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ABSTRACT: The s a l i n i t y  c o n t r o l  of l a k e  Chad i s  one of t h e  most 
remarkable c h a r a c t e r i s t i c s  of  t h i s  t e r m i n a l  bas in .  I n  s p i t e  of con- 
s i d e r a b l e  d i s so lved  s a l t  i n p u t  from r i v e r s  ( ions  : 42 mg/l ,  s i l ica  : 
26 mg/l, t o t a l  in f low : 3.106t /year )  and v e r y  h igh  rate of evapora- 
t i o n ,  l a k e  Chad has  a low s a l i n i t y  (ions,  : 320 mg/l ,  s i l i c a  : 50 mg/l) .  
The removal o f  i o n s  and s i l i ca  by sedimenta t ion  i n  t h e  l a k e  i s  evalu- 
a t e d  a t  more than  37% and 83% of t h e  i n p u t ,  r e s p e c t i v e l y .  Removal of 
sodium, -which is  n o t  eva lua ted ,  i s  t h e  smallest. The s a l t  budget pro- 
v i d e s  a means f o r  e v a l u a t i n g  water l o s s e s  by evapora t ion  and i n f i l t r a -  
t i o n .  Evaporationconsumesmore than  93 t o  96% of t h e  inf low.  

Résumé: 
p l u s  remarquable de c e  b a s s i n  endoréique.  Malgré un a p p o r t  considér-  
a b l e  en sels d i s s o u s  par  l e s  r i v i è r e s  ( i o n s  : 42 mg/l, s i l i c e  : 26 mg/l ,  
appor t  t o t a l  : 3.106t /an)  e t  une évapora t ion  très é l e v é e ,  les  eaux du 
l a c  Tchad o n t  une s a l i n i t é  f a i b l e  ( i o n s  : 320 mg/l, s i l i c e  : 50 mg/l) .  
L e s  p e r t e s  d ' i o n s  e t  de s i l i ce  p a r  séd imenta t ion  dan l e  l a c  son t  éva luées  
respec t ivement  B p l u s  d e  37% e t  83% des  a p p o r t s .  L e s  p e r t e s  en sodium 
dans l e  l a c ,  non &aluées, s o n t  les  p l u s  f a i b l e s .  Le  b i l a n  s a l i n  permet 
d ' éva lue r  l e s  p e r t e s  en eau pa r  évapora t ion  e t  i n f i l t r a t i o n .  L'évapora- 
t i o n  consomme p l u s  d e  93 B 96% des  appor t s .  

La r é g u l a t i o n  s a l i n e  du lac Tchad est l a  c a r a c t é r i s t i q u e  l a  

INTRODUCTION 

The hydro log ica l  system of l a k e  Chad i s  t h e  a c t i v e  p a r t  o f  a v a s t  c o n t i n e n t a l  
b a s i n  s i t u a t e d  i n  t h e  h e a r t  of Af r i ca  (Fig.  l } ,  i n  t he  c l i m a t i c  zone ranging  from 
humid t r o p i c a l  t o  subdese r t  (M.A. ROCHE - 1973 c ,  1975). Lower r eg ions  t h a n  l a k e  
Chad, c a l l e d  "Bas-Pays," e x i s t  i n  t h e  n o r t h  of t h e  bas in  b u t ,  i n  t h e  p r e s e n t  t i m e ,  
under d e s e r t i c  c o n d i t i o n s ,  they  are n o t  covered by s u r f a c e  water. 

Extensive p l akns ,  f looded by t h e  Chari  and t h e  Logone rivers, l a k e  Chad 
and groundwater connected wi th  t h e   lake, c o n s t i t u t e  t h e  a c t u a l  a c t i v e  s y s t e m ,  
making up a series of sedimentary t r a p s  f o r  d i s so lved  and suspended components 
o r i g i n a t e d  from upstream a r e a s  w i t h  high r a i n f a l l  (1,500 "/year) and low evapora- 
t i o n  (1,100 "/year) t o  downstream areas wi th  weak r a i n f a l l  (200 "/year) and 
h igh  evapora t ion  (2,300 "/year). 

' 

Therefore ,  i n  t h i s  zone, t h e  geochemical phenomena are *&ry 'ev ident  because  
of i n t e n s e  i n c r e a s i n g  evapora t ion  and because of  t h e  shal lowness  of t h e  water. 
The sed imenta t ion  begins  i n  t h e  f l a t  p l a i n s ,  where 10% of t h e  major i ons  s e t t l e  
out  bu t  t h e  s a l i n i t y  c o n t r o l  of lake Chad, c l o s e d  b a s i n  wi thout  s u r f a c e  o u t l e t s ,  
a p p e a r s  t o  be t h e  most remarkable c h a r a c t e r i s t i c s  of t h e  system. 

213 



- 400 rainfall (mm) - S t r e a m s  

-- Boundary of dra inage  basin 

Flood plains 

p] Precam brian s hl e Id 

1-1 Sedimentary Grounds 

CHAD BASIN 
IN AFRICA 



WATER BUDGET OF LAKE CHAD 

During ndrmal periods which can be several decades long, the lake water 
covers about 20,000 square kilometers, with maximum length and width of 200 
kilometers, and depths no more than 5 tu 8 meters. 

It receives, on the average, 50.106 m3/year, 95% of which enters the 
southern part (Fig. 2). 
rainfall (325 "/year) contributes 12% (P. TOUCHEBEUF -1969-, B. BILLON et al. 
-1974-): These inflows are essentially consumed by evaporation and a few per- 
cents by infiltration. 
1 m) of the lake level and a pluriannual stabilization in normal periods. 

The Chari river alone assures 83% of this alimentation, 

These losses determine an annual oscillation (0,50 to 

* .  
The global losses due to evaporation plus infiltration cannot be separated 

by means of the hydrological budget. However, the saline budget does offer a 
way of making this separation, and of thus determining the amount of evapora- 
tion'of a large surface of water in the sahelian zone. 

The hydrological steady-state over long periods can be interrupted by 
droughts of the type which has raged the tropical regions from 1972 to 1974. 
In 1973,  the lake area was the third of the area in 1970, the volume was the 
fourth part (Fig. 3 ) .  In 1975 the northern basin, isolated by vegetation 
grown up on the shallow "Grande BarriSre", dried up completely (M. ROCHE -1973-, 
A. CHOURET -1974-, J. RODIER -1974,  1976-, J. SIRCOULON -1976) .  

Such a drought is not unique in the recent historical period. This is the 
third times in a'century, after 1910-1914 and 1940-1944 that such a catastrophe 
has occurred. It is probable that, once the water rises again, the lake will 
regain a chemical steady-state few different of that which has been studied 
during a period of normal level. 

SALINITY CONTROL OF THE LAKE WATERS 

The study was based on thousands of hydrological measurements, and geo- 
chemical and isotopic analysis taken for water feeling the lake, for the lake 
itself and for its banks (M.A. ROCHE -1973 c-). In the lake, the average con- 
centrations and quantities o€ dissolved constituents were evaluated from 
salinity maps gotten every two months. 

Salinity of the Lake Waters 

The river waters flow into the lake with an average concentration of 42 mg/l 
of dissolved ions, 25 mg/l of dissolved silica and about 70  mg/l of suspended 
matter, about half of which is kaolinite. In spite of an annual discharge of 
about 3 million tons of dissolved components, plus the equivalent weight of sus- 
pended materials, over a period of thousands of years, the lake water has not be- 
comegreatlymineralized (Fig. 4 ) .  .'$. .:?' 
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Figure  2. Water budget of l ake  Chad i n  normal per iod  (1954-1969). 
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Figure 3. Lake  Chad a t  a norma l  level o f  281.5 m i n  1969 (after M.A. ROCHE -1971-) 
and  a t  a low level  of 279 ,5  m i n  1975 (after A. CHOURET -1975-). 
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Figure 4 .  Global ionic content (mg/l) in the water of lake Chad (example taken 
in December 1969). 



Once t h e  r i v e r  water arrives i n  t h e  l a k e ,  it i s  d i r e c t e d  p r o g r e s s i v e l y  

However, t h e  maximum g l o b a l  i o n i c  c o n t e n t  is  
toward t h e  banks. 
t h e  Char i  d e l t a  t o  t h e  shore  l i n e .  
on ly  3 t o  40 t i m e s  more than  t h a t  i n  t h e  river w a t e r .  
2 t o  6 t i m e s  more. 
mains s l i g h t ,  a t  320 mg/l. 

Under t h e  effect  of evapora t ion ,  t h e  s a l i n i t y  i n c r e a s e s  from 

The s i l i c a  content  i s  only  
The average  i o n i c  c o n c e n t r a t i o n  f o r  t h e  t o t a l  l a k e  volume re- 

The average  d i s s o l v e d  s i l i ca  con ten t  i s  50 mg/l. 

Like t h e  water which f e e d s  t h e  l a k e ,  t h e  l a k e  water i t s e l f  cont inues  t o  be  
b icarbonated .  Chlor ide  r e p r e s e n t s  no more than  1%. Sulphate  concen t r a t ions  are 
even s l i g h t e r .  

With t h e  i n c r e a s e  of  t h e  s a l i n i t y ,  t h e r e  zs a marked change i n  t h e  c a t i o n i c  
s p e c t r u m  (Pig.  5), which from be ing  calcic,  becomes p r o g r e s s i v e l y  sodic ,  evo lv ing  
from Ca. Mg. Na.K. t o  N a .  Mg. K. Ca through f i v e  success ive  s t a g e s  a s  f u n c t i o n  
of  t h e  g l o b a l  s a l i n l t y ,  t h e  e l apsed  t i m e  and t h e  areas. Such a c a t i o n i c  chromato- 
graphy i s  o f t e n  observed i n  groundwater of a r i d  o r  suba r id  zones,  bu t  r a r e l y  i n  
s u r f a c e  water. 
chemica l  component. 

It provides  ev idence  of a s p e c i f i c  s a l i n i t y  c o n t r o l e  of each  

This  selective s a l i n i t y  c o n t r o l  is more e v i d e n t  i f  t h e  r e s idence  t i m e  f o r  
each component i s  cons idered  (Table  I ) .  
t o  3 y e a r s  f o r  t h e  s i l i ca .  
water is  equ iva len t  t o  only  a t e n  yea r  i n p u t .  

It v a r i e s  from 16 y e a r s  f o r  t h e  sodium 
The g l o b a l  q u a n t i t y  of d i s so lved  i o n s  i n  t h e  l a k e  

Mechanisms of S a l i n i t y  Cont ro l  

The s a l i n i t y  c o n t r o l  i n  t h e  l a k e  water i s  expla ined  by two mean mechanisms. 

Removals by sed imenta t ion  i n  t h e  l a k e  (1) 

I n t e r a c t i o n s  w i t h  t h e  mine ra l  and organic  environment l e a d  t o  a chemical  
and biochemical  sed imenta t ion ,  i n  t h e  l a k e  i t s e l f ,  which v a r i e s  depending upon 

I i. 
$4 

Table I. Chemical budget of l a k e  Chad (per iod  1954-1969). J' 

c 

Nean d i s s o l v e d  c o n t e n t s  

o f  r iver  y i e l d s  (mey-uiv/l) 

Mean d isso lved  c o n t e n t s  

in lake water  (mequi.v/l) 

Rccidcnzc t i n e  (years) 

Removal by sediment a t  ion( $) 
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Figure 5. Variations of the cationic composition of the water of lake Chad 
(example of December 1969). The cations are classified in decreasing 
order of content (in mequiv/l) . 
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t h e  components. From v a r i o u s  c o n s i d e r a t i o n s  (M.A. ROCHE - 1973-), sodium i o n  
a p p e a r s  t h e  less reactive w i t h  t h e  l a k e  environment. Consider ing t h a t  sodium 
does n o t  sediment i n  t h e  l a k e  and t h a t  a s t e a d y - s t a t e  e x i s t s ,  wi th  t h e  a i d  of 
a s imple model based on t h e  s a l i n e  budget ,  i t  i s  p o s s i b l e  t o  estimate minimum 
v a l u e s  f o r  the sedimenta t ion  of t h e  components and maximum v a l u e s  f o r  t h e  
water and s a l t  l o s s e s  by i n f i l t r a t i o n .  

A t  least 37% of  t h e  i o n s  and 83% of  t h e  s i l i c a  e n t e r i n g  t h e  l a k e  sediment 
t h e r e i n  (Table I). 
least  58, 45, 2 3  and 37%, r e s p e c t i v e l y  (M.A.  ROCHE -1973 c-1. For example, 
assuming a 50% sodium removal, t h e  i o n s  removals would b e  68% and t h a t  o f  s i l i c a  
92%. A l l  the . suspended  matter remains i n  t h e  l a k e .  

The r e l a t ive  removals i n  CafC, Mg*, K+ and CO3H- are  a t  

-0 

For t h e  most p a r t ,  t h e  sed imenta t ion  of  t h e  i o n s  and o f  t h e  s i l i c a  cor re-  
sponds e s s e n t i a l l y  t o  d i a g e n e s i s  of  c l a y  m i n e r a l s  of t h e  montmor i l lon i te  group. 
These -d i agenes i s  as  w e l l  a s  t h e  o r g a n i c  matter create a l a r g e  a d s o r p t i o n  
c a p a c i t y  which c o n t r i b u t e s  t o  t h e  s a l i n i t y  c o n t r o l .  

(2 )  Removals by i n f i l t r a t i o n  and s u p e r f k i a l  abandonments 

A non-se lec t ive  removal of  w a t e r  and of d i s s o l v e d  sal ts  i s  caused by i n -  
f i l t r a t i o n  t h r o u g h t h e  l a k e  banks and by s u p e r f i c i a l  abandonments i n  t h e  l i t o r a l  
b a s i n s  which ac t  as n a t u r a l  b r i n e  p i t s  w i t h  t h e  f l u c t u a t i o n  of  t h e  l a k e  level .  

The r e l a t i v e  removals by t h e s e  p r o c e s s e s  correspond t o  t h e  d i f f e r e n c e s  
between t h e  i n p u t  and l o s s e s  i n  t h e  l a k e .  Thar i s  t o  s a y  t h a t  less  t h a n  63% 
of  t h e  i o n i c  i n p u t  and less t h a n  17% of t h e  s i l i c a  i n p u t  leave t h e  l a k e  w i t h  
the i n f i l t r a t i n g  water. From t h e  same model, t h e  water ou t f low from t h e  l a k e  
h a s  been e s t i m a t e d  a t  a maximum between 4 and 7% of t h e  water inf low,  less t h a n  
0,5% of which i s  assured  by s u r f a c e  t o  t h e  f i r s t  l i t t o r a l  b a s i n s .  Evaporat ion 
from t h e  s u r f a c e  l a k e  water t h e r e f o r e  consumes more than  93 t o  96% of t h e  water 
inf low.  Assuming, f o r  example, a p o s s i b l e  50% sodium removal i n  t h e  l a k e ,  in -  
f i l t r a t i o n  would be o n l y  2 t o  3% and t h e n  evapora t ion  97 t o  98% of t h e  w a t e r  
y i e l d s .  Therefore ,  evapora t ion  i s  mo,re than  220 t o  230 cm/year. 

The l a k e  o v e r l i e s  a p h r e a t i c  a q u i f e r ,  70 meters t h i c k ,  w i t h i n  q u a t e r n a r y  
grounds : sand dunes o r  sandy-clay d e p o s i t s .  It i s  surrounded by d e p r e s s i o n s  
o f  t h e  water - tab le  i n  t h e  c e n t e r  of  which t h e  level of t h e  groundwater i s  5 t o  
50 meters lower t h a n  t h e  s u r f a c e  water .  Though h y d r a u l i c  s l o p e s  and l i t h o l o g y  
s e e m  t o  a l l o w  i n f i l t r a t i o n ,  t h e  volume of t h e  l a k e  water  i n f i l t r a t i o n ,  e s t i m a t e d  
p r e v i o u s l y  t o  b e s a  few p e r c e n t s  of t h e  inf low,  appears  to be  t o o  high w i t h  re- 
gard  t o  t h e  o r i g i n s  and d i s t r i b u t i c n  of waters i n  the s h o r e ,  as  i s  shown by t h e  
i s o t o p i c  composition (FONTES et a l .  -1970-, M.A. ROCHE -1970-). This i m p l i e s  
t h a t  some l a k e  water  is  evapora ted  from t h e  a q u i f e r  q u i t e  n e a r  t h e  bank, s h o r t l y  
a f t e r  i n f i l t r a t i o n .  This  evapora t ing  f r i n g e  correspondes p r i n c i p a l l y  t o  t h e  
area which emerges dur ing  t h e  s e a s o n a l  v a r i a t i o n  i n  t h e  l a k e  level .  

The l a k e  w a t e r  then  h a s  a permanent tendency t o  l o s e  i t s  chemical components 
s h o r t l y  a f t e r  i n f i l t r a t i o n .  
a t  t h e  t i m e  of  t h e  low l e v e l .  

These are picked up aga in  by g'ain&ater which f a l l s  
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The long-term o s c i l l a t i o n s  i n  t h e  l a k e  level over  hundreds o r  thousands 
of  y e a r s  r e s u l t e d  i n  a s u b s u r f a c e  and s u r f a c e  mig ra t ion  of sa l ts  from t h e  l a k e  
t o  t h e  sur rounding  coun t ry  where, i n  t h e  no r th -eas t e rn  dune reg ion ,  t hey  l i e  
i n  t h e  in t e rdunes  dep res s ions  g i v i n g  rise t o  e v a p o r i t e  parageneses  w i t h  pre- 
dominant t rona .  
e n t  days t o  Quaternary,  and p h r e a t i c  groundwaters is f u n c t i o n  of i n t e r d u n e  
morphology and of t h e  wa te r - t ab le  e v o l u t i o n  i n  t i m e .  

R e l a t i o n s h i p s  beiween t h e s e  salts ,  which a g e  varies from pres -  

On an annual  scale, such  a p a t t e r n  of sa l t  mig ra t ion  i s  ve ry  l i m i t e d ,  be- 
cause  i t  implie*,large v a r i a t i o n s  i n  lake level .  

CONCLUSION 

Though evapora t ion  of s u r f a c e  water  r e p r e s e n t s  more t h a n  93% t o  97% of t h e  
l o s s e s ,  t h e  l a k e  water are few mine ra l i zed ,  w i t h  c o n c e n t r a t i o n s  between 40 and 
1000 mg/l. Unusual d e p o s i t s ,  o f t e n  r e s u l t i n g  from i n t e r a c e i o n s  between water, 
d i s so lved  and suspended material, s i l icates ,  p l a n t  and animal  l i f e ,  are respons i -  
b l e  f o r  t he  removal of d i s s o l v e d  c o n s t i t u e n t s  from t h e  w a t e r .  These p rocesses  
are favored by t h e  b i ca rbona ted  type  of t h e  water b u t  completed by a complex 
p a t t e r n  of i n f i l t r a t i o n  and evapora t ion  through t h e  banks. 
abandonments o v e r a l l  a s s u r e  a long-term evacuat ion  of s a l t s .  

The s u p e r f i c i a l  

I n  t h e  h y d r o l o g i c a l  system of l a k e  Chad, e v o l u t i o n  i n  space  and t$me can 
b e  deduced one from t h e  o t h e r .  Over s e v e r a l  hundreds of k i l o m e t e r s ,  l a r g e  
v a r i a t i o n s  occur  i n  c l ima te ,  hydrology and hydrochemical p rocesses .  S i m i l a r  I 
v a r i a t i o n s ,  b u t  i n  t i m e  i n  s t e a d  of space ,  took  p l a c e  du r ing  t h e  l a r g e  c l imat ic  I 

t i o n s  wi th  a pe r iod  of a decade o r  so .  This  i dea  h e l p s  t o  understand and ! 
e v a l u a t e  t h e  Quaternary h e r i t a g e  i n  t h e  t r o p i c a l  and d e s e r t  r eg ions  and \ 

changes dur ing  t h e  Quaternary and on a smaller s c a l e  du r ing  c l imat ic  o s c i l l a -  

a l low 
t o  f o r e c a s t  c e r t a i n  geochemical and hydro log ica l  consequences of t h e  main low- 
water pe r iods .  I I  
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