c a t i o n s  a r e  shown i n  F i g u r e  1. 

A d d i t i o n a l  samples  f o r  c h l o r i d e ,  n u t r i e n t ,  and i s o t o p i c  a n a l y s i s  have  been 

c o l l e c t e d  b i w e e k l y  a t  S t a t i o n  5 ("Bujumbura") and a t  t h e  R u z i z i  R i v e r  mouth,  

by Mr. Wouter F e r r o ,  s i n c e  Augus t ,  1 9 7 3 .  
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Figure 1. L o c a t i o n  of S t a t i o n s ,  Lake surface samples ,  and R i v e r  s a m p l e s  



LAKE TANGANYIKA 1973  : STATION POSITIONS 

S'CATION 1. "Kigomn S t a t i o n " ,  11.2.5 km (7 n a u t .  m i l e s )  west: oE Kigorna, 
'Tanzania;  4 0 5 1 t  S ,  29°29.5 '  E. Dcpctl = 1350m. 

STATION 2. "Nyanza S t a t i o n " ,  15 lcm (8.1 n a u t .  m i l e s )  wes t  o f  Nyanza Lac; 
npprox.  4'21' S, 29'27' E. Depth = 480m. 

STATION 3. "Kagongo S t a t i o n " ,  b e a r i n g s :  120° ;  1 6  km ( 8 . 6  n n u t .  m i l e s )  t o  
Rumonge; 40°, 8.5 km ( 4 . 6  n a u t .  m i l e s )  t o  Kagongo Chateau.  
a p p r o x .  3'54.5' S,  2g019' E. Dep th  = 380111. 

STATION 4 .  "Magara S t a t i o n " ,  b e a r i n g s :  120°, 5 .5  km ( 3  n a u t .  m i l e s )  t o  Magara, 
approx .  3O42' S, 2g018' E .  Depth  = 308m. 

STATION 5.  "Bujumbura S t a t i o n " ,  b e a r i n g s :  51°, 1 7 . 6  km ( 9 . 5  n a u t ,  m i l e s )  
t o  Uujumbura,  approx .  3O29' S, 2g014 '  I3. Depth = 210m. 

LAKE SURFACE WATER SAF-TPLES 

A .  " K a s a n ~ a " :  5 . 5  km ( 3  n a u t .  m i l e s )  o f f  Kasanga,  T a n z a n i a ,  approx.  8'28' S ,  

31°07'  E.  C o l l e c t e d  28  March,  1 9 7 3 .  

B .  " ~ i p i l i " :  A p p r o x i m a t e l y  11 km (6  n a u t .  m i l e s )  o f f  K i p i l i  c o a s t ,  Tanzania ,  
approx.  7'17' S ,  3 0 ° 2 7 '  E. C o l l e c t e d  3 1  March,  1973.  

C .  "Kibwesa": 3 . 7  km ( 2  n a u t  , m i l e s )  wes t  o f  Kibwesa,  T a n z a n i a ,  approx .  
6"30' S ,  29" 5 5 '  61. C o l l e c t e d  2 A p r i l ,  1 9 7 3 .  



l.O(:A'I"ION 
NUMBER 

LAKE TANGANYIKA ' 73 

IlIVER SAMPT,E 1,OCA'rTONS 

1,OCA'l' ION ---- -- - - -. 

R u z i z i  River ,  Burundi  

Muzazi R ive r ,  Burundi  

Muzazi ~ r i b u t a r y ,  Burundi  

Mutumba R ive r ,  Burundi  

R u z i b a z i  R i v e r  (Magara) , Burundi 

Kagongo R i v e r ,  Burundi  

Malagaraz i  R i v e r ,  Tanzan ia  

Lubugwe River  (Kungwe Mountain 
a r e a ,  no r th  o f  Kibwesa) , Tanzall ia 

\ Lufubu R ive r ,  Zanibia 

DATE S A M P L E 3  

1 5  Feb rua ry  1973 

1 5  Feb rua ry  1973 

15 Feb rua ry  1973 

16 F e b r u a r y  1973 

16 Feb rua ry  1973 

16 Feb rua ry  1973 

3 A p r i l  1973 

2 A p r i l  1973 

24 March 1973  



1 .l 

STh'l 'ION 1: CompLete c ; ~ s t  l i s t  

DATE 
Local  Time (2-2)  

TERMINAL 
CASTNO. 1973 -- - START END READING (m) REMARKS 

BT 1 8  Feb 1430 1 4 4 0  275 

1 1 8  Feb 1500 

4  1 9  Feb 1045 

5  !, 1132 

ll* I I 1405 

12* I I 1605 

1 3  1755 

1 4  I I 1900 

15* 20 Feb 1455 

1800 /19  1350 Moored F i b e r  c a s t ,  
232 h o u r s ,  f o r  ~ a ~ ~ ~ ,  S i  

1 7 1 0  100 Shal low cast 

0230  973 Deep c a s t  w i t h  3 0 - l i t e r  
b o t t l e s  

1 1 2 5  100 Thermometer a t  5m 

1 6  I I 1640 1 7 0 9  207 

1 7  I, 1725 1 7 4 6  155 

1 8  I I 1803 1 8 4 4  200 

1 9  I 1900 

kReversing the rmomete r s  on b o t t l e s  on t h e s e  c a s t s .  

S u r f a c e  c a s t ,  1 b o t t l e  

S u r f a c e  cast ,  1 b o t t l e  

S u r f a c e  cast ,  1 b o t t l e  

I n t e r m e d i a t e  c a s t  

I n t e r m e d i a t e  c a s t  

I n t e r m e d i a t e  c a s t  

S u r f a c e  b u c k e t  samples  



STA'l'ION BOTTLE 
- CAST NUMBER 

STATION 1: B o t t l e  dep ths  by  cast 
Wire  angle=OO, all c a s t s  
D e p t h s :  the rn~orne t r i c  when t e m p e r a t u r e s  

i n d i c a t e d ,  o t h e r w i s e  wire d e p t h s  
A l l  times a r e  L o c a l  T i m e  (2-2) 

DEPTH TEMP ElFSSENGER 
( m e t e r s )  (dog C )  TIME (LOCAL) 

2008118 Peb. 

1119/19 Peb. 

1145/19 Feb. 



STATION 1: B o t t l e  d e p t h s  b y  c a s t ,  (continued) 

STATION 
-CAST 

BOTTLE DEPTH TEXP MESSENGER 
NUMBER ( m e t e r s )  (deg C) TIME (LOCAL) 

51 5 1240 /19  Feb.  

5 2  45 

5 3  50 

5 4  9 5 

5 5  100  

1 3 1 7 / 1 9  Feb. 

5 2 5 1333 /19  Feb. 

5 5 5 1 3 4 4 / 1 9  Peb.  

5 2 5 1348/19 Feb. 

5 1 250 23.44 1 4 4 3 / 1 9  Feb. 

5 2 300 23.38 

5 3 350 23.37 

54 400 23.31 

5 5  450 23:33 



STATION 1: B o t t l e  d e p t h s  by cas t ,  (continued) 

STATION BOTTLE DBPTll TEMP MESSENGER 
-CAST 
7 

NUMBER ( m e t e r s )  ( deg  C )  TIME (LOCAI.) 

1-12 51 250 2 3 , 4 6  1 6 3 4 / 1 9  Peb. 

5 2 300 23.38 

5 3 350 23.36 

5 4 400 23.34 

5 5 450 23.32 

1810 /19  Peb. 

1925119 Peb. 

1 5 1 9 / 2 0  Feb. 

1 7 0 0 / 2 0  Feb. 



STATION 1 :  B o t t l e  d e p t h s  by c a s t ,  ( c o n t i n u e d )  

BOTTLE DEPTH TEMP MESSENGER 
NUMBER ( m e t e r s )  ( d e ~  C) TIME (LOCAL) 

5 2  5 1737/20 Peb. 

5 3 145 

54  150 

- Surf a c e  ( b u c k e t )  

1839/20 Feb. 

l 9 0 0 / 2 0  Feb.  



STATION 1: Depths  samp1.ed and c o r r e s p o n d i n g  b o t t l e  numbers 

%!l.(m) Sam~lt? .- Number ( c a s t  number ~- . - h o t  t 1e number) 

0 19 - "lluckct" 

5 2-51, 4-53, 5-53,  6-51, 7-51, 8-52, 9-55, 10-52, 17-52 

2 7 2-52 



STATION 1: Depths  s a ~ n p l e d  and  c o r r e s p o n d i n g  b o t t l e  numbers, ( con t inued)  

Depth (m) Sample Number ( ca s t  number - b o t t l e  number) 

197 16-53 

200 18-55 

202 16-54 

207 1&55 

216 15-55 

* 3 0 - l i t e r  N i s k i n  b o t t l e .  A l l  o t h e r s  a r e  5 - l i t e r  Nisk in  b o t t l e s .  



RT c a s t s  were  t aken  on ct lcl~ s t a t i o n .  I$etwcen S t ; ~ t l o n  l illld S t i l t i o ~ l  2 ,  
c a s t s  were  made approximate : ly  cnch 5 . 5  naul: i c a l  n i l i ~ s  f rom S t i l t i o n  1. T l ~ c  
s l i c l c s  were  r e a d  uncler n low power mic roscope  w i t 1 1  an o c u l a r  micrometer. 'The 
a c c u r a c y  oE t h e  t e m p e r a t u r e  measurements i.s g e n e r a l l y  t ~ b o u t  O . l ° C .  Mr. Wouter 
P e r r o  made t h e  BT measurements .  Times l i s t e d  a r e  LOCAI, TIME ( L o c a l  t ime  zone 
-2), d i s t a n c e s  i n  n a u t i c a l  m l l s s .  

STATION 1 
I ,  Kl~orna Stn" 
1430/Peb.  l a  

'b5.5 miles N 
o f  S t a t i o n  1 
1950/Fcb .  20 

%11 m i l e s  N 
of S taLion  .l 
2045/Feb. 2 0  

TEMP DEPTH 
( d e g  C )  -- (m) 

TEMP DEPTH 
(atlg C )  -- (m) 

T!NP DEL"tll 
(deg C )  (m) 

S e c c h i  d i s c  
1 7  m 



%16.5 miles N 
of  S t n t i o n  1  
2200IFcb .  20  

'rBYP DEPTH 
(deg C)  - (m) 

2.22 m l  l c s  N '1.27.5 l n l l c s  N STA'I'ION 2 
oT S t a t i o n  1. o f  S t : ~ t l o ~ l  1 "Nynnx:~ S t n  " 
2310/Pcb.  20  J 2.1 0125/ l?cb.  2 1  

TEMP 1)El'TIl TFMI' IlI!FTII TEMP DI11'TIl 
(deg C )  ___ (a) clegc)  (1111 (deg C)  (m) 



R'CATION 5 
"Bujumbura Stn" 

1640lPeb.  2 1  

TEMP DEPTH TEMP DEPTll TEMP DEPTH 
( d e a  - (m) (deg C )  (m) (dcp,C)  - (m) 



1. Hydrograph ic  d a t a :  T ,  C 1  

2 .  X O 2 ,  c ~ ~ / c ~ ~  r a t i o s  

3 .  Radium-226 

4 .  Lead-210 

3 5. Helium and Be /lie4 r a t i o s  

6 .  S t a b l e  i s o t o p e s  of w a t e r :  I.IDO, 1l20 
18 

7.  R e f e r e n c e s  

H .  C r a i g  

Scri .pps Institution oC 
Oceanography 



r. 1-1. Mydrogrnphic Data  

.craonteters werc a v a i l a b l e ;  r I i s  2  - 5  l l ~ c  L ~ , m p c ~ . a t r ~ r e s  l i s L e d  a r e  

,odely i n t e r p r e t e d  From tlie U'r dnLa. Thc c h l o r i d e  nieasclremenls w e r e  made b y  

n p e r o m e t r i c  t i t r a t i o n ,  normal ized  w i t h  s t a n d a r d  s o l u t i o n s .  Thc [ ] r e c i s i o n  o f  the  

, e r a 1 1  d a t a  i s  a b o u t  "0. ppm, a l t h o u g h  i n t e r n a 1 l . y  w i t h i n  a s i n g l e  s e r i e s  such 

Cast  I., a  p r e c i s i o n  o f  a b o u t  k0.1 ppm can b e  mai l i ta ined.  

The t e m p e r a t u r e  and c h l o r i d e  p r o f i l e s  a t  S t a t i o n  1 a r e  shown i n  F i g u r e  2 .  

,e c h l o r i d e  d a t a  show a well-mixed s u r f a c e  Layer  e x t e n d i n g  t o  a t  least  45m, and a 

, m p l e t e l y  uniform p r o f i l e  below 100 meters, w i t h  a  c o n c e n t r a t i o n  o f  27 .6  ppm. 

i t h i s  s t a t i o n  tlie t r a n s i t i o n  from a e r o b i c  w a t e r  t o  iunoxic w a t e r  w i t h  I1 S r e -  2  

. a c i n f :  0 t a k e s  p l a c e  a t  100m. Tlie t e m p e r a t u r e  p r o f i l c  shows a  we l l -deve loped  2  

lmmer t h e r m o c l i n e  a t  50m, t h e  base  o f  t h e  m i x e d - l a y e r .  For c o n ~ p a r i s o n ,  t h e  

1 n t e r  (August)  p r o f i l e  o f  C a p a r t  (1952) is super imposed  on t h e  p r o f i l e .  The  

? a s o n a l  d i f f e r e n c e  is q u i t e  n o t i c e a b l e  t o  150111, and Capar t  (1952) s t a t e s  t h a t  

i t s  d i f f e r e n c e  i s  a c t u a l l y  o b s e r v a b l e  t o  d e p t h s  O F  200  t o  250111. 

The deep  w a t e r  t e m p e r a t u r e s  show a c o n t i n u a l  d e c r e a s e  t o  867m, where we 

? c o r d e d  tlie l o w e s t  v a l u e ,  23.25'C. C a p a r t  ( 1 9 5 2 ) ' d o e s  no t  g i v e  h i s  1947 

:mpera tu re  p r o f i l e  e x p l i c i t l y ,  b u t  h e  r e c o r d s  a  mean v a l u e  o f  23.45'  a t  200111, 

~d s t a t e s  t h a t  h e  observed a  t e m p e r a t u r e  i n - s i t u  minimum between 500  and 800  -- - 

Lters, w i t h  t e m p e r a t u r e s  from 23.25 - 23.26' ( s e e  F i g u r e  2 ) .  Our d a t a  a r e  0.02' 

' e a t e r  a t  200m (which may be  s e a s o n a l ) ,  and 0.03O g r e a t e r  i n  t h e  r a n g e  500-800m, 

- b h  no i n d i c a t i o n  of a minimum i n  t h a t  r e g i o n .  I n  g e n e r a l ,  one can s a y  t h a t  

'e deep w a t e r  h a s  warmed l e s s  than 0 .03 '  i n  30 y e a r s ,  i . e ,  a t  a  r a t e  l e s s  t h a n  

O ~ l ~ / ~ e a r .  



011r Lctoprrattllre p1-o f i l  c I I I 1 rl I s r r ln l  inul L v ; iL : ~ l > o u t  250111 

I 1.) W I L L  L L  i s  in~pos:; i h l v  I I - L - C Y I I I ?  I I L, ~ I I P  ~ I - C I V  I I L \ S  ;il>ovc~ :11ic1 I>t,Lc>w In 

t;ingl.c, saiootl~ c u r v e .  'I'lic! p i - o r i l c s  ;.il>ovc :~ncl l,~slow ~ l i i s  t l ep th  were nic;lsured 

,,e day a p a r t .  F igure  3  sllows tlie p r o f i l e  i n .  t h i s  d e p t h  r a n g e  011 a n  expanded 

t o g e t h e r  w i t h  t h e  bathythermograph r e c o r d  made j u s t  p r i o r  t o  C a s t s  11 and 

2 on 19 February .  I t  i s  e v i d e n t  t h a t  t h e  BF p r o f i l e  :is smoothly  con t i r iuous  w i t h  

h e  t empera tu res  from C a s t s  11 atid 1 2 ,  whi1.e Cast  1 5 ,  24 h o u r s  l a t e r ,  shows a  d i s -  

l a c e d  p r o f i l e .  T h i s  d i s p l a c e m e n t  may r e c o r d  t h e  p a s s i n g  o f  an i n t e r n a l  wave a t  

3 0  meters  d e p t h .  The same d i s p l a c e m e n t  can b e  obse rved  i n  t h e  t r i t i u m  and  t o t a l  

3 p r o f i l e s  a t  t h e s e  d e p t h s ;  t h e s e  components were sampled on t h e  same c a s t s .  
2  

The c h l o r i d e  d a t a  from 1 9 7 3  compare v e r y  c l o s e l y  wi th  t h e  1946-:L947 Be lg ian  

~ p f d i t i o n  d a t a .  Our s t a t i o n  d a t a ,  a n d  s u r f a c e  w a t e r  v a l u e s  a t  L o c a t i o n s  A ,  B, 

~ d  C ,  i n d i c a t e  mean s u r f a c e  w a t e r  c o n c e n t r a t i o n s  o f  26.5 ppm i n  t h e  n o r t h e r n  

asi.11 and 27 .1  ppm i n  t h e  s o u t h e r n  b a s i n ,  and a  c o n c e ~ i t r a t i o n  of 2 7 . 8  o r  27 .9  ppm 

I the  deep  w a t e r .  K u f f e r a t h  (1952) a l s o  d o e s  no t  g i v e  t h e  Be lg ian  d a t a  e x p l i c i t l y  

x t  he r e c o r d s  a s u r f a c e  v a l u e  of 2 7 . 0 ,  and a v a l u e  o f  27.9 at 1300m, i n  t h e  south-  

rn  b a s i n  ( S t a t i o n  1611, i n  p r e c i s e  agreement  w i t h  t h e  p r e s e n t  d a t a .  1)egens e t  

L .  (1971) r e c o r d  a  c o n s t a n t  v a l u e  of  2 2 i 1  ppm th roughout  t h e  wa te r  column, which 

> p e a r s  t o  be i n c o r r e c t  on t h e  b a s i s  of t h e  agreement  of o u r  d a t a  a n d  t h e  1946-47 

' l e i a n  d a t a .  

The r i v e r  d a t a  i n d i c a t e  t h a t  t h e  R u z i z i  and M a l a g a r a z i  (C1 = 1 4  ppm) a r e  t h e  

'Lncipal  s u p p l i e r s  of c h l o r i d e  t o  t h e  l a k e .  It i s  e v i d e n t  t h a t  t h e  deep wa te r  

- - t h e  l a k e  has been  d e r i v e d  f rom c o l d e r ,  more s a l i n e  wa te r  than  a n y  now a v a i l a b l e ,  

- though t h e  c h l o r i d e  d i f f e r e n c e  between s u r f a c e  and deep w a t e r  p robab ly  depends  

- I n c i p a l l y  on t h e  s t a t u s  of t h e  Lultuga R i v e r ,  tlie o n l y  l a k e  d i s c h a r g e ,  a s  t h e  

-Xed- layer  d e f i c i t  would be made up i n  abou t  10 y e a r s  i f  t h e  Lukuga were c l o s e d  

:sin. 



PPM 

CAPART: AUGUST 

TEMPERA TURF 

CAPART: /947 
23.25-23.28' 

Figure 2. Tempera tu re  a n d  c h l o r i d e  p r o f i l e s  a t  S t a t i o n  1' ("Kigoma S t a t i o n " )  
Bottom d e p t h  = 1350111. 



F i g u r e  3 .  T e m p e r a t u r e  p r o f i l e s  a t  S t a t i o n  1, 100-500m, t o g e t h e r  wiLh t h e  RT 
r e c o r d  (X-X-X) made j u s t  p r i o r  t o  Casts 11 m i d  1 2 .  The s y s t e m a t i c  dc- 
v i a t i o n  of C a s t  15, one  day l a t e r ,  may r e p r e s e n t  a n  i n t e r n a l  wave e f f e c t .  



STATION I.: "Kigoma S t a t i o n "  

DOTTLE DEPTN 'rEEl1' CHLORIDE 
NUMBER -o-- (CIQE c)  ( p w )  

5 1  5 27 .34  2 6 . 6  

5 2  2 7  27 .14  2 6 . 6  

53  4 5  2 6 . 1 5  2 6 . 6  

54 6 3  2 4 . 8 2  2 7 . 2  

55 9 1  2 4 . 1 4  27 .7  

* F i r s t  t e m p e r a t u r e  = C a s t  11, second  t e m p e r a t u r e  = Cast  1 2 .  

Cbl.orirle a n a l y s e s  d o n e  o n  samples  f rom C a s t  11. 



l I Y l ~ I ~ O ~ l l A I J l l I C  DA'I'11 

STATION 2 :  "Nyanzd S t a t i o n " .  0200-0254/21 Feb. 
Wire a n g l e :  7O. Messenger :  0231 (Local)  
b o t ~ o m  d e p t h :  480m 

BOTTLE DEPTH 'Tl?k[l'+c C1ILORLI)E 
CJ'XATION-CAST - NUMBER (deg C). ( p ~ n l )  , 

STATION 3 :  "Kagongo S t a t i o n " .  0742-0846121 Peb.  
Wire a n g l e :  5*. Messenger :  0833 (Local)  
Bottoin depth:  380 nl 

BOTTLE DEPTI~ TEMP n CHL,OR LI)I.: 
S T A T  LON-CAST NUMBER (m) (deg C) (PPI~)- 

*Temperatures i n t e r p o l a t e d  from BT 



STlflION 4: "Magara S t a t i o n " ,  1418-1502/%1 Fell. 
Wire a n g l e :  15". Messenger :  1442 (Local)  
Bottom dcplh:  308 ni 

BOTTLE 1)17PTlI 'rlSMP * CIILORI1)E 
gTATION-CAST NUMBER (m) -- ( d e ~ 9  (ppm) 
/ 

4-1 5 1  5 2 7 . 3  26.4 

STATION 5 :  "Bujumbura S t a t i o n " .  1650-1716/21 F e b .  
Wire a n g l e :  15O. Messenger 1706 (Local) 
Bottom dep th :  210 a. 

BOTTLE DEPTtl TEMP* CllLORLDE 
STATION-CAST NUMBER 0 (deg C )  (ppm) 

5-1 5 1  5 27.2 26 .4  

52 4 8 25.0 27.0 

5 3  9 ? 24 .0  27, 7 

5 4 1 4 5  23.7 2 8 . 3  

55 19 3 23.6 2 8 . 2  

* ' r e m p e r a t u r e s  i n t e r p o l a t e d  from BT 



CHLORIDE DATA: STATIONS A ,  U, C; RIVER SAMP1,ES 

A ,  S u r f a c e  water, Kasnnga 

8 .  S u r f a c e  water, K i p i l i  2 7 . 0  

C .  S u r f a c e  w a t e r ,  Kibweso 
I 

2 7 . 2  

RIVER SAMPLES 

1. R u z i z i  R i v e r  

2 .  Muzazi R i v e r  

3 .  Muzazi T r i b u t a r y  

4 .  Mutumba River 

5.  Ruz ibaz i  R i v e r  

6 .  Kagongo R i v e r  

7. Malngarazi  River  

8. Lubugwe R i v e r  

9 .  Lufubu River  

1 4 . 3  

0 . 7  

I n  t*. * 
I n t  . qi 

C o l l e c t i o n  d a t e s :  p p .  9, 10, S e c t i o n  II. 

*interference w i t h  amperometr ic  t : i . t r a t i o n  by unlcnorull conipollent 



: I I - 2 .  T o t a l  CO and c13/(:12 Met~surernents 
2  

Samples f o r  T o t a l  C 0 7  (EC02) :uid (:I3 ; ~ n a l y s i s  were  collected i n  250 ml. rea-  - 
b o t t l e s  wit l i  g reased  T-S g l o s s  s t o p p e r s ,  p o i s o ~ l e d  with llgC1 s o l u t i o n ,  an11 

2 

w i t l i  l~envy wide r u l ~ b e r  bands .  T h i s  i s  o u r  s t a n d a r d  s h i p b o a r d  t e c h n i q u e .  

rile samples were ana lyzed  by s t r i p p i n g  t h e  CO from an acidified s a ~ n p l c  and meti- 
2 

s ~ r ~ - i n g  t h e  fxsolvecl  CO 1)y ]:;is c l ~ r o m : ~ t o g r ; ~ p l ~ y  ( I i c i s s  atid ( : r i i ig ,  1973) .  A1.iquots 
2 I 

t h e  rcn1;linj.n~ wa te r  wel-c t h e n  s t r i p p e d  s c l ~ o r n t c l y  ntid t l i i i t  CO was cu lLec tcd  2 . :L 3 
j n  o vactlrlnl 1:inc f o r  L il11al.ysis i l l .  t h e  mass s p e c t r o m e t e r .  The (:I3 d a t a  arc? re-  

c o r d e d  a s  d e l t a  v a l u e s  o f  t h e  r a t i o  R = C 13/(:12 re1n t : ive  t o  t h e  Chicago PI111 

s t a n d a r d ,  i n  u n i t s  of pel: mil: 

The E C 0 2  and c13 d a t a  from S t a t i o n s  1 - 5 a r e  t a b u l a t e d  i n  t h e  accompanying 

t a b l e .  S u r f a c e  samples  from S t a t i o n s  2 t o  5 were  n o t  c o l l e c t e d  h e c a u s e  of l a c k  

of  sampling b o t t l e s .  The S t a t i o n  I p r o f i l e s  a r e  p l o t t e d  i n  F i g u r e  4 ,  top,ether 

wit l i  the t i t r a t i o n  a l l c a l i n i t y  p r o f i l e  t a b u l a t e d  by Edrnond ( S e c t i o n  'IV) which i s  

s h o w n  f o r  c o n ~ p a r i s o n .  

The t o t a l  C 0 2  p r o f i l e  a t  S t a t i o n  1 is  a l m o s t  an  e x a c t  a n a l o g  of: t h e  ocean  

P r o f i l e  sca led-up  by a  f a c t o r  o f  3. Ocean s u r f a c e  w a t e r  c o n c e n t r a t i o n s  a r e  about 

1960 uM/kg, whi le  deep w a t e r  v a r i e s  f r o m  a b o u t  2100 t o  2300 i n  p a s s i n g  from t h e  

Q o r t h  A t l a n t i c  t o  t h e  N o r t h  P a c i f i c  Deep N a t e r .  The v a l u e s  f rom S t a t i o n  2  - 5 

l n d i c a t e  t h a t  t h e  p r o f i l e s  a r e  q u i t e  u n i f o r m ,  t h o s e  i n  shal . lower  a r e a s  s i m p l y  

F o l l o w i n g  t h e  u p p e r  ' pa r t  of  t h e  S t a t i o n  1 p r o f i l e .  The t o t i l l  CO v a l u e s  o f  Degens 
2 

"t a l .  (1971) a r e  about 10% l o w e r  than t h e  d a t a  shown h e r e  and  e x h i b i t  a  g r e a t  



& a 1  more s c a t t e r  v e r t i c a l l y  and h o r i z o u t i i l l y .  There  i s  il p o s s i b l e  d i s c o n t i n u i t y  
3 

our S t a t i o n  1 p r o f i l e  a t  1 8 7  - 250, m e t e r s  which c l o s e l y  r e s e m b l e s  t h e  teinpera- 

o r e  break shown i n  P i g u r e  3  and p robab ly  is d u e  t o  t h e  same plienornenon. 
f 

The deep water i s  e n r i c h e d  i n  t o t a l  CO b y  abou t  16% r e l a t i v e  t o  t h e  s u r -  
2 

mixed-layer,  again  al.so a  c l o s e  p a r a l l e l  t o  t h e  o c e a n s ,  where t h e  enr ichment  

.,nges from 1 0  t o  20% f rom t h e  A t l a n t i c  t o  t h e  P a c i E i c ,  I n  t h e  ocean  t h i s  en r ich-  

i s  d u e  t o  1.n-sito d i s s o l u t i o n  of  c a r b o n a t e  d e t r i t u s  ;IS i t  f a l l s  th rough  the 
I 

col.umn, b u t  as  d i s c u s s e d  below t h i s  i s  p r o b a b l y  not t h e  case  i n  1.ako Tan- 

gany i lca .  

The C 1 3  p r o f i l e  a t  S t a t i o n  1 (and S t a t i o n s  2 t o  5 ,  w l ~ i c h  a r e  c l u i t c  s i m i l a r )  

5s very s i m i l a r  t o  o c e a n i c  c13 p r o f i l e s ,  the  v o l u e s  o f  the  o r d e r  o f  0 t o  1 p e r  

m i l  r e p r e s e n t i n g  tlie g e n e r a l  v a l u e  of  mar ine  c a r b o n a t e  ant1 l i m e s t o n e s  ( C r a i g ,  

1 9 7 0 ;  Kroopnick, Weiss and C r a i g ,  1 9 7 2 ) .  The mixed- layer  v a l u e ,  1 . 4 5  per  m i l ,  

i s  about t h e  v a l u e  expec ted  f o r  e q u i l i b r i u m  w i t h  t h e  a tmosphere  a t  t h e  s u r f a c e  

t e n l p e r a t u r e .  In  t h e  ocean t h i s  v a l u e  i s  a b o u t  +2.0 p e r  m i l .  The c13 d a t a  show 

c o n s i d e r a b l e  s c a t t e r  and may h a v e  a  s y s t e m a t i c  e r r o r  o f  t h e  o r d e r  o f  0 . 1  t o  0.2 

p e r  m i l ,  p o s s i b l y  being t o o  p o s i t i v e  b y  t h i s  amount. Th i s  is  due t o  t h e  f a c t  t h a t  

t h e  f u l l  samples were  f i r s t  ana lyzed  f o r  t o t a l  CO l e a v i n g  a n  empty space  i n  t h e  
2 '  

b o t t l e  i n t o  which CO e x s o l v e d  from t h e  samples .  T h i s  e f f e c t  was unexpec ted  he- 
2 

c a u s e  t h e  l o s s  o f  CO was c o n s i d e r a b l y  l a r g e r  than i s  o b s e r v e d  i n  t h e  w e l l - b u f f e r e d  
2 

O c e a n  samples ,  a n d  p rec luded  runn ing  a n y  r e p l i c a t e s  o f  the  t o t a l  CO a n a l y s e s .  A 
2 

1 3  e f f e c t  o f  0.3 p e r  m i l  e n r i c h m e n t  i n  C was measured i n  b o t t l e s  which had 

1 3  
b e e n  sampled s e v e r a l  times and reduced t o  h a l f - f u l l .  The C d a t a  t a b u l a t e d  o r e  

Only t h o s e  measured on b o t t l e s  opened o n c e  a n d  3/4 f u l l ,  s o  t h a t  e f f e c t  s h o u l d  be  

= - a l l e r  and  more-or-less c o n s t a n t  and s h o u l d  n o t  s e r i o u s l y  a f f e c t  t h e  p r o f i l e .  

Below 300111, i n  t h e  deep  w a t e r  o r  h y p o l i o n i o n ,  t h e  t h r e e  p r o E i l e s  i n  F i g u r e  4 

l i n e a r ,  s u g g e s t i n g  a d i f f u s i v e  g r a d i e n t  i n  s t e a d y  s t a t e .  The t o t a l  C 0 2  d a t a  





@fit d i f f u s i v e  p r o f i l e ,  p r o b a b l y  a t  " i n t e r n a l "  s t e a d y  s t a t e  ( d i f f u s i o n  r a p i d  v s .  

o ~ e r a l l  d r i f t  of t h e  p r o f i l e ) ,  wi th  a  remnilnt w a t e r  mass w i t h  v a l r ~ e s  CCO = €1840, 
2 

= N I . 7  per m i l  a t  t l ~ c  l ~ o t t o m  (1350m), o r  :a pure d i f f u s i o n  p r o f i l e  wi th  i u s i g -  

f l i f i .cant  v e r t i c a l  advec t io l i  and an approxin1ato1.y c o n s t a n t  v e r t i c a l  d i f f i ~ s i v i t y ,  

2 and a  Flux of  CO from t h e  bo t tom of t h e  o r d e r  o f  110 /IM/CIII y e a r .  T h i s  upward 2 

flux has t o  be g r e a t e r  t h a n  p r o d u c t i o n  r a t e  i n  t h e  220m Zone i n  o r d e r  t o  maint:lin 

C1le g r a d i e n t .  The profi1.e between 300111 and t h e  bot tom i s  t h e n  a  p u r e  mixing pl-o- 

f i l e  (see F igure  5 ) .  
I 

The c ' ~  del l la  va lue  o f  t h e  f l u x  f r o m  t h e  botton,  i s  c a l c u l a t e d  t o  1)e f 2 8  [,ur 

mil ,  a  v a l u e  much h e a v i e r  than any  normal  c a r b o n a t e  o r  t e r r e s t r i a l  m a t e r i a l .  A- 

b o u t  the o n l y  p r o c e s s  w h i c l ~  cou1.d p roduce  CO s o  e n r i c h e d  i n  cL3 would be t h e  f o r -  
2 

m a t i o n  of Cl-I from CO by n f e r m e n t a t i o n  p r o c e s s ;  t h e  carbon i s o t o p e  f rac t io r l i l -  4 2 

r i o n  between Ckl a n d  C02 i s  v e r y  l a r g e ,  s o  t h a t  t h e  r e s i d u a l  CO - b i c a r b o n a t e  pool. 4 2  
13. 

w o u l d  be h i g h l y  e n r i c h e d  i n  C 

To sum up: t h e  most l i k e l y  model i s  t h a t  shown i n  F i g u r e  5 ,  wit11 two pi-oduc- 

t i o n  zones f o r  CO ' onc c e n t e r c d  al. 220131, p r o d ~ l c i n g  -11 per  m i l  c a r b o n  by c a r b o n -  
2 '  

a t e  d i s s o l u t i o n  a n d  o x i d a t i o n  o f  o r g a n i c  c a r b o n ,  p robab ly  by r e d u c t i o n  of n i r r i ~ t c ,  

a n d  a  f l u x  from t h e  bot tom of v e r y  heavy  C02 + b i c a r b o n a t e  i o n s ,  e n r i c h e d  i n  C 
1 3  

b e c a u s e  o f  i n - s i t u  p roduc t ion  of i s o t o p i c a l l y  l i g h t  methane b y  f e r n l e n t a t i o n  r e -  

a c t i o n s .  The o t h e r  p o s s i b i l i t y  is t h a t  the  hypo l imnion  p r o f i l e  i s  a t r a n s i e n t  d u e  

t o  mixing w i t h  a  r e l i c  w a t e r  mass which a t  some p r e v i o u s  s t a g e  had a c13 v a l u e  

of +0.7 p e r  m i l  o r  somewhat h e a v i e r .  One s i n g l e  measurement o f  cL3 i n  i n t e r s t l -  

t i a l  water  can  d e c i d e  between t h e s e  a l t e r n a t i v e s ,  and i t  is  p lanned  t o  c a r r y  o u t  

S u c h  measurements d u r i n g  t h e  f o r t h c o m i n g  1 9  75 e x p e d i t i o n .  



1 3  
F i g u r e  4 .  P r o f i l e s  of t o t a l  i n o r g a n i c  ca rbon  (CCO 1, 6C , and 2 

t i t r a t i o n  a l k a l i n i t y  ( A , )  a t  S t a t i o n  I r 
A 





STATION 
-CAST 

Lake T ; l n g a n y i k a  1 9 7 3 :  T o t a l  CO atid 6C 13 
2 

BOTTLE DEPTl l  c(:n2 
NlMIiER (m) -- - 11M/liter 

5 1 5 5881 

5 2 27  5882 

5 3 4 5 6001  

5 4 63  6175 

5 5 9 1  6335 

6c13 ("I',,) 
vs. 1'DB std. 

1 . 4 1  

1 . 4 5  

1 .12  

.75  

- 



13 
Tota l  C0 and 6 C  : Sta t ions  2-5 

2 

>:co2 
I IM/  1, i t c r  - . - . - - .. 

5864 

6373 

6614 

6721 

6735 

8CI.3  (')/,,,,) 
vs. I std. - . - - - . - .. .- . -- 



$11 - 3 .  Radium - 226 Measurements 

Radium samples  were c o l l e c t e d  a t  S t a t i o n  1 i n  p l a s t i c  2 0 - l i t e r  c u b i t a i n e r s ,  

a c i d i f i e d  t o  pll = 2  w i t h  n i t r i c  ac id  ( c o n t a i n i n g  a  Pb c a r r i e r )  and r e t u r n e d  t o  t h e  

l a b o r a t o r y  f o r  a n a l y s i s  by measurements o f  i ts d a u g h t e r  R I I ~ ' ~ .  The samples  were 

 rans sf erred t o  g l a s s  b o t t l e s  f o r  radon growth and e x t r a c t i o n ,  anrl t h e  radon was 

lneasured i n  a l p h a - s c i n t i l l a t i o ~ ~  c o u n t e r s .  The meosucements were  made by Dr. Y. 

Chung a s  d e s c r i b e d  by Chung and Cra ig  (1973) .  'Tl~e mensul-c.d rodium a c t i v i t i e s  a r e  

l i s t e d  i n  t h e  accompanying t a b l e  and p l o t t e d  i n  P i g u r e  6 .  A1.l s a ~ n p l e s  were niea- 

s u r e d  a t  l e a s t  t w i c e  and t h e  o v e r a l l  p r e c i s i o n  of t h e  d a t a  i s  3 t o  4 p e r c e n t .  

The radium p r o f i l e  a t  S t a t i - o n  1 i s  very  s i m i l a r  co o c e a n i c  p r o f i l e s  i n  Cir- 

cu~npola r  Water s o u t h  of t h e  A n t a r c t i c  Convergence,  b o t h  i n  a b s o l u t e  v a l u e s  and t h e  

g e n e r a l  u n i f o r m i t y  of t h e  p r o f i l e .  T h e r e  is a  one-point  i n d i c a t i o n  o f  a  maximuni 

a t  l O O m  where t h e  n i t r a t e  maximum i s  o b s e r v e d  ( l < u f f e r a t h ,  1 9 5 2 )  and t h e  t r a n s i t i o n  

t o  anoxic wa te r  o c c u r s ,  and t h i s  needs  t o  be checked.  Otl lerwise t h e  p r o f i l e  i n  

t h e  mixed l a y e r  a n d  I n t e r m e d i a t e  Na te r  i s  u n i f o r m  down t o  t h e  top o f  t h e  hypolim- 

n i o n  a t  300111. W i t h i n  t h e  hypolirnnion t h e r e  i s  a d e f i n i t e  i n c r e a s e  w i t h  d e p t h .  

The convex-up p r o f i l e  is n o t  c o n s i s t e n t  w i t h  a  s i m p l e  d i f f u s i v e  " i n t e r n a l "  

e q u i l i b r i u m  i n  t h e  hypolimnion f o r  a  " r a d i o a c t i v e - c o n s e r v a t i v e ' '  cdmponent ( n o  

p r o d u c t i o n  o r  consumption e x c e p t  by r a d i o a c t i v e  decay)  and a  c o n s t a n t  v e r t i c a l  

d i f f u s i v i t y .  In  such  a  model,  ~ a ~ ~ ~  w i t h  a  r a d i o a c t i v e  mean-life o f  2340 y e a r s  

would e x h i b i t  "concave-up" p r o f i l e s  t o  t h e  l e f t  of t h e  l i n e a r  p r o f i l e  i n  F i g u r e  

2 
6 f o r  v a l u e s  of K ( v e r t i c a l  d i f f u s i v i t y )  l e s s  than 2  c m  / s e e  (e.g.  f o r  K = 0.1, 

t h e  Ra c o n c e n t r a t i o n  a t  600m = 1 9  dpm/lOOkg). The s t r a i g h t  l i n e  i s  a n  "upper-  

2  
l i m i t "  p r o f i l e  f o r  a  c o n s t a n t  K>2 - cm / s e e  and no i n - s i t u  p r o d u c t i o n  o f  Ra b y  

p a r t i c u l a t e  d i s s o l u t i o n  (J=O).  For K>2 - Ra is e s s e n t i a l l y  a  " s t a b l e - c o n s e r v a t i v e "  

s p e c i e s .  



Figure 6 .  Ra-226 and Pb-210 p r o f i l e s  a t  Sta t ion 1 



STATION 
-CAST 

-BOTTLE 

1-19 

1-4-53+ 

1-4-54+ 

1-4-55+ 

1-1.6-51+ 

1-16-52+ 

1-12-52+ 

Lalcc Tangnny ikn  1 9 7 3 :  Rnd ium-22.6 P r o f i l e  

STATION 1 

DEPTH llaZz6 ACTIVITY 
(m) -- (dpm/lOOBg H O)* 2- 

*1 dpm/100 kg H20 = 0 . 4 6 1  x 10- l4  g Ra/kg H 2 0  

**Er ro rs :  1 s t d .  dev, o f  r e p l i c a t e s  o r  c o u n t i n g  e r r o r ,  whichever is  1.arger .  

RIVER SAMPLE 

R u z i z i  R i v e r ,  1 5  February  1973 :  
( 9 . 2  kg sample)  



The o b s e r v e d  p r o f i l e  t h u s  r e q u i r e s ,  f o r  a  s t e a d y - s t a t e  model, e i t h e r  a 

v e r t i c a l  d i f f u s i v i t y  which  clecrenses upward from t h e  bo t tom,  o r  an  i ~ l - s i t ~ ~  

p r o d u c t i o n  of R a  w i t h i n  t h c  w a t e r  column (.T>O). I n  t h i s  c a s e  the  l i u ~ ? a r . l t y  of  

t h e  t o t a l  CO p r o f i l e  i m p l i e s  t h a t  K i s  c o n s t a n t ,  CO is  c o n s e r v a t i v e  r t i t l l i n  the  2 2  

hypo l imnion ,  b u t  radium i s  non-conse rva t ive  and t h e r e  i s  a n  -- i n - s i t u  p r o d u c t i o n  

f r o m  d i s s o l u t i o n  of p a r t i c u l a t e  m a t e r i a l .  On t h e  o t h e r  hand  the  p r o f i l e s  f o r  one 

o r  t h e  o t h e r ,  o r  b o t h ,  o f  t h e s e  two c o n s t i t u e n t s  may r e p r e s e n t  t r a n s i e n t  s t a t e s  

w i t h i n  a  r e l i c  hypol imnion.  It is a p p a r e n t ,  however, t h a t  d e t a i l e d  p r o f i 1 . e ~  o f  

to ta l  C02 and ~ a ~ ~ ~ ,  w i t h  t h e  a d d i t i o n  of c14,  w i l l  be  t h e  most u s e f u l  o e t h o d s  

f o r  s t u d y  of t h e  mixing regime w i t h i n  t h e  hypo l imnion .  

1.ead-210 ( r a d i o a c t i v e  m e a n - l i f e  32  y e a r s )  was measured on tlic radium samples 

226 
a f t e r  t h e  Ra a n a l y s e s  were completed.  I n  a l l  b u t  two c a s e s  c a r r i e r  I'b was 

aaded  a t  c o l l e c t i o n  t i m e  a s  l e a d  n i t r a t e ;  i n  two c a s e s  c a r r i e r  w a s  added 

s e v e r a l  months a f t e r  t h e  sa111p1e.s had a r r i v e d  a t  t h e  l a b o r a t o r y .  

I n  samples  from t h e  a n o x i c  w a t e r ,  c a r r i e r  Pb p r e c i p i t a t e d  immedia te ly  a s  PbS, 

b u t  r e d i s s o l v e d  on t h e  way t o  t h e  l a b o r a t o r y  a s  t h e  H S was removed by r e a c t i o n  
2  

w i t h  oxygen. T h e  pb210 a n a l y s e s  were made a t  SIO b y  Mr. M, A p p l e q u i s t ,  f o l l o w i n g  

t h e  method d e s c r i b e d  by C r a i g ,  Somayajulu,  a n d  Krishnaswami (1973). The samples  

w e r e  each  p u r i f i e d  twice, coun ted  t w i c e ,  and t h e  r e s u l t s  w e r e  c o r r e c t e d  f o r  

growth o f  l'bz1' from ltaZz6 d u r i n g  s t o r a g e  ( t h i s  c o r r e c t i o n  ranged from 4 t o  25%) .  

T h e  f i n a l  r e s u l t s  t o g e t h e r  w i t h  one-sigma e r r o r s  are g iven  i n  the  accompanying 

t a b l e  and p l o t t e d  i n  F i g u r e  6  b e s i d e  t h e  ~ a ~ ~ ~  p r o f i l e .  T h e s e  d a t a  r e p r e s e n t  

t h e  5 of s o l u b l e  p l u s  p a r t i c u l a t e  pb210, excep t  i n  t h e  c a s e  of  t h e  635m 

sample  which w a s  f i l t e r e d  b e f o r e  a n a l y s i s .  



In a c l o s e d  sys tem a t  r a d i o a c t i v e  s t ea i ly - s t a te ,  t h e  Pb and ~a~~~ i l c t i v i -  

t i es  i n  F i g u r e  6  w i l l  b e  e q u a l ,  bu t  1 x 1  an open sys tem i n  v h i c h  l ead  i s  rcmovecl 

by some s c a v e n g i l ~ g  mechanism and exchange by mi. x ing  i s  un impor tan t ,  t h e  a c t i v i t y  

210 226 
r n t i o  PI) / K n  i s  s.Lmply g i v e n  by (T , / T  -k 32) where T i s  the "sr: lvcnging 

5 S S 

r e s i d e n c e  time" f o r  Pb ( y e a r s ) ,  i . .e ,  r e c i p r o c a l  oT t h o  scaveng ing  rate c o n s t a n t ,  

and 32 y e a r s  i s  t h e  r a t l i o a c t i v e  mean- l i fe  of ~ 1 ) ~ ~ ~ .  Thus if Pb atoms rernaiu i n  

t h e  system on an a v e r a g e  of 608  y e a r s  b e f o r e  b e i n g  scavenged ,  thc  obse rved  nc- 

t i v i t y  r a t i o  w i l l  be 95%. In  t h e  deep  ocean t h e  observed a c t i v i t y  r a t i o  averages  

a b o u t  hO%, s o  t h a t  I'b 210 
remains  i n  t h e  deep s e a  on a n  a v e r a g e  of o n l y  50 y e a r s  

b e f o r e  removal ( C r a i g  e t  a l . ,  1973) .  These s c a v e n g i n g  t imes  a r e  b a s i c  t o  under-  

s t a n d i n g  t h e  bu i ld -up  o f  heavy meta l s  i n  aqueous  sys tems a s  they are added t o  

t h e  environment b y  man's a c t i v i t i e s .  

210 
The a c t i v i t y  r a t i o s  Pb / ~ a " ~  a r e  a l s o  t a b u l a t e d  w i t 1 1  t h e  Pb 

21.0 measure- 

m e n t s .  The mean r a t i o  i n  t h e  hypolinmion i s  13.2X, which means t h n t  t h e  resi- 

- d e n c e  t ime of Pb 210 (and t h u s  o f  s t a b l e  l e a d )  is o n l y  5  y e a r s  i n  t h e  I iypoli~nnion 

w a t e r .  I n  t h i s  w a t e r  s o l u b l e  Pb s h o u l d  be p r e s e n t  p r i n c i p a l l y  a s  complexes  wi th  

c a r b o n a t e  and s u l f i d e ,  *and i t  i s  t o  b e  expec ted  t h a t  because  of  t h e  low s o l u b i l i t y  

of  l e a d  (KSp = 13 f o r  c a r b o n a t e ,  27 f o r  s u l f i d e )  t h e  l e a d  c o n c e n t r a t i o n s  a r e  very 

low.  The s u r f a c e  pb210 a c t i v i t y  is m a i n t a i n e d  a t  a h i g h  l e v e l ,  allllost e q u a l  to  

210 
t h e  Ra a c t i v i t y ,  b y  a t m o s p h e r i c  i n p u t  o f  Pb d e r i v e d  from radon i n  c o n t i n e n t a l  

a i r .  T h i s  e f f e c t  i s  a l s o  observed i n  t h e  o c e a n .  Below t h e  s u r f a c e  t h e r e  i s  a  

r a p i d  t r a n s i t i o n  t o  a  u n i f o r m  low pb210 a c t i v i t y ,  and  i t  a p p e a r s  t h a t  t h e  5-year 

s c a v e n g i n g  time a c t u a l l y  a p p l i e s  t o  the e n t i r e  a n o x i c  column below 100m. 

The 625111 sample  was f i l t e r e d  immedia te ly  on c o l l e c t i o n  through a  0 . 4  micron,  

142mm d i a m e t e r  Nuc lepore  f i l t e r ,  which reduced  t h e  a c t i v i t y  t o  0 . 3  dpm1100kg. A].- 

though  i t  t h u s  a p p e a r s  t h a t  90% of t h e  l ead  i n  t h e  sys tem is i n  t h e  suspended 

p a r t i c u l a t e  m a t t e r ,  we canno t  b e  s u r e  o f  t h i s  f o r  two r e a s o n s .  The f i l t r a t i o n  



l a k c  'I'nngany i k n  1973 : Lead-210 P r o f i l e  

S t  a t  ion  I. ("Kigc>mai') 

0 10.5-1.0.6 5  4 No c a r r i e r  
when sampled  

3 . R i 0 . 9  1 9 . 1  No c a r r i e r  
when sampled  

635 (0.3-1.0.1) ( 1 . 4 )  F i l t e r e d  sample 

+ C o l l e c t e d  i n  5 - l i t e r  N i s k i l i  b o t t l e s  a t  same d e p t h  on 4-5 c a s t s ;  o n l y  t h e  
f i r s t  c o l l e c t i o n  i s  l i s t e d .  

* E r r o r s :  one  s tandard  d e v i a t i o n  



pump was con tamina ted  w i t h  gi:ease wllich may lrave renlrrved some s o l u b l e  Pb. Sf- 

c o n d l y ,  t h e  f i l t e r  may a d s o r b  so111bl.e 1'11. Ide have de te rmined  tbclt a  sing1.e Nucle- 

p o r e  f i l t e r  w i l l  adsorb  o n l y  about  0 . 6 %  O F  s o l u b l e  PI) i n  s e a w a t e r ,  and i iboi~t  2.6% 

i n  a r t i f i c i a l  Lake  Tanganyika wa te r  made up w i t h o n t  s u l p h i d e  i o n s  (based  on i n i -  

t i a l  c o u n t s  on a n  experilnent i n  p r o g r e s s ) .  These  e f f e c t s  a r e  i n s i g n i f i c a n t ,  

b u t  t h e  p r e s e n c e  of s u l f i d e  may i n t r o d u c e  a  l a r g e r  a d s o r p t i o n  e f f e c t  and t h i s  

h a s  n o t  been  s t u d i e d .  

3  4 111 - 5 ,  Helium, 1.le /He R a t i o s  

Saniples of a b o u t  40cc  were taken from t h e  Nisk in  b o t t l e s  i n t o  copper  t u b i n g  

and pfinched o f f  w i t h  s t e e l  c lamps f o r  d i s s o l v e d  gas  meusuremetits. The hel ium 

nlensurelnents were made b y  D r .  John Lupton a t  $10, The gases  were exso lved  i n  a 

1720-g lass  vacuum l i n e  and  s p l i t  i n t o  f r a c t i o n s  which were s e a l e d  i n  1720 hrenl<- 

s e a l  t u b e s  f o r  s u b s e q u e n t  a n a l y s i s .  The  he l ium a n a l y s e s  were  made o n - l i n e  d u r i n g  

3 4 t h e  e x t r a c t i o n  p r o c e d u r e .  He / H e  a n a l y s e s  were made on a d o u b l e - c o l l . e c t i n g  

h e l i u m  i s o t o p e  mass s p e c t r o m e t e r ;  ~e~  a n a l y s e s  were made on t h e  same i n s t r u m e n t  

hy peak-he igh t  measurement.  Atmospher ic  s t a n d a r d s  were  i n t e r s p e r s e d  f o r  comperi- 

son i n  bo th  c a s e s ;  t h e  r e s u l t i n g  p r e c i s i o n  and accuracy  a r e  abou t  1%. The 

3 4  He /He r a t i o s  were c o r r e c t e d  f o r  tie3 produced by r a d i o a c t i v e  decay o f  t r i t i u m  

d u r i n g  s t o r a g e ,  u s i n g  t h e  d a t a  of O s t l u n d  t a b u l a t e d  i n  S e c t i o n  V .  

4 The measured c o n c e n t r a t i o n s  and s a t u r a t i o n  anomal ies  f o r  He , and t h e  " r a t i o  

anomaly" and s a t u r a t i o n  anomaly f o r  t h e  r a r e  i s o t o p e  t1e3 a r e  t a b u l a t e d  i n  t h e  

3  4  -6 4 accompanying t a b l e .  ( S i n c e  t h e  He /He r a t i o  i s  of  t h e  o r d e r  of 1 0  , He and 

I t  t o t a l  helium" are e f f e c t i v e l y  synonyms). The  s a t u r a t i o n  anomaly A ,  i n  p e r c e n t ,  

r e f e r s  t o  t h e  d e v i a t i o n  f rom s o l u b i l i t y  e q u i l i b r i u m  w i t h  a t m o s p h e r i c  hel ium,  a t  



the tenlperattlre of the snmp1.e and tlie a t n ~ o s p l ~ e r i c  presslll:c, a t  lnltc l e v e l ,  7 7 3  

meters  (P  = 6911nm) . The r a t i o  anomnlx, &l.lc3 (percent )  r e f e r s  t o  tile d e v i a t i o l l  

3  4 -6 aE t h e  r a t i o  He / H e  from t h c  atmospheric r a t i o  1.40 x 1.0 , At e q u i l i t ~ r i u m  t ' t1.i~ 

-6 r a t i o  in dissolved He a t  lalce temperature w i l l  be 1.38 x 10 because of  a sl:Lght 

4 p r e f e r e n t i a l  s o l u b i l i t y  o f  I-le , i . e .  6 ~ e ~  = - 1 . 4 % .  

4  3  The He concent ra t ion  and Ile ratio-anomaly p r o f i l e s  a t  S t a t i o n  1 a r e  p l o t -  

ted i n  Figure 7 .  The s u r f a c e  va lues  a r e  in  equ i l ib r ium with t h e  atmosphere, b11t 

below the mixed l a y e r ,  t h e  daLa show t h a t  he l i r~ l l~  is l i ig l~ ly  s u p e r s a t u r a t c d ,  1-c!nch- 

ing a  maximunl supe r sa tu ra t ion  of  1.26% ( i . e .  2 . 2 6  x  s o l u b i l i t y )  a t  a  d e p t h  of 

450m. This phenomenon i s  s t r i k i n g l y  s i m i l a r  t o  the presence O F  "exccss  lle" i n  

the deep oceans, a l though i n  t h e  ocean, the ~naxi~nuin excess is only abou t  1 2 % .  

Also i n  the ocean, the excess  ~e~ concen t ra t ion  i s  accompallied by a  mid-depth 

3 4 maximum i n  the lIe3 anomaly, due t o  i n j e c t i o n  o f  primordial He with a  Hc Illc r a -  

t i o  higher than atmospheric ,  a long r i d g e s  such a s  the  East P a c i f i c  R i s e  ( C l a r k e ,  

Beg, and Craig, 1970).  The Lalce Tanganyika p r o f i l e  obviously shows t h e  e f f e c t s  

3 4 of a similar  mid-depth i n j e c t i o n  of hel ium, b u t  here the  He /He r a t i o  of  Che 

i n j e c t e d  helium is l e s s  than  atmospheric ,  as  shown b y  the minlmum i n  t h e  r a t i o  

anomaly a t  the same depth (6tle3 = -40%). The s a t u r a t i o n  anomaly f o r  lk3' is 37% 

a t  t h i s  depth because of t h e  l a r g e  excess  in  t o t a l  helium. 

3  In Figure 8,  t h e  c o n c e n t r a t i o ~ l s  o f  t1e and tIe4 a r e  p l o t t e d  v s ,  each  o t h e r .  

The l i nea r  r e l a t ionsh ip  i n d i c a t e s  a  two-component mixture of atmospheric Ile and  

helium with a  314 r a t i o  of  3.85 x somewhat g r e a t e r  than the expected  r a t i o  

for  "crus ta l  helium" which ranges  from 0 . 5  t o  2  x the r ad iogen ic  produc-  

t i o n  r a t i o  for average c r u s t a l  rocks.  

A possible i n j e c t i o n  s i t e  f o r  hel ium a t  t h i s  depth i s  t h e  area e a s t  of  Ka- 

lemie (aka Albe r tv i l l e )  on the Zaire  c o a s t ,  where two heat-flow measurements o f  

R .  Von Herzen i n d i c a t e  a  s u b s t a n t i a l l y  higher  heat Flow than i n  the r e s t  o f  t h e  



l a k e ,  loca ted  i n  the s h i f t  of  t h e  l i n e a r  t r e n d  o f  t h e  l a k e  ( p r o b a b l y  n c r o s s -  

graben f a u l t )  a t  a b o u t  t h e  r e q u i r e d  d e p t h .  

The l i n e a r  p l o t  i n  F i g u r e  8 extrapolates t o  an i n i t i a l  l ie4  c o n c e n t r a t i o n  

of 4.1. x  cc STP/kg ( l e a s t - s q u a r e s  f i t  of a l l  d a t a  excep t  su r f . l ce ,  and 828111 

which appears to  be a  g r o s s  e r r o r ) .  If t h e  50 and 70111 d a t a  a r e  a l s o  removed be- 

cause  of t h e  p o s s i b i l i t y  t h a t  t h e y  a r e  t r a n s i t i o n a l  from t h e  s e a s o n a l  5m v a l u e ,  and 

the  175111 po in t  i s  e l i m i n a t e d  a s  e r r o n e o u s ,  t h e  b e s t - f i t  o r i g i t ~ a l  c o n c e n t r a t i o n  i s  

4 .20  x  These  v a l u e s ,  4 . 1  and 4 . 2  x . a r e  t aken  a s  l i m i t i n g  o r i g i n a l  

concen t ra t ions  For t h e  small p l o t  of t e m p e r a t u r e  v s .  l a k e  l e v e l  a t  o r i g i n a l .  sa- 

t u r a t i o ~ i  w i t h  h e l i u m ,  i n  t h e  c o r n e r  of F i g u r e  8. The t e m p e r a t u r e  limits i n d i -  

ca ted  f o r  o r i g i n a l  s a t u r a t i o n  are haC, and 23°C t h e  p r e s e n t  hypolirnnion tempera- 

t u r e .  

This p l o t  shows t h e  r e l a t i v e  p o s i t i o n  of t h e  la lce- level  n t  o r i g i n a l  s a t u r a -  

t i o n  required to  g l v e  t h e  o b s e r v e d  h e l i u m  s o l u b i l i t y  c o a p o n e n t ,  fo r  a n y  tentperil- 

t u r e  a t  the  time of l a s t  e q u i l i b r a t i o n  w i t h  t h e  a tmosphere .  The  pre.seut  l a k e  

l e v e l  (773111 a l t i t u d e )  r e q u i r e s  a s a t u r a t i o n  t e m p e r a t u r e  of a b o u t  1S0C, whereas  

i f  i t  is assumed t h a t  t h e  hypolimnion h a s  no t  warmed a p p r e c i a b l y ,  and was s a t u r a -  

ted a t  23"C, the r e q u i r e d  l a k e  l e v e l  i s  about  250 meters (150 t o  350) below t h e  

p resen t  l e v e l .  T h e s e  d a t a  a g r e e  wi th  t h e  s t a b l e  i s o t o p e  measurements on t h e  wa- 

t e r ,  i n  i n d i c a t i n g  t h a t  t h e  p r e s e n t  hypo l imnion  i s  a  r e l i c  of a c o l d e r ,  d r i e r  

per iod of more i n t e n s 6  e v a p o r a t i o n  and lower  lalce l e v e l .  I t  shou ld  be noted  

t h a t  o the r  gases  s u c h  a s  A r ,  n o t  a f f e c t e d  by i n j e c t i o n  of a  non-atmospheric com- 

ponent w i l l  be more u s e f u l  f o r  s u c h  pa1e0 tem~era tu i . e  v s ,  p a l e o l e v e l  measurements.  



T r i t i u m  and llelium 3  

Thc tr:itium d a t a  n~ensured  by G .  O s t l ~ m t l  a t  Miami, t a b u l a t e d  i n  S e c t i o n  V ,  

arc! p l o t t e d  i n  F igure  1.3. The d a t a  braclceted w i t h  21 question-ntarlc r e f e r  t o  t h e  

t en~pern tn re  d i s c o n t i n u i t y  o b s e r v e d  on tllis casl: - a  s i m i l a r  discoi1t:Lnuity a p p e a r s  

to  be  present  i n  t h e  t r i t i u m  d a t a .  T r i t i u m  i n  Lake Tallgallyika i s  o b s e r v a b l e  a t  

l e a s t  down t o  the hypol imnion,  a n d  t h e  d a t a  a p p e a r  t o  i n d i c a t e  a  s m a l l  b u t  o b s e r -  

v a b l e  t r i t i u m  g r a d i e n t  i n  t h e  d e e p  w a t e r .  The upper wa te r  c o n c e l ~ t r a t i o n s  h a v e  

been i ~ i f l u e n c e d  by t h e  l a r g e  a t m o s p h e r i c  t r i t i u m  i n p u t  due t o  n u c l e a r  weapons 

t e s t s ,  and a  d e t a i l e d  model  of  t h e  i n p u t  f u n c t i o n  w i l l  b e  c o n s t r u c t e d  t o  model 

3 
the pene t ra t ion  of t h i s  p u l s e  i n t o  t h e  l a k e ,  and  t h e  T-lle r e l a t i o n s h i p s .  

3  -7  The required He r a t i o  i n  the " i n j e c t e d  component", namely 3 . 8 5  x 1.0 , 

may r e p r e s e n t  c r u s t a l  h e l i u m  e n r i c h e d  by  decay o f  n a t u r a l  t r i t i u m .  T o t a l  dcc:ly 

3 
of 1 TU i n  water w i l l  p roduce  0 . 2 5  x 10-'I' cc  tle /kg of w a t e r ,  s o  t l ln t  tocirL 

decay of 5 TU ( f 1 . 5  f o r  t h e  r a n g e  of c r u s t a l  H e  r a t i o )  i u  t h e  wa te r  prior t o  

emergence i n  the l a k e  would g i v e  t h e  r e q u i r e d  r a t i o .  The e a r l i e s t  a v a i l a b l e  

t r i t i u m  measurements (IAEA) f o r  t h i s  r e g i o n  show 6 - 1 0  TU i n  r a i n  a t  l h t e b h e  

i n  t h e  e a r l y  par t  of  1960,  a l r e a d y  a f f e c t e d  by n u c l e a r  t e s t s .  I t  tllus a p p e a r s  

3 4 unli lcely t h a t  the He /Ile r a t i o  d e r i v e d  f o r  t h e  i n j e c t e d  component c a n  b e  d u e  

e n t i r e l y  t o  t r i t i u m  decay i n  i n j e c t e d  m e t e o r i c  wa te r  c o n t a i n i n g  "average"  c r u s -  

t a l  helium. 







Lake Tanganyilca 1973: Helium 3 and 4 P r o f i l e s  

STATION 1 

A = s a t u r a t i o n  anomaly (%) of  kIe3 and H , ~ ,  r e l a t i v e  t o  773111 (I' = 693mm). 

3 3 4 
&He3 = [(He / ~ e ~ )  / (He /He -1 1 X 1 0 0  

3 4 
(He /He = 1.40 X 



11 1 - 6 .  S ~ ; l l ) l c  TsoLopes: Deuter ium and Oxygen-18 

I8 16 
I ) / I I  and 0 10 ri l t io vi~r.I .u ' ions w e r e  mc;~surcxl by t l lc  nsu:rl I ~ I C ~ . I I O C I S  ( ( : r ; l ig ,  

1961); D/II wns measured on hydrojien productxi by r e d u c t i o n  of w a t e r  wi th  h o t  uriinium 

1 8  1.6 
metal ,  and 0 / O  v a r i a t i o n s  were  measured on CO e q u i l i b r a t e d  wit11 t h e  wa te r  

2 

san~ple  a t  25'C. The v a r i a t i o n s  i n  i s o t o p e  r a t i o  n r e  g iven  a s  d e l t a  v a l u e s  i n  p e r  

m i l  r e l a t i v e  t o  the i so tope  s t a n d a r d  SHOW (Statidnrcl t b n n  Ocean Idatel:; C r a i g ,  1 9 6 1 ) :  

1 8  1 6  
whete R i s  t h e  r a t i o  D/H o r  0 / O  . 

T h e  accompanying t a b l e s  l i s t  t h e  measurements  f o r  S t t ~ t i o n s  1 to  5 ;  S u r f a c e  Na- 

t e r  T,ocnti.ons A ,  B ,  C ;  the r i v e r  samples ,  and t h e  time s e r i e s  mcasi~renlcnts  ( t o  

November, 1973) f o r  S t a t i o n  5 and t h e  R u z i z i  Liiver i n f l o w .  

The deuterium and oxygen-18 p r o f i l e s  f o r  S t a t i o n  :1 a r e  shown i n  F i g u r e  9 .  

The l a k e  i s  seen  t o  b e  " i s o t o p i c a l l y  upside-down", i n  t h e  sense  t h a t  t h e  h i g h e s t  

c o n c e n t r a t i o n s  of t h e  heavy i s o t o p e s  a r e  found i n  t h e  deep w a t e r ,  r a t l ~ f r  than i n  

t h e  mixed l a y e r .  Because t h e  heavy i s o t o p e s  a r e  c o n c e n t r a t e d  by e v a p o r a t i o n ,  t h e  

normal. c a s e  f o r  temperate l a k e s  i n  t i le  summer is t h e  enrichment o f  llcavy i s o r o p e s  

i n  the  s u r f a c e  mixed l a y e r ,  w i t h  i s o t o p i c a l l y  " l i g h t e r "  wa te r  i n  the hypo l io~u ion  

due t o  mi.xing i n  w i n t e r  with l e s s - e v a p o r a t e d  i n p u t  w a t e r .  

The normal p rec i s ion  o f  a  s i n g l e  a n a l y s i s  is t 0 . 4  p e r  m i l  f o r  deu te r ium and 

+0.04 p e r  m i l  f o r  018. Ilowever, t h e  S t a t i o n  1 p r o f i l e  samples were  a n a l y z e d ,  on 

t h e  average ,  i n  quadrup l i ca te  i n  o r d e r  t o  o b t a i n  maximum sens i t i . v j . ty  f o r  t h e  v e r y  

smal l  v a r i a t i o n s  i n  t h e  p r o f i l e ;  t h e  u n c e r t a i n t i e s  i n  t h e  p r o f i l e  d a t a  are no more 

than 0 . 2  and 0.02 p e r  m i l  f o r  D and 018 r e s p e c t i v e l y .  These p r o f i l e s  show t h e  



same d i s c o n t i ~ u ~ i t y  i n  tile r eg ion  from 180 t o  250 meters  ;IS s11ow11 by r:he tempcr;i- 

Cure profi1.e (Figure  3, S e c t i o n  11%). I n  c o n t r a s t  t o  c h l o r i d e ,  t h e  i s o t o p i c  

1.0 
g r a d i e n t s  a r e  well-developed t o  n d e p t h  o f  about 1100m, and t h e  0 p r o f i l e  niay 

show a  very s l i g h t  g r a d i e n t  s t i l l  e x i s t i n g  clown t o  about  700 m e t e r s .  On a D-0 l a  

p l o t ,  the  p r o f i l e s  fronl a l l  s t a t i o n s  form a  wel l . -def ined l i n e a r  a r r a y  below 60m 

depth ,  with s lope  of  6.8 and a  s t a n d a r d  d e v i a t i o n  of  t l ~e  f i t  Tor 11 of  bout 0 . 1  

per m i l .  From 300111 t o  the bo t tom,  t h e  i o t a ] .  D a n d  0'' v a r i a t i o n s  a r e  abou t  0 . 2  

and 0 .03  per mil., s o  tha t  one i s  working r i g h t  a t  t h e  p r e c i s i o n  l i m i t s  wi.tIl:Ln 

the hypolimnion. 

F igure  1 0  shows the i s o t o p i c  v a r i a t i o n s  i n  t h e  r i v e r s  compmrecl t o  t h e  Salce 

d a t a ,  iind t o  tlle average o r  "world" p r e c i p i t a t i o n  1.i.ne which 'marks the  mean l o c u s  

of  unevaporated meteoric w a t e r ,  which  h a s  a  s l o p e  of  8 and a  D/tl i n t e r c e p t  of +10 

per m i l  (Cra ig ,  1961) .  A mean l i n e  c o n n e c t i n g  t h e  r i v e r  d a t a  w i t 1 1  t h e  l a k e  s u r f a c e  

water h a s  a  s l o p e  of 5 .3 ,  which is t h e  t y p i c a l  s l o p e  r e s u l t i n g  from e v a p o r a t i o n  

of wa te r  (due t o  t h e  k i n e t i c  i s o t o p i c  e f f e c t s  i n  t h e  d i f f u s i v e  e v a p o r a t i o n  p r o c e s s ) .  

The Ruziz i  River d a t a  p o i n t s ,  however,  fa1 . l  a l o n g  a  somewhat d i f f e r c m t  l i n e  w i t h  

s lope ,  6 . 2 ,  r e f l e c t i n g  the v a r y i n g  m i x t u r e  w i t h  Lalce Kivu s ~ ~ r f a c e  water  (which l i e s  

a t  t h e  end of  the  ar row on t h e  R u z i z i  s l o p e  i n  F i g u r e  10)  and p r e c i p i t a t i o n  a t  

the  i n t e r s e c t i o n  of the R u z i z i  l i n e  w i t h  t h e  wor ld  p r e c i p i t a t i o n  l i n e .  T h i s  p o i n t  

i s  shown by t h e  13 November, 1 9 7 3 ,  R u z i z i  sample,  which c o n t a i n s  a t  most only  a  

very minor c o n t r i b u t i o n  from Lake Kivu (20% o r  l e s s ) .  

The range of Ruz iz i  R ive r  d a t a  r e p r e s e n t s  t h e  v a r i a t i o n  frola maximum admixture  

with Lake Kivu s u r f a c e  water a t  t h e  end o f  t h e  d r y  p e r i o d  (September - October)  t o  

t h e  maximum i n p u t  of  p r e c i p i t a t i o n  i n t o  t h e  r i v e r  d u r i n g  t h e  r a i n - s e a s o n  peaks 

i n  November - December and March - A p r i l .  I t  i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  i s o t o p i c  

d i f f e r e n c e  between Ruziz i  w a t e r  and Lake Tanganyika  wa te r  is  a lways  l a r g e  - t h i s  

i s  probably t h e  1.argest  concentra t i .on  d i f f e r e n c e  between these  two w a t e r s .  Thus 



the i s o t o p i c  measurements should r e p r e s e n t  tho b e s t  c r n c e r  f o r  t h e  d e p t h  t o  

wllict~ in l lowing r i v e r  watcr s i n k s  i n  t h e  l a k e ,  liven i n  clle c a s e  of  t h e  R ~ ~ z i z i ,  

which appro;icl~es most close1.y t o  t h e  Lalcf wa te r  composiUiou, n mixture  01' 2% 

r i v e r  water should b e  observable i n  p r o f i l e s ,  In Figure  9 ,  t h e  p r o f i l e s  a t  

S t a t i o n  5 ,  t h e  Bujumbura S t a t i o n ,  have a l s o  been p l o t t e d ,  and o n e  s e e s  t h a t  a t  

this t i n ~ e  t h e r e  was no s i g n i f i c a n t  c o n c e n t r a t i o n  of Ruz iz i  w a t e r  below t h e  mixed 

l a y e r ,  un less  the re  i s  a  t h i n  l a y e r  between t h e  sampled dep ths .  Such measurements, 

supplemented by s i l i c a  measurements i n  t h e  t imes  when t h e  R n z i z i  i s  s i g n i . f i c a i l t l y  

d i f f e r e n t  from Lake water a t  about loom, ( i . e .  i n  t h e  r a i n y  p e r i o d s  when s i l i c a  

i s  ve ry  high i n  tbe  r i v e r ) ,  w i l l  e v e n t u a l l y  p r o v i d e  a  d i r e c t  answer t o  t h e  d e p t h  

t o  which t h e  lake  is inf luenced by i n f l o w i n g  r i v e r  wa te r .  

The i s o t o p i c  d a t a  show q u i t e  c l e a r l y  t h a t  t h e  wa te r  i n  t h e  hypolimnion is 

the product of  a  t ime  of g r e a t e r  e v a p o r a t i o n  than  a t  p r e s e n t .  There i s  a t  t h e  

p resen t  time no inf lowing wa te r  a s  e n r i c h e d  i n  d e u t e r i u m  and oxygen-18 as t h e  

deep wa te r ,  o r  as  h i g h  i n  c h l o r i d e .  The deep w a t e r  i s  t h e  p roduc t  of  a  d r i e r ,  

co lde r  regime of h i g h e r  e v a p o r a t i o n ,  and i t  is n o t  p o s s i b l e  t o  account  f o r  t h e  low 

temperature by sporad ic  i n p u t  of c o l d  r i v e r  water o r  r a i n  showers ,  a s  h a s  been 

proposed, because such wa te r s  do n o t  c o n t a i n  enough deuter ium,  oxygen-18, o r  

c h l o r i d e  t o  account f o r  t h e  c o n c e n t r a t i o n s  i n  t h e  iiypolimnion. Ilowever, a s  noted 

i n  t h e  d i scuss ion  o f  the c h l o r i d e  d a t a ,  t h e  i s o t o p i c  and chlor%de. c o n c e n t r a t i o n s  

i n  t h e  deep water may represen t  a long- te rm s t e a d y  s t a t e  with s u r f a c e  w a t e r  con- 

c e n t r a t i o n s  which f l u c t u a t e  around the  d e e p  w a t e r  mean va lues ,  depending on t h e  

lake l e v e l  and the outflow through t h e  Lukuga R i v e r  t o  t h e  Congo. Tha t  i s ,  t h e  

deep water i s  a  " r e l i c  hypolimnion" r e l a t i v e  t o  t h e  p r e s e n t  s o u r c e s  of w a t e r ,  b u t  

whether i t  r e p r e s e n t s  a  t ime of much l o w e r  l e v e l  ( a s  i n d i c a t e d  by the  h e l i u m . d a t a )  

and lower t empera tu re ,  or  whether t h e  i s o t o p i c  and c h l o r i d e  c o n c e n t r a t i o n s  ( b u t  

not t h e  temperature) match t h e  mean s u r f a c e  w a t e r  c o n c e n t r a t i o n s  over ,  s a y ,  t h e  

past  c e n t u r y ,  a r e  q u e s t i o n s  which are n o t  y e t  answered.  



S t a b l e  i so tope  and c h l o r i d e  measurements  from t h e  weekly c o l l e c t i o n s  of s u r -  

f ace  water a t  S t a t i o n  5  ("Bu:jumbnra S t a t i o n " )  and t h e  R u z i z i  R i v e r  moutll a r e  tn -  

bu la ted  on pp. 61 and 62, through 13 November 1 9 7 3 ,  when t h e  Ruz.izi reached i t s  

lowest c o n c e n t r a t i o n s  of deuterium and oxygen-18. The c h l o r i d e  c o n c e n t r a t i o n  at  

t h i s  t i m e  was 9.5 ppm, the lowest  c o n c e n t r a t i o n  obse rved  i n  t h e  R u z i z i ,  and abou t  

h a l f  t h e  h i g h e s t  v a l u e s ,  observed i n  September (18 t o  19 ppm). Al tboug l~  t h e  gen- 

e r a l  d e c l i n e  i n  c h l o r i d e  l e v e l  a t  t h e  o n s e t  of  t h e  r a i n s  i n  e a r l y  November coin-  

c ides  w i t h  t h e  d e c r e a s e  i n  D and 018 i n  t h e  r i v e r  wa te r  a t  t h i s  t ime ,  t h e  l l u z i z i  

a l s o  shows l a r g e  o s c i l l a t i o n s  i n  t h e  c h l o r i d e  l e v e l  a t  e a r l i e r  d a t e s  w i t h  extreme 

low v a l u e s  on September 26 and October  2 3 ' w h i c h  d o  no t  c o r r e l a t e  wi th  i s o t o p i c  

changes.  These c h l o r i d e  minima p robab ly  r e p r e s e n t  i n p u t  of  h ig l~ ly -evapora ted  

p r e c i p i t a t i o n  dur ing t h e  d ry  season ,  i . e .  p r e c i p i t a t i o n  which d o e s  not d i f f e r  

g r e a t l y  from t h e  R u z i z i  i n  i s o t o p i c  compos i t ion ,  b u t  i s  much l o w e r  i n  c h l o r i d e .  

Thus t h e  i s o t o p i c  and c h l o r i d e  r e l a t i o n s h i p s  a l l o w  one t o  d i s t i n g u i s h  three com- 

ponents o f  t h e  r i v e r  water:  wet-season p r e c i p i t a t i o n ,  dry-season p r e c i p i t a t i o n ,  

and Lake Kivu s u r f a c e  water.  

V a r i a t i o n s  i n  s u r f a c e  water  a t  S t a t i o n  5 a r e  v e r y  s m a l l  o v e r  this pe r iod :  

1 per m i l  f o r  D ,  0.2 p e r  m i l  f o r  018, and o n l y  1 ppm f o r  C l .  T h e s e  v a r i a t i o n s  

c o r r e l a t e  r a t h e r  w e l l ,  and show a  maximum e v a p o r a t i o n / i n p u t  r a t i o  i n  October  - 
November, j u s t  be fo re  the  o n s e t  of  t h e  rains is shown by t h e  R u z i z i  d a t a .  
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Figure 9 .  Deuterium and oxygen-18 prof i les :  Stations 1 and 5 





TAKE T A N G A N Y L l < A  1973: S t a b l e  I so tope  l)atn* 

STA'CION 1 : "Kigorna S t  a t  i on"  

S T A T I O N  BOTTLE DEP'CII 
-CAST - NUMBER (nil -- so (Olooj- 

"Delta v a l u e s  vs .  Standard Xean Ocean Water (SMOW) . 



STABLE ISOTOPE DATA 

STATION 2 :  "Nyanza Sta t ion"  

BOTTT.E ~ E P T I I  
NUMBER (m) - -- 6D (O/oo)  

51 5 2 3 . 5  

5  2  9 9 2 6 . 1  

5 3 218 2 7 . 6  

5 4 328 2 7 . 8  ' 

55 447 2 7 . 9  

STATION 3:  "Kagongo S ta t ion"  

BOTTLE DEPTH 
NUMBER (m) -- -- SD (Oleo) 

51 1 2  23 .7  

52 100 26 .2  

53 179 2 7 . 1  

54 269 2 7 . 2  

55 359 2 7 . 9  



STABLE ISOTOPE DATA 

S'rA'l'lON 4 :  "Magarn S t a t i o n "  

STAT ION BOTTLE DEPTH 
-CAST NUMBER (m) SD ('100) 

4-1 5 1  5 2 3 , 7  

5 2 7 2 2 4 . 7  

53  i t l :  2 6 . 6  

54 217  2 7 . 1  

5 5 290 2 7 . 7  

S T A T  ION BOTTLE 
-CAST NUMBER 

STATION 5 : "Bujumbura S t a t i o n "  

DEPTH 

& 



STABLE ISOTOPE DATA 

STATIONS A ,  B ,  C; RIVER SAMPLES 

C o l l e c t i o n  D a t e s :  March, A p r i l ,  1 9 7 3  ( c f .  p p .  9 ,  10 ;  S e c t i o n  11) 

LOCATION 6D (O/oo) 6018 ( O / O O )  

A .  S u r f a c e  w a t e r ,  Kasonga 

B .  S u r f a c e  w a t e r ,  K i p i l l  

C. Sur fnce  w a t e r ,  Kibwesa 

Ruz iz i  R i v e r  

Muzazi R ive r  

Muzazi T r i b u t a r y  

Mutumba R i v e r  

R u z i b a a i  R ive r  

Kagongo Rive r  

Malagaraz i  R i v e r  

Lubugwe Rive r  

Lufubu R i v e r  

R I V E R  SAMPLES 



DATE - 
1973 - 

Peb. 2 / 2 1  

Aug. 8 / 2 1  

STABLE ISOTOPES AND CHLORIDE 

Lake S u r f a c e  Water, S t a t i o n  5 ("Bujumbura S t n .  ") 

S e p t .  9 / 1 3  

9 / 3 0  

o c t .  1 0 / 8  

1 0 / 1 6  

1 0 / 2 3  

1 0 / 2 9  

Nov. l l / 5  

1 1 / 1 3  



DATE 
1973: M& 

Feb.  2/15 

S e p t .  914 

9/13 

9/26 

Oct. 1018 

10116 

10123 

10/29 

Nov, 1115 

11/13 

STABLE ISOTOPES AND CHLORIDE 

Ruzizi  River Inflow 
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SECTION IV 

LAKE CHEMISTRY: MEASUREMENTS AT MIT 

1. MAJOR IONS: Na, K ,  Mg, Ca, A l k a l i n i t y  

2 ,  NUTRIENTS: S i l i c a t e ,  Phospha te  

3.  TRACE ELEMENTS: Barium 

J. Edmond 

M a s s a c h u s e t t s  I n s t i t u t e  
o f  Technology 



TV. LAKE CIIEMISTIiY: Measurements n t  MU' 

J .  Edmond 

Tlie Lake Tanganyika 1973 chemical  d a t a  show g e n e r a l  agreemetit wi l ' l~  pre- 

v i o u s l y  r e p o r t e d  va lues  where a v a i l a b l e .  F o r  t h e  major  c a t i o n s  and  a l k a l i n i t y  

t h e  s u r f a c e  c o n c e n t r a t i o n s  a g r e e  p r e c i s e l y  w i t h  t h o s e  of Kilham and  Hickey (Lim- 

n o l .  & Oceanog. 1 8 ,  934, 1973).  llowever t h e  pronounced d e c r e a s e  o f  calcium wi th  

d e p t h  r e p o r t e d  by Degens e t  a l .  (Naturwiss . ,  58 ,  229-241, 1971) is  n o t  obse rved .  

-6 T h e  l a t t e r  a u t h o r s  found a  d e c r e a s e  of 75  x 1 0  m o l e s f 1  between t h e  s u r f a c e  

a n d  1460 m e t e r s  (from 1 7 5  t o  1 0 0  x m o l e s l l ,  much lower c o n c e n t r a t i o n s  than 

r e p o r t e d  h e r e ) .  Beauchamp ( i n  L iv ings ton ,  U.S.G.S. P r o f .  P a p . ,  440 - G ,  1963)  

found  an i n c r e a s e  of 80 x moles / l  between the s u r f a c e  and 700111. The pro-  

f i l e  r e p o r t e d  h e r e  shows an i n c r e a s e  of 60 x l o w 6  m o l e s / l ;  i n  the  r i g h t  d i r e c -  

t i o n  but still  n o t  s u f f i c i e n t  t o  balance  t h e  a l k a l i n i t y  i n c r e a s e .  

I t  i s  a  p l e a s u r e  t o  acknowledge t h e  a s s i s t a n c e  o f  Susan Humphris and David 

Drummond i n  t h i s  work. 

I V - 1 .  MAJOR IONS: Sodium, Potassium, Magnesium, Calcium 

Samples f o r  major i o n  measurements were s to red  i n  po lye thy lene  b o t t l e s  and 

r e t u r n e d  t o  MIT f o r  a n a l y s i s .  The major c a t i o n s  were determined by atomic adsorp-  

t i o n  a n a l y s i s  on a  Perkin-Elmer Model 403. The d a t a  r e p o r t e d  he re  a r e  p r e l i m i n a r y  

a n d  i n c l u d e  only  sodium, potassium, magnesium and calc ium f o r  S t a t i o n  1 and t h e  

r i v e r  samples .  





STATION BOTTLE 
-CAST NUMBER 

MAJOR ION DATA 

1. Lake T a n g a n y i k a  Profile, Station 1 

DEPTH 
& 

5 

2 7  

45 

63 

9 1  

Units: loM3 moles/liter 
Na - K 2 . k -  Ca 

2.72 0.82 1.65 0.267 

2.63 0.88 1.65 0.269 

2.72 0.91 1.67 0.267 

2.85 0.86 ---- 0.272 

(3.98) 0.85 1.70 0 . 2 7 2  



1. Ruziz i  River 

2 .  Nuzazi River  

3 .  Muzazi Tr ibu ta ry  

4. Mutumba River 

5. Ruzibnzi  River 

6 .  Kagongo River 

7 .  Malagarazi  River 

8. Lubugwe River 

9 .  Luf ubu River 

MAJOR I O N  DATA 

2. R i v e r  s a m p l e s h  

"nits: l op3  m o l e s / l i t e r  

No -- K - x C" 
2.57 1 . 0 9  1 . 5 1  0 .170 

*Col l ec t ion  da tes  February  - Apr i l . ,  1973, a s  l i s t e d  on p .  10, S e c t i o n  11. 



IV-2. IAKE CHEMISTRY: NUTRIEN'l'S - Phosphate, Si.l.icate, T i t r a t : i on  Alka l in i ty  

S a m n  

Samples f o r  s i l i c a t e ,  a l k a l i n i t y  and t r ace  e len~onts  were storc?d i n  

polyethylene b o t t l e s .  Samples fo r  phosphate ana lys i s  were poisoned with 

mercuric cliloride and s t o r e d  i n  g l a s s .  The n u t r i e n t  samples from S t a t i n n  

1 were Iland-carried t o  MIT and run within f i v e  days of c o l l e c t i o n .  The 

remainder were sh ipped to Dakar, t r ans fe r r ed  to  the  R/V Knorr and ar r ived  

i n  Cambridge ( v i a  Woods 'tole) in  t h e  middle of Apr i l .  

The data r e p o r t e d  h e r e  a r e  prel iminary and include o111.y ohosplinte and 

s i l i c a t e  fo r  the  l a k e  samples and t h e  r i v e r s .  

Efethods 

Phosphate and s i l i c a t e  were run ,  a f t e r  s u i t a b l e  d i l u t i o n  wi th  doubly 

d i s t i l l e d  water,  fo l lowing  t h e  S I O  "Cookbook", with a Beckman DU spectro- 

photometer. 





STATION 
-CAST 

NII'PHIENT DATA: 1. Lake P ro f i l e ,  Station 1* 

UNITS: moles l l i t e r ,  equiv, / l i t e r  

BOTTLE DEPTH 
P04 sio2 NUMBER (m) *t - - @ ! L w  

*Sta t ion  1 samples - hand car r ied  t o  MIT 



NITTRIENT DATA: 2. Lake Stations 2-5* 

STATION ROTTLR l)l<I'TIl PO 
-CAST -- - - . -- NUMBER -- (m) 4 

-- 

*Samples returned by R/V KNORR 



NUTRIENT DATA: 3 .  River  Samples* 

U n i t s  : m o l e s / l i t e r  

1. R u z i z i  R ive r  

2 .  Muznzi R ive r  

3 A .  Muzazl T r i b u t a r y  A 

313. Xuzazi  T r i b u t a r y  B 

4 .  Mutumba River  

5 .  Ruz ibaz i  River 

6 .  Kagongo River  

7 .  Malagaraz i  River 

8. 1,ubugwe River  

9 .  Lufubu River 

*Col l ec t ion  d a t e s  February  - A p r i l ,  1973, a s  l i s t e d  on p. 10, Sect ion  11. 



NUTIllENT DATA: 4 .  S i l i c a t e  i n  Lalce S u r f a c e  Water, S t a t i o n  5 
("Bujumbura S t a t i o n " )  :and R u e i z i  R ive r  Tr~Elow 

1973 -- 
24 November 8.25 

15 December 6.30 

1974 - 
8 J a n u a r y  

22 January  

5 February  

18 February  

4 March 

21 March 

1 7  A p r i l  

3 May 

1 4  May 

23 May 

9 January 

22 January 

5 February 

1 9  Pebruary 

4  March 

19 March 

17 A p r i l  

1 May 

14 May 

28 May 



IV-3. T , A U  CIIEMISTRY: BARIUM ( S t a t i o o  1) 

B a r i u m  s a m p l e s  w e r e  a n a l y z e d  at:  MIT by i s o t o p e  d i l . u t i o n  mass s p e c t r o m e t r y .  

STATION BOTTLE 
-CAST NUMBER 

DEPTH 
0 



S E C T I O N  V 

U N I V E R S I T Y  OP MIAMI CONTRIBUTIONS 

1. TRITIUM MEASUREMENTS: H .  G o t e  O s t l u n d  

2 .  AASCRACT: The E q u a t i o n  of S t a t e  oE Lake T a n g a n y i k a  
By P. J. M i l l e r o  
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Samples c o l l e c t e d  by H. Craig  e t  a l . ,  on an e x p e d i t i o n  t o  Lake -- 
Tangnnyika  i n  A p r i l  1973.  S to red  i n  500 m l  g l a s s  b o t t l i s .  

Tha r c s l d u a l  samples have been d i s c a r d e d .  

The col . lec t ion b o t t l e s  were baked and f lushed  with argon b e f o r e  use .  

Samples "A" and "B" represen t  two 500 m l  b o t t l e s  f i l l e d  from t h e  same Nisk in  

1 , o t t l e .  

The a n a l y t i c a l  method is descr ibed by H .  G .  Ostlund e t  a l . ,  Earth and 

P l a n e t a r y  Science L e t t e r s  23, 69 (1974). 

T r i t i u m  Units (TU): 1 TU = 10-l8 atoms Tlatom H.  

The t r i t i u m  p r o f i l e  is p l o t t e d  i n  F i g u r e  13. The question-mark b racke t s  

a p o s s i b l e  d i s c o n t i n u i t y  a t  300m, which may be r e l a t e d  t o  the  temperature  

d i s c o n t i n u i t y  i n  Figure  3, p. 25 ( c f .  p. 2 3 ) .  



TRITIUM UNITS 
, 0 1 2 3 4 5 6 7 

Figure  1 3 .  T r i t i u m  p r o f i l e :  S t a t i o n  1 



LAKE TANGANYIKA 1973 :  TRITIUM 

S T N  Lakc Surloc.o - 
C .  Kibwcsa 

8. K i p i l i  

A. I<isanp,a 

1. 1-2-51 

1. 1-17-52 

5 .  5-1-51 

Sound ing  

1-2-52 A 

13 

1-2-53 A 

B 

A + B  

1-2-54 A 

R 

1-2-55 A 

B 

1-15-51 A 

B 

1-15-52 A 

B 

1-15-53 A 

B 

1-15-54 A 

B 

1-15-55 A 

B 

Depth  
$1 - - Run I/ Tric .  TU 

0 7260 6.56 + .17 - 
0 4446 5 . 7 1  + .16 - 
0 2414 5.96 + .17 - 
5 4444 6 .46  + - .15 

5 2419 6.03 + .17 

5 ~ 1 4 6 8  6 .98  + - .18 

STATION 1 PROFILE 

27 7258 6.47 + - .17 

2 7 7250 6.53 t . 1 7  

45 1474 6.47 + .17 - 
45 [4483  5 . 6 4 + . 1 5 ]  - 

7352 6 .21  - + .17 

6 3 7254 4.91 - + .14 

6 3 7285 5 .37  + - .15 

9 1 3446 3.57 + - .13 

9 1  4485 3.88 - + .17 

120  2434 2.36 - + . l o  
120  3489 2.48 - + .10 

144  3487 1.37 - + . l o  
144 4472 1 .26  - + .10 

168  4491 1.06 - + .08 

1 6 8  2454 0.95 - + .07 

187 2447 0 .55  2 -07 

187 7276 0.63 - + .08 

216 1507 0.49 2 .07 

216 1496 0.46 t .07 

Bes t  Value 

J 
J 
J 
J 
J 
J 



STATION 1 PROPII.E, ( c o n t i n l l e d )  

Depth R u n  1' T r i t - .  -. TLI 
( 1 4 )  -- 

Best Value 



! 

RIVER SA-LES: T R I T I U M  

R i v e r s  --- Date 

1. R u z i z i  R. 2 / 1 5 / 7 3  3451 

2 .  Muzazi  R .  2 /15 /73  7256 

6 .  I<ap,ongo R.  211.6173 3449 

7 .  M a l a g a r a z i  R .  4 / 3 / 7 3  4454 

8.  Zubugwe R .  4 / 2 / 7 3  7244 

9 .  Lufubu  R. 3 / 2 4 / 7 3  2416 

T r i t .  TU 

13.2 i0 .3  

1 4 . 0 f 0 . 3  

1 2 . 3 f 0 . 3  

1 2 . 1 f 0 . 3  

17.220.4 

1 4 . 2 i 0 . 4  

Locat ions  f o r  t h e  r i v e r  samples and lake sur face  samples A,  B ,  C ,  a r e  g iven 
on pp .  9 ,  1 0 ,  and i n  Figure 1. 



V .- 2 .  Al>sL~; l cL :  The Equa t ion  O F  S t a t e  of Lake Tanganyika " . - - --.-- 

I r ~ q ~ ~ : l t i . o n  of: s t a t e  o f  Lake 'l 'anganyika has been  determined by llsillg at)- 

1);rrvilL alolil'l. volumc d a t a  For t h e  major  i o n i c  components of  t h e  l a k e .  
y-he pw 

t i !  (1') o f  L-hc Lake  a r e  o f  t h e  form 

wl~c.l-cl 1'" I s  tllc p r o p e r t y  of p u r e  w a t e r ,  A is a c o n s t a n t  r e l a t e d  t o  the i n f i n i t e  

c l i l t ~ t . l o n  uppnrenl: cq l l iva lent  p r o p e r t y  of  l a k e  s a l t  0 ,  B is r e l a t e d  t o  t h e  

0 
I ) r l ~ y c - t l r ~ c k c l .  l i m i t i n g  l a w  s l o p e  and S (  loo) i s  the weigtit o f  the l a k e  s a l t s  i n  

p a r t s  p o r  thousand.  A 1 1  of t h e  PVT p r o p e r t i e s  of t h e  l ake  were found t o  b e  i n  

cxc :u l . l . cn t  agreement w i t h  the p r o p e r t i e s  of seawater  ( d i l u t e d  wit11 pure w a t e r )  

; I t  L:ho same t o t a l  s o l i d  c o n c e n t r a t i o n  o r  s a l i n i t y .  The d e n s i t i e s  ag ree  t o  w i t h i n  

A 2  P ~ I I I I ,  the  e x p a n s i b i l i t i e s  a g r e e  t o  w i t h i n  t 0 . 6  ppm and t h e  c o m p r e s s i b i l i t i e s  

agree t o  w i t h i n  .t0.03 ppm from 0 t o  3 0 ' ~ .  From t h e s e  c a l c u l a t i o n s ,  i t  is  c l e a r  

~ l . , ~ l l :  PVT p r o p e r t i e s  of Lake Tanganyika ( a s  well  as ot t ler  1:lkcs) can be  d e t e r -  

m ~ n c ? d  f rom the equation of s t a t e  of seawater  d i l u t e d  wi th  pure w a t e r .  

Frank J. E l i l l c r ~ l  

R o s e ~ i s t i e l  Schoirl o i  Marine 
and Atmospheric S c i e n ~ . e s  
U n i v e r s i t y  of  >f inmi .  Llinmi, F l o r i d a  




