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1. Introduction metres to several hectares, occur scattered
throughout the permanent swamps, These
constitute between 10% and 20% of the area of

The Okavango Delta alluvial fan of northern the permanent Swamps and are clearly aggra-

Botswana (Fig. 1 ) covers an area of ~ 22,000 dational features, Hence, islands form an im-

km’ and is amongst the largest alluvial fans on portant component of the architecture of the

Earth, It has a remarkably low average gra- fan. Most of the islands are of irregular shape

dient (1:3600) and ~ 6000 km? are covered by and their mode of formation is enigmatic.

perennial swamps, Water and sediment are Limited studies carried out on islands suggest
distributed across the fan surface by meander- that they represent sites of subsurface accu-
ing and anastomosing channels whigh are mulation of silica and calcite, possibly brought
flanked by extensive swamps. The positions of about by capillary evaporation or by transpi- -
the channels apd hence the distribution of ration (McCarthy and Metcalfe, 1990; Mc-

Water and sediment on the fan are constantly Carthy et al., 1991b).

changing  due mainly to channel avulsion, In view of the importance of island-forming

eading to the fairly even distribution of sedi- processes in shaping the overa]l morphology of

nent across the upper, permanently flooded the fan, further detailed studies were carried
ortion of the fan (McCarthy et al., 1988, out on several islands ip the permanent
991a). Swamps. The purpose of the study was to in-
Islands, ranging in size from a few square vestigate the possible influences of soj] chem-

009-2541/93/$06.00 © 1993 Elsevier Science Publishers B.V. Aj rights reserved,
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istry, groundwater chemistry and vegetation
cover on the morphology of islands.

2. The Okavango Delta

The Okavango Delta fan lies within grabens
at the southern extremity of the East African
rift system (Scholtz, 1975; Hutchins et al.,
1976 ). It represents the terminal depository for
the Okavango River system which drains cen-

Permanent Swamps

] Seasoral Swamps
“wm_ Seasondl Rivers
“$sd- [ontours v mams L.

Fig. 1. The Okavango Delta
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tral Angola, as all of the sediment transported
by the river is deposited on the fan. The Delta
is situated in the semi-arid Kalahari Desert,
where evapotranspiration exceeds precipita-
tion by a factor of 3 and ~96% of the annual
discharge of the Okavango River is lost to the
atmosphere on the fan (Dingeret al., 1981). It
is divided into three distinct physiographic re-
gions (Wilson, 1973): (1) the upper Panhan-
dle region, characterized by meandering chan-
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nels flanked by permanent swamps and
laterally confined by what appear to be eroded
fault scarps; (2) a region of perennial swamps
around the apex of the fan; and (3) the lower
seasonal swamps or floodplain (Fig. 1).

The perennial swamps are dominated by the
giant sedge Cyperus papyrus and the grass Mis-
canthus junceus. Isolated channel systems dis-
tribute water through the perennial swamps,
although a considerable proportion of water
flows outside of the channels in the heavily
vegetated swamps (McCarthy et al,, 1991a).
The major channel system at present is the
Nqoga-Maunachira system in the northeast-
ern region of the swamps, but channel systems
are subject to avulsion and abandonment and
major shifts in water distribution have oc-
curred in historical times (Wilson, 1973, Shaw,
1984; McCarthy et al., 1988). Average water
depth in the swamps is 1.5 m (UNDP, 1977),
but may exceed 5 m near channels (McCarthy
etal., 199ia).

Islands are an important component of the
permanent swamps. They vary considerably in
size and shape and invariably support the
growth of large trees. The extent of tree cover
is variable with some islands having complete
tree cover, while others support only a narrow
fringe zone of trees, the centre of the island then
being devoid of all woody vegetation and the
soil surface covered by a thin efflorescent crust
of trona (McCarthy et al., 1986b, 1991b;
McCarthy and Metcalfe, 1990). Some islands
contain small saline pans (McCarthy et al.,
1991b). Islands seldom rise more than a metre
dbove the water level of the surrounding
swamps, except for the occasional termitarium.

3.Study methods

Six islands on the Ngoga-Maunachira chan-
nel-swamp system were selected for this study
. (Fig. 2). Five of these islands are small, oval-
" 10 irregular-shaped features, while the sixth
(island E), is a long, sinuous island, probably
representing a former channel bed, now raised

- 62

IR, ®©
/{/ // (A Jf///”h”/ / L
! _

A Oueis 4\ ©
O Lehes

W pevesricr swempe 'l'

@ S1udy lnionde 0 m

Fig. 2. Location of the islands chosen for study.

as a result of topographic inversion (Mc-
Carthy et al., 1986a, 1988). Vegetation cover
on these islands varies from a narrow fringe of
trees (island F) to heavily vegetated (island
E). The field work was carried out during Oc-
tober 1990, towards the end of the long dry
season.

A single transect was measured across the
minor diameter of each island. Topographic
elevation was measured along the transect us-
ing a Kern® level. Auger holes were made at
~ 20-m intervals to a depth of ~ 1.4 m and soil
samples were collected at ~ 20-cm intervals in
each auger hole. Groundwater level was al-
lowed to equilibrate in the auger holes and the
water level elevation recorded. Water samples
were collected for analysis from each of the au-
ger holes and the electrical conductivity mea-
sured using a Hanna® conductivity meter.
Vegetation was also recorded along the tran-
sects using an estimate of cover-abundance de-
scribed by Mueller-Dombois and Ellenberg
(1974). The cover scores of 1, 2, 3,4, 5,6, 7
and 8§ were assigned to intervals between 0%,
1%, 2%, 5%, 10%, 25%, 50%, 75% and 100%,
respectively.

Soil samples were milled to —200 mesh and
were analysed for Ca0O, MgO and Na,O by X-
ray fluorescence spectrometry (XRF) on un-
diluted powder briquettes. Ten of the soil sam-
ples showing a range of the oxide abundances
were analysed by XRF using the fusion method
of Norrish and Hutton (1969), and these
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served as standards for the analysis of the re-
maining samples. This approach was used to
ensure that standards and samples had very
similar compositions, thus avoiding matrix
correction problems which arise with powder
briquette XRF methods. Analytical precision
is of the order of +15% (relative) which is
considered adequate for the purpose of the
present study. Water samples were analysed by
the South African Bureau of Standards using
the techniques described by McCarthy et al.
(1991b).

4. Results and discussion
4.1. Topographic profiles

Topographic relief of the islands is low, the
maximum topographic height being 120 cm
above swamp water level (Figs. 3-8). Topo-
graphic profiles are irregular (island E), dom-
ical (island C) or may show two domes (is-
lands A and D). In plan, these last-mentioned
types typically have a raised mound around the
entire island, with a central depression in which
a pan sometimes develops (e.g., island D).

4.2. Water table beneath the island

In all the islands studied, the water table be-
neath the island is drawn down below the level
of the surrounding swamp water, typically by
~20 cm (Figs. 4-8), but in the case of istand
A by as much as 50 cm (Fig. 3). This implies
that water is being lost from the islands at a
rate sufficient to create an hydraulic head rel-
ative to the surrounding swamp. Evaporation
from the capillary fringe of the centrally lo-
cated pans could be partly responsible, as sug-
gested by McCarthy and Metcalfe (1990).
However, it seems more likely that transpira-
tion by deep-rooted trees fringing the islands is
mainly responsible for lowering the water table
beneath the islands, particularly as the water
table gradients are generally steepest near the
edges of the islands where the deep-rooted
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Fig. 3. Profiles across island A showing: (a) vegetation
cover; (b) soil Na;0; (¢) soil MgQ; (d) soil Ca0; and
(e) electrical conductivity of groundwater: the conduc-
tivities at which calcite and amorphous silica saturate are
indicated (see text for details ).

woody vegetation is most dense, and where
capillary evaporation would be -most
suppressed.

4.3. Soil chemistry

X-ray diffraction, SEM, optical microscopic
and chemical studies carried out on island soils
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Fig. 4. Profiles across island B showing: {(2) vegetation
cover; (b) soil Na;O; (¢) soil MgQ; (d) seil Ca0; and
{¢) electrical conductivity of groundwater: the conduc-
tivities at which calcite and amorphous silica saturate are
indicated (see text for details).
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Fig. 5. Profiles across island C showing: (a) vegetation
cover; (b) soil Na;O; (¢) soil MgO; (d) soil CaQ;, and
(e) electrical conductivity of groundwater: the conduc-
tivities at which calcite and amorphous silica saturate are
indicated (see text for details).
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Fig. 6. Profiles across island D showing: (a) vegetation
cover; (b) soil Na,O; (¢) soil MgO; (d) soil CaO; and
(e) electrical conductivity of groundwater: the conduc-
tivities at which calcite and amorphous silica saturate are
indicated (see text for details).
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Fig. 7. Profiles across island £ showing: (a) vegetation
cover; (b) soil Na;0; (c) soil MgO; (d) soil CaO; and
{e) eiectrical conductivity of groundwater: the conduc-
tivities at which calcite and amorphous silica saturate are
indicated (see text for details).

by McCarthy et al. (1986b, 1991b) and Mc-
Carthy and Metcalfe (1990) indicate that they
consist predominantly of fine sand (average
grain diameter 0.2 mm ) in a matrix of very fine
calcite, kaolinite, amorphous silica and minor
K-feldspar. Locally, surface efflorescent crusts
of trona with minor thermonatrite also occur.
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) electrical conductivity of groundwater: the conduc-
ities at which calcite and amorphous silica saturate are

icated (see text for details).
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The concentration of CaO, MgO and Na,O
in island soils, which reflect the abundances of
magnesian calcite and trona, are shown in Figs.
3-8. Sampling depth was limited to 1.4 m so
that the nature of the deep soils could not be
determined. Nevertheless, very significant
variations in the abundances of these compo-
nents are evident. All of the islands exhibit en-
richment in CaQ and MgO with depth, in most
cases showing concentration maxima towards
the edges of the islands, but in the case of the
narrowest island (C), forming only a single
maximum beneath the centre of the island
(Fig. 5). The highest concentrations of Ca0
occur just below the water table. In contrast,
maximum Na,O abundance generally occurs at
the surface of the island, usually above the cen-
tral part where subsurface CaO is low (e.g., is-
land 4).

There is a close correspondence between the
Ca0 and MgO abundances in the subsurface
and the topography of the islands, except in the
case of island E (Figs. 3-8), with elevated
concentrations of Ca0O and MgO correspond-
ing with topographic highs. Wider islands tend
to have two distinct concentration maxima
(islands 4, D, F), while the narrowest island
(C) has only a single maximum. There is a
slight difference in the positions of the concen-
tration maxima for MgQ and CaO. Where two
Ca0 maxima are present, the corresponding
MgO maxima are usually displaced towards the
centre of the island and to a slightly higher el-
evation compared to the CaO maxima. The
magnitudes of the CaO maxima vary from
>20% in island F to 3% in island E. There is
no obvious relationship between height above
water level and the maximum CaO abundance
when all islands are considered.

4.4. Groundwater chemistry

Chemical analyses of groundwater samples
are listed in Table 1. The water is bicarbonate
dominated, a characteristic feature of conti-
nental areas (Garrels and MacKenzie, 1967).
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TABLE 1

Chemical analyses of swamp- and groundwater (conductivity in mS cm™; concentrations in mg 1~')

TS. McCARTHY ET AL

Sample pH  Conductivity Ca Mg Na K Si0,; a- SO3- co}- HCO5
A swamp 6.5 0.138 5 1 9 4 15 <5 <5 0 32
A, 80 5.1 19 30 1,650 223 130 13 <5 79 3,994
Ay B.6 2.8 25 32 660 192 100 - - 400 1,273
Ag 8.0 11.8 5 5 4,100 960 45 - - 2,331 6,572
Ay 7.8 4.0 72 99 650 452 110 200 <5 - -
Ae 7.4 0.741 26 15 160 59 130 <5 <5 51 556
B swamp 6.3 0.076 7 2 o 5 1% - - 0 42
B 7.1 0.223 B4 6 15 9 Bl - 11 219
By 3.0 38 24 128 2,300 438 110 - - 569 5,700
B, 8.6 13.8 10 9 5,200 1,070 65 - - 2,362 9,605
BS 8.6 10.4 5 10 4,000 496 80 62 8 3,263 4,834
By 6.8 0.225 14 [ 13 4 43 - - 7 87
By 6.9 0.474 100 4 16 8 68 - - 21 193
C swamp 6.9 0.064 5 1 3 4 10 - - 0 32
G 7.0 0.203 60 4 13 7 T - - 15 166
G 7.1 0.726 56 32 125 34 120 - - 112 367
Ce 7.8 1.02 16 i6 160 196 120 - - 37 2
Cs 7.1 0.36 56 22 13 42 110 - - i 224
< 7.4 0.63 28 36 75 38 62 - - 9% 297
D swamp 6.3 0.130 6 3 9 7 29 - - 0 57
D, 6.9 0.433 80 10 24 28 100 - - 23 168
Dy 8.1 53 20 30 1,550 164 130 320 <5 497 2,812
Dy 7.1 1.02 72 10 200 10 110 - - %0 k¥l
Dpan 7.8 0.77 24 16 185 50 100 - - 131 360
Ea 6.2 0.0%0 6 1 22 7 34 - - - -
Eg 6.1 0.101 14 3 14 5 51 - - 3 76
E; 6.5 0.478 52 7 49 19 86 - - 24 233
Eyg 6.2 0.204 23 6 21 7 92 - - 14 128
En 6.8 0.608 116 19 52 9 68 - - 47 177
Eys 6.9 0.133 21 3 12 B 47 - - 6 102
Fl 6.8 0.044 68 14 62 5 8BS <5 <5 29 302
F 1.2 1.4} 56 41 220 69 120 27 26 9 749
Fy 8.6 4.11 6 5 1,750 25 90 76 140 678 3,196
Fe 93 9.27 3 <l 4,200 314 88 320 . 560 2,610 5,182
Fy 8.5 2.50 B 18 700 52 100 - - 177 1,50t
Fy 8.9 0.386 4 1 1,500 75 79 - - - . 942 2,013
Fu - 5.7 0.120 3 <l + 8 3 2t - - 0 27
-=not determined.

Salinity is variable, spanning three orders of
magnitude. In swamp water, the most abun-
dant dissolved species is SiO, but this becomes
less important with increasing salinity and in
the more saline groundwaters, sodium bicar-
bonate dominates.

As the groundwater beneath islands is ulti-
mately derived from swamp water, which is
fairly uniform in composition throughout the
study area, the chemical evolution of the
groundwater beneath all of the islands in this
study is conveniently discussed together. Chlo-
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"used as 2 conserved element Creases up to an Na concentration of ~20 ppm,
hemical evolution of water. In above which no further increase in SiO, oc-
- 2e Okavango Delta, abundance curs. This indicates saturation jn and precipi-
" levels o1 wis ion are generally low, especially tation of a silica-bearing phase, but possibly

in swamp water, leading to large analytical un- under the influence of a buffer (Eugster and
certainties and ip addition there are indica- Jones, 1979; Eugster, 1980), In contrast, Ca
tions that C1 is not conserved in the ground- concentration continues to increase with fur-
water (McCarthy et al,, 1991b). Accordingly, ther increase in Na, until ~ 50 ppm Na, be-
Na is preferred as a conscrved element al- yond which the concentration of Ca falls, in-

though it can only be used if the water is not dicating crystallization of a phase containing
saturated in an Na-bearing minera} (Eugster, calcium. Mg shows a similar evolutionary trend
1980). This is not a problem in the present to Ca, but peaks at a slightly higher Na concen.
Study as none of the water samples approach tration. The mineralogy of the soils indicates
saturation in sodium salts, which occurs in that SiO, precipitates mainly as amorphous
tvaporated swamp water at a concentration of silica, while Ca and Mg precipitate as magne-
~120,000 ppm Na when trona crystallizes sian calcite. It is evident from Figs. 9-11 that
(McCarthy et al., 199] b). the groundwater from all of the islands defines
Figs. 9, 10 and 11 show plots of $i0,, Ca and a coherent evolutionary path, albeijt with some
Mg, respectively, against Na in surface and scatter, and the Na content therefore forms a
groundwater. Included in these plots are anal- useful monitor of the state of evolution of the
yses of swamp water reported by Hutton and groundwater, particularly whether or not it is
Dinger (1976 as well as unpublished analyses saturated in amorphous silica and calcite.
of channel and Swamp water of the senior ay- The Na concentration of the water is highly
thor and ground and surface water reported by correlated with its electrical conductivity (Fig,
McCarthy et al, (1991b). Distinct evolution- 12), except at low Na concentrations, and
ary trends are evident. With increasing Na therefore this simple field measurement also
‘oncentration, the concentrations of SiO, in- provides a monitor of the state of evolution of
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the groundwater. Saturation in amorphous sil-
ica occurs at a conductivity of ~0.18 mS cm™!
(Figs. 9 and 12), while saturation in calcite oc-
curs at ~0.38 mS cm~! (Figs. 9, 10 and 12).
The conductivity of the groundwater be-
neath each of the islands is shown in Figs. 3e-

8e. In all cases, the salinity of the groundwater
increases inwards from the low values in the
surrounding swamp water, in some cases rising
to a single maximum near the centre of the is-
land (e.g., islands B and F), while in others
more complex patterns are evident, as in is-

69



VEGETATION-INDUCED, SUBSURFACE PRECIPITATION OF CARBONATE IN THE OKAVANGO 121

o T T T - A

L1

,,,,,,,,

Number of plots In which specles oceur
o-oa-oucau-ouououcnuououo

b v ﬁ ﬁ s r

-]

Illlll_;llli_l_‘l
0123456

Fig 12. Plot of Na against electrical conductivity for water Conductivity interval (mS/em)
samples collected during this study.

CONDUCTIVITY ma/cm

land E. Comparison of the conductivity plots
with the corresponding distribution of CaO in-
dicates that elevated CaQ (i.e. high calcite
content) occurs on the inside of points where
the groundwater conductivity curve crosses the
conductivity at which calcite saturates. In gen-
eral, the highest soil Ca0O concentrations occur
below the water table, although elevated con-
centrations also extend upwards into the cap-

illary zone,

Numbaer of plote In which pacles ocours

Na,; 0 Intervals {wiX)

4.5. Distribution of vegetation Fig 13. a. The occurrence of major woody species in re-
lation to groundwater conductivity.
b. The occurrence of grasses in relation to the Na content
The distribution of woody and grass species of surface soil. .

along each of the transects is shown in Figs. 3a- _ :
8a. Grasses generally occur across the entire cies in relation to groundwater conductivity.
length of the transects although the abun- Certain species, notably Diospyros mespilifor-
dances of individual species change. Excep- mis, Syzygium cordatum, Ficus verruculosa,
tions occur where woody vegetation is dense or Phoenix reclinata and Ficus sycamorus occur
where soils are particularly saline, Woody spe- where groundwater conductivity is low, while
cies are often absent in the central sections of other species show a wider range of tolerance.
the transects. Relatively few species occur where conductiv-
The species composition of woody plant ity exceeds 6 mS cm-!. Grass species, being
communities appears to be sensitive to shallower rooted, are affected by increases in
proundwater chemistry. Fig. 13a illustrates the salinity in the soils. Fig. 13b illustrates the oc-
ccurrence of the more common woody spe- currence of grasses in relation to the Na con-
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tent of the surface soils. Miscanthus junceus is

an aquatic species and is confined to island
fringes. Imperata cylindrica and Cynodon dac-
tylon generally occur in the less saline soils
while Sporobolus spicatus is able to tolerate a
wide range of soil salinity.

It is evident from the data presented in Fig.
13 that plant communities tend to be most di-
verse around the fringes of the islands where
the groundwater and soil salinities are low. To-
wards the interior, diversity decreases, woody
species thin out and eventually disappear leav-
ing only the grass species S. spicatus. Under ex-
treme salinity, this grass also disappears, leav-
ing barren, trona-encrusted soil (e.g., island 4).

4.6. The link between vegetation, topography,
the water table and groundwater chemistry

As shown previously, most of the island
fringes are heavily vegetated and transpiration
by deep-rooted woody plants lowers the water
table beneath the island. The water table pro-
file must therefore represent a steady-state
condition between transpirational loss and re-
plenishment of groundwater from the sur-
rounding swamp. It is likely that the extent of
drawdown of the water table will vary season-
ally since transpiration rate varies seasonally.
In addition, swamp water level is also subject
to seasonal fluctuations, although in the case
of the area studied, this is generally <20 cm.

During transpiration, plants remove mainly
water and actively exclude dissolved solutes
other than those required to meet physiologi-
cal needs. Consequently, the salinity of the
groundwater is increased by transpiration
leading eventually to saturation in amorphous
silica and calcite, which precipitate in the soils.
McCarthy and Metcalfe (1990) have demon-
strated that precipitation of these minerals in
the soil will lead to significant volume expan-
sion. Such expansion is probably the cause of
the correspondence between CaQ content of
soils and the topography of the islands. It
should be noted that amorphous silica con-

T.5. McCARTHY ET AL.

tents were not determined in this study but it
is evident from the compositions of swamp
water (Table 1) that the quantity of such silica
will approximately equal that of magnesian
calcite. Thus, the precipitation of amorphous
silica from the groundwater must also play a
very significant role in shaping the topography
of islands.

4.7. Numerical modelling of groundwater flow
beneath islands

The conductivity of the groundwater be-
neath the islands rises from the margins in-
wards. This suggests some lateral flow of
groundwater, which may also account for the
higher calcite concentrations towards the edges
of the islands. In order to investigate this in
more detail, a simple one-dimensional numer-
ical model was developed which simulates
evapotranspiration from an island. The model
was written in FORTRAN t0 run on a main-
frame computer.

For the purposes of the model, the island was
assumed to be bilaterally symmetrical and only
one-half was modelied. A discretized approach
was adopted, the half-island being arbitrarily

divided into twenty cells. An infinite reservoir -

of swamp water was assumed to exist to the left
and below the half-island. The program was
written to operate in increments of evapotran-
spiration and at each increment a fixed quan-
tity of water (50 mm ) was removed from each
of the cells, leaving all solutes behind. The lost
water was replaced by addition of water from
the reservoir below (which has the composi-
tion of swamp water) and from the cell im-
mediately to the left. In the left-most cell, water
was added from below and from the swamp.
After the water loss had been restored in all of
the cells, the concentrations of Ca and Na were
calculated and the cell tested for calcite satu-
ration. The basis for the saturation test is em-
pirical. On the plot of Ca vs. Na (Fig. 10), two
linear branches are evident, to which lines were
fitted and the equations determined. Below a
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concentration of 49 ppm Na, Ca increases wif
increasing Na and the water is not saturated i
calcite, but the slope is less than unity indica
ing that some Ca is being removed, probabl
to serve the physiological needs of the plant:
Above 49 ppm Na, the groundwater is saty
rated in calcite and precipitation will occur,

After the Ca and Na concentrations in a cel
were calculated, the appropriate equation wa
used to determine what the Ca content of th
water in that cell should be. This was ther
compared to the calculated Ca, and an appro.
priate amount of Ca was removed as a precip
itate. A running total of precipitated Ca was
kept for each cell. Because of the empirical na.
ture of this method, it makes allowance for both
Ca accumulated by plants as well as inorgani-
cally precipitated calcite.

The only independent variable in this model
is the ratio of water input from below to that
input from the cell to the left, which is, in ef-
fect, the groundwater flow pattern beneath the
island. The strategy used was to vary this ratio
and examine the effect on the Na content of
the water and the accumulated Ca across the
half-island. Two types of models were chosen:

Fig. 14. a. Results of a one-dimensional numerical model
of evapotranspiration from one-half of an island. The
curves illustrate the modelied Na concentration profiles
in the groundwater beneath the half-isiand, showing the
effect of varying the proportions of water input from be-
low and from the left-hand side (see text for details). The
conductivity scale is based on the linear relationship of
Fig. 12. Model 1: all water from the left in all cells. Model
2: 50% water from below, 50% for left in all celis. Model

3: 75% water from below, 25% from left in all cells. Model
4: 95% water from below, 5% from left in all cells. Model

5: all water from below. Model 6: 50% water from below,
50% from the ieft for the Jeft most cell, changing linearly
1o all water from below in the extreme right-hand side cell,

Model 7: 75% water from below, 25% from the left for the

left most cell, changing linearly to all water from below in

the extreme right-hand cell. Model &: 90% water from be-

low, 10% from the left for the left most cell, changing lin-

early 10 all water from below in the extreme right-hand

cell. The results shown each represent 5000 evapotran-

spiration increments, equivalent to 250 m of evapotran-

spiration. b. Accumulated Ca across the half-island for the

models shown in (a).
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one set involved a constant ratio of input from
below and from the left (models J-5, Fig. 14);
the other set involved a linear change in the
proportion of water from the left across the
half-island (models 6-8, Fig. 14). Details of
the models are provided in the caption to F ig.
14. The results illustrated in Fig. 14a show the
concentration profiles after 5000 increments of
evapotranspiration per cell, which, as will be-
come evident later (p.125), is a sufficient
number of cycles to establish steady state over
all but the last few right-hand cells in most of
the models.

Model ! illustrates the resulting profile when
all water is supplied from the left, i.e. only from
the swamp adjacent to the island. This profile
is clearly very different from the observed pro-
files, implying that simple lateral flow of
groundwater does not occur. Model 5 repre-
sents the case where all the water is supplied
from below (this model does not attain steady
state), which is also different from the ob-
served profiles. The remaining models repre-
sent intermediate cases with water input from
below and from the left. These constant pro-
portion models generally produce Na concen-
tration profiles which are steep near the edge
of the island, flattening towards the centre, but
then rising sharply at the right-hand edge. The
second group of models (variable input) pro-
duce steeper Na gradients overall and lack the
sharp spike in the right-hand end cell, These
latter models also all show a region of high Ca
towards the edge of the island (Fig. 14b ). This
Ca peak moves towards the edge of the island
(but decreases in size) as the proportion of
Wwater entering from the left is decreased. This
is caused by the steepening of the concentra-
tion gradient at the edge of the island, which
causes the saturation point of calcite to move
closer to the island edge. The small plateau in
Ca towards the edge of the island evident in
some of the models represents biologically
fixed Ca.

Of the six islands studied, four show distinct
zones of Ca enrichment between the centre and

T.5. MeCARTHY ET

margin and also show a concave-up pattern :
each half of their conductivity profiles. Bot
features are compatible with variable tnp
models and suggest that lateral water flow
important near the edge of the islands albe
only a small proportion of input, while t
wards the centre, replenishment is largely fror
below.

In many of the islands, the MgO maximur
is displaced towards the centre of the islan.
compared to the CaO maximum. Eugster an.
Jones (1979) have noted that early forme
calcite is low in MgO, crystallization of whicl
increases the Mg/Ca ratio of the water, result
ing in calcite of higher MgQ. The lateral offse
of MgO and CaO maxima is therefore also in
dicative of lateral flow. In very narrow islands
the two marginal peaks in CaO and MgQ may
roerge to form a single, central concentratior
maximum, as in island C.

The numerical model is one dimensional,
and provides no information regarding the
vertical distribution of Ca in the soils. All of
the variable input models imply that there
should be a zone of accumulation of Ca in the
soils beneath the centre of the island although
the zone of maximum Ca accumulation is to-
wards the margin (Fig. 14b). Such centrally
located zones of Ca enrichment were not found
during the present study but this may relate to
the limited depth of the soil samples. The iso-
pleths of Ca may well close beneath the is-
lands, as indicated schematically in Fig. 15a,
but below the sampling depth used in this
study. Closure in this way is compatible with
the general topography of the islands. How-
ever, the numerical models assume that the is-
lands are underlain by low-salinity swamp
water and hence the brines produced by tran-
spiration develop as a lens beneath the island
surface. If the deep groundwater is saline and
saturated in calcite, then no zone of accumu-
lation will occur beneath the centre of the is-
land, and the closure of the CaO isopleths
would probably be as shown in Fig. 15b. No
data are presently available on the composi-
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Fig. 15. Schematic diagrams showing possible closure of
| the Ca0 isopleths beneath an island: (a) assuming that
the islands are underlain by water of the same composi-
 tion as swamp water; and (b) assuming that the islands
are underlain by groundwater which is saturated in calcite,

tional variations of groundwater with depth
beneath islands in the Okavango Delta.

48. Time scales of salinization and carbonate
precipitation beneath islands

Systematic aerial photography was first un-
dertaken in the Okavango Deltain 1937, when
oblique photographs were taken, and at var-
ious times since then vertical aerial photogra-
phy has been carried out. Fig. 16 shows a series
of acrial photographs of a cluster of islands
(including island F) taken in 1937, 1969 and
1983. These photographs show a definite de-
crease in the vegetation cover of the island
centres (especially of trees), and in the 1983
photographs the interiors of the islands are
largely barren although they retain a fringe of
dense vegetation. These islands were visited
during the present study and the soils in the
interior were found to be encrusted with a 2-
em-thick layer of trona. In the light of the data
accumulated in this study, we can infer that the
development of this crust and the destruction
of the vegetation is the result of salinization of
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the groundwater and soils beneath the island
(e.g., Fig. 13). On the islands shown in Fig.
16, this process was atready well advanced by
1937, but increased significantly in the subse-
quent 46 years. This suggests that the process
may be relatively rapid.

The numerical model described above can be
used to investigate time scales of salinization.
Each incremental step in the computation in-
volves evapotranspiration of a fixed quantity
of water (50 mm ). The average evapotranspir-
ation rate of the Delta is 1850 mm yr—', and
assuming that this applies to the vegetated is-
lands as well as open water, not an unreasona-
ble assumption (Brown, 1981), incremental
steps in the numerical model can be expressed
in terms of time as shown in Fig. 17. It can be
seen from this figure (which is based on model
8 of Fig. 14a) that as salinity in the ground-
water beneath the centre of the island rises, a
steady-state concentration profile develops to-
wards the edge of the island and the ground-
water beneath the fringe of the island always
remains of low salinity. Hence, while condi-
tions in the interior of the island evolve to a
point where no vegetation can be supported,
this does not occur around the fringes of the
island. Comparison of the calculated salinity
profiles with the profile measured beneath is-
land F (Fig. 8¢) indicates that the latter pro-
file could have developed over a period of
~200 yr. This time scale seems compatible
with the rate of disappearance of vegetation
seen in the sequence of photographs in Fig. 16.

Several factors could cause the actual time
scale of salinization to deviate from that deter-
mined from the numerical model. Although on
average, transpiration rate from trees is ap-
proximately the same as open-water evapora-
tion (Brown, 1981), transpirational losses
from islands may initially exceed the average
evapotranspirational loss for the Delta as a
whole, because of the large leaf area index of
vegetation on these islands. This would accel-
erate salinization. Furthermore, if the deep
groundwater beneath islands is saline, salini-
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zation would also be accelerated because most
of the water which replaces transpirationa] loss
comes from below, On the other hand, capil-
lary evaporatiop (McCarthy ang Metcalfe,

TS. McCARTHY ETAL

land is drawn ip to replace the Joss, As 2 cop-
Séquence, Na does not accumulate in the
groundwater to the extent indicated in the nu.
merical model, byt is transferred to the surface
soil. Rainwater would dissolve the surface
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including island £ (a)1akenin 1937 {obligue photography); (b) 1969;

important process o the islands. This process
- could also account for the continued increase
in salinity in the centres of islands after the
vegetation has died off.
- Itis evident from the mode] calculations in
Fig. 17 that the time scale required for saligj-
- zation to occur assuming no transfer of Na to
the soil is of the order of 100-200 yr. If trans-
fer of Na to the soil is allowed for, this will in-
trease. Over a period of 0.2 Myr, the quantity
 of calcite which could accumulate beneath the
surface is very small, equivalent to ~ 1000 ppm
C20. This is 30-60 times smaller than is ob-
served beneath the islands studied, except pos-
 sibly in the case of island E which generally has
low soil Ca0 concentration, This indicates that
the time scale of accumulation of Na in the
groundwater is between one and two orders of
magnitude less that for the accumulation of
C20. A similar observation was made by
McCarthy andc Metcalfe (1990 ).

49. Implications Jor the regional
geomorphology and vegetation dynamics

It 1s well established that swamp abandon-
nent due to chanpel avulsion is a regular oc-

currence in the Okavango Delta (Wilson, 1973;
McCarthy et al, 1986a), and operates on a
time scale of ~ 100 ¥T (McCarthy et al., 1988).
As a channel system fails, the flanking swamp
dries out and accumulated peat burns off (El-
lery et al, 1989). After abandonment, the
water table probably subsides and calcite and
amorphous silica accumulation would cease.
Complete leaching of accumulated soluble salts
could now occur (McCarthy and Metcalfe,
1990}, and islands would be effectively reha-
bilitated in terms of their ability to support
vegetation. However, calcite and amorphous
silica would remain behind in the soil because
of their lower solubilities, although an increase
in the density of the carbonate may occur as a
result of local dissolution and precipitation in-
duced by rainfall, During these periods biotur-
bation by termites would cause vertical redis-
tribution of calcite, as termites selectively
remove the finer soil particles (mainly calcite
and amorphous silica) for the construction of
lermitaria (McCarthy et al., 1986b). This is
most probably the reason why many of the is-
lands show the occasiona] higher CaO zone at
surface. In the short term an abandoned area
may remain dry, or may become seasonally
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flooded. However, once the area becomes per-
ennially flooded again, a new cycle of Na ac.
Cumulation woulq start and calcite and amor-
phous silica would again accumulate., The

the CaQ represents the aggregate of ajj pre-
vious cycles of inundatiop_

The above analysis of accumulation times of
Ca suggests that islands are Stable features op
Pe¢ over periods measured in thoy.

contents (e.g., island £} must be relatively
young features,
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lands Cxcept £), and island E where ng such
relationship exists. These two groups of is.
lands also dijffer in gross morphology. Island g
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fome submerged during chanpe] induced ag-
gradation (e.g., Wilson, 1973). However, in
2reas remote from channels, effective aggra-
dation during each cycle of inundation is likely
to be much legs because of the very low ash
content of peats which form in such areas
(McCarthy et al,, 1989), allowing islands to
persist,

While this study has revealed a probable
fausal connection between calcite (and by in-
erence, silica) precipitation and the topogra-
by of many islands, the question of the ulti-
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mate origin of these islands remaijng
unresolved. It seems that the processes in-
volved in calcite precipitation require an ini-
tial topographic irregularity upon which an is-
laud can nucleate, This irregularity provides a
site above water leve] upon which woody spe-
cies can survive loca] flooding. Once formed it
is likely that thig irregularity will perpetuate
vertically as the fan aggrades. Topographic ir-
regularities are constantly being created by ter-
mites during periods of swamp abandonment
and it possible that these may constitute the
nucleii of new islands. In addition, topo-
graphic irregularities formed initially by flu-
vial processes will in the long term also be-
come sites of calcite and silica accumulatiop
(e.g., island E ) and will probably also evolve
into calcite-enriched islands. Evidence to sup-
port this comes from the common occurrence
of linear chains of islands.

6. Conclusions

This study has revealed that islands ip the
permanent swamps of the Okavango Delta are
formed by the localized accumulation of silica
and calcite, the precipitation of which induces
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vertical expansion. The study has further re-
vealed that woody plant species are active par-
ticipants in island ¢volution and indeed ap-
pear to be the major cause of island growth.

From the analysis presented in this work, it
is possible to reconstruct the evolutionary his-
tory of an island in the permanent swamps of
the Okavango Delta. After initial inundation
the island is well vegetated with a very diverse
plant community. Transpiration, particularly
by deep-rooted species lowers the water tabje
beneath the island inducing inflow of water
from the flanking swamp and from below. The
water becomes progressively enriched in dis-
solved salts and the saturation points of silica
and calcite are exceeded, causing precipitation
of these constituents below the water table.
This occurs centrally beneath small istands, but
towards the edges of larger islands, Increasing
salintity of the groundwater towards the centre
of the island kills the Jess salt tolerant species
but eventually all trees disappear. A steady-
state concentration gradient around the edges
of the islands maintains salinity at tolerable
levels and ensures the survival of a diverse veg-
etation community on the island fringe. Cap-
illarity draws the saline groundwater towards
the surface in the centre of the island and evap-
oration deposits trona crusts. The resulting soil
salinity kills the grass, producing a barren ip-
terior on the island. This stage of development
is probably reached in a period of between 100
and 200 yr, during which time an increment of
aggradation of the island surface has occurred
as a result of the precipitation of calcite and
silica in the subsurfage. At any stage, the above
process may be interrupted by swamp abanp-
donment, during which accumulation of silica
and calcite ceases and sodium salts are leached
from the soils, Reflooding starts the process
anew. Over hundreds of cycles of flooding and
abandonment, the islands gradually aggrade as
silica and calcite precipitate below the water
table.

Island formation must be an important
component of the aggradational processes

T.S.McCARTHYETAL

which operate on the Okavango Delta fan and
much of the estimated 300-m thickness of ac-
cumulated sediment probably consists of s
land-type deposits. Although the actual precip-
itation is by inorganic processes, plants clearly
have played an important roje. The impor-
tance of vegetation in regulating the fluvial
processes which operate in the permanent
swamps has been recognized ( McCarthy et al,,
1986a, 1988, 1989; Ellery et al., 1989). It now
appears that aggradation on islands is also the
result of plant growth. It is therefore clear that
living organisms are intimately involved in,
and perhaps completely control, the aggrada-
tional processes which operate in the perma-
nent swamps,
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