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Introduction

The chemical composition of African lake waters is extremely varied. and inclu-
des features rarcly found elsewhere. The published information is very scattered
and of varying detail and reliability. Most comparative surveys (e. g.. JENKIN
1932. 1936 : BrapLE 1932: LorrrREDO and MaLDURA 1941 : Daymas 1954) cover only
limited areas. and though valuable the more extensive compilation by vax MEEL
(1954) is uncritical and contains some serious crrors. The following account is
based partly upon earlicr data, but mainly upon original analyses of samples
collected during 1960—1962. We have attempted to provide a reference-source
for the composition of water from most major and many minor lakes: to outline
the main trends and sources of variation, although without any detailed treat-
ment of the geochemical processesinvolved; and to discuss correlations with some
aspects of freshwater biology. Patterns of vertical stratification and their effects
on dissolved gases will be described in more detail clsewhere. Although the strati-
fication of some constituents is outlined here. the discussion is mainly concerned
with the composition of surface waters.

Most of these lake waters show a marked predominance of bicarbonate and
carbonate among the anions. This characteristic. together with a considerable
development of saline lakes rich in sodium, massive local enrichments of other
major cations, and an extremely wide range of lake depth and stratification. leads
to an interesting field of comparative chemical limnology.
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Much of this work was carried out during a visit in 1960--1961 to the Jinja laboratory
of the East African Freshwater Fisheries Rescarch Organisation. We are indebted to the
director (the late Dr. V. Dovax SoamereN) and staff for their hospitality and much valuable
assistance. Samples from many distant lakes were obtained through the kindness of the
following individuals: Dr. V. D. vax SoMerex (Ethiopian lakes). Mr. H. Y. BLDpER (Nai-
vasha), Mr. D. J. Garrob (Mulehe, May 1961). Dr. D. AL Ll\l\(.\l‘l)\'l‘ and Mr. J. L. Ri-
cHARDSON (Tanganyika), Mr. D H. Eccngs (Nyasa), Mr. T, G. Carey (Mweru). Mr. L. D. E.
F. Vesey-FirzGerarp (Rukwa), Mr. E. Haupnyy ( ’\udolt)_ Mr. M. M. Hanvosp (Kitan-
giri), Mr. Rosirrs (Baringo), Mr. D. Hayzerrox (White and Blue Niles). and students of
Makerere College, Kampala (Manyara). We are also grateful to Dr. (i, R. Fisu, Mr. D). Har-
pixa and Mr..J. Herox for permission to use unpublished data, and to Mr. F..J. H. Macke-
rETH for chemical advice. Dr. Do AL Livixasroxe, Dro E. Gornay,  Dr.J. W, Gl Luso.,
IFR.S., Mre Ho (L Gruson, Mreo RUOSC AL Beavenane and Protf. L. (. BEapLe have given
helpful comments on the manuscript. Some apparatus used was purchased by means of a
erant from the Royal Society, and further financial assistance was received from the Depart-
ment of Technical Clo-operation, London.

The geographical groups and tyvpes of lakes
The lakes to be discussed in detail are chiefly in east and central Africa (Fig. 1).

Much general information on them can be found in the works of Murray (1910), CuxNING-
TON (1920), Granad (1929), WorTHINGTON (19324, 1932b), WorTHINGTON and WORTHING-
TON (1933), Ricarvo (1939). CorLiy (1948), vax MekL (1954), Brooks (1950). and VER-
BEKE (1957). Features of the less well known lakes in Ethiopia are described by OMpr-
Coorrr (1930), NiLssoN (1940), Bixt (1940), Bru~eLnr and Caxyicer (1940, 1941), Lory-
rEDO and Marpura (1941), Moraxpint (1940, 1942), Cavxicer and Anmactd (1947),
RieppL (1962), and by other authors in the reports of the two Italian expeditions to Lake
Tana (1940) and the lakes of the Fossa Galla (1941).

As regards their mode of origin. the lakes fall in three main groups.

araben lakes (Type 9 of HuTeHINsoN 1957) are particularly numerous. distri-
buted in the various sections of the Great Rift Valley between latitudes 8 °N
(Ethiopia) and 15 °S (Northern Rhodesia). Most lakes in the East Rift. and one
(Rukwa) in the West Rift, lie in basins of closed or internal drainage. Such lakes
are usually of high salinity. especially when their depth is small. but a number of
low salinity (e. g., lakes Zwei and Baringo) have outflows to adjacent arcas. Most
of the larger and decper lakes which are wholly or partly in the Rift areas (c. g
Nyasa, 'Lmoanwl\a Edward. Albert) lic in open drainage basins: Lake Ru(l()H is
an exception. Water from saline and often hot springs contributes to the inflows
of many Rift lakes.

Voleanic lakes (T'ypes 18 and 19 of ITurcHINsoN 1957) are well represented in the
region of the Virunga (in part the Mfumbiro) volcanoes, which cross the West Rift.
Fhe voleanoes ‘r]lcnhel\m constitute the barrier to dmmaoro by which the large
Lake Kivu was formed. Many smaller lakes in the region reault from the damnnng
of valleys by lava flows; lakes Bunyoni. Mutanda, Ndalaga and Bulera are examyp-
les. The much larger Lake Tana in Ethiopia also belongs here. Small crater lakes.
including explosion-craters, are numerous and widely distributed in East Africa.
BrApLE (1932) describes characteristies of Naivasha crater lake, 1. Kikorongo
near L. George, and crater lakes of Central Island in L. Rudolf.

Shallow tectonic basins include the Types 3 and 4 of HurcHiNsox (1957), which
are illustrated by lakes Kioga and Victoria respectively and originate by wide-
spread upwarping and other crustal movements. Other lakes in this group are
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Chilwa and Bangweulu. They are characteristically large but relatively shallow:
Victoria is much the deepest.

For completeness. four other groups of African lakes can be mentioned briefly.
Shallow and often saline lakes. including ~Shotts”, are common in the north and
north-west Sahara. BrapLE (1943) deser ibes the chemistry of anumber in Algeria.
where the salinity is strongly influenced by sodiam. chloride and sulphate ions.
The numerous shallow basins or cpans” of South Africa are described by Hur-
cHINSON, Prekrorp and Seirvrman (1932) and Hureamnsox (1957). In these the
bicarbonate ion generally forms less than half of the total anions. by equivalents,
and chloride is often present in comparable amounts. Nevertheless they show an
extensive range of alkalinity; effects on the composition of the plankton were
examined by HlurcHiNsox et al. (1932). A little known class of small lakes is re-
presented at high altitudes on such mountains as Ruwenzori and Mount Kenya.
Only recently has their chemistry been investigated in any detail (LOFFLER 1964).
and in some examples shows unusual features such as a marked deficieney of
magnesinm. Lastly, there is a very heterogenous but numerous group of “river-
lakes™, formed by local obstructions in the rivers which naturally determine the
major features of their chemistry. This group includes the large reservoirs at
Aswan (Egvpt). Gebel Aulia (Sudan). Mwadingusha and N’zilo (Katanga). and
Kariba (N. Rhodesia): the many smaller “dams” in Fast, Central and South
Africa; and such small. natural river-lakes as lakes No and Ambadi on the White
Nile system. Stanley Pool with lakes Upemba and Tumba on the Congo system.
and Lake Malomba on the outflow from Lake Nyasa.

3. Methods

Water samples were collected in polyethylene bottles. using a RurrNER or vay
Dorx  sampler for sampling at depths. The analyvtical methods listed by Tavuixe
(1963) were generally used. Electrical condnetivity was measured in Africa by a hand-
operated (**Dionic™) meter. and later in England by a mains instrument. pH was deter-
mined colorimetrically immediately after collection, or by glass clectrode on some stored
samples (Fig. 3): sodium and potassium by flame photometer: calcium and magnesium by
versenate titration (HeroN and Mack sriry 1953); alkalinity due to bicarbonate and carbon-
ate (contributions from hydroxide, phosphate and silicate can be neglected) by titration
with HCL to pH 4.5; chloride by titration with silver nitrate using chromate indicator:
inorganic phosphate. total phosphorus, silica and nitrate by spectrophotometric estimation
according to the methods compiled by MackururH (1963). Interference by ¢hloride in the
nitrate estimations was avoided. Sulphate wasfirst estimated by precipitation of the barium
salt and spectrophotometric estimation of turbidity, but later redetermined on samples
stored for 1 —2 vears by the ion-exchange method of MackereTi (1955). Concentrations
of chloride were also determined by this method, with good general agreement with values
obtained by titration. Total iron was determined using aa-dipyridyvl (Barnes 1959), and
later, on samples stored for 1145, —214 vears, by the method of Mackerirn (1963) which in-
volves conversion to ferric chloride. Total manganese was determined on fresh samples after
conversion to permanganate (Mackereri 1963): for both metals the colour developed was
measured spectrophotometrically. Many samples from distant lakes could not be analysed
within 13 days after collection, and then measurements of pH and the more labile ions
nitrate and phosphate were omitted. The values then obtained for total phosphorus are
minimal, and those for silica also possibly modified by storage. To reduce these limitations,
phosphate and silica were occasionally determined in the field using a colorimeter and the
methods listed by Tanvixe (1957a).
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The methods used by the other authors quoted are varied. These ave not always cited
in their publications, particularly in many instances where the analyses were made by an-
other worker or are given with little or no discussion in official reports. The latterinclude
a particularly valuable series of analyses in the Annual Reports for 1951 to 1953 of the Fast
African Fisheries Rescarch Organization (E.AF.R.0.). Most of these were made by Dr.
(. R. FisH. and those cited here were generally obtained by methods similar to our own,
although visual rather than spectrophotometric estimation was used. Dissolved silica was
measured by Dexr¢is’ modification of DiNerT and WaxpeNBULeKkE's method, and sul-
phate by precipitation of the barium salt.

A number of published analyses arc omitted from this account. or are put in parentheses in
Table 1, when some analytical error is suspected. The grounds for suspicion include: (i) con-
siderable fluctuation with depth of the concentration of major ions in an apparently mixed
water column; (ii) a markedly irregular ratio hetween the total concentration in meq. /L of
major ions and electrical conductivity: and (iii) a pronounced divergence between the total
concentrations (in meq./L) of the principal cations and anions. Many published measure-
ments of phosphate and nitrate are omitted, as they may have been altered by prolonged
storage of samples. Such storage may have also influenced a number of silica determinations.
Values for pH are only given here when they were measured shortly after the collection of
samples. The published estimations of sulphate are generally based upon precipitation
of the barium salt, and may often be underestimates, particularly when the concentration
of sulphate is low (p. 440). Conductivity has heen variously given for temperaturest of
189, 209, and 25 °C, but is here recaleulated at 20 °C' assuming a mean temperature cocffi-
cient of 2.39, per °C. This cocfficient was obtained by direct measurements on represen-
tative samples of African lake waters, and is in reasonable agreement with other recorded
values (¢, ¢., MARLIER 1951, SyuTH 1962).

4. Tabulated analyses

Table 1 summarizes the available analyses of African lake waters. So far as
possible, these are arranged in a series of increasing salinity and conductivity. A
few deep samples are noted. but otherwise surface samples are involved. Dates
of collection are given as precisely as possible. Results recorded as absent or in
“trace” or “indetectable” amounts are indicated by crosses (x). Some doubtful
ralues (cef. above) are enclosed in brackets. Conductivity values marked by (a) can-
not be assigned to a definite temperature. Values for sulphate are listed in two co-
lumns, (a) obtained by precipitation of the barium salt or by unstated means.
(b) obtained using ion-exchange resins. Where available, the latter are used in
calculating the sum of anion concentrations,

5. Total ionic concentration

The lake waters can conveniently be arranged in a series with increasing concen-
tration of total ions. This concentration may be approximated by summing the
concentrations expressed in meq./L of either the principal cations (Na -|- K - Ca
+- Mg) or the principal anions (HC'Oy and CO, “alkalinity” + €1 - SO,). These
two sums generally agree fairly closely. though less so in waters of high salinity
and alkalinity, where values obtained for alkalinity may perhaps be unduly
affected by associated carbon dioxide. Electrical conductivity (ky) is, as expected,
closely correlated with these estimates of total ionic concentration. The average
relation (equivalent conductivity) is 85 umho per meq./L. close to that expected
for the principal ions sodium with bicarbonate. and to that found in other lake
waters (e. g., HurcHinson 1957, Table 69; MorriMeER and MACKERETH 1958,
MackrrETH 1963) if the variation of conductivity with temperature is taken into
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Lake

Lungwe

Nyamagasani
(Ruwenzori)

Tumba

Nabugabo

Bangweulu

Mweru

Nkugute crater
Lake

Victoria

(60 m)
Victoria, Kavi-
rondo Gulf

Kariba

Bulera
Rugwero
Upemba
Ndalaga

Aswan Reservoir

Luhondo

J. F.Taruizyag and Ina B. Tarnuixe

Table 1. Chemical constitution of African lake waters

sampling date

dry season 53
wet season 533

4. July

Sep.
Dec. 36
6. Jan. 56

July 61
27. Dec. 60

3. Sep. 52

23-25. Ap. 23
23

19. Nov. 27
51

» 5l

2. Mar. 61
4. May 61

19. Nov. 27

Dee. 52

5. Dec. GO
17. May 61
Oct. 28
Oct. 59

11. Ap. 60

Oct. 6O

3. Dec. 60

11. Oct. 61
2. June

4. July 52

48-9,
8. Aug. 35
v 53

41-2

27. Mar. 58

June 52

reterence

DuBors 1953
DuBois 1955

Frsu 1952

DusBois 1955, 1959
WorTHixGTON 1932
Rr1carvo 1939
THoMassoN 1957
Harping & HERON,
unpubl.

STAPPERS 1914

pE Kimpe 1960
original

i original

- FisH 1953
, TorrENHAM 1926

Duxe 1924

" (ARAHAM 1929,

Worrainaron 1930
Avow 1952

Frsu 1952

original

original

GRAITAM 1929, WoR-

TUINGTON 1930
Frsm, unpubl.

. original

original

Harprxe 1961

Harpiveg 1961

HarpIina & HEROX,
unpubl.

‘ Harpixg 1961

HArDING 1962
HArpINg 1964
Danas 1954

. Damas 1954

VAN MEEL 1953
Dayas 1937

VAX DER BEN 1959
2" ABDIN 1948
: KLsTER & VOLLEXN-

WEIDER 1961
Daxas 1954

" total
. ["-"" ) solids
1 O
Ay (ng: 1y
15.7, -
17.1, -
20 —

91 —93 —
97 —
96 —

130 —
143 —
145 —
121 103
100 | 74

93 | 69
98 | -
84 64
14 —
135 | 130
145 -255 1
262
154 | —

162+ —

M2

sum oof , zuniof

cations anfons

(meq. /LY 1 (meq. Ly

.34 —
0.285 0.293
1.03 1.05
1.01 1.01
- 1.16
1.21 -
1.04 1.08
1.02 1.05
— 1.77
— L _
— 1.32
— 1.19
1.07 1.01
1.02

pH

9.0

xo K L
~1 Iy &
Tt

L .

7.9
7.9
6.4—8.0
7.1
7.6

9.1



-1

Na
(mgi L)

13.
12.5-1:
10.
10.0

A

ot

I
(mg/L)

4.0

3.7-4.2
3.8
3.7

The chemical composition of African lake waters

Ca

(mg/L)

1.45
1.45

My HCO, ; €O,

(mgil) (mey. /L)

0.39 —
0.34 —

- 0.165
0.3 O

— 0.28
0.1 0
1.65 0.472
0.8 0.260
6.0 0.80
—  0.65-—-1.1
5.1 0.83
4.8 0.92
- 0.25
- 0.735
8 0.97
2.30 1.003

7 _
5T 2.3-3.5 1.0--1.1

8.6

8.85
14
14
12.4

13

11

11
7.1

11.5

20.6-42.3 2.9-17.3 1.80-3.36

10

2.6 0.92
2.6 0.90
1.59 1.53
- 1.44
3.06 1.39
- 1.38
3.6 1.18
3.0 1.08
2.2 0.88
2.0 1.02
3 0.96
2.0 0.89
3.9 0.86
9.5 1.47
- 1.57
- 1.46
— 1.92
- 1.95
8.5 1.52

1
(mg/T)

3.0

S0, (muiL)

“

.8

Si0, NO, - N
(muil) (pesti L) i

4.0 60

2.5 20)

6 —
-2 X
16.9 -

— 50
1.3 -
10.5 -
10 —

s -
30 -
4.2 11
8.7 5.5
20 —

4.3 " 15-28

5.9 29
(10) _
(8) -
(1)

12
ao -
68-144  —

- 80
17.3 43

- X

PO, T

(reggf 1)

13
140

total 1

(na’L)

47
140
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Lake

Tana

Bilila
Mugesera

1 O
Gieorge

Nyasa

(300 m)
(600 m)

Malombe
Sake
Mutanda

(24 m)
Bunyoni

(35 m)
Mulehe

Kioga gomplex:
near Bugondo

L. Salisbury

Naivasha

sampling date

25. Keb.
20. May
18. Ap.

Ap.
. Mar.

Mar.
July
. June
. June
Norv.
. Mar,
. Dec.

[T B B 1S

Lo 1o L = D = 1Y
St &

Tt o

" 21. June

Mar.-July
24. Mar.
23. July
23. July
21. July
26. Sep.

“16. May

11-20.Mar.
12. Oct.
28. Dec.
27. June
27. June

Aug.

13. Oct.

. 26. Nov.

29, Dec.
25. June
25. June
28. Dec.
19. May

' 27. June

Mar.
26. June
Aug.

Mar.

“13. June

23. Nov.
10. Dec.
12. Dec.
8. Nov.
10. Feb.
5. June

IS N I
<1 —

it Lo

Tt
[N SRR N |

BONEST
=

Tt ot
LY by = -

T
S

[§0]
61
39
H4

55

A

5>
61
55
52
52
60
61

5l
BY

60
51
29
30
30
52
60
61
61
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Table 1 cont.

reference

(iRABIAM & Brack 1925

GRABHAM & Bracxk 1925

Bix1 1940
Br~Nt 1940

Dayas 1954
Damas 1954
Hurst 1925
BeapLe 1932

FrsH 1952

FisH, unpubl.

IFrsH 1953
Fisu 1954
original
original

RICARDO et al. 1942
Fisu, unpubl.

HARDING 1963

original

Harbing 1963
Damas 1954

Frsm 1953
original
original
original

WORTHINGTON &
. RicarDO 1936
© Frsu 1953
" Frsu 1954
. original

original

" original

original
original
original

Frsu, unpubl.

Fism 1954

- Evaxg 1962
Frsn, unpubl.
JENKIN 1932
BraprLy 1932
Beabprr 1932

~ Frsu, unpubl.

original
original
original

Ko

(pemho)

245
320
300
365

400
318
335
330

total
solids

(ing/L)

162
174

151.5

228
264

sum of

cations |

" sum of

anjons

'

|
| pH

‘ (meq. /LYy - (meq.fL) |

-1 T

2.83
3.21
3.00
2.96
3.09

8.50—8.6

S >
-1 =1 Tt

8.5

8.1
7.8

7.9—8.1

9.3
8.0
7.0
7.4

8.0

9.0
7.6



18a

Na
(my/T.)

21.0

20.5
20.0
20.0

10.8

45

K

(mg/L) ‘

[V )

—
Tt
Y
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Ca

(mg/L)

20.8
17.8
20.0
20.2

16.4
18.4
20.7
18.9
19.8
18.4
18.5
25

10.6
10.9
11.2

25
11.3
13.0
18.1
21.7
20.8
21.6
21.7

Mg

C(mg/L)

10.0
5.1
9.3

11.5

(SIS
~1

o T o |
o>

g o~y
— o

<

—
-1 W =1
o

—

\

10.9
11.5
11.5

10.0
10.7
10.8
13.0
13.6
13.8

1.95

o O
D~

~I
~1

HCO, (O,

I (meq./L)

e
(M)

1.70
1.71
1.89

2.1
2.09
1.66
1.76
2.28
1.85
1.91
2.5
2.41
2.58
2.58
2.61
2.36
2.53
2.44
1.00
2.01
2.03
2.07
2.30

2.06

—
jor il &}
St

b1 B IR B

[

[ R O e
——— L D
o«

Yo =
[N
—_

2.35
4.0

2.88
3.0

4.45
3.30
3.43
3.31

1

(mg/L) ‘

(150)

32
29
31
14.2
12.0
12.0

14.4

SO, (mg/L) i

(1) (b) |

|
|

Lo16.7"
111
|

Si0,
(my/L)

18.3
24
20
32
16
18.2

429

NO- N PO P
(ng/l) | (ugil)
X 53-70
— _
— 65
— <18
- <7-30
e X
— 60
— 60
bt X
X <1
(16.5) 25
27 18
6 93
15 10
ST <10
1(14) 93
L9 220
— 228
22 220
8 330
— 2
— 4
© 63 —
32 —
(55) —

total P
(ne/ 1)

W~
[
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Lake

Zwei

Baringo

Tanganyika

(700 m)

(1300 m)

Mohasi

Albert

Rukwa
(south lake)

Kitangiri

Margherita

LEdward

(outflow)

sampling date

Apr.-May

24, May

2. May

4. Dec.

7. Dec.
30-31. Jan.
10. May

8. Mar.

8-10. Mar.
3. May

230, Jan.

12. May
I. Feb.
7. Jan.

27. Mar.

14. May

3-4. Allg.

23. July

13. Feb.

27, May
2. Feb.

7.-9. Aug.

Oct.
July
Dec. 37
— Feb.
23. May
23. Mar.
18. Mar.
9. July
15. May
16. Sep.

26. Nov.
27. Nov.
26G. Mar.
1

7. Jan.

22, June

38

61
29
30
30
31
62
12
37
37
47

47
60

—

["EN VN )

}4! :Ql I LY Ly Ut Wt
W = LW

it
N

61
61

36
61

38
61
21
24
31
35
By
51
52
53
54

61
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Table 1 cont.

|
|
reference

LOFFREDO & MALDURA
1941

original

JENKIN 1932

BeapLe 1932

Breaprk 1932

BEaDpLE 1932

original

StAarerrs 1914

Ricarpo 1939,

BreavcHANDP 1939

K errERaTH 1952,
VAN MeeL 1954

KUFFERATI 1952

Harpineg & HERON,
unpubl.

original

Daxas 1954

Dayas 1954

WAYLAND 1925

TorteNimay 1926

WorTningTox 1929, 1930

Frsu 1952

Fisu 1954

VAN DER BEN 1959

Tavring 1957

original

Tarrixe 1963

, Rrcarpo 1939

original
LorrrEDO & MALDCRA
1941
original
PuirLLips 1930
Hurst 1925
BraprLe 1932
Dayas 1937
Fisu 1952
ANoN 1952
Fisn 1953
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Table 1 cont.

K total sunt of sun of
R Ka . i . .
Lake sampling date reference 0 solids cafions anions pl

1
(mho) (ugiL) § (meq. L) (meg. i)

Awassa Mar.-Apr. 38 LOFFREDO & MALDURA 790 —860 6504 — — -
1941 /
21. May 61 original 1050 - 1120 2.0+ —
Yuspoli L0.-11. Mar. 38 LoFrrepo &Manbrra 927 6512 | — -
1941 !
Shalatu 24 May 61 original 70— 127 140 -
Kivu 07 Huxpesmacuy 1909 - 1050 12000 20.0 -
17. Sep. 35 Daarss 1937 1390 — 1 — — 9.45
(275 1) 17. Sep. 35 Daaras 1937 4000 — — 6.85
122 DiLmave 1941 - 975 182 166
52-4 VerRBEKE 1957 ~ 10000169 166 9.1-9.3
1. Feb, 54 vax peEr Bey 1959 1240 1020 | 15.74 17.6 9.4
Kivu, Kabuno |
Bay 52-4 VAN DER By 1959 — — e —
Harsodi Nov.-Dee. 26 Omer-Coorer 1930 — 1940, — — —
7. May 38 LOFrREDO & MALDURA 2440 1538 ¢ 11.5 - —
1941 i
Langano 23.-24. Apr. 38 Lorrripo & MaLpura 2220 1644 | - — —
1941 {
22, May 61 original 1900 — 227 22.5 -
udolt 13. Jan. 31 Brapne 1932 2860 — 1343 35.0 —
2. Apr. 31 Brapre 1932 — -— r — — 9.5
17. Jan. H3 Fisa 1954 — — | — 31.8 9.7
27. Aug. 54 Fisa. unpuhl. 2000 - | - — -
17. Jan. 61 original 3300 — ] 36.2 39.3 —
Small Dariba ‘ I
Lake (Jebel I
Marra) 19. Dec. 57+ Axox 1958 4000 4200 J ~ 13 -
Yukwa N 61 ' original 5120 — 5L 67.7 -
Ngorongoro ! ‘
Crater Lake 06-7 JarcEr 1911 — e - =
Naivasha W. :
Crater Lake 16, June 29 Jexkix 1932 - - — —
1. Mar. 31 Beabre 1932 — — = — 10.3
Momecela Lake ‘ ‘
{Mt. Meru) 32 StukbpY of al. 1933 - = 164
Large Dariba ‘ 1
Lake (Jebel } ‘
Marra) 20. Dec. 57 AxNox 1958 8000 13920 | — 242 —
Shala 9.-12. Apr. 38 ., LorrrEDO & MALDURA 20400 ¢+ 167711 268 - —
1041 |
21, May 6l original 29500 1 - ; 278 306 —
Abiata 18. Nov. 26 | OMER-Coorkr 1930 - 8130, — — —
939 pe Finieens 1940 — 18288 151 (122) —
20.-21. Apr. 38 ; LOFFREDO & MALDURA 10700 | 8358 | 133 - -
1941 ‘ [
|

22. May 61, original 30000 §  — | 285 316 —
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Table 1 cont.

- total sun of sum of
Lake sampling date reference 20 solids cations anions pH
(pamho) ) X
(tugf L) (medq. iy (meq. /L)
Elmenteita 23. May 29 JexkIN 1936 ‘ - — — — 10.9
Dec. 52 I1su, unpubl. 22500 —- — 261.1
] 24, Feb., 61 original 43750 -- 420 481 -
Kikorongo 24, Apr. 30 Groves 1931 - — 682 -
28. July 31 Beaprne 1932 34600 — — — -
Hannington 4. Feb, 31 BrapLi 1932 35700 — 634 689 . —
Meseche 18. July 31 BeapLi 1932 45100 — - — >10.5
Matahara 27. May 61 original 72500 - 784 831
Kasenyi 26. Apr. 30 (GRroves 1931 - 39040 895 1033 -
Manyara 10. Mar. 92 Lexk 1894 — - — — -
26, June 61 original 94000 — 037 1097 —
Eyasi 24, Mar, 92 Lexk 1894 — - - - —
06-7 JArRGER 1911 — — 197 — -
Magadi 23. Feb. 61  original 160000 — 1664 1869 —
Nakuru 22.-27. Apr. 29 . JENKIN 1936 — - -- — 11.0
13. May 29 - Ju~xkKIN 1936 — - — — —
9. Dec. 30 ' BrapLe 1932 - — 248 249 -
24. Feb. 61 original 162500 — 1684 1895 —
Natron :
{average brine) 500, GuesT & STiRVENS 1951 — 340000 — 4500 —
Katwe Parre & Ricayvoxnp 1890 - 385000 6300 6300 —
20. Apr. 30 GrovEs 1931 -— 452370 8830 6732 .
31 WavrLaxp 1932 — 435500 - 7537 7447 -

account. Since clectrical conductivity is readily and widely measured. this index
of total tonic concentration has becn used here (Table 1. Figures 2, 4—6) in arran-
ging the lake waters in a series with increasing concentration. For most lake wa-
ters under discussion. there is a strong correlation between conductivity and
alkalinity, with the former about 100 times the latter expressed in meq./1.. Conse-
quently other classifications based upon alkalinity (e.g.. Jexkin 1932, 1936:
Brapre 1932) are closely relevant.

From this series three main classes of lakes can be conveniently. though arbitra-
rily. distinguished. Class I corresponds to waters of lower (and more usual) total
ionic concentrations, with conductivity less than 600 umho. It includes many
lakes supplied directly by surface run-off or rivers of low salt content. The largest
are lakes Victoria. Nyasa, and Tana. Several examples lie in the closed drainage
basins of the Iast Rift. but have outflows to neighbouring areas (e.g.. Zwei.
OMER-CooPER 1930; Baringo, Breapni 1932), although this is disputed for Lake
Naivasha (cf. JENRIN 1932, Braprn 1932, Sikes 1935, Conk 1954). Most of the
small lakes of volcanic origin (¢. g. Bunvoni, Mulehe. Mutanda. Ndalaga. Bulera.
Luhondo. Sake) and the “river-lakes  (e.g.. at Kariba. Gebel Aulia, Aswan,
Mwadingusha) are in this class. Some of the lowest conductivities are found in
lakes dependent upon inflow from swampy regions. such as Bangweuln, Nabugabo.
Ambadi, and Mweru. Lake and river waters of very low conductivity are parti-
cularly widespread in the Congo basin: they often show a dark coloration. and a
high content of organic solutes (vax MEEL 1953, MARLIER et al. 1955, Dunois 1955,
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Na K Ca Mg HCO,--C0, 1 80, (mg/T) 810,  NO,- X PO, P
(my/T) I (g1} (g L) (mg/L) o (meg /L) (myg/L) . (mg/L) ¢ (ugiL) | (ug/l)
1 i (a) (W] :
— — - x 227 4370 — = 0.9 - -
— — 1.1 | 14 1465 4000 . 100 — 400 — —
9450 381 <10 <30 289 52001 6501 2200 295 — —
11520 2280 — — 498 5150 1860 — -— — —
— — - ; — 408 — — — — — —
14360  + 304.0 26 — 588 3450 1 204 — — — ' 75
— — — — 710 — — — — — —
17800 406 <3 <7.5 ' H80 5480 4550 4680 — — —
19300 2130 X X 237 22000 8470, — - — —
— 137 — — — 2020 491 — — — —
21500 94 <10 <30 ©806 8670 1 1056 + 2280 19 — —
— — — —~ — 11400 1210 — = - —
4480 55 x 4 - 4366 340 — - - -
38000 537 <10 <30 1180 22600 900 2400 | 250 — —
— — — — 296 — — — . 215 — 40
- - — - 265 1950 — — — — —
53550.0 ° 236.0 10.0 0 © 205 c 1375 233 — — — -
38000 1312 <10 <730 1440 . 13000, 1800 4270 ' 730 — —
— - 3800 X X 12600 65000 3100, — 850 — 290000
129000 ‘27000 X X 1330 141000 147200 S . — —
180500 38200 - X 12123 147000 22500 b= ‘ — — —
156500 28750 X X 1917 149000 ‘6380() . -- o —

1959, CLERFAYT 1956, BErc 1959, 1961). The highest conductivity in this class
is from I.. Baringo. which has hot saline inflows.

Much of the special interest in African lake waters follows from the existence
of a wide range of more saline lakes, caused by accumulation and evaporation in
closed basins or by inflows rich in solutes and particularly sodium carbonate and
bicarbonate. Drainage from areas of alkaline lavas is especially important.
Class IT includes lake waters of conductivity between 600 and 6000 umho; the
corresponding limits of alkalinity are approximately 6 and 60 meq./L.. Lake Ru-
dolf is one of the most saline lakes of this group. and occupies a closed basin which
formerly contained a larger lake with outflow to the Nile (Beapre 1932, Fuchs
1939). Lake Rukwa similarly lies in a closed basin. More remarkable are the
lower but still considerable salinitics of the chain of large lakes (Tanganyika. Kivu.
Iidward. Albert) in open basins of the West Rift. These contribute considerable
quantities of salts annually to the Nile and Congo rivers, which appear to be
replaced largely from saline sources in the region of Lake Kivu and the Virunga
volcanic field. From here salt-rich river water, often with a very distinctive com-
position (Table 2), flows south (R. Ruzizi) to Lake Tanganyika and northwards
(# R. Ruchuru) to Lake [Edward and thence (R. Semliki) to Lake Albert. Finally,
this class includes many of the Ethiopian Rift lakes. such as lakes Margherita
(Abaya), Awassa, Shalatu, and Langano.

Class 11T covers very saline lakes in which the accumulation of salts within
closed basins has gone further, often forming solid deposits (especially trona,

total P
| (ng/L)

2000
11000

65000

L1000

12200

|
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Na,(C05- NaHCO, - 2 H,0) around the lakes. In the vast majority of the lakes,
where bicarbonate and carbonate predominate among the anions. the conductivity
ranges from about 6000 to 160000 pmho, corresponding to alkalinities between
approximately 60 and 1500 meq./L.. Here the upper limit of salinity is probably
determined chiefly by the solubility of trona, but can be exceeded in a few waters
rich in sodium chloride. as at I.. Katwe (Table 1) and near L. Evasi (Orr and
Gravrtiam 1931). Most of the very saline lakes are found in the closed basins of
the East Rift. with lakes Abiata. Shala and Metahara in Ethiopia. Hannington,
O] Bolassat. FKlmenteita. Nakuru. and Magadi in Kenya, and Natron. Manyara.
and Eyasiin Tanganyika. The majority arc very shallow and now probably less
than 2 m in maximum depth, though fluctuating from year to vear: two adjacent
deeper lakes in Ithiopia, Abiata and Shala. are exceptions. Hot springs are often
present near the lakes and may contribute largely to the salt content. Lake Ma-
gadi, an example. is rising continually over its own salt deposits (cf. WaiTE 1953,
Bakur 1958, Frixt 1959a). Some voleanic craters elsewhere contain very saline
lakes. as Lake Maseche in the West Rift and the crater lake west of L. Naivasha
in the East Rift (BrapLe 1932). Other craters near Lake Kdward in W. Uganda
enclose small saline lakes. such as L. Katwe and L. Kasenyi, which contain much
sodium chloride.

The present distribution of saline spring waters suggests that such sources may
haveinfluenced the development of saline lakes more than has the direct shrinkage
of lakes within closed basins. Examples (particalarly L. Magadi) are discussed
by Bager (1958). who believed that the springs may often be supplied from
reservoirs of hot saline ground water, with salts previously accumulated in earlier
lake deposits. Nevertheless, shrinkage has certainly occurred on a large scale,
pdltlcularlnn the East Rift, and has been discussed by JENKIN (1932) and BEADLE
(1932) in relation to the chemistry of certain lakes there (Rudolf. Nakuru. Nai-
vasha). Ttsinfluence on L. Rudolf is particularly likely, as strongly saline springs
appear to be rare in this closed lake basin (Beapre 1932, p. 186). Local saline
sources may also increase the concentration of lake waters of much lower salinity.
such as L. Baringo (BrapLi 1932) and L. Mohasi (Damas 1954); tha latter con-
tains unusual amounts of chloride, and strictly is probably not a bicarbonate
water’.

Possibly the most remarkable effect of hot saline inflows is shown by L. Kivu,
whose permanently stratified depths contain water both warmer and considerably
more saline than the surface water (Damas 1937. 1938: see Table 1). A small
increase in the salinity and conductivity of the lower layers occurs in some other
strongly stratified lakes. including L. Tanganyika (BEavcHaMr 1939, KUFFERATH
1952), L. Edward (BeaprLe 1932: Damas 1937, 1938), 1. Nyasa (HarpiNg
1963). and L. Bunyoni (present data). In the last-named lake the effect was chiefly
due to an increase in calcium bicarbonate. possibly following precipitation of cal-
cium carbonate from above. Increases of these two ions are also recorded from
the meromictic lakes Tanganyika and Nyvasa (Table 1). In other lakes (e. g. Vie-
toria, Albert. Mutanda), with a weaker or less persistent stratification. we (oukl
not detect any significant difference in the major ionic composition of surface and
bottom water.

Horizontal variation of the major ionic composition is probably slight in most
lakes. Some semi-enclosed bays may retain a water mass considerably more saline
than the main lake, as in the Kavirondo Gulf of 1. Victoria and Kabuno Bay of
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L. Kivu (Table 1). A recent lava field adjoins the latter, which is presumably fed
by strongly saline inflows. In L. Kioga a large area influenced by the inflowing
Victoria Nile is of low salinity and conductivity (TarLLinG 1957a). but merges into
other regions of this complex lake which show much higher concentrations (Frsu
1954, Evaxs 1962: sce Table 1).

6. Major anions

The predominance of carbonate and bicarbonate among the anions. characteri-
stic of the lakes under discussion. accounts for the correlation between conductivity
and alkalinity (Fig. 2). It also affects the changes of several other constituents
with increasing salinity. and distinguishes the more saline lakes from saline waters
in north and west Africa (e. g.. “Shotts”; BrapLg 1943) and the majority clse-
where in the world. When expressed as milliequivalents the carbonate plus bi-
carbonate ions are a fairly constant fraction. usually 0.6 to 0.8. of the total ions:
the fraction varies little with increasing salinity.

The pH generally rises with increasing carbonate plus bicarbonate alkalinity.
though locally depressed by the accumulation of carbon dioxide (e. g.. below the
deep thermal discontinuity in Lake Victoria) and raised by its active removal in
photosynthesis (e. g.. in Lake George). In the latter instance strong diurnal chan-
ges ave likely: examples are described by WorrtHivaron (1930) and TaLLixa
(1957b). In surface waters more closely equilibrated with the atmosphere. the
pHisusually between 7.0 and 8.7 in lakes of Class 1. 8.8 and 9.5 in thosc of (lass I1.
and exceeds 9.5 in those of Class T11. Values between 4 and 7 are not uncommon
in the weakly buffered lake and river waters of cond uctivity (kyo) less than 50‘1”11110/
em, where BEra (1961) believed that acidic organic solutes may influence the pH
considerably. Insuch waters (well represented in the Congo Basin) the bicarbonate
alkalinity may fall to zero, and hydrogen ions contribute significantly to the total
ionic concentration (Brra 1961, 1962).

The trend of rising pH with alkalinity is shownin Fig. 3. based chiefly on measu-
rements with acrated samples. The procedure used may not achieve equilibrium
with atmospheric carbon dioxide for the waters of high alkalinity (> 100 me¢./L):
here some scatter appears in the pHjalkalinity relationship. The figure also
illustrates some large deviations in fresh samples of waters of relatively low alka-
linity. due to the accumulation or photosynthetic removal of dissolved carbon
dioxide. pll values approaching 10 are recorded from L. George in 1930 (BEADLE
1932) and 1961 : they arc similar to values measured on aerated stored samples
from very saline lakes, the alkalinity of which is almost a thousand times higher.
During 1929 JExkiIN (1936) measured colorimetrically even higher values. between
10.1 and 11.3. on fresh samples from two of these lakes (Elmenteita and Nakuru).
The diurnal variation of pH which she described is unexpected in waters so highly
buffered. Still more remarkable is the diurnal variation of pll (e. g.. 9.3 to 12.5)
reported from a small alkaline lake (Zeekoe Viet) in South Africa (ScuirrTe and
ELsworTH 1954. Harrison 1962). with an alkalinity probably less than 6 mec./LL.

Of the two other major anions. chloride is generally present in the higher concen-
tration (by equivalents). Its concentration usually increases in a manner parallel
with the increase in conductivity and total ions, but shows an even steeper rise in
passing between lake classes I to ITT. Among local variations may be mentioned
the unusually low proportion of chloride in Lake Nyasa. and the higher proportion
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Fig. 3. The variation of pH in lake waters of increasing alkalinity. Most measurcments
(®) were made by glass electrode on stored samples, previously aerated for half an hour
at 18° (-2°)C. Crosses and horizontal lincs show deviations of pH measured colorimetri-
cally on fresh samples: « L. Victoria, all depths at offshore stations during 1960 —1 (TALLING,
in press); b Kavirondo Gulf of L. Victoria, diurnal changes in November 1927 (WORTHINGTON
1930); ¢ L. Bunyoni, variation with depth on 25 June 1961; ¢ L. Mutanda, variation with
depth on 27 June 1961; » White Nile below Gebel Aulia reservoir, changes in surface water
during phytoplankton growth in 1954 — 5 (Prowsk and TarrniNa 1958); f L. Albert, all depths
during 1960 —1 (TavLiNe 1963).

in lakes Rudolf, Mohasi, and Eyasi: in the last two lakes it may exceed the other
anions. Local sources of sodium chloride are well known in the West Rift, inclu-
ding crater lakes near Katwe (Groves 1931, WayvrLann 1932) and small springs
near Lake Albert (ef. WorTHINGTON 1930). Hot spring water in the East Rift, as
at Lake Manyara (LLExk 1894), Lake Natron (GUEsT and STEVENS 1951) and Lake
Magadi (Table 2), can include a considerable proportion, similar to that in the very
saline lakes of this region. Here probable factors are the high solubility of sodium
chloride and the accumulation of leached salts in a low lying sector of an area with
closed drainage. Some analyses of saline East Rift lakes listed by Baxer (1958)
show remarkably high concentrations of fluoride, with an I#/Cl ratio of about 0.2
(by weight) and fluorine concentrations greater than 1g/Ii in lakes Nakuru,
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Blmenteita and Hannington. Confirmation is required of such high values, whick
may include interference by phosphate (Guest and STeEVENS 1951). This effect
was eliminated in analyses by Guest and StEvENs (1951) of L. Natron brine.
where the concentration of fluorine was approximately 1 g/L and the F/CI ratio
about 0.015.

The small proportion of sulphate is another distinctive feature. The fractional
value of the total ionic concentration (by equivalents) varies irregularly without
any clear relation to total concentration. and usually lies between 0.04 and 0.12in
all three classes of lakes, A few higher values are found, as in Lake Mulehe. There
may be a significant tendency for lower values (<0.04) to exist in the surface
waters of lakes with large hypolimnia, which are stratitied over long periods. such
as Kivu, Tanganyika, and Bunyoni. Here deoxygenation in the hypolimnia is
associated with the reduction of sulphate to hydrogen sulphide. Uptake of sul-
phate by phytoplankton and subsequent sedimentation into the hypolimnion is
possibly also of quantitative importance, as Brauvcname (1953) has supposed.
Nevertheless. the paucity of sulphate in the primary water supply is of more
general significance, and corresponds with the small amounts commonly present
in the soils and non-sedimentary rocks of Africa (BEaucnamr 1953).

The absolute concentration of sulphate in the lake waters is naturally much
more variable than jts relative proportion. and exceeds 4 meq./L or approx.
200 mg/lL in the saline lakes of Class T11. Most lakes of Class LT have concentra-
tions far exceeding 0.1 meq./L or approx. 5 mg/L. but in Class I lower values are
generally recorded in the literature. However. these records are usually based
upon an analytical procedure involving precipitation of the barium salt, which is
unrcliable for such small concentrations, and can be suspected to underestimate
sulphate concentrations for waters rich in organic matter (ef. BEre 1962). Measure-
ments derived from a more reliable method, using ion-exchange columns (MAcCKE-
RETH 1953, 1963). often indicate considerably higher concentrations of sulphate
than were found in the same lakes — and often in the same samples — by the
older method (Table 1). The difference is particularly large in lakes Zwei and
George. which are shallow, very productive. and probably rich in dissolved organic
material. The smallest concentration of sulphate obtained by the ion-exchange
procedure ig 1.0 mg/L from L. Bangweculu. The next lowest concentration
(2.3 mg/L) found in surface water by this method. from offshore Lake Victoria.
is between two and three times higher than the earlier values of Fisu (1952) and
HEssk (1957). Other analytical errors may have affected the low estimate of sal-
phate concentration in Lake Albert which is cited by Bravcramr (1953): later
analyses of water from this lake by both types of method have given much higher
values. For these analytical reasons, it scems likely (sce also LiviNesToxE 1963)
that the survey by BravcHavp (1953) has underestimated the concentration of
sulphate in the African lakes. In addition. the accounts of a reduction of sulphate
in river water passing through swamps (BEam 1906, 1908, TaLrLiNa 1957 a. Bisnar
1962) require confirmation.

7. Major cations

Unlike the major anions, the four major cations (Fig. 4) vary more considerably
and consistently in their relative proportions throughout the series of lakes. So-
djum is generally predominant. and its concentration increases fairly regularly
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with conductivity and total ionic concentration. Its proportion is particularly
high, exceeding 0.95 of the total cations (by equivalents). in the very saline lakes
of Class ITI. In at least one such lake, L. Magadi, the high proportion is also found
in the main hot spring inflow (Table 2), so that secondary changes within the lake
basin (e. g., the loss by selective precipitation of other cations) are probably not
influential.

Where saline inflows are of little importance, or where they show an exceptional
composition, the dominance by sodium may be lost. This occurs in many of the
more dilute lake waters of Class I, where calcium or — less frequently — magne-
sium is present in a higher proportion by equivalents; L. Victoria is a notable
exception. Another example is provided by some lakes of Class IT, which are
affected by the saline sources in the region of the Virunga voleanic field. Here
there are alkaline voleanic rocks of unusual chemical composition, with much
magnesium and potassiom (ComBE and Srmmoxs 1933, HoLmes and Harwoon
1937, Hicazy 1954, WATERS 1955). These sources can be particularly rich in
magnesium, but may also supply considerable amounts of calcium and potassium.
as was shown by the early analyses of HUNDEsSHAGEN (1909). Magnesium is the
principal cation in the two large lakes to the south (Kivu and Tanganyika), and
is almost cqual to sodium in the two large lakes to the north (Edward and Albert).
Iixtremely high concentrations of calecium and magnesium are recorded from the
almost landlocked Kabuno Bay of L. Kivu (Table 1).

Potassium is apparently always present in smaller amounts than sodium, and
the difference tends to increase as the salinity rises. The relative proportion of
potassium to sodium (Fig. 4), and to total ions, is greatest in the large West Rift
lakes affected by inflows from the Virunga voleanic region, as well as in some
smaller lakes (Mutanda, Mulche) in this region.

The variation of caleium and magnesium with total salinity follows a different
pattern from any so far considered. The chief controlling process (see BrapLE
1932) is the precipitation of caleium and magnesium carbonates in the waters of
higher salinity and alkalinity. The two ions show an initial rise in concentration
with salinity within Class I, but decline again in lakes of Class IT: we could not
estimate either in lakes more saline than L. Rudolf. Even the higher concentra-
tions of calcium, in the range 1.0 to 1.5 meq./L (20 to 30 mg/L) are inconsiderable
and can be reached in some lakes of low salinity such as I.. George. Magnesium
increases to higher concentrations of 2.6 meq./L (L. Albert) to 6.9 meq./L (L.
Kivu) in West Rift lakes affected by the saline sources already mentioned. Its
carbonate can be expected to precipitate at higher alkalinities than that of calcium.
The precipitation of both carbonates is strikingly illustrated around the shores of
L. Kivu. where a white tufa composed of them is deposited (Moorr 1903, HuNpESs-
HAGEN 1909, DELEAYE 1941, VERBERE 1957, p. 72. vaN DER Brx 1959, p. 65).
Less extensive deposits of caleium carbonate have formed in some other moderately
alkaline lakes, including L. Tanganyika (Dusors 1957), L. Edward (Fucas 1934).
and L. Rudolf (BEADLE 1932). In L. Eyasi. and possibly other soda lakes. it occurs
in combination with sodium carbonate as erystals of gaylussite (ORrRand GRANTHAM
1931).

Some ionic ratios involving cations (Fig. 5) deserve mention, as they have been
discussed in some other limnological comparisons (e. g.. PrARsaLL 1921, 1922) and
physiological work on algae (VoLLENWEIDER 1950, ProVASOLT, McLAUGHLIN and
PixTXER 1954, MILLER and Foaa 1957. Droop 1958, Fraxk 1962). The ratio of
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divalent to monovalent cations. Ca + Mg/Na +- K (by cquivalents) clearly de-
clines to near zero in the more saline lakes. but varies rather irregularly in the less
saline lakes. High values are most common in the West Rift lakes and the small
voleanic lakes ncar the Virunga volcanos. The ratio of calcium to magnesium
(Ca/Mg. also by equivalents) cannot be readily determined in the highly saline
lakes. but otherwise is often not far from unity. A high preponderence of magne-
sium is characteristic of the four large lakes in the West Rift. though not of the
small Virunga voleanic lakes. Finally, the ratio of potassium to sodium shows
considerable variation (Fig. 5). It is high in lakes affected by drainage from the
Virunga volcanic field. and low in the \allnc lakes of the Iast Rift.

8. Total and phosphate-phosphorus

The variation of the concentration of total phosphorus is less casily traced. as
no earlicr analyses appear to exist and some local and scasonal variation within
lakes is likely. However two general trends seem to emerge (Fig. 6). High coneen-
trations of 1000 pug P/L or more are found in the very saline lakes of Cllass I and
elsewhere only in two other moderately saline and productive lakes (Rudolf.
Margherita). Among the less saline lakes of Classes I and I1. the higher concen-
trations (>150 ug P/L) are recorded from the shallower — and often the more
productive — lakes. such as George, Mulche, Zwei. and Kitangiri. Here there is
no marked correlation with the total ionic concentration or the conductivity.

Concentrations of inorganic phosphate-phosphorus are even more likely to vary
locally and seasonally. but show interesting changes in relation to the total ‘ph()\-
phorus. Changes of both with dcpth and season are best known from an offshore
station in L. Victoria (TALLING. In press). where in surface water the phosphate-
phosphorus is usually between about 0.2 to 0.6 of the total phosphorus. The pro-
portion and absolute concentration tends to be higher in the deeper layers. Similar
proportions and relations with depth were found in a single sampling of L. Mutan-
da: thc depth variation of this proportion in most other deep and stratified lakes
(e. g., Nyasa. Tanganyika, Kdward) is not known. On present knowledge it is
1mpo»1ble to generalise about the proportions in surface waters of the lakes. but
two extreme conditions deserve mention. In one the phosphate-phosphorus is
extremely low. often undetectable, although the total phosphorus is high. This
condition was found in Lake George. where there was an extremely dense popu-
lation of the blue-green alga Microcystis aeruginosa (= Diplocystis aeruginosa
(Kurz.) TREVIS sensu KoMAREK). In the other, the pbosphate-phosphorus consti-
tutes practically all the total phosphorus. This is shown by the many analyses
from L. Albert (Tavrine 1963) and by the two complete ones from L. Mulche:
both lakes contain large concentrations (=150 ug/L) of phosphorus. This unusual
situation is particularly interesting in L. Albert. as it differs from the condition
shown by the recent analyses from L. lidward which supplies water to L. Albert
and determines much of the chemistry of the latter (TaLLixg 1963). Considerable
changes probably occur during the passage of river water between these lakes.
possibly by the mineralisation of organic phosphorus compounds. Such intercon-
version may occur periodically in L. Edward itself, as the inorganic phosphate-
phosphorus in its surface waters can apparently vary between 122 lwr/l (BEADLE
1932) and 2 pug/L, (Damas 1937).

When compared to the concentrations of phosphate and total phosphorus com-
mon in lake waters clsewhere (sce Hurcminson 1957), the concentrations in the



The chemical composition of African lake waters 445

African lake waters are generally high. However. large amounts of total phospho-
rus as found in the most saline African lakes (Class I11) are known from saline lakes
elsewhere (HutcHrNsox 1937).

9. Silica

The general variation of dissolved silica with salinity or conductivity is shown
in Fig. 6. Considerable concentrations, over 10 mg/L. are common in all three
classes of lakes. although there is a general upward trend of concentration with
salinity. These features result partly from the usual abundance of dissolved silica
in African stream and river drainage. which in turn depends upon its mobility in
the surrounding soils. Iixamples are given in Table 2, and alsoin analyses of other
river waters by Frsu (1952, 1953), Tarrixe (1957a). Dunors (1958), Bisuat (1962).
and Harpixa (1963). Secondly. there is probably a more rapid rate of solution
ot silicon compounds in saline waters of high pH and alkalinity. The most striking
results are seen with several of the more saline and alkaline lakes (Class LLT), in
which measured concentrations of silica exceed 100 mg/L. These high values were
not found in carlier analyses by JENRIN (1936) on some of these lakes, probably
because of the limitation of the method used on strongly alkaline water. Such high
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values are also apparently not usual, or well known, from highly saline and alka-
line lakes elsewhere (HurcHiNsON 1957); a possible example from India is given
by CHRISTIE (1912).

A smaller number of lakes in Classes T and 11 (Nyasa, Tanganyika, Albert,
Bunyoni, Mutanda)show comparatively low concentrations of silica, below 4 mg/L.
Inat least several examples some removal occurs within the lake itself, particularly
by the formation and later sedimentation of diatom frustules. These processes
could be followed ag seasonal changes in L. Victoria (TALLING, in press). For this
lake therc is additional evidence from the existence of much higher concentrations
in the inflows than in the lake water (Table 2), and of extensive diatomaccous
deposits on the bed of the lake (cf. Gramam 1929, Fig. 20). Such removal is also
likely to be of significance in the large, deep and strongly stratified lakes with
diatom plankton, such as Nyasa (cf. Harpine 1963) and Tanganyika, as well
as in smaller stratified lakes such as Bunyoni and Mutanda. There is strong evi-
dence for a large loss of silica in the less stratified waters of L. Albert. where con-
centrations below 0.5 mg/L are frequent, but here the importance of uptake by
diatoms is not clear. Some deposition of colloidal silica may occur from the waters
of the most saline lakes, such as L. Magadi (Wnrte 1953, Baker 1958).

Much increased concentrations of silica are usually present in the deeper layers
of lakes under stratification. Examples include lakes Tanganyika (BrAucHAMP
1939, KUFFERATH 1953, vany MEEL 1954), Nyasa (BEavcuave 1945, 1953, ILEs
1960, EccLes 1962, HarpiNe 1963), Edward (BEapue 1932, Fisu 1954), Albert
(TaLrixa 1963), Victoria (s 1957, NEwiLL 1959, and Tannixe, present data),
Bunyoni and Mutanda (present data). In L. Victoria the lower layer has been
supposed by NEWELL (1960) to originate by an accumulation of cooler inflow water
rich in dissolved silica, but we believe that an intra-lacustrine origin is more pro-
bable (TALLING, in press).

10. Inorganic nitrogen

Of the three forms of nitrogen involved, nitrate, nitrite, and ammonia, only
nitrate-nitrogen has been fairly widely determined in the surface waters of African
lakes (Table 1). Seasonal changes arc probably often important, but apparently
have been followed only in Lake Victoria (TALLING in press) and in the two Nile
reservoirs at Aswan (ABDIN 1948) and Gebel Aulia (PrRowsE and TarnriNe 1958).
Flood water from Lthiopia brings comparatively high concentrations to certain
parts of the Nile (Beam 1908, TaLLing 1955; Prowsk and TanLiNe 1958; ELstier
and VOLLENWEIDER 1960). In African lakes concentrations arc usually very low,
below 30 ug NO3-N/L, and often are not readily estimated. Most temperate lakes
probably show larger concentrations, though low values are often associated with
higher scasonal temperatures (cf. HurcHINsOK 1957). At present further generali-
sation on African lakes is dangerous, but it appears from a survey of water che-
mistry in large West Rift lakes, as yet published only in part (VERBEKE 1957, vaN
DER BEN 1959), that concentrations of nitrate may increase along the lake series
Albert-Kivu-lidward. Where thermal stratification is pronounced, higher con-
centrations of nitrate usually exist in decper layers, provided that deoxygenation
is not too extreme (c. g., L. Tanganyika, KurreratH 1952, vaN MekL 1954; L.
Albert, TaLLmNa 1963 L. Vietoria, Fisu 1957, TALLING in press: L. Mutanda, pre-
sent data). Two analyses of rain water at Jinja gave concentrations of 56 and
83 ug NO4N/L, comparable to those measured in the deeper layers of L. Victoria.
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Nitrite-nitrogen has apparently not been found in measurable amounts in the
lake surface waters. 1t is recorded from intermediate depths in lakes Edward
(Damas 1937) and Tanganyika (BEaucHAMP 1939, KUFFERATH 1952), in relation to
the vertical gradient of dissolved oxygen in these strongly stratified lakes.

The distribution of ammonia-nitrogen in the lake surface waters is practically
unknown, since analytical methods of sufficient sensitivity have rarely been
applied. In general it is probably less than 40 pug/L. Much larger amounts are
usual in the deoxygenated lower layers of stratified lakes, and are readily detected
by the insensitive but commonly used method of direct Nesslerisation. Examples
include lakes Tanganyika (BeEavciame 1939, KurrEraTH 1952), Kivu (Damas
1937, 1938), Edward (BeaDpLE 1932, Damas 1937), Nyasa (Harpixa 1963).
Luhondo (Danas 1954), Bunyoni (present data), Mutanda (present data). and for
brief periods in L. Victoria (TALLING. in press).

The total combined nitro%on must be present in large amounts in many of the
very saline lakes (Class ITI), since they bear dense populations of blue-green algae,
and reccive large quantities of flamingo exercta (cf. JENKIN 1936, p. 151). Unfortu-
nately there appear to be no reliable estimations of the forms of inorganic nitrogen,
due to problems of interference from other constituents.

11. Total iron and total mangancse

These constituents of African lake waters have rarely been studied systemati-
cally, with reliable and stated methods. The following discussion is based almost
entirely upon our original analyses, although many important lakes are not repre-
sented. Seasonal (*hdnues which may be important. were followed only during
part of 1961 in offshole water of L. Victoria; these will be described elsewhere
(TALLING, in press).

Total iron was below the limits of detection, which were approximately 5—10ug/
L, in numerous samples of surface offshore water from L. Victoria, and in a single
sample from another large and relatively deep lake, L. Rudolf. It would be of
great interest to know if such low concentrations are characteristic of other large
and deep African lakes, such as Tanganyika and Nyasa. The highest concentra-
tions, of 500 ug/L. or more, were generally found in lakes where the mean depth
was less than 10 m. Examples include the relatively low-salinity waters of Nai-
vasha (500), Baringo (5330), Margherita or Abaya (13500), Zwei (5000). and the
very saline waters of lllmenteita (725), Magadi (1490). Nakuru (2300), and Meta-
hara (500). A sample from L. Shala. the only deep soda lake sampled, contained
13000 ug/L. whereas one from the shallow neighbouring lake of Abiata showed
only 440 ug/L. although these two lakes were very similar in major ionic composi-
tion. Iligh concentrations were also found in two Ethiopian lakes of lower salinity.
Langano (9400) and Shalafu (690). Intermediate concentrations were estimated
in samples from shallow and productive waters of L. George (250) and north-east
L. Edward (232). Moderately low values — between 10 and 100 pug/L: — were
represented in lakes Albert (45—88). Awassa (100), Mutanda (57), Mulche (48).
and Bunyoni (60).

Fewer analyses were made of total manganese, but its distribution partly resem-
bles that of totaliron. Concentrationsin offshore surface water of L. Victoria were
very low, at or below the limit of detection of approximately 10 ug/L. Similarly
low concentrations were found in samples from lakes Albert and Edward, although
in thesc the quantities of totaliron were more considerable. The highest concentra-



448 J. F. TaLuing and Ipa B, TALLiNg

tions of manganese were encountered in the shallow lakes George (260). Naivasha
(117). and Mulche (121); in the first two of these lakes the iron content is also
moderately high. The lower concentrations of manganese in the much deeper and
stratified lakes Mutanda (21) and Bunyoni (67) are of the same magnitude as the
corresponding concentrations of iron.

The tendency for shallower lakes to show higher surface concentrations of total
iron and manganese is also known from other regions (GorHAM 1955). Possible
explanations include the upward transport of particulate iron and manganese by
turbulence; a similar transport after the liberation of ferrous and manganous ious
under reducing conditions at the mud surface: and a stabilising influence of dissol-
ved and particulate organic material, which is probably often abundant in the
usually very productive shallow lakes. Thus lakes George. Baringo and Margherita
often bear dense blooms of the blue-green alga Microecystis aeruginosa. In L. George
a temporary, probably diurnal, stratification was observed to allow an oxygen
depletion (499, of saturation) to develop at a depth of only 1.8 m, although the
surface water was strongly supersaturated (2169,).

In the African lakes. as elsewhere, relatively large concentrations of iron and
manganese are found in the poorly oxygenated depths of the deeper lakes under
stratification. Examples include lakes Victoria (TArLiNg, in press), Albert (TaL-
LING 1963). Mutanda, and Bunyoni. although none showed concentrations greater
than 1000 pg/L. Such high concentrations of iron may occur in surface waters of
the White Nile under the influence of the extensive “*Sudd” swamps (TaLixe
1957 a), and in some lake and river waters of very low conductivity and alkalinity
where the iron is probably associated with organic ~“humic” material (DuBois
1959: Bere 1961, 1962).

12. Relation between the composition of lake and inflow waters

Some comparisons between the chemical constitution of lake waters and their
inflows have been made in previous sections. One of the simplest — though ex-
ceptional — situations is probably found in L. Magadi, and is described in detail
by Baker (1958). Here the composition of the hot saline inflows (BAKER 1958,
and Table 2) agrees with the proportions of major ions in the small areas of lake
water, though concentrations have risen in the latter from evaporation in thig
climatically arid and closed lake basin. Deep salt deposits have also developed
here. as in the nearby L. Natron (GUEST and STEVENS 1951). The salts are pro-
bably not of deep-seated and “juvenile” origin, but leached from a large volcanic
area, repeatedly concentrated by evaporation in Pleistocene lakes. and finally
accumulated in alkaline ground water beneath the low-lying Magadi and Natron
basins. In cach case numerous hot springs of very similar composition supply this
water to the lake. which constitutes a large evaporating pan: a recyeling of the
salts probably occurs. Conditions in the larger lakes of open drainage basing are
very different and have been discussed by BravcrHavr (1939, 1940, 1946, 1953,
and 1964). He has reasoned that the lake and inflow waters often differ so mar-
kedly in the proportions and concentrations of major ions that processes (largely
biological) of selective elimination must have occurred extensively in the large
African lakes. We believe that the facts can often be interpreted otherwise.

Lake Tanganyika provides the most remarkable and best-discussed example.
Only one large inflow, the Ruzizi River from L. Kivu. contains ionic proportions
broadly similar to those of the lake water (Table 2) and is appreciably more saline.



Table 2. Chemical constitution of lake inflows

sutn of sum of HCO, - ) .
Lake . . Kao . R Na K Ca Ng S al 80, Si0,
. sampling date reference cations  anions No. 0y
River (pemhio)

i (meq./L)

(mg/l)  (mg/{L) (mg/L) (mg/l) (mg/L) (mg/l) (mg/L)

(meq./L) (meq./L)

Victoria

Kagera R. 20. Mar. 53 TFisg, unpubl. 86 - — 5.4 3.45 la 116 1 — 18
May. 54 FisH, unpubl. 93 - - — — 7.0 - b 086 0.36 - 16
9. Oct. 60 original 99 — — - 5.4 4.1 ¢ 086, - — 17
Nzoia R. 50 Fisua 1952 85- 1.17 — 11.5 4.0 6.4 3.0 2 1.05 — 0.8 40
125
George
Mpanga R. 25. Nov. 52 Fisu 1953 135 — - — — 17 3.22 3a .34 + 4 0 24
24, Mar. 53 Fisn 1954 180 — 1.9 S - 14.6 3.6, b 1.7 3.3 2.8 24
Nyasa
S. Rukuru R. .. 54 Harpixa 1963 55 - - e - - 4a 0.485 — - 16
v. 55 Harpina 1963 53— — - - 5.1 1.9 b 058 ' - - 14
11. Aug. 55 Harbpixe 1963 50— — - 6.8 2.1 e — — — 8
Songwe R. Feb. 55 HArDIRG 1963 (62 - - 4.7 — Sa 0.65 - -
17. Aug. 55 Harpixe 1963 100 - - — - 7.9 33 b = - — 145
Luweya R. 1. June. 54 HarpIxc 1963 e — 5.2 . Ga (.78 — — 14
18. Oct. 54 HarpiNe 1963 — - — = 5.8 3.1 b 0.73 - - 24
18. July. 55 Harpise 1963 63 - 4.8 4.6 ¢ 0.74 — — 25
Ruhuhu R. Feb. 55 Harpixa 1963 69 - — 6.7 7 0.72 —
Bua R. Aug. »4 Harpize 1963 — — - — 17.4 7.8 8 1.86 - — -
Naivasha
Malewa R. 4. July. 29 Jexwinx 1932 — - - - — — Ya  0.67 - —
25. Nov. 30 BEapLE 1932 - — - - - b 0.64 - - 15.4
Baringo
hot spring 2. Feb. 31 Beapre 1932 - - - - - - - o 32 — - -
Tiggeri IR. 7. Dec. 30 BwapLe 1932 — — - — - — 1 0.89 - o -
Tanganyika
Malagarasi R. v 37 Bravcuoavr 1939 195 216 2.03 164 24 129 .1 12 1.55 155 2.1 224
28
Ruzizi R. » 38 Bravcnase 1939 910 - 948 6G3.0 8.4 67.0 13a 1046 238 17.8 9.0
: 9.8
May-June 53 Dubors 1958 801 — . 98.0  74.0 8.5 1016 ¢ b 9.60 16.6 9.0 8.0
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Lake

River
Mohasi

7 inflows

Albert
Semliki R.

Muzizi R.
dward
Ruchuru R.

Hannington
North inflow
Elmentcita

Kariandusi R.

Nakuru
hot spring
Magadi
hot spring (a)
hot spring (b)

sampling date

6-8. May. :

16. June. 5

17. June. 52
26

2. Feb. 50
4. Feb. 31
30. June. 29
9. Dec. 30
4. Mayv. 19
23. Feb. 61

Ko

reference
(zemho)

Darras 1954 294
7400
FisH 1953 800

VAN DER BEN 1959 766
FisH 1953 93
HursT 1927 —
MARLIER 1951 27
Brapni 1932 —
JENKIN 1932 —
BrapLE 1932

GREGORY 1921
original 55500

Table 2. cont.

sum of  sumof |
. R Na
cations anions (/T
(meq./L) (meq. /Ly~ 7
S
HdT 602 12750

I

Ca

Mg

(mg/L) © (mg/T) (mg/T)

I88 <10 <30

26—
432

4.1—
404

TCO, 4
No. O,
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14 2.59—

18.09
15a § 7.16
b 7.3

16 0.938
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b —

18 6.4
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20 19
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22 411
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It has been estimated very roughly by GruLman (1933) to supply 13.59, of the
totalinflow stream water, and its salinity has been given either as 10 times (Beau-
CHAMP 1939) or 4 times (BravcHAMP 1946, 1953) that of the “average” of other
inflows. These factors may be underestimates (BEavcnamp 1939), as the inflows
were sampled during the dry season. If the higher factor of 10 is applicable (cf.
BEaucuamr 1939, Table I11), the Ruzizi will probably supply more than 509,
of the total salts entering the lake (BEaucHAMP 1939). Then a divergence between
constitutions of lake and “average inflow” need not require any assumption of
biological precipitation in the lake. since the ionic proportions visualised for the
~average inflow’” appear insufficiently weighted for the contributions of the more
saline inflows. Unusually saline inflows are not uncommon in other lakes such as
Albert (Semliki River) and Edward (Ruchuru River). where also their influence
on lake chemistry is disproportionate to their discharge. Further, the “average
inflow” concentration (or salinity) cannot be viewed in igolation from the water
flow represented by the difference between rainfall and evaporation on the lake
surface. For example. the effects of an inflow of very low salinity may be equi-
valent to that of a slight excess of direct rainfall, though the salinity of the latter
is not involved in estimates of the “average inflow™ concentration.

A number of the unusual chemical features of the lake water cited by Brat-
cHaMp are paralleled in the Ruzizi inflow water (Tables 1. 2). They include high
ratios of magnesium to calcium, of chloride to sulphate, and considerable concen-
trations of potassium. If. as seems possible, the Ruzizi supplies most of the salts
entering the lake. these similarities are to be expected, and make it unnecessary
to postulate a large-scale biological removal of such ions as calcinm and sulphate
in the lake.

Large differences exist between the chemical composition of L. Nyasa water
and many of the inflows. in which the concentrations of major ions are relatively
low (ILarpiNg 1963; and Tables 1. 2). It seems likely that much of the salts
entering the lake is contributed by the rivers of seasonal flow and higher salinity
in the south-west. whose drainage arca includes some limestone (Harprxa
1963).

For L. Tanganyika and several other large lakes (e. g. Albert, Victoria, Nyasa),
some chemical implications of the unusual water budget may be mentioned.
In these lakes the gain of water by the dircet rainfall on the lake is either roughly
cqual (L. Albert) or greatly exceeds (.. Tanganyika. L. Nvasa, L. Victoria) that
from intlow streams, and the chief loss is by evaporation from the lake. Conse-
quently, if the “average inflow” and the lake water are of similar salinity, there
is unlikely to be any large ditference between precipitation and evaporation. In
the hydrological budgets tor the large lakes of Victoria, Albert. Nyasa and Edward
(Gruimvax 1933, Kanrtimack 1941, Hewrgr and Parnores 1938, Huorst 1952), these
two items are roughly estimated to be similar in magnitude and between 1000 and
1440 mm per year. The comparison with inflow salinity would assume that the
the salinity of the rain water is much lower than that of the lake water. Although
VISSER (1961) has recorded a few remarkably saline rain waters at Kampala
(Uganda). the analyses involved show some internal inconsistencies (e. g., between
conductivity and totalionic concentration) and require confirmation. as do various
unusual featurces. such as the implied preponderance of magnesium. in his analyses
(Vissgr 1961, 1962) of waters from L. Victoria and lakes Bunyoni, Mutanda and
Mulehe. [Even with the lower concentrations of major ions common in rain water
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elsewhere (cf. GorHaM 1961). this source could form an appreciable part of the
total supply of L. Victoria. where the salinity is comparatively low and direct
rainfall supplies roughly six times more water than do the inflow streams (Hugsr
1952). The supply of sulphate to the lake from rain water was considered insigni-
ficant by HussE (1957). as he estimated only 0.03 mg/l. of sulphate in rainfall
collected at Jinja. Confirmation is required. in view of the much higher concen-
trations usually recorded elsewhere (cf. Vissur 1961). Nevertheless, the concen-
trations of major ionsin L. Victoria water secem to be quite similar to those in the
two principal inflows (Table 2). The concentrations in L. Albert can be velated
to the average constitution of its main inflow. the Semliki River (TaLnine 1963).
and the total salinity of the lake water is consistent with the salinities and dischar-
ges of the principal inflows and outflows (Hurst and Prrenies 1938). The small
and probably periodic outflow of L. Tanganyika could involve some degree of
progressive concentration of salts in the lake (Bravcmamp 1939). although such
changes must be very slow in view of the immense replacement time. extimated by
Bravcaame (1939) as 1800 years.

13. Discussion

Much of the distinctive character of the African lake waters follows from the
frequently high content of sodium bicarbonate and carbonate. coupled with the
wide range of salinity. From this basis a considerable variation of cationic peo-
portions is inevitable. by the elimination of calcium and magnesium in the more
alkaline waters. Such variation is further compounded by the relative abundance
of these divalent cations in sources of low salinity, and by the widespread effects
in many West Rift lakes of the voleanic sources unusually rich in magnesium and
potassium. The anions sulphate and chloride show no remarkable variation in
their relative proportions, although these proportions are unusually low, parti-
cularly for sulphate. It is clear the major ionic composition of most African lake
waters is very different from that of most temperate lakes, where calcium and
bicarbonate often tend to predominate. and cannot be interpreted in terms of any
idealised “standard composition” (cf. Ropnr 1949, Hurcminsox 1957): the
limitations of this concept are discussed by Goruam (1955, 1961). The high pro-
portions of sodium and bicarbonate/carbonate also distinguish the very saline
African lakes from the majority of saline lakes elsewhere. and climinate most of
the trends of anionic proportions discussed by HurcHiNsox (1957). Among minor
constituents. the generally high concentrations of silica and low concentrations
of nitrate arc features probably widespread in tropical lakes: the former is also
noted by Hurortssox (1957, p. 791).

The relatively small outflows and large volumes of the bigger lakes imply very
Tong periods of retention within the lakes. which would oppose any short-period
changes in major ionic composition due to varying inflows. Over a year (1960 —61)
no such changes could be detected in L. Vietoria. and in fewer samples from L. Al-
bert (Tarrine 1963) they were very small. There is some evidence (Table 1)
for rather larger changes in several small lakes. including George and Naivasha.
The biggest recorded changes with time are from the shallow. closed and saline
lakes of Nakuru and Elmenteita, which were much larger, deeper, and less saline
when sampled during 1928 —1930 by Jrxxin (1932, 1936) and Beapre (1932).
Both have been known to dry up completely in recent years. Considerable changes
in the area and depth of .. Naivasha (sce Sigus 1935, CorpLEY 1948) are not simply
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correlated with records of total dissolved solids (Kenya Hydrological Department.
unpublished data). Possibilities of analytical error may affeet many differences
between older and recent results. such as the 1927 —28 and 1960 —61 values for the
alkalinity of lakes Vietoria and Albert. and the 1951 —2 and later analyses of
sulphate in L. Albert.

Long-term changes of water chemistry must have been considerable in many
lakes, in view of the occurence of voleanie activity with pluvial and interpluvial
periods during their Pleistocene history (see Frems 1934, 1936. 1939, WiLnis 1936.
Soromox 1939, Wurre 1953, CoLe 1954, FLixt 1959a. b, Brapur 1962). Though
cvidence from the chemical analyses of lake sediments is required. the present
results have some implications for the chemical history of the large West Rift
lakes. Here many distinctive chemical features of these lakes have been related to
saline sources. rich in