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D I S T R I B U T IO N ,  S U R F A C E -G R O U N D W A T E R  

R E L A T IO N S  A N D  E V A P O T R A N S P IR A T IO N  IN  

T H E  O K A V A N G O  SW AM P , B O T SW A N A

T. D IN ÇE R

F AO  P r o ject  In vest iga t ion  o f  Okan an go 

Delta , Maun

L.G. H U TTO N *

Geo logica l Su r vey o f Botswan a ,

Lob a tse

B.B.J . KU P E E

Dep ar tm en t  o f  Water  Affa ir s ,

Ga b or on e, Botswan a

Abstract

STU D Y, U S IN G  S TAB LE  ISO TO PES, OF FLO W  D IS TRIB U TIO N , SU RFAC E -  

G RO U N D W ATE R RE LATIO N S  AN D  E V A P O TR A N S P IR A TIO N  IN  THE  O KA V A N G O  

SW AMP, B O TSW AN A.

Stable isotope data collected in the Okavango Delta have confirmed that the central 

distributary system is more active at present than the peripheral systems. The data also 

show that there is no groundwater ou tflow  at the western and southern margins o f the delta. 

A  salinity-isotope model o f the deltaic swamp has been developed to study the relation 

between the salinity and isotopic composition o f the swamp waters. An attempt has been 

made to separate the atmospheric losses from the swamp into its évapotranspiration com

ponents. The results indicate that in winter, when high water levels prevail, these losses are 

almost entirely due to evaporation, whilst in summer, when the water levels are low , 

evaporation and transpiration contribute almost equally to the total atmospheric losses.

IN TR O D U CTIO N

Th e Okavan go D elt a  is wh er e th e Okavan go River  d ep osit s  all its sed im en t  

load  an d  wh er e a t  least  9 5% o f it s  wa ter  is lost  t o  th e a tm osp h er e th rou gh  

évap otran sp ir a t ion . Th e d elt a  lies over  R ecen t  t o  Ter t ia r y Ka lah a r i d ep osit s 

con sist in g o f layer s o f  fin e san d, silt , ca lcr e te  an d  silcr ete, averagin g a th ickn ess 

o f 20 0 —30 0  m. Ben ea th  th ese su p er ficia l d ep osit s  lies a sequ en ce o f Ka r r oo  r ocks

* N ow  at Department o f C ivil Engineering, Loughborough U niversity, Loughborough, 

Leicestershire, U nited Kingdom.
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4 D I N Ç E R  e t  a l.

F IG .l. Okavango Delta sampling locations.

fa u lt ed  again st  P recam br ian  cr ysta llin e  basem en t  [1] . Th e  m ean  an n ual p re

cip it a t ion  over  th e  d elta  is 50 0  m m  b u t  th ere is a large va r iab ility o f 170  to  

120 0  m m . P r ecip it a t ion  occu r s  du r in g th e warm  su m m er  m on th s an d  win ter s 

are ext r em ely d r y.

Th e  ca t ch m en t  basin  o f th e Okavan go River , wh ich  cover s an  area o f 

18 0  0 0 0  k m 2, lies in  th e An go la n  H igh lan ds. Th e r iver  h as n o sign ifican t  

t r ib u ta r ies in  Botswan a , an d  its m ean  an n ual flo w  a t  th e loca t ion  wh er e it  en ter s 

th e Okavan go Swam p  is 10 .5 X 10 9 m 3. I t  is im p or tan t  t o  n o t e  h ere th a t , 

a lth ou gh  th e  wor d s swam p  an d  d elta  are in ter ch an ged  to  in d ica te  th e  sam e area
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T AB L E  I. M AJ O R  M OR P H O M E TR IC AN D  H YD R O LO G I CAL 

P AR AM E TE R S O F  TH E O KAVAN G O  SWAMP

Mean area o f the swamp 10 000 km2

Max. area o f the swamp 13 000 km2

Min. area o f the swamp 6 000 km2

Mean active storage 4 X 109 m3

Max. active storage 7 X 109 m3

Min. active storage 1 X 109 m3

Input

In flow  10.5 X 109 m3/a

Precipitation 5 X 109 m3/a

O utput

Evapotranspiration 14.9 X 109 m3/a

O u tflow  (su rface) 0.3 X 109 m3/a

O u tflow  (groundwater) 0.3 X 109 (? )  m3/a

th e swam p  occu p ies  o n ly a p p r oxim a te ly 50 % o f th e  to t a l area o f  th e Okavan go 

D elt a  wh ich  is 20  0 0 0  k m 2. Th e  swam p area con t in u ou s ly sh ift s  over  th e  ver y 

gen t ly slop in g d elta  in  an  u n p r ed icta b le  w a y causin g a h igh ly var iab le flo w  p a t tern  

at  th e su r face and also p oss ib ly th e grou n d wa ter  r égim e at th e bou n d ar ies o f 

t h e  swam p (Fig. 1).

Th e  Okavan go Delta  owes it s  exis t en ce  to  a series o f  fa u lt  lin es wh ich  

b locked  it s  an cien t  ch an n el in  th e  fa ir ly r ecen t  geologica l past . At  p r esen t , th e 

old  ch an n el r eap p ears a t  th e base o f  th e d elt a  an d  con t in u es som e 280  km  u n t il 

it  r each es th e M akgad ikgad i sa lt  pan s wh ere th e an cien t  r iver  u sed  t o  sp read  over  

a vast  p la in . Th e  an cien t  ch an n el o f th e  Okavan go R iver  b e tween  th e d elta  and 

th e M akgad ikgad i sa lt  pan s is n o w  ca lled  th e Bo te t i R iver  wh ich , dur in g r ecen t  

yea r s , h ad  a m ean  an n ual flo w  volu m e o f 30 0  X 10 6 m 3, b a r e ly 3% o f  t h e m ean  

an n ual in flo w  to  th e swam p.

Th e  ch em ica l com p os it ion  o f  t h e  Okavan go Swam p  water s in d ica tes th a t  

th e m ajor  ion ic sp ecies are sod iu m  an d  b ica r b on a te  w ith  sign ifican t  am ou n ts o f 

silica. Th e to t a l d issolved  solid s in  th e  in flo w  water s are a b ou t  35 mg/ 1, wh ich



6 D I N Ç E R  e t  a l.

T AB L E  II. TH E  R E LATI O N  BE TW EEN  TH E 14C an d  180  CO N TE N T 

O F  G R O U N D W ATE R S IN BO TSW AN A

Range o f 14C values 

per cent o f modern carbon

Mean tritium . 

content (T.U .)

Mean 5 180  

(%o)

Error o f the 

mean 6 180

86.2-120.2 7.03 ± 1.69 - 5 .3 8 ± 0.44

52.6-78.4 0.78 ± 0.16 - 5 .1 7 ±0 .62

3.1-48.3 1.22 ± 0.34 - 6 .3 7 ±0 .16

gra d u a lly in cr ease d own st r ea m  to  r each  120  mg/ 1 at th e swam p  ou t le t . Th is 

sh ows th a t  m ost  o f  th e sa lts en ter in g th e  swam p  are d ep osited  in  th e  swam p or  

r em oved  b y grou n d wa ter . Sim ila r ly, th ere is a grad u a l en r ich m en t  o f  stab le 

iso top es a lon g th e m ain  flo w  system s in  th e  swam p.

Ta b le  I sh ows th e  m ajor  com p on en t s  o f  t h e  Okavan go Swam p  wa ter  ba lan ce 

ca lcu la ted  b y usin g a m a th em a t ica l m od el o f th e Okavan go Swam p  [2]. E va p o

t r an sp ir a t ion  fr om  th e swam p  was fou n d , usin g th e m a th em a t ica l m od el and  

sa tellit e  im ager y, t o  b e a p p r oxim a te ly 150 0  m m / a, w h ich  is 8 5% o f t h e  open - 

w a ter  evap or a t ion  ca lcu la ted  b y th e Pen m an  fo r  m u la . Th is in fo r m a t ion  is a 

basis fo r  an  over a ll u n d er stan d in g o f th e h yd r o logica l con d it ion s in  th e swam p.

1. ST ABLE  ISO TO P E  STU D IE S

1.1.  Previou s stu d ies

A su rvey o f th e  iso top ic com p osit ion  o f  grou n d wa ter s in  Botswa n a  in clu d in g 

t r it iu m , 14C, 13C, D an d  180  has been  m ad e b y M azor  et  al. [3]. Th is  s tu d y has 

given  a goo d  id ea  o f t h e  va r iab ility o f  wa ter -r ela ted  iso top es in  Botswan a .

A  few  sam ples co llected  in  th e vicin ity o f  th e Okavan go Swam p  sh owed  

exten s ive  iso t op ic en r ich m en t  o f  t h e swam p  an d  r ela ted  grou n d water s . An  

in ter est in g fea tu r e  o f th is s tu d y is th e va r ia t ion  o f  th e  stab le iso top e con ten t  o f 

grou n d wa ter s w ith  th e  age o f t h e  water . Th is has n ot  been  em p h asized  b y th e 

au th ors. Ta b le  II gives th e 14C, 180  an d  t r it iu m  con t en t  o f  grou n d wa ter s in  

Bo tswa n a  cla ssified  a ccord in g t o  th e  decreasin g va lu es o f  14C. I t  can  b e seen  

th a t  th r ee s t a t is t ica lly sign ifican t  ran ges o f  180  an d  D va lu es cor r esp on d  t o  th e 

th ree grou p s o f I4C va lu es. Th u s, th e age o f  grou n d wa ter  can  be r ou gh ly in fer r ed  

fr om  th e stab le iso top e  data . Th is p o in t  has been  u sed  a d van tageou sly in  

su bsequ en t  stu d ies o f th e gr ou n d wa ter  in  th e  vicin it y o f  th e Okavan go Swam p .

Text continued on p. 14



T ABLE  III . ST ABLE  ISO TO P E  D AT A F O R  TH E O K AVAN G O  SWAM P AN D  R E LAT E D  W ATE R S

Sample Location Type Date Depth

(m )

EC TD S 

(д mho/cm) (ppm )

180

(%o)

D

( fa )

Remarks

1 Xudum Pool 24-04-75 0.2 5500 4900 +  7.49 26.3 Stagnant water

2 Xudum Pool 24-04-75 0.2 340 350 +  1.29 - 2 .2 Stagnant water

3 Xudum Pool 28-04-75 0.10 1000 850 + 0.09 - 6 .9 Stagnant water

4 Xudum -  Pontoon Channel 27-04-75 1.00 70 84 - 0 .1 4 -  11.7

5 Mohembo

(Okavango) River 29-05-75 32 32 - 3 .8 9 - 2 9 .7

6 Duba (N ggokha) Channel 13-05-75 28 - 3 .7 9 - 2 8 .9

7 Xakue (B oro) Channel 10-05-75 47 40 - 2 .0 2 -  19.4

8 Txatxanika KQ2 

(Khw aai) Channel 15-05-75 58 76 - 0 .3 6 -  11.1

9 Malalakgaka K.S3 

(Santantadibe)

Channel

River 17-05-75 86 92 + 0.69 - 4 .2

10 Boro Junction KB4 

(B oro) River 05-05-75 84 - 0 .8 0 -  13.0

11 Kondo DW 12-05-75 32 350 320 - 0 .0 4 -  11.5

12 Maun Rain 15-04-75 28 - 5 .6 0 - 2 5 .8

13 M ohembo (Okavango) River 06-04-75 43 48 - 4 .4 2 - 3 0 .8

14 Seronga (O kavango) River 26-02-75 40 - 3 .9 8 - 3 0 .6

22 Kondo DW 06-09-75 35 + 0.10 -  14.8

23 Kodmotswana BH 02-09-75 3150 1676 + 0.72 -  11.1
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T A B L E  III  ( c o n t . )
00

Sample Location Type Date Depth

(m )

EC TD S 

Gumho/cm) (ppm )

1 8 o

(%o)

D

(%<)

Remarks

24 Gumare BH 03-09-75 200 176 - 2 .4 4 - 2 3 .9

25 Tsau BH 06-09-75 430 412 -  1.54 - 2 2 .4

26 Maun Met. station A-Pan 19-09-75 +  13.94 +  46.3

27 Toteng (Ku nyere R.) River 02-09-75 +  3.71 + 8.1

28 Tsau (Thaoge R.) River 02-09-75 65 (30 ) +  4.78 +  13.0

29 Experimental area 

(ou tlet) Swamp 12-09-75 0.80 53 + 164 - 2 .9

30 Experimental area 

(in let) Swamp 13-09-75 1.60 53 + 0.92 - 6 .1

31 Experimental area AH 13-09-75 0.80 550 + 2.71 +  1.2 Shallow G.W.

32 Xudum Swamp 12-09-75 80 55 +  1.02 - 5 .5 Bekkers bridge

33 Maun Bridge 

(Thamalakane R.) River 08-09-75 + 1.86 -  1.6

34 Nokaneng BH 03-09-75 275 -  2.84 - 2 7 .4

35 Shakawe 

(Okavango R.) River 06-09-75 - 4 .7 9 - 3 6 .2

36 Gaenga 

(N ggokha R.) River 22-09-75 36 - 4 .0 2 -  31.2

37 Xugana Lagoon Lagoon 23-09-75 42 - 2 .3 2 - 2 1 .3 Monachira R.

38 Duba

(Okavango R.) River 22-09-75 35 - 4 .1 2 - 3 2 .8
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Sample Location Type Date Depth

(m )

' EC TD S 

(/imho/cm) (ppm )

18o

(aioo)

D

(%q)

Remarks

39 Txatxanika

(Khwaai) River 24-09-75 48 - 0 .8 4 -  14.4

40 Malalakgaka

(Santantadibe) River 25-09-75 120 +  5.88 +  19.7

41 B oro Junction KB4 55 + 2.46 - 0 .5

42 Xakue 

(B oro R.) River 19-09-75 45 - 0 .9 2 -  13.1

43 Experimental area 

(ou tlet) Swamp 03-10-75 68 68 + 2.22 +  1.6

44 Experimental area 

(in let) Swamp 03-10-75 55 52 + 1.50 - 3 .1

45 G adikwe Lagoon Lagoon 21-09-75 -  1.47 -  17.3

46 Chobe Road 

(M ogohelo R .) River 20-09-75 + 4.91 + 16.9

47 Bodumatu  B. 

(M orem i G .R.) Swamp 20-09-75 + 0.74 -  5.1

48 TFC  Barrier 

Borehole BH 20-09-75 320 + 2.38 -  1.80 at Shorobe

49 Maun Borehole BH 03-11-75 (10 ) (350) + 4.50 + 7.0

50 Experimental area 

(ou tlet) Swamp 04-11-75 +  4.72 +  14.6
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T A B L E  III  ( c o n t . )

Sample Location Type Date Depth

(m )

EC TDS 

(Aimho/cm) (ppm )

180

(<fc)

D Remarks

51 Experimental area 

(in let) Swamp 04-11-75 55 + 4.12 +  9.3

52 Toteng 

(Ku nyere R.) River 08-11-75 +  8.74 + 31.7

53 Experimental area 

(ou tlet) Swamp 13-11-75 80 + 5.24 +  19.9

54 Experimental area 

(in let) Swamp 13-11-75 75 +  3.49 +  10.1

55 B oteti R. 

(Rakops ) River 26-11-75 + 6.78 + 20.6

56 M opipi Res. Reservoir 26-11-75 1800 + 7.68 + 33.4

57 Mabe I 

(Haina V eit) BH 26-11-75 3100 - 7 .6 2 - 5 1 .6

58 Mabe II 

(Haina V eit) BH 26-11-75 - 6 .2 2 - 4 2 .0

59 B oteti R. 

(M opip i in let) River 26-11-75 600 + 8.00 +  29.6

60 Thaoge R. 

BE/17 River 29-11-75 + 9.66 +  38.9

61 Experimental area 

(ou tlet) AH 03-12-75 0.40 + 1.09 - 3 .5

62 Experimental area 

(in let) Swamp 05-12-75 + 5.70 + 18.8
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Sample Location Type Date Depth

(m )

EC

(^imho/cm)

TD S

(ppm )

ISq

e?w

D

(%o>

Remarks

63 B oteti R. 

(Rakops) River 15-12-75 +  6.08 + 20.0

64 M opipi Res. Reservoir 07-02-76 1123 + 6.65 + 28.5

65 Boteti R. 

(at M opipi) River 07-02-76 666 + 4.78 +  17.7

66 Boteti

(Rakops) River 07-02-76 +  4.52 +  12.5

67 B oteti R. 

(at Tsoi) River 07-02-76 115 + 4.04 +  9.8

68 B oteti R.

(a t D ikwalo) River 07-02-76 102 + 4.04 + 10.6

69 B oteti R.

(at Samedupi) River 07-02-76 84 +  2.60 + 4.8

70 Thamalakane 

(at Maun) River 20-02-76 +  2.76 + 4.2

71 Haina Veit 

5001 BH 07-04-76 - 6 .5 2 - 4 6 .7

72 Haina Veit 

5004 BH 08-04-76 - 6 .8 2 _

73 Haina Veit 

5008 BH 08-04-76 - 6 .8 0 - 4 6 .7

74 Haina Veit 

5010 BH 09-04-76 - 7 .2 2 - 4 8 .1
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T A B L E  II I  ( c o n t . )

Sample Location Type Date Depth

(m )

EC

Oumho/cm)

TD S

(ppm )

18q D

Ф

Remarks

75 Haina Velt 

5012 BH 09-04-76 2210 - 6 .1 5 - 4 2 .6

76 Haina Velt 

5013 BH 09-04-76 - 6 .7 8 - 4 5 .3

77 Haina Velt 

5022 BH 10-04-76 5640 - 6 .6 4 - 4 4 .4

78 Haina Velt BH ( -  5.05) - 3 5 .2

79 Haina Velt 

5026 BH 13-04-76 - 7 .1 5 - 4 7 .1

80 Haina Velt 

5028 BH 13-04-76 -  6.60 - 4 2 .5

81 Haina Velt 

5031 BH

1

13-04-76 - 6 .2 8 - 4 0 .3

82 Haina Velt 

5032 BH 14-04-76 - 6 .6 8 - 4 3 .3

83 Machaba (L . Ngami) 

5200 DW 18-04-76 (+  0.36) -  10.2

84 Xhabaxwa (L . Ngami) 

5213 DW 19-05-76 + 0.86 -  7.4

85 M otopi pan (L . Ngami) 

5222 DW 20-05-76 - 4 .9 2 - 2 6 .5
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Sample Location Type Date Depth EC TD S 180  D  Remarks

(m ) (jumho/cm) (ppm ) (%q) (%q)

86 Maigo (L . Ngami) 

5228 DW 20-05-76 - 7 .3 7 - 4 7 .0

87 H itoto (L . N gami) 

5239 DW 21-05-76 - 7 .4 8 - 5 4 .1

88 Masalanyane (L . Ngami) 

5262 DW 21-05-76 - 7 .8 3 - 5 4 .4

89 Matlabologa (L . Ngami) 

5263 DW - 7 .7 4 - 5 4 .0

90 Kara (L . Ngami) 

5269 DW - 0 .3 3 -  13.1

91 Patane I (L . Ngami) 

5255 DW? +  1.76 - 0 .2

92 Khwaai Lodge BH + 2.56 2.1

93 Mababe Village DW +  1.92 - 2 .2

94 Kodmotswana BH + 0.47 -  11.6

N O TE : DW  = dug well; BH =  Borehole; AH  = Augerhole.
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1.2 . Th e p u rp ose o f  th e p r esen t  s tu d y

Th e  co llect io n  o f th e  stab le iso top e  d ata  is p a r t icu la r ly u sefu l in  h yd r o logica l 

s itu a t ion s wh er e evap or a t ion  is a m ajor  com p on en t  o f th e wa ter  ba lan ce sin ce 

evap or a t ion  m od ifies  th e stab le iso top e  con t en t  o f  t h e water . Th e basic p u rposes 

o f  th e p r esen t  s tu d y were:

(a) To  d eterm in e th e sign ifican ce o f  th e grou n d wa ter  o u t flo w  fr om  th e d elta .

Th is p o in t  was o f  ext r em e im p or tan ce  in  fo r m u la t in g th e wa ter  ba lan ce o f  th e

‘ O kavan go Swam p  an d  th e  m a th em a t ica l m od el.

(b) To  d eterm in e th e  co n veya n ce  e fficie n cy o f m ajor  d is t r ib u ta r y swam p and 

ch an n el system s. I t  was assum ed  th a t  h igh  iso top ic en r ich m en t  wou ld  be r ela ted  

t o  m or e o r  less stagn an t  swam p  areas.

(c) T o  d eterm in e th e  p ast  an d  p resen t  flo w  con veya n ce  sta tu s o f th e d is t r ib u ta r y 

swam p  system s. Th is is based  on  th e h yp oth es is  th a t  th e iso top ic com p osit ion

o f sh a llow gr ou n d wa ter  is r e la ted  t o  th e past  co n veya n ce  sta tu s o f th e system  

wh ereas th e  iso top ic com p os it ion  o f  su r face wa ter s r ep resen ts th e p resen t  con d it ion s.

(d ) D e tect ion  o f  d ir ect  p r ecip it a t ion  r ech arge t o  sh a llow gr ou n d wa ter , p a r t icu la r ly 

in  an cien t  swam p  areas.

(e) P a r t it ion in g o f th e to t a l a tm osp h er ic losses in to  th eir  evap or a t ion  an d  t ran s

p ir a t ion  com p on en ts .

1.3 . Da ta  co llect io n

N in e t y-fo u r  stab le iso top e  sam ples were co llect ed , in clu d in g b o t h  su r face 

an d  gr ou n d wa ter  sam ples (Ta b le  III ). As  th e an n ual flo od  o f th e Okavan go R iver  

sta r t s in  Ap r il an d  th ere  is p r a ct ica lly n o p r ecip it a t ion  over  th e swam p  u n t il th e 

end o f O ctob er , sam ples co llected  a t  t h e  en d  o f th e  sou th ern  win ter  sh ou ld  be 

fr ee o f  th e  con tam in a t in g e ffe ct  o f th e p r ecip it a t ion  an d  r ep resen t  th e iso t op ic 

va r ia b ility r esu lt in g o n ly fr om  evap or a t ion . Sam p les were also co llected  at  th e 

en d  o f  t h e  r a in y su m m er  season  to  com p ar e with  th e sam ples co llect ed  at th e 

en d  o f  th e win ter . A  p a ra llel su rvey was a lso m ad e o f  th e ch em ist r y an d  e lect r ica l 

co n d u ct ivity o f wa ter  in  ord er  t o  ob ta in  a b e t t e r  u n d er stan d in g o f th e ch em ist r y 

o f th e  wa ter s an d  o f th e r ela t ion sh ip  b e tween  evap or a t ion  and t ran sp ira t ion .

1.4 . Gen er a l p a t t e r n  o f va r iab ility o f  stab le iso top es on  th e Okavan go Swam p  

an d  r ela ted  grou n d wa ter s

Th e  stab le  iso top e  con t en t  o f  swam p  wa ter s is d eterm in ed  b y va r iou s fa ctor s  

wh ich  can  be su m m ar ized  as fo llows:

(a) Th e  im p or ta n ce  o f th e flow-r a te  in  th e  swam p system  — if th e con veyan ce  

e fficie n cy o f th e sys tem  is h igh  th ere  is less t im e fo r  th e wa ter  to  evap or a te  and
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F IG .2. lt0 - D  relation in the Okavango Sw amp and groundw aters  in the same region.

con seq u en t ly th e  iso t o p ic en r ich m en t  is less com p ar ed  w ith  th e  stagn an t  

swam p  areas;

(b ) Th e  a d d it ion  o f  iso top ica lly ligh ter  ra in -water  t o  th e iso t op ica lly en r ich ed  

swam p  wa ter ; and

(c) Th e  r a t io  o f  th e evap or a t ion  t o  t r an sp ira t ion  a lon g a given  flo w  lin e or  

d is t r ib u ta r y swam p  system . Th e  iso top ic en r ich m en t  o f  swam p  wa ter s is less in  

season s o r  a lon g th e flo w  lin es wh ere th e  m ajor  p o r t ion  o f th e a tm osp h er ic losses 

occu r s  as t r an sp ir a t ion  wh ich , u n like  evap or a t ion , d oes n o t  cau se th e iso top ic 

en r ich m en t  o f  th e  sou r ce water .

F igu r e 2 gives th e 180  an d  D grap h  o f  th e wa ter  sam ples co llect ed  in  th e 

Okavan go Delt a  an d  it s  vicin it y. Th e  cor r ela t ion  b etween  180  an d  D va lu es o f 

th e sam ples is ve r y h igh  an d  th e in fo r m a t ion  con ten t  o f th e stab le iso top e  d ata  

is th u s d u p lica ted . Th e  o n ly excep t io n  is th e  sam ple co llect ed  fr om  th e  Class-A 

p an  at  Maun  m eteor o logica l s ta t ion  w h ich  sh ows th a t  care sh ou ld  be exer cised  

wh ile  ext r a p o la t in g a r t ificia l con d it ion s , n o t  on ly in  est im a t in g eva p or a t ion  b u t  

a lso in  eva lu a t in g th e iso t o p ic com p os it ion  o f t h e evap ora t in g water .
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H A IN A  V E L D  G RO UNDW ATER

L A K E  N G A M I REGION G ROUNDW ATER

OKAVANG O  REG IO N a t  M O H EM BO

O KAVA NG O  REGION a t  S H AK AW E

NG. G O K H A  R IV E R

N O K A N E N G  - G U M AR E REGIO N

U P P E R  K H W A I

U PP E R  BO RO

LOWER BORO

KO NDE

SA N D V EL D  TO NG U E 

XUD UM

E X P . A R E A  IN LE T  

E X P . A R E A  O UT LE T 

T H A M A L A K A N E  R IVER 

S A N T A N T A D lB E  R IV E R  

M O G O H E L O  R IV E R  

K U N V E R E  R IV E R  

T H A O G E  R IV E R  

B O T E T I R IV E R  AT S T A M E O U P I 

B O T E T I R IV E R  AT R A K O P S  

B O TE T I R IV E R  A T  M O PIP I 

M O P IP I R E S E R V O IR

N G  
о  о  

9  9  9  5

SHORO BE
о

9

C STANDARD 

{T h e  n u m b e r s  in d ic a te  th e  m o n th s )

•  SUR FAC E W A T E R  

9  PONDS

О  BO R E H O LE  A N D  V /E L S  

0  AUG E R  HO LE (G ro u n d w a te r)

9
И

C L A S S -A  

PA N

FIG .3. C lassification o f  Okavango D elta waters w ith respect to 180.

Figu re 3 sh ows th e ran ge o f  180  va lu es in  th e  d elta  water s. Th e  in flo w  

wa ter s as r ep resen ted  b y sam ples co llect ed  a t  Sh akawe an d  M oh em b o fa ll with in  

th e r an ge o f —4 .9  t o  -  3 .9 %>.  Th er e  is an  in d ica t ion  o f a sm all season al va r ia t ion , 

sin ce th e  Sep tem b er  19 7 5 sam ple fr om  Sh a ka we, r ep r esen t in g th e  base flow 

p er iod , is 1% low er  th an  th e  sam ple co llect ed  at  M oh em bo in  M ay, wh ich  

r ep resen ts th e flo o d  flow . Acco r d in g to  th ese r esu lts th e t yp ica l 180  va lu e o f 

th e in flo w  wa ter s can  be t a ken  as —4. 0%o.

Th e  secon d  d is t in ct  grou p  o f wa ter s w it h  r esp ect  t o  180  is fr om  th e  cen t ra l 

p a r t  o f th e  swam p , su ch  as th e  Boro  ch an n el at  Xaku e, Xu gan a  Lagoon , Ga d ikw e 

Lagoon  an d  Txa txa n ik a , wh ich  h ave 180  va lu es o f b e tween  —2.3 an d  —0 .3%o, 

wh ich  sh ow th a t  exten s ive  evap or a t ion  losses are a lr ead y takin g p lace b etween  

M oh em b o an d  th ese loca t ion s. Th e  r an ge o f th e  180  va lu es is som e 2%o,  a b ou t  

tw ice  th e ran ge observed  in  th e  u p p er  p a r t  o f th e swam p.

Th e  th ird  grou p  o f sam ples is r ela ted  to  th e low er  p a r t  o f  th e swam p, wh ich  

as a wh o le  flu ctu a t es  season a lly in  e xt en t , an d  t o  th e ou t le t s  o f th e swam p.

N o t  o n ly is th er e  a wid e va r ia t ion  am on g sam ples co llect ed  a t  var iou s d ist r ibu ta r ies,
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b u t  also a w id e  va r ia t ion  at a given  lo ca t io n  am on g sam ples co llected  a t  d iffe r en t  

t im es o f th e  yea r . Th is va r iab ility can  b e exp la in ed  b y th e a d d it ion  o f th e  r ain 

wa ter  an d  th e  d iffe r en t  évap ot r an sp ir a t ion  rat ios.

1.5 . D eter m in a t ion  o f  r ela t ive con veya n ce  e fficien cies  o f  d is t r ib u ta r y

swam p  system s

Th e  d ete r m in a t ion  o f r e la t ive con veyan ce  e fficien cies  o f d iffer en t  d is t r ib u ta r y 

swam p  system s cou ld  be m ad e usin g eith er  th e sa lin ity o r  th e stab le iso top e  

con ten t  o f  swam p  water s, with  th e d iffe r en ce  th a t  th e iso top ic en r ich m en t  is 

r ela ted  to  th e evap or a t ion  an d  th e in crease in  sa lin ity t o  th e to t a l a tm osp h er ic 

losses, i.e. to  évap otran sp ira t ion .

When  th e wa ter s at  th e va r iou s o u t le t s  o f th e Okavan go Swam p  are com p ared  

on  th e basis o f  th e ir  :80  con t en t  in  Sep tem b er  19 75 , wh ich  is th e p er iod  o f 

m axim u m  d isch arge at th ese loca t ion s, it  is seen  th a t  th e wa ter s wh ich  are less 

en r ich ed  iso t op ica lly are fou n d  at th e Bor o  ch an n el n ear  th e base o f  th e d elta , 

fo llo w ed  b y th e Ku n yer e  ch an n el on  th e  west . Th e  wa ter s o f th e San tan tad ib e, 

M ogoh elo  an d  Th a oge  ch an n els are sign ifica n t ly en r ich ed  com p ared  wit h  th e 

Bor o  an d  Ku n yer e  ch an n els. Th er e is a lso a sign ifican t  iso t op ic en r ich m en t  in  

a ll th ese ou t le t  ch an n els fr om  Sep tem b er  t o  O cto b er  as a r esu lt  o f th e very d ry 

an d  w in d y a tm osp h er ic con d it ion s du r in g O ctob er . Th ese r esu lts are in  good  

agreem en t  with  th e p r esen t  flo w  d is t r ib u t ion  an d  flo w  con veya n ce  sta tu s o f  th e 

d iffe r en t  d is t r ib u ta r y swam p  system s as in fer r ed  fr om  h yd r o logica l r ecord s.

Th e  stab le iso top e  con ten t  o f  th e Bo te t i R iver  and M op ip o  Reservoir , wh ere 

th e wa ter  o f th e Bo te t i R iver  is p u m p ed  t o  su p p ly th e Orapa  d iam on d  m in e, 

d iscloses fu r th er  evap or a t ive losses. Sam p les co llect ed  a lon g th e Bo te t i R iver  fr om  

it s  sou rce a t  th e base o f th e d elt a  clea r ly sh ow a grad u a l iso top ic en r ich m en t  

fr om  Sam ed u p i (+ 2. 6%à)  to  D ikw a lo  an d  Tso i wh ich  are at th e u p p er  r each es o f 

th e Bo te t i R iver  (+ 4. l̂ oo) an d  th en  t o  R a kop s (+ 4 .6 <7oo) an d  t o  th e M op ip i 

Reser voir  it s e lf (+  6. 7%$,  in  agreem en t  w ith  a con sid er ab le d ecrease in  flo w  ra tes 

a lon g th e r iver .

1.6 . Th e stab le  iso top e  con t en t  o f th e  gr ou n d wa ter s

Owin g t o  th e lim ited  n u m b er  o f  wells  and b or eh oles  in  th e sp ar sely p op u la ted  

r egion  o f th e Okavan go Delta  an d  it s  su r rou n d in gs fr om  wh ich  sam ples cou ld  be 

co llected , th e h yd r o logica l in for m a t ion  ob ta in ed  fr om  th e stab le iso t op e  con ten t  

o f th e gr ou n d wa ter  is t en ta t ive  a lth ou gh  o f  grea t  va lu e in  d eterm in in g th e  

sign ifican ce o f  th e gr ou n d wa ter  o u t flo w  from  th e  d elta , t h e  r ech arge th rou gh  

d ir ect  in filt r a t io n  o f  rain , an d  in  eva lu a t in g h istor ica l h yd r o logica l con d it ion s 

in  som e d is t r ib u ta r y swam p  system s. Th e  basic fin d in gs o f th is  s tu d y are:
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(a) Th e  gr ou n d wa ter  a t  t h e  western  p er ip h er y o f t h e  d elta  con sists m a in ly o f 

r u n o ff r a in -wa ter  with  n o sign ifican t  con t r ib u t ion  fr om  th e swam p (wells  and 

b or eh oles  a t  N oka n en g, Gu m ar e an d  Tsau ). Th u s, th ere  is n o gr ou n d wa ter  o u t flo w  

fr om  th is  area o f  t h e  swam p, wh ich  is in  agreem en t  w ith  th e a d m it ted ly scarce 

p iezom et r ic an d  top ogr a p h ic d ata .

(b ) La ke  N gam i grou n d wa ter s  on  th e  western  an d  sou th ern  bord er s o f  th e lake, 

as well as t h e  gr ou n d wa ter  in  H ain a  Ve lt  sou th  o f th e Th am alakan e fau lt lin e, 

h ave n o  swam p  or igin , w h ich  exclu d es th e  p oss ib ilit y o f grou n d wa ter  o u t flo w  fr om  

th e swam p  in  th is r egion  an d  sh ows th a t  th e fa u lt lin e  is an  e ffect ive  bar r ier  

again st  gr ou n d wa te r  m ovem en t . M or eover , th e iso t op ic com p osit ion  o f  th ese 

wa ter s is sim ila r  t o  grou p  3 wa ter s in  Ta b le  II , sh owin g th a t  th eir  14C con t en t  is 

m ost  p r ob a b ly less th an  50 % o f th e  m od er n  ca rbon , an d  con seq u en t ly th ese 

wa ter s are n o t  o f  r ecen t  or igin . Never th eless, th e grou n d wa ter  sam ples co llected  

a t  th e n or th  o f  th e  lake  clea r ly sh ow th a t  th ese wa ter s h ave swam p  or igin .

(c) Gr ou n d w a ter  a t  Kon d e  and a t  San d velt  Ton gu e in  th e sou th west  p a r t  o f th e  

d elta  con sists o f  m ixtu r es  o f swam p  an d  d ir ect ly in filt r a t ed  rain -waters.

(d ) Gr ou n d w a ter  at Maun , im m ed ia te ly n or th  o f  th e Th am alakan e fa u lt lin e , is 

o f p u re swam p  or igin , o b vio u s ly r ech arged  th rou gh  th e Th am alakan e River . I t  is 

s ign ifica n t ly m ore en r ich ed  th an  th e flo o d  wa ter s o f th e Th am alakan e, in d ica t in g 

th a t  in  th e past  th e r iver  wa ter  was su b ject  t o  m ore exten s ive  evap or a t ion  th an  

t o d a y, i.e. th e Bor o  swam p  feed in g th is  r iver  was m or e stagn an t . Th e  sam e 

con clu sion  also h old s fo r  th e gr ou n d wa ter  in  th e exp er im en ta l area estab lish ed  

in  th e  low er  Boro  system .

(e) Gr ou n d w a ter s  a t  Sh or ob e , M ab abe and Kh w a i on  th e sou th east  o f  th e  d elta  

are less en r ich ed  th an  swam p  water s, in d ica t in g eith er  a m ore act ive flo w  con 

d it ion  in  th e  sou rce N ggokh a  system  in  th e past  o r  th e con t r ib u t ion  o f r a in -water  

in filt r a t ion . Th e  h yd r o lo gica l d a ta  on  th e  N ggokh a  system  fa vou r  th e fir st  

h yp oth esis .

1.7. A  stab le  iso top e-sa lin ity m od el o f  d elt a ic swam p s an d  p a r t it ion in g o f th e

a tm osp h er ic losses in to  th eir  évap ot r an sp ir a t ion  com p on en t s

An  im p or tan t  fea tu r e  o f  th e d e lt a ic swam ps is th eir  d ivergen t  flo w  p a t ter n  

wh ich  r esu lts in  lim ited  m ixin g o f water s. La ter a l m ixin g occu r s  r a r ely and 

m ost  flo w  system s are in d ep en d en t  o f  each  o th er . In  th is r esp ect , a d elt a ic swam p  

fu n ct io n s  as an  ir r iga t ion  system  wh er e wa ter  is d is t r ib u ted  t o  th e  con su m p t ive 

areas. In  su ch  h yd r o lo gica l system s th e p h ysica l, ch em ica l an d  b io logica l 

p r op er t ies o f  wa ter  a t  a given  loca t ion  are d eterm in ed  n ot  b y loca l con d it ion s b u t  

b y th e h is t o r y o f  wa ter  b e tween  th e  sou rce area an d  th a t  loca t ion , a lth ou gh  

th er e m ay be excep t ion s  to  th is  ru le. Th is  is a m ost  u sefu l p o in t  in  in terp r et in g 

an y p a r t icu la r  p r op er ty o f wa te r  as th e  in fo r m a t ion  is n o t  loca l b u t  in tegra ted  

a lon g a flo w  lin e.
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Let  us con sid er  a la rge cell o f wa ter , sim ilar  t o  a t racer  clou d , m ovin g fr om  

th e sou rce d own str eam . I t  will be assum ed , as is th e case fr om  Ap r il t o  O cto b er  

in  th e Okavan go D elt a  r egion , th a t  n o r a in -water  is ad d ed  t o  th e cell du r in g its 

t ravel. Su ch  a cell will be sp lit  in to  sm aller  cells as th e flo w  is d is t r ib u ted  and 

r ed is t r ib u ted  over  th e  d elta . Th e wa ter  ba lan ce o f  t h is  cell a lon g an y flo w  lin e 

an d  a n y p er iod  t can  be wr it t en  as:

AV
-----= I - E  —T  —O - Q  (1)
At

wh ere V  is th e vo lu m e ch an ge o f th e cell dur in g t  and  I, E , T, O , an d  Q  are th e 

m ean  r a tes o f in flo w , evap or a t ion , t r an sp ira t ion , o u t flo w  an d  losses t o  gr ou n d 

wa ter , r esp ect ively.

Th e  salt  ba lan ce o f  th e cell is given  by:

AC AV
V — + C -----=  С Т  — CO  — CQ  (2)

At  At  1

wh ere С  is t h e  sa lin ity o f  th e wa ter  in  th e  cell an d  Q  is th e sa lin ity o f  th e in flo w  

to  th e cell. I t  is assum ed  th a t  th e losses t o  grou n d wa ter  an d  su r face o u t flo w  fr om  

th e cell h ave th e sam e sa lin ity as th e wa ter  in  th e cell. I t  sh ou ld  be n o ted  th a t  

E q .(2 )  is m or e a p p licab le  fo r  ion ic sp ecies with  good  t r acer  p r op er t ies  th an  th e 

to t a l sa lin ity o f  wa ter . F in a lly, th e stab le iso top e  ba lan ce o f th e cell can  be 

exp ressed  as:

AR  AV
V -----  +  R -----  =  R J  -  R eE -  R T -  R O -  R Q  (3)

At  At  1 e

wh ere R  is th e stab le iso top e con ten t  o f  th e  wa ter  in  th e  cell exp ressed  as iso top e 

r a t io , R j an d  R e th e iso top ic com p osit ion  o f th e in flo w  and evap ora ted  wa ter , 

r esp ect ively. I t  is assum ed  th a t  th e wa ter  t ran sp ired  b y swam p  vegeta t ion  has 

th e sam e iso top ic com p os it ion  as th e cell wa ter , sin ce a p lan t  fu n ct ion s  essen t ia lly 

as a p ip e an d  th e  swam p  vegeta t ion  h as sh a llow r o o t  system s. I t  is wor th  

m en t ion in g th a t  R e is a va lu e wh ich  is ca lcu la ted  fr om  th e m olecu la r  exch an ge o f 

swam p  wa ter  with  th e a tm osp h er ic m oistu r e and h as n o p h ysica l m ean in g itself. 

As  in  th e case o f sa lin ity o f wa ter  it  is assum ed  th a t  th e losses t o  gr ou n d wa ter  

an d  su r face wa ter  o u t flo w  fr om  th e  cell h ave th e sam e iso top ic com p osit ion  as 

th e wa ter  in  th e  cell. д у

E lim in a t in g th e t e r m -----b etween  Eq s (1) , (2 ) an d  (3 ) on e obta in s:
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and

( 5 )

I t  sh ou ld  be n o ted  th a t , on  th e  r igh t  side o f  th ese eq u a t ion s, th e term  r ela ted  

t o  th e  in flo w  is n egligib le com p ar ed  with  th e term s r ela ted  t o  evap or a t ion  and 

t r an sp ir a t ion  b ecau se th e sa lin ity an d  th e  iso top ic com p osit ion  o f th e in flow 

to  th e  cell fr om  n eigh bou r in g cells are sim ila r  to  th e sa lin ity an d  th e iso top ic 

com p os it ion  o f th e cell wa ter  it self.

N eglect in g th e term s rela ted  t o  th e in flo w  an d  th en  takin g th e r a t io  o f  th e 

le ft  an d  r igh t  sides in  E q s (4 ) an d  (5), on e ob ta in s

AR E  (R e -  R)
---- =  - - --------- -  (6 )
Д С  (E + T) С

wh ich  gives th e d iffer en t ia l r e la t ion  b etween  th e  sa lin ity and th e iso top ic com 

p osit ion  o f th e cell. I t  is seen  th a t  th is r e la t ion  is in d ep en d en t  o f th e volu m e o f 

th e  cell, t h e  losses t o  grou n d wa ter  and th e su r face wa ter  o u t flo w  fr om  th e  cell.

Writ in g th e  h yp o t h e t ica l iso top ic com p osit ion  o f th e evap or a ted  wa ter  [4], 

exp ressed  in  it s  p h ysica l com p on en t s  o f  m olecu la r  exch an ge o f cell wa ter  with  

th e a tm osp h er ic m oistu r e, on e has:

wh ere h  is th e r ela t ive h u m id ity o f  th e a tm osp h ere with  r esp ect  t o  th e su r face 

wa ter  tem p er a tu r e , an d  th e  eq u ilib r iu m  an d  k in et ic fr a ct ion a t ion  fa ctor s  an d  R a 

th e stab le iso top ic com p os it ion  o f th e a tm osp h er ic m oistu r e. In ser t in g R e from  

E q .(7)  in to  E q .(6 )  an d  in tegra t in g with  r esp ect  t o  R  and C, on e fin a lly ob ta in s 

th e r ela t ion :

wh ere R¿ an d  Ci are th e in it ia l va lu es o f  th e stab le iso top e  con ten t  and th e sa lin ity 

in  th e sou rce r egion  an d  R f th e fin a l eq u ilib r iu m  stab le iso top e con ten t  o f th e 

cell wa ter , wh ich  d ep en d s o n ly on  th e  r ela t ive h u m id ity o f th e a tm osp h ere and 

th e iso t op ic com p os it ion  o f th e a tm osp h er ic m oistu r e. Sin ce th e equ ilib r iu m  

an d  k in e t ic fr a ct ion a t ion  fa cto r s  a an d  a!  are close t o  u n it y, E q .(8 )  can  be fu r th er  

r ed u ced  to:

E__  ( 1 — h)  act '  -  1

+ T ( l - h) aa'
(8)
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E h

R = ( R i - R f > ( f
E + T  1 - h

■4- R f (9)

in  wh ich  th e iso top e  r a t ios can  be r ep laced  b y 8 va lu es fo r  ease o f  ca lcu la t ion .

R ela t ion  (9 ) is som ewh a t  sim ila r  to  th e r ela t ion s fou n d  ea r lier  b y Cra ig 

an d  Gor d on  [5] an d  F on t es  an d  Gon fia n t in i [6], wh o stu d ied  stab le iso top e 

va r ia t ion s in  iso la t ed  evap ora t in g wa ter  bod ies. H owever , in  ad d it ion  it  in clu d es 

a t erm  wh ich  has h yd r o logica l s ign ifican ce, n a m ely th e evap ora t ion / evap otr an s- 

p ir a t ion  r a t io .

When  th er e is a large n u m b er  o f  sam ples th e  evap ora t ion / evap otr an sp ir a t ion  

r a t io  can  p oss ib ly be est im a ted  b y m axim izin g th e co e fficie n t  o f  cor r ela t ion  

b e tween  th e stab le iso top e  con t en t  an d  sa lin ity o f swam p  wa ter  t oge th er  with  

th e m easu red  va lu es o f  th e a tm osp h er ic m oistu re. I t  sh ou ld  also be st ressed  

th a t  th e p r op osed  m eth od  ca n n ot  be u sed  in  est im a t in g evap or a t ion  or  évap o

tr an sp ir a t ion  b u t  o n ly th eir  r a t io . An o t h e r  p ossib le w a y o f es t im a t in g th is  r a t io  

is t o  est im a te R f — or  §f — th e  fin a l equ ilib r iu m  iso t op ic com p os it ion  o f swam p  

water . I f  th is  can  b e est im a ted  fr om  th e iso t op ic d a ta  th e  evap or a t ion / evap o

t r an sp ir a t ion  r a t io  can  be d eterm in ed  u sin g E q .(9 ). In  th e fin a l in ter p r e ta t ion  

it  is im p or ta n t  t o  see wh eth er  th e sa lin ity and iso t op e  va r ia t ion s are cau sed  b y 

evap or a t ion  an d  t r an sp ira t ion  p rocesses. Th er e a re, fo r  exa m p le , sam ples with  

h igh  sa lin ity an d  lo w  stab le iso top e  con t en t  (sam ples 2 an d  3 an d  p oss ib ly th e 

M op ip i R eser voir  sam ples in  th e p resen t  s tu d y) , wh er e th e  sa lin ity an d  iso top ic 

com p os it ion  o f  th e  wa ter  are n o t  d eterm in ed  eith er  b y evap or a t ion  o r  b y 

t ran sp ir a t ion , b u t  b y m ixin g, wh ich  is m a th em a t ica lly a lin ea r  p rocess, o r  b y 

so lu t ion  o f sa lt  cru sts b y iso t o p ica lly ligh t  water . Th e  a d d it ion  o f  th e  r a in -water  

is also a m ixin g p rocess, wh ich  m akes th e in ter p r e ta t ion  o f  th e  sa lin ity an d  

iso top e  d a ta  d ifficu lt  a lon g th e  lin es p r op osed  h er e, un less th e am ou n t  o f  rain  

is sm all com p ar ed  with  th e  d ep th  o f  th e wa ter  in  th e swam p , or  its iso top ic 

com p os it ion  an d  th e  sa lin ity o f th e r ain  are kn own .

1.8 . Ap p lica t io n  o f  th e iso top e-sa lin ity m od el t o  th e  Okavan go Swam p

F r om  th e  m eteor o logica l r ecord s a t  Maun  th e r ela t ive h u m id ity o f  th e 

a tm osp h er e is est im a ted  t o  be 4 5% fo r  win ter  an d  60 % fo r  su m m er  m on th s. 

Acco r d in g t o  th e sh or t -term  m easu rem en ts in  th e exp er im en ta l area in  th e 

swam p , th e r ela t ive h u m id ity in  th e swam p  is h igh er  th an  at  th e p er ip h era l 

sta t ion s su ch  as Maun , wh ich  r esu lts in  th e evap ora t ion / evap otr an sp ir a t ion  

est im a tes bein g on  th e h igh er  sid e wh en  Maun  r ecord s are used . F o r  th e in it ia l 

va lu es o f th e  180  con t en t  a d elt a  va lu e o f- 4 .0 % o  an d , fo r  th e  in it ia l sa lin ity 

on e o f 35 p p m  TD S h ave been  assum ed  a ccord in g t o  th e con sisten t  valu es 

observed  in  th e  sou r ce area. As  th ere  is a good  cor r e la t ion  b e tw een  sa lin ity and
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FIG. 4. Relation between the salinity and electric conductivity o f swamp waters.

th e e lect r ica l co n d u ct ivity o f wa ter , sa lin ity va lu es h ave been  r ep laced  b y 

e lect r ica l co n d u ct ivity fo r  wh ich  th ere is m ore in for m at ion .

Alth o u gh  th e cor r e la t ion  b etween  sa lin ity, exp ressed  in  E C u n it s , an d  th e 

iso top ic com p os it ion  o f swam p  water s is h igh  a t  th e en d  o f win ter  m on th s 

(r  = 0 .95 fo r  16  sam ples) it  is n o t  p ossib le t o  d eterm in e th e evap ora t ion /  

évap ot r an sp ir a t ion  r a t io  usin g th is sta t ist ica l a p p r oach  becau se, fo r  a wid e ran ge 

o f  th is r a t io , th e co e fficie n t  o f  cor r ela t ion  r em ain s h igh  and d oes n ot  h ave a 

well-d efin ed  m axim u m . Th er efo r e , it  is n ecessa ry to  u se th e secon d  ap p roach  

based  on  th e es t im a t ion  o f th e fin a l iso top ic com p os it ion  5 f  o f swam p  wa ter s, 

wh ich  wou ld  be in  iso t o p ic eq u ilib r iu m  with  a tm osp h er ic m oistu re.

F r om  Ta b le  III  i t  can  be seen  th a t  th e 5 f va lu e ca n n ot  be less th an  + lO.O^oo 

fo r  en d -win ter  sam ples as th er e  are fe w  sam ples with  180  va lu es n ear  th a t  figu re. 

Acco r d in g t o  th e class-A pan  d a ta  it  can  be as h igh  as + 14%° b u t , as was m en t ion ed  

ea r lier , th is  can n ot  be very r eliab le. F o r  en d -su m m er  sam ples th e best  in d ica t ion  

o f 5 f  is given  b y th e  sam ple co llected  fr om  an  iso la ted  p o o l a t  Xu d u m  wh ich  has 

an  180  con t en t  o f  + 7.49%o. Usin g th ese va lu es togeth er  with  th e in it ia l sa lin ity
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FIG. 5. Equal evaporation ¡évapotranspiration ratio curves for winter with data points.

FIG. 6. Equal evaporation/ évapotranspiration ratio curves for summer with data points.
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an d  iso top ic com p os it ion  o f  swam p  wa ter s, tw o  fam ilies o f cu rves were ca lcu la ted  

fo r  win ter  an d  su m m er  p er iod s fo r  d iffe r en t  va lu es o f th e evap ora t ion / evap o- 

tr an sp ir a t ion  r a t io  as a p a r am eter  in  E q .(9 ). Th ese cu rves are given  in  F igs 4  an d  5 

with  th e  iso top e an d  sa lin ity d ata  fo r  t h e  r esp ect ive p er iod s.

I t  is seen  fr om  F igu r e  4 th a t  in  win ter , wh en  h igh  wa ter  levels p r eva il in  th e 

swam p th e evap or a t ion / evap otr an sp ir a t ion  r a t io  is n ear  u n it y fo r  m ost  flo w  lin es, 

a lth ou gh  th ere are sign ifican t  d iffer en ces am on g th ese ra t ios, p oss ib ly r eflect in g 

d iffe r en t  p lan t  t yp e s  and p lan t  d en sity con d it ion s. Th e  p oin t s  h avin g evap orat ion /  

évap ot r an sp ir a t ion  r a t ios h igh er  th an  u n it y in d ica te  th a t  th e §f va lu e h as t o  be 

cor r ected  t o  avoid  r a t ios h igh er  th an  u n it y.

In  th is  case th e  evap or a t ion / evap otr an sp ir a t ion  r a t ios wou ld  be a ll low er  

th an  u n it y b u t  st ill r em ain  h igh . In  su m m er  m on th s th e evap ora t ion / evap o

t ran sp ir a t ion  r a t io  n ever  r each es u n it y b u t  h as a wid e r an ge b etween  25 an d  75% 

sh owin g th e  in creasin g p a r t  o f th e t ran sp ira t ion  versus evap or a t ion  (F ig .6 ). In  

a d d it ion  to  th e  p lan t  t yp e  and d en s ity a lon g th e flo w  lin es th is large va r ia t ion  is 

p r ob a b ly cau sed  b y th e  a d d it ion  o f  r a in -water  t o  th e swam p in  su m m er  m on th s 

wh en  wa ter  levels are low.

2. CO N CLU SIO N S

Th e  r esu lts o f  t h e  stab le iso top e  su rvey o f th e Okavan go Swam p  an d  th e 

grou n d wa ter  in  th e sam e region  h ave sh own  th a t  th e stab le iso top es cou ld  be ver y 

h elp fu l in  swam p -water  ba lan ce stu d ies and su r face and grou n d wa ter  r ela t ion s.

Th e  m eth od  p r op osed  on  th e p a r t it ion  o f évap ot r an sp ir a t ion  losses in to  its 

evap or a t ion  and t r an sp ira t ion  com p on en t s  can  easily b e im p roved  b y a r egu lar  

p er iod ic sam plin g p r ogram m e in clu d in g p r ecip it a t ion  an d  a tm osp h er ic m oistu r e 

an d  usin g E q .(9 )  in  its d iffer en t ia l form . I t  sh ou ld  b e st ressed  th a t  th e in ter 

p r e t a t ion  o f th e  r esu lts d ep en d s la rgely on  th e cla r ity o f  th e h yd r o logica l 

m od el to  b e ad op ted . F in a lly it  is h op ed  th a t  th e p r op osed  m eth od  will con t r ib u te  

to  th e s t u d y o f th e t ran sp ira t ion  in  em ergen t  aq u a t ic p lan ts b o t h  in  swam p s and 

in  agr icu ltu ra l areas.
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D ISCU SSIO N

B.Th . VE R H AG E N : Yo u  warn  again st  th e u se o f evap or a t ion  pan  d a ta , ye t  

yo u  assum e a va lu e fo r  6 f o f  14%oon  th e basis o f  pan  d ata .

T. D IN ÇE R : A 5 180 -ô D p lo t  fo r  th ese swam p wa ter s in d ica tes th a t  th e 

iso top ic com p os it ion  o f th e Class A evap or a t ion  p an  is n o t  r eliab le fo r  est im at in g 

5f. When  Sf is p lo t t ed  again st  t h e  exp on en t  o f E q .(9 ) , on e sees th a t  th e exp on en t  

is n o t  very sen sit ive t o  va r ia t ion s in  5f. Th is m ean s th a t  a r eason ab le est im a te  o f 

5 f b ased  on  h igh ly en r ich ed  sam ples cou ld  be u sefu l fo r  ca lcu la t in g a reliab le 

evap or a t ion -evap otr an sp ir a t ion  r a t io. A fr eq u en cy s tu d y o f all Ô va lu es wou ld  

p erh ap s also be h elp fu l.

B.Th . VE R H AG E N : Yo u  use stab le iso top e  d a ta  on  grou n d wa ter  in  swam ps 

to  m ake d ed u ct ion s a b ou t  p ast  wa ter  r egim es in  th e swam ps. Wou ld  n o t  som e age 

m easu rem en ts h elp  t o  e lu cid a te  th is q u est ion ?

T. D IN ÇE R : Age  m easu rem en ts o f th e sh a llow grou n d wa ter  with in  th e 

swam p wou ld  cer t a in ly be u sefu l wh en  stu d yin g th e  past  con veya n ce  sta tu s o f 

th e d is t r ib u ta r y swam p  system s. H owever , in  th e p resen t  s tu d y th is  p o in t  was 

n o t  con sid er ed  im p or tan t  en ou gh  t o  war ran t  a d d it ion a l t r it iu m  or  I4C m easu rem en ts.

A. ZU BE R : Was yo u r  E q .(5)  u sed  t o  ca lcu la te  an y com p on en t  o f  th e 

wa ter  ba lan ce?

T. D IN ÇE R : Th e  wa ter  b a lan ce fo r  t h e  Okavan go Swam p  was estab lish ed  

b y m ean s o f a m a th em a t ica l m od el based  on  E q .(5 ) , w ith  som e ad d it ion a l p a ra 

m et r ic r ela t ion s b e tween  th e  volu m e, area an d  d isch arge o f th e swam p.



2 6 D I N Ç E R  e t  a l.

A. ZU BE R : Wh at  k in d  o f average va lu es fo r  h u m id ity an d  tem p er a tu r e  d id  

yo u  use in  E q .(9 )?

T. D IN ÇE R : Th e  r ela t ive h u m id ity an d  t em p er a tu r e va lu es u sed  in  th is stu d y 

were ob ta in ed  fr om  th e Maun  m eteor o logica l s ta t ion  on  th e p er ip h er y o f th e 

swam p. Ou r  m easu rem en ts in d ica ted  th a t  th e  r ela t ive h u m id ity in  th e  swam p  

was sign ifica n t ly h igh er  th an  at  t h e  p er ip h era l m eteor o logica l sta t ion . Maun  

r ecord s were u sed  becau se th e m eteor o logica l r ecord s ob ta in ed  in  th e swam p 

it s e lf r e la ted  t o  t o o  sh or t  a p er iod . I t  was assum ed  th a t  th e t em p er a tu re o f th e 

evap ora t in g wa ter  w o u ld  b e  sim ila r  t o  th e  a tm osp h er ic tem p era tu re. Th is 

a ssu m p t ion  was n ot  fa r  fr om  th e t r u th  a ccord in g to  th e m easu rem en ts, a lth ou gh  

th er e  is a cer ta in  lag b e tween  th e a tm osp h er ic an d  wa ter  tem p eratu res. Th e 

average va lu es u sed  fo r  r ela t ive h u m id ity r ela te  to  th e six m on th s p r eced in g each  

sam plin g p er iod . T o  get  b e t t e r  est im ates o f th e evap ora t ion -evap otr an sp ir a t ion  

r a t io  it  is n ecessa ry t o  u se E q .(9 )  in  th e d iffer en t ia l fo r m  an d  to sam ple swam p 

wa ter s on  a regu lar  basis.

J .Ch . F O N TE S: Did  yo u  observe va r ia t ion s in  pH  wh ich  wou ld  in d ica te  th a t  

a  fr a ct io n  o f th e to t a l d issolved  ca rbon  is con t r ib u ted  b y a tm osp h er ic C 0 2 ?

L.G. H U TTO N : In  th e flow in g swam p water s to t a l d issolved  solid s (TD S) 

in crease fr om  35 mg/ 1 a t  th e in let  t o  a b ou t  20 0  mg/ 1 at  th e ou t le t . Th e  r ela t ion 

sh ip  with  co n d u ct ivity o f b ica r b on a te , ca lciu m , sod iu m , sum  to t a l an d  TD S 

at  12 0 °C are lin ea r  u p  t o  a con d u ct ivity o f  250  juS/ cm. Th e  flowin g wa ter s are 

con t in u a lly in  co n t a ct  w ith  th e a tm osp h ere an d  with  p lan ts wh ich  a lso p r od u ce 

C 0 2. Th u s, a n y im ba lan ce o f  th e  H CO j/ CO ^ / p H  system  wou ld  be b u ffer ed  

n a tu r a lly.

In  stagn an t  swam p  wa ter s we observed  an  in crease in  pH  as th e TD S in creased . 

Th e m ain  ion ic com p on en t s  were sod ium  an d  b ica r b on a te  with  th e ca r b on a te  

sp ecies ap p ear in g o n ly as evap or a t ion  p r oceed ed . pH  va lu es o f 8 .1 an d  9 .9  were 

m easu red  in  sam ples fr om  stagn an t  p ools  ad jacen t  t o  “ sod a”  d ep osit s.

M ore in -situ  pH  and Eh  d eterm in a t ion s sh ou ld  be car r ied  ou t  in  fu tu r e  

in vest iga t ion s o f  th e Okavan go Delta . At  th e t im e o f th e s tu d y th e d ifficu lt y o f 

an a lysin g su ch  lo w  TD S water s was n o t  fu lly ap p recia ted . I t  wou ld  in  fa ct  be 

p r efer a b le  t o  ch oose  a sin gle ch em ica l sp ecies wh ich  is n o t  in volved  in  o th er  

in ter act ion s , e.g. ch lor id e , t o  s tu d y th e r ela t ion sh ip  with  evap or a t ion . Deta ils 

o f  th e ch em ica l an a lyses a re ava ilab le in  U N D P / FAO  Tech n ica l R ep or t  AG:D P /  

BO T/ 71/ 50 6 , Ga b or on e  19 77 (Th e  In vest iga t ion  o f th e Okavan go D elt a  as a 

P r im ary Water  Resou r ce  fo r  Botswan a ).


