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SEDIMENTATION ON THE DISTAL REACHES OF THE OKAVANGO FAN, BOTSWANA, AND ITS
BEARING ON CALCRETE AND SILCRETE (GANISTER) FORMATION

T.S. MCCARTHY anp W.N. ELLERY
Department of Geology, University of the Wirwatersrand, PO Wits, Johannesburg 2050, South Africa

Asstact:  The distal reaches or floed plain of the Okavango allovial fan
of northern Botswana are characterized by gently undulating topegraphy
with local relief generally less than two meters, The entire area is blanketed
by eolian sand. Although the area is semiarid with evapotranspiration
exceeding precipitation, the area is subject to seasonal fiooding by annpal
inflnx of floodwater from subtropical Angola to the north. Distributary
channels on the flood plain are poorly defined and consist of sinnous de-
pressions lacking normal fluvial characteristics such as levees, bars, or
incision. The flood water has very little suspended load. Higher ground on
the flood plain forms islands during the seasonal flood. Elevated tracts
arise by displacive, subsurface crystallization of carbonate and silica, which
is induced by trees that grow on the higher ground. Sedimentation on
lower-lying areas occurs by a combination of: (1) accumulstion of fine
clastic material derived from the flood water, and phytolithic silica, both
of which are mixed into the sandy substrate by itluviation and bioturbation;
and (2) precipitstion of fine-grained amorphous silica from the ground-
water, induced by transpiration by aquatic grasses and sedges. Accumu-
lation of silica in the soil profile produces a proto-silcrete. This sequence
grades laterally into carbonate-dominsted island soils. The ultimate canse
of this association is an abundance of water with low suspended load in
an environment with a high evapotranspiration rate, Ganisters in ancient
rocks may have a similar origin.

INTRODUCTION

The Okavango fan of northern Botswana (Fig. 1) is one of the largest
alluvial fans on earth, with a surface area in excess of 20,000 km2. It is
flanked by two smaller fans, both now dormant, and the total arca of the
fan compiex exceeds 65,000 km? (Shaw and Thomas 1994). The Okavango
fan has a very low gradient (about 1:3600), and analysis of its morpbology
suggests that it represents a new class of alluvial fan, which Stanistreet
and McCarthy (1993) termed a “losimean™ fan. There are at least three
of these fans on the African continent (McCarthy 1993). The Okavango
fan is on the fringe of the semiarid Kalahari Desert in the Kalahari Basin,
a shallow intracontinental basin covered by unconsolidated eolian sand.
Although the climate is semiarid, the discharge of the Okavango River,
which rises in subtropical Angola and which supplies the fan with water,
is sufficiently large to sustain some 6000 km? of permanent swamp in the
proximal reaches of the fan, and seasonal flooding inundates a further
6000 to 12,000 km? in the distal reaches.

Studies of sedimentary processes on the fan have shown that fluvial
sedimentation is confined largely to the channe! systems in the permanent
swamps, where both meandering and anastomosing channel systems are
developed (McCarthy et al. 1991a, McCarthy ct al. 1992; Stanistreet et
al. 1993). Relatively little clastic sediment is introduced onto the distal,
seasonally flooded areas of the fan because of the low suspended load of
the Okavango River (< & ppm), the very low gradient on the fan, and the
dense aquatic vegetation (McCarthy et al. 1991a).

The total solute load introduced annually onto the fan exceeds the clastic
load by a factor of two, and mass-balance calculations based on total
sediment inflow and outfiow (clastic and in solution) suggest that precip-
itation of solute load is an important aggradation mechanism on the fan
(McCarthy and Metcalfe 1990). The scasonally flooded areas seemed the
most likely place where such precipitation would occur, so we made a
detailed study of sedimentation processes in these distal reaches.
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THE OKAVANGO FAN AND THE STUDY AREA

The Okavango fan lies within a half graben (McCarthy et al. 1993
that is a southerly extension of the East African Rift system (Scholz et sl
1976). The principal detachments are the northeast-striking Kunyere and
Thamalakane faults (Fig. 1), which downthrow to the northwest. A north-
west-striking set of conjugate faults is also developed. The area is seis-
mically active, and there is evidence that water dispersal on the fan isin
part controlled by neotectonic acnwty (McCarthy et al. 1993a). Seismic
refraction studies that thickness of sediment beneath
lhe distal fan is about 300 m (Reeves 1978).

“"The climate is hot and dry {rainfall 500 mm/yr), and evapotranspiration
exceeds rainfall in all months of the year (Suicliffe and Parks 1989). Anmwl
evapotranspiration is 1860 mm (Wilson and Dincer 1976). The Okavango
River rises in subtropical central Angola. Discharge in the river at Mob-
embo (Fig. 1) peaks in March or April, but passage of the flood wave
across the fan is slow, taking four months to traverse the fan, so that
outflow in the Boteti peaks in July or August (Wilson and Dincer 1976;
McCarthy et al. 1991a). Only 2% of inflow plus rainfall (11 x 10° m*/yr
and § x 10° m¥/yr, respectively) leaves the fan as surface flow, and s |
further 2% is estimated to leave through groundwater flow (Dincer etal |
1981), the rest being lost by evapotranspiration. Notwithstanding this high
evapotranspiration loss, saline surface water is exceptionally rare on the
fan. This phenomenon was investigated during the present study.

Waier is distributed through the permancent swamp by a channel sysiem
{McCarthy et al. 1991a), but channe]l margins are permeable and allow
water to escape and hence sustain the surrounding permanent swamps
(McCarthy et al. 1988; McCarthy et al. 1991a). With the arrival of the
scasonat flood, there is a marked increase in the volume of water cscaping
through the channel margins, and the area of swamp expands, but it retracts
during the following dry season. This seasonally flooded area is referred
to as the seasonal swamp or flood plain, Channel systems are present in
the seasonal swamps, such as the Boro channel (Fig. 1), but they are peorly
defined, consisting simply of sinuous depressions. The beds of these chan-
nels are heavily vegetated, and bed-load movement is negligible. The
greater part of the flow in the distal reaches of the fan is therefore not
channelized, but is in the form of overland flow, as can be seen in the
Landsat MSS image in Figure 2. Flood water reaching the base of the fan
ponds against the Kunyere fault scarp (Figs. 2, 3), and a proportion over-
tops the scarp and flows toward the Thamalakane fault, where it collects
in the Thamalakane River. The scasonal flood is spread over a wide area,
leading to the exceptionally high evapotranspirational water loss.

The area around the fan is characterized by relict eolian features con-
sisting of linear dunes in the west and south and transverse to barchanoid
forms in the east, which formed in a more arid period than now (Fig.
Thomas and Shaw 1991). These dunes suppert woodland communities
(Thomas and Shaw 1991; Jacobberger and Hooper 1991) and are heavily
degraded (Lancaster 1981; Jacobberger and Hooper 1991), although dune
relief still locally exceeds 20 m. The dune ridges terminate along the edge
of the fan. Termination is in places abrupt, for example to the west of the
fan, where the dunes terminate along the trace of the Gomare fault (Figs.
1, 2) but elsewhere is diffuse, as can be seen east of the Panhandle (Fig
2), where degradation appears to have been associated with Aooding of
the interdune areas (Grove 1969; Mallick et al. 1981). The flood plain of
the fan is devoid of eolian features. Although eolian topography is absent
on the fan, the soils are typically very sandy, and the size distribution of
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this sand is typical of eofian sand of the region (McCarthy, unpublished
data). '

The study area is adjacent to the Kunyere fault (Figs. 3, 4). Interdune
areas southeast of the fault are seasonally flooded, emphasizing the eolian
topography, while to the northwest, no eolian features are cvident and the
topography is gently undulating, resulting in a vast archipelago during the
flood season {Fig. 3). However, surface soils on both sides of the fault are
very sandy. Two sites were chosen for detailed study: one straddling the
Boro channel and a second about 1.2 km north (Fig. 4).

METHODS
Field Studies

At the Boro channel site, topography was surveyed along a transect
between two smal” 1.1ands on cither side of the channel and along radial
transects from ear® sland (A to F, Fig. 4). The Boro channel was dry at
the time of the survey {April 1992), At the northern site, a “V™ shaped
transect was topographically surveyed (G to I, Fig. 4), one branch of which
crossed an elongated island promontory. The latter site was surveyed in
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2 e Fic. 1.—Map showing the location and major

features of the Okavango Fan.

April 1991. Auger holes were made to depths of 2-3 m at approximately
30 m intervals along the transects; the nature of materials encountered
was recorded and sediment samples were collected at imervals of 20-50
em. Vibracores were taken at selected positions, but use of this technique
was limited by poor penetration due to the cohesive and adhesive nature
of the sediment. Depths to the water table were measured in the auger
holes, and water samples were collected for chemical analysis. Vegetation
cover and species composition were recorded along the transects,

The Boro site was monitored at various times for four months during
the arrival of the seasonal flood (April-July 1992). During this period,
flood stage and water table were measured along parts of the transect, and
surface and groundwater samples were collected for chemical analysis.
New auger holes were made at each sampling period.

Laboratory Studies

All sediment samples were dried at 110°C, milled to —200 mesh, and
analyzed for CaQ and Al,Q, by X-ray fluorescence spectrometry, using
pressed powder briquettes. Analysis by this method has a relative standard
deviation of 15%. Selected samples were subjected to complete chemical
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Fic. 2.—Compostte Landsat MSS image of
the Okavango Fan taken near maximum flood
in July 1984. Dark areas are flooded. Arrow
indicates location of Figure 3.

analysis using a more accurate and precise fusion method (Norrish and
Hutton 1966). CO, and H,0 were determined by thermal decomposition
in an inert atmosphere using a Leco analyzer. Organic carbon was deter-
mined by thermal oxidation in a Leco analyzer, correction being applied
_ for carbonate. Size analysis was carried out on selected samples using
conventional dry sieving and the laser-based Malvern Mastersizer, which
uses a dilute slurry. The < 56 um fractions of selected samples were
subjected to full chemical analysis. Samples were also studied mineralog-
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Fi6. 3.—Detail of part of the Landsat image showing the contrasting topography Fic. 4.—Map of the study area, showing location of the surveyed transects (A 2 ]
across the Kunyere fault line. The scene is approximately 50 km wide. Arrow  to T). Stippled areas represent islands. See Figure 3 for location. The coordinates L
indicates location of Figure 4. See Figure 2 for locztion of the area. of Atoll Island are 19°49.58'S, 23°23.94'E. ?
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ically using conventional light microscopy, X-ray diffraction, and electron
microscopy with EDX capability. The electrical conductivity of all water
samples was measured using a Hanna conductivity meter, and selected
samples were analyzed for major solutes using methods described by Mc-
Carthy et al. (1991b). A physical model consisting of an acrylic tank,
partially filled with sand, was used to simulate groundwater flow patterns
beneath the fiood plain (McCarthy and Ellery 1994).

RESULTS

Topography and Vegetation

The study area is gently undulating with a topographic relief of about
2 m (Fig. 5). The higher-lying ground is never flooded and supports large
trees near the island edges, whereas interiors of the islands are dominated
by the grass Sporobolus picatus. The lower ground supports a variety of
prasses and sedges, which show a distinct zonation based on the duration

Fi. 5.—Topography and distribution of sed-
iment types along the transects. Solid circles
mark sample positions.

of flooding. The channel itself is vegetated by submerged and floating-
leaved macrophytes during flood, so bed-load movement is negligible. @

The northern island at the Boro site was named *Atoll Island™ because
it consisted of a nearly complete, semicircular, raised rim with large trees,
surrounding 2 sparsely vegetated, slightly depressed interior, The southern
island, named “Camp Island”, is smaller and mound-shaped. A smaller,
circular mound-like feature, which is fiooded for pant of the year, is also
developed on the transect adjacent to the Boro channe!. The Boro channel
at the site is 2 gentle depression about 30 m wide and when dry is difficuly
to differentiate from the surrounding terrain because it shows no fuvial
characteristics such as levees or incision.

Part of the transect at the northern site crosses a promontory (named
“Finger Island") extending from a large island adjacent to the transect
(Fig. 4). Point H on this transect (Fig. 4) lies in a small depression. The
topography shown in these transects (Fig. 5) is typical of the seasonal
swamps.
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Fi. 6.—Histograms showing grain-size dis-
tributions of selected samples. Samples A, B,
D, G, and H are sandy clay facies, C and E are
surficial sands, F is clay-rich sand, and | and J
are dune sands from south of the Kunyere fault

Stratigrapky

On the basis of texture and composition, seven facies could be differ-
entiated in the auger holes and three vibracores. Distinct boundaries arc
not recognizable between the facies, which tend to grade into each other,
and there is no well developed stratification.

Surficial Sand.— Unconsolidated, pale-brown 1o gray sand, becoming
darker with increase in organic-matter content. Size distributions are shown
in Figures 6C and E. The sand is well sorted with a mean grain size of 2.2
. This facies is confined to the surface (Fig. 5), attaining a maximum
thickness of about 50 cm, but typically less than 30 cm.

Sandy Peat.— Partly decomposed rhizomes and roots with a variable
petcentage of sand, locally overlain by peat. It grades downward into dark,
sandy material of the previous facies or into sandy clay. It is present on
lower-lying ground adjacent to and in the bed of the Boro channe} (Fig.
5). The material forms desiccation cracks on drying.

Qlay-Poor Sand.— Fine sand, generally dark brown or dark gray, with
a tendency to aggregate when damp and forming very friable aggregates
on drying. It contains small, soft, white, irregular pellets or streaks of
carbonate and abundant roots. It is generally present beneath higher-lying
ground (Fig- 3). )

Clay-Rich Sand.— Brown, sandy material, distinctly plastic when wet,
that grades into the previous facies. Itis also present beneath higher ground
and contains abundant roots. A typical size distribution is shown in Figure
&F.

Nodular Sand.— Very pale-gray to white sand that is locally cemented
into hard aggregates varying in diameter from a few millimeters to more
than a centimeter. In some of the auger holes, the nodules were several

fine.

centimeters in dizmeter, making augering impossible. This facies is present
beneath islands.

Sandy Clay.— Clay-like material varying in color from pale gray 1o black
and containing abundant roots. The dark variety is generally present near
the Boro channel, but at the northern site, this facies is generally pale gray
and locally contains small carbonate nodules. Typical size distributions
are shown in Figures 6A and B and are distinctly bimodal. This facies is
present beneath lower areas that are regularly flooded.

Pale Sand.—Very pale brown sand, similar to the surficial sand, is
present in deep vibracore holes (Fig. 5). Its full lateral cxient is unknown.

Petrographky and Chemistry

The most abundant constituent in all the sediment examined is well
rounded quartz sand, with an average grain size of 2.2 ¢ (Fig. 6 A-H).
This is identica! to the sand that forms the dunes somth of the Kunyere
fault line (Fig. 61, J). The nodular sand aiso contains extremely fine calcite,
which at high concentrations cements the sand grains to form nodules and
at lower concentrations forms white, weakly cemented aggregates in the
sand. Amorphous silica is also present in this material and appears as a
fine isotropic residuc after treatment of the nodules with hydrochloric
acid, Calcite and silica are present in lesser percentages in the clay-poor

~ and clay-rich sand.

The distribution of calcite is reflected in the Ca0 content of the sediment
(Fig. 7). Concentrations are highest bencath the islands, and there is a
close correspondence between topography and calcite content, the highest
ground generally located above arcas of high calcite abundance. A similar
relationship between calcite content of sediment and topography was re-
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corded on islands in the permanent swamps on the proximal fan {Mc-
Carthy et al. 1593b).

The sandy clay has a much higher proportion of fine material (Fig. 6A,
B, D, G, H) and 4 distinctly bimodal size distribution. In many samples,
the proportion of matrix is so high that the quartz grains float in theine
matrix {Fig. 8). Petrographic, SEM, and X-ray diffraction analysis of the
matrix reveals a mixture of kaolinite, minor illite, very fine quartz, biogenic
siliceous bodies {some diatoms, but mostly phytoliths, Fig. 9), and non-
biogenic amorphous silica. The material is often stained by organic matter.
No trace of opat was found by X-ray diffraction (Jones and Segnit 1971).

Chemical analyses of selected sediment samples (Tables 1, 2) are gen-
erally high in silica because of the kigh quantz content, although in some
samples dilution of silica by organic matter and carbonate is evident.
Alurninum content, which refiects clay abundance, generally increases with
depth. Selected chemical compositions of the < 36 pm size fraction (Table
3) show a lower silica content than the bulk samples, with higher iron-and
aluminum.

Iron and aluminem are highly correlated (Fig. 10A), with the < 56 um
fraction lying on the projection of the trend defined by the bulk samples.
This indicates that the iron-to-aluminum ratio is very uniform in afl
samples and that both are present in the fine fraction. Aluminum and

Fic. 7.—Subsurface distribution of Ca0 {con-
towrs in weight percent). Solid circles mark
sample positions; opet circles mark posilions
where water table was recorded.

titznium are similarly correlated (Fig. 10B), which indicates that titanium
is also present in the fine fraction, The correlations in Figure 10 reflect
mixing lines between quartz sand and a fine fraction rich in iron, alumi-
num, and titanium. Examination of the fine fraction using the EDX facility
on an SEM indicatpd that both iron and titanium are associated with clays
{mainly illite) o iron-rich or titanium-rich phases were found. How-
ever, analyses of bulk suspended particulates in the size range 0.4-15 pm
extracted from flood water by Sawula et al. (1992) indicated that such
phases may be present.

Mincral compositions were calculated from the chemical analyses (Ta-
bies 1-3) in the following way: clay content was calculated using the the-
oretical compositions of illite and kaolinite (excluding iron), illite being
caiculated first and excess aluminum then being assigned to kaofinite.
Remaining SiO, afier this step is reported as silicz, which would inciude
both quartz and amorphous forms. Carbonate was calculated by combin-
ing inorganic CO, with an appropriate quantity of calcium and if necessary,
magnesium. Organic matter was calculated by deducting inorganic CO,
and clay-bound water from the loss on ignizion. The resulting mineral
composition is an approximation, being accurate to within about 10% of
the abundance quoted. The clay content is variable, and is lowest in the
surface samples. Even the sandy clay facies has clay content below 20 wt
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Fic. 8.—Photomicrograph of sandy clay. The scaie bar is 0.5 mm long.

%. At least haif of the < 56 um fraction consists of silica (Table 3) in the
form of fine quartz, diatoms, phytoliths, and amorphous material. The
spatial distribution of clays in the sediment is reflected by the aluminum
content (Fig. 11). Clays are generally concentrated beneath the lower-lying
ground that is more frequently flooded. The sandy clay facies has alu-
minum contents > 2 wi %, ’

Hydrology and Hydrochemistry

The water table was surveyed at both study sites, but only the site
adjacent to the Boro channel was amenable to longer-term monitoring
because of logistical difficulties. At the time of the initial survey there was
no surface water at the latter site and the water table was essentially
horizontal (Fig. 12), with a slight depression benezth the Boro channel.
The arrival of the scasonal flcod carly in May produced a rise in the water
table (Fig. 12). The water table adjacent to the Boro channel responded
immediately to the arrival of the flood, but on the north side of Atoll
Island response was delayed until the surface in that area had been in-
undated. This occurred one month after flood water appeared in the Boro
channel. By 29 May the surface water around the Boro was at a higher
¢ievation than the land surface of this area to the north, but ingress of
water was delayed by the irregular topography in the surrounding ares,

Fic. 9.—SEM photomicrograph of < 56 xm fraction from the sandy clay facies
showing phytoliths (p) and diatom (d).
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Fic. 10.—Plot of A) total iron vs. aluminum and B) titaniom vs. alyminum in
bulk sediment samples and < 56 um fractions.

The electrical conductivity of the groundwater, a measure of total dis-
solved solids (TDS), was measured along the entire series of transects (Fig.
13). There is considerable lateral heterogeneity in groundwater composi-
tion, with conductivity varying by almost three orders of magnitude over
a lateral distance of 100 m across the island cdge. Topographically elevated
ground is underlain by more saline groundwater. The pH of the surface
and groundwater ranges from 6.1 to 8.7 and generally increases with con-
ductivity (McCarthy et al. 1991b).

The effect of ingress of seasonal flood wzter on the groundwater chem-
istry was studied by measoring the conductivity of water samples from
Points A’ to E' (Fig. 13) collected during rise of the flood (Table 4). In
spite of the low conductivity of flood water, no dilution occurred at any
of the sites. Groundwater at monitoring point C actually showed a slight
rise in conductivif}. These data indicate that inflow of flood water into
the subsurface adjacent to the Boro channel has the effect of lifting the
saline groundwater bencath topographically elevated ground without in-
ducing any dilution or mixing.

The processes invol ved are illustrated by the results of experimnents using
the sandbox model (Fig. 14). Prior to flooding, the water table, which 13
marked by dyc spots, is horizontal (Fig. 14A), a situation corresponding
to that recorded on the 25 April (Fig. 12). The infiow of water into the
central depression in the sandbox, analogous to the arrival of the flood in
the Boro Channel (11 May, Fig. 12), causes downward and lateral dis-
placement of the dye spots beneath the “channel™ (Fig. 14B). The water
table rises beneath the high ground (“islands™) on either side of the “chan-
nel”. Thus, during recharge, the groundwater follows curved flow paths
away from the channel, where major recharge occurs, while the water table
rises beneath istands.
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Tame |.—Chemical and calculated mineral compositions of sediment a1 the Boro channel site (in weight percent®
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The vegetation at the center of Atell and Camp Islands consists exclu-
sively of the very sali-tolerant grass Sporobolus spicatus. This indicates
that the groundwater bencath the central region of these islands has been
saline for a long time, certainly many years or even decades, which suggests
that the saline water remains localized beneath the islands over many
ftood cycles and does not flow laterally. This localization of saline ground
water beneath isiands has been recorded clsewhere in the swamps (Mc-
Carthy and Ellery 1994). In the case of the transect across Finger Island,
the salinity maximum is slightly offset relative o the topographic high
(Fig. 13), but little can be deduced from this because of the complex
topography and pronounced slope on the water table.

Plots of Na vs. 8i0, and Na vs, Ca in the groundwater (Fig. 15) reveal
its chemical evolution. The significance of these plots is discussed by
McCarthy et al. (1991b). In brief, sodium serves as a conserved clement
in the water, and its increase in concentration reflects progressive eva-
potranspirative enrichment. Silica and caleium are also concentrated by
this process until saturation in silica is reached at 100 ppm Si and in calcite
at 40 ppm Ca, comresponding to conductivities of 0.13 mS/cm, and 0.38
mS/cm, respectively (McCarthy et al. 1993b). All of the groundwater
samples at the Boro site have conductivities exceeding 0.18 mS/em, and
hence are saturated in silica, but those beneath the higher ground are
saturated in both silica and calcite (Fig. 13). In contrast, all of the ground-
water samples from the Finger Island site are saturated in both silica and

calcite (Fig. 13). However, s.urfaoe water at both sites is undersaturated in
both minerals.

DISCUSSION
Sedimentation Processes on the Lower Fan

The sediment in the study area is dominated by well sorted sand of 2.2
¢ average grain size (Fig. 6), a value identical to the sand forming the
dunes south of the study area and typical of much of the Kalahari sand
(Thomas and Shaw 1991). This material has been modified by admixture
of fine material consisting of clays and silica beneath frequently flooded
areas and of carbonate and silica beneath higher ground. The absence of
distinet stratification, the bimodal size distribution, and the consistent
presence of the 2.2 ¢ size fraction in all facies rule out deposition by simple
fluvial processes and indicate a more complex depositional history. It is
necessary to appeal to at least two scparate processes 1o account for the
introduction of fines, because the processes operating beneatipflood plain
and islands are clearly different.

Flood Plains,— The introduction of clays together with finc quartz and
phytoliths into the sediment bencath the frequently flooded areas requires
a mechanical process that docs oot modify the size distribution of the
sand We believe that the most likely process is illuviation of fnes into
preexisting eolian sand, with fines being derived mainly from the flood

Tans 2.~ Chemical and calculated mineral compositions of sediment at the Finger island site (in weight percent/
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Tasie 3.— Chemical and calculated mineralogical composition of the <56 pm

Jraction (in weight percent).
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Fig. 11.=The subsurface distribution of
Al O, (contours in weight percent). Solid cir-
cles mark sample positions.

water but also from plants in the form of phytoliths. Several factors en-
hance such illuviation; the low (but not zero) concentration of suspended
load in the water (McCarthy et al. 1991a), the dominance of kaolinite, the
sodic nature of the groundwater (which enhances dispersion of the fine
fraction), and the large annual influx of water into the sediment underlying
the fiood plain. Sawula et al. (1992) analyzed particulates in the size range
0.46-15 um in Boro channe! water and reported that silica dominates the
suspended load and that very little aluminum is present, although they
did not report its actual abundance. It seems likely, therefore, that most
of the clays must be in the 15-36 um size range. Another source of finzs
is airborne dust, which could account for the presence of clays on the

- islands, but because the content of clay-rich fines in flood-plain sediments

is greater than on islands, flood water must constitute the major source.
Mixing of fines into the subsurface is further enhanced by bioturbation
by roots and especially by fauna (termites, moles, antbears, etc.), which
forage on the flood plains during the dry season, .

1t is likely that chemical precipitation of silica and locally of calcite
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Taxe 4.— Electrical conductivities (mS/cm) of water samples collected during

arrival of the seasonal flood
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further augments the illuviated material, because groundwater throughout
the area is saturated in silica and any evapotranspirational loss of ground-
water will therefore induce silica precipitation, as discussed below. The
high silica content of the fine fraction (Table 3) must in part be due to
this process. The introduction of fine material by illuviation, bioturbation,
and precipitation results in vertical expansion, thereby inducing aggra-
dation of the flood plain,

Isiands, — Islands are characterized by localized subsurface accumula-
tions of calcite, and the close association of carbonate with islands suggesis
that islands are actually formed by carbonate precipitation and are an
example of dispiacive calcite crystallization as envisaged by Watts (1978).
Similar mounding of calcretized areas has been recorded by Mann and
Horwitz (1979). Nevertheless, the sediment beneath islands also contains
abundant eolian sand, indicating that carborate was precipitated within
preexisting sand. Islands are also characterized by the localization of very
saline groundwater and by the presence of large trees, ofien as a fringing
ring around the outer edge. Transpiration by trees removes water but leaves
dissolved solids behind, causing increased salinity in the groundwater,
which induces further precipitation of silica and ultimately of carbonate
{McCarthy et al. 1993b; McCarthy and Ellery 1994). This occurs around
the island fringes, producing outward and upward growth of the island
and hence causes a conical distribution of carbonate beneath islands, as
in the case of Atoll Island (Fig. 7). Islands must nucleate on some pre-
existing topographic feature such as a termite mound or 2 dune crest,
because indigenous trees cannot survive prolonged flooding.

The marked contrast in topography on opposite sides of the Kunyere
fault (Fig. 3) provides further insight into the processes described here.
The entire area was probably once characterized by eolian topography
consisting of linear dunes, as still exist southeast of the fault. Repeated
flooding and resultant aggradation of the dune streets on the downthrown
side of the fault has coniributed to leveling of the topography, and the
widespread 2 ¢ sand fraction is the only trace of this formerly extensive
dune field. Under these conditions, the dune crests might be expected to
provide nuclei for island formation, would propagate upward, and hence
should form higher ground in the flooded terrain. That this is not the case
suggests that the aggradation rate of the flood plain is faster than that of
islands. It is thus possible that islands are ultimately overrun and sub-
merged by the aggrading flood plain. New islands are probably continually
nucleating, so that a wide spectrum of ages and sizes of islands exists at
any on¢ time. Large termitaria almost certainly provide auclei for isiand
growth, but large-scale “tepee” structures generated by displacive silica
precipitation in the flood plains might also initiate island growth.

The processes of flood-plain and island aggradation described here are
ultimately controlled by the water table and by seasonal Rooding, i.e., by
regional water levels. Therefore, their long-term effect is to flatten the
terrain through differential aggradation. Low areas receive more water and
hence agprade faster, whereas less sedimentation occurs beneath or on
pronounced topographic higits.

The Role of Plants. - Each year, the groundwater beneath the flood plain
is recharged by the seasonal fiood. The surface water has a very low
conductivity, even toward the end of the season. Thus, surface water in

-

Fic. 14.—Sandbox model experiment with the surface shaped o represent a
channel cross section, the high ground at each end representing islands: A) prior
1o flooding; the dark dye spots and the symbol WL mark the position of the water
table; B)aﬁerﬁoodin;;thcmowmentsofthedyespolsil]mtemundwatgr
flow patterns induced by the flood (also shown by arrows). Note that recharge
occurs in the area beneath the channel, while beneath the islands, the water table
Tiscs in response.

April 1991 had a conductivity of 0.13 mS/cm, and the first flood water
to amrive, in May 1992, which represents surface water of the previous
season displaced by the advancing food, had a conductivity of 0.16 mS/
cm. Conductivity declined to 0.11 mS/cm 25 the flood advanced (Table
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contents. The solid lines show the evolution trends of Okavango groundwater
(from McCarthy et al. 1991b),
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4). Particularly adjacent to the Boro Channel the groundwater is therefore
recharged by low-salinity water, but by the end of the season the conduc-
tivity of the near-surface groundwater had approximately doubled to around
0.23 mS/cm. Therefore, over a single season, the salinity of the surface
water increases by about 40%, while groundwater salinity increases by
100%. The implication is that transpirational loss of water by bottom-
rooted plants on the flood plain is greater than that of evaporation from
thefreewatcrsurface.ﬂ:ishasbeenrecosnizcdinpapyms swamps else-
where in Africa {Rijks 1969). '

The mechanism envisaged is best illusirated with the aid of a Quanti-
tative example based on Figure 16, which shows z cross section through
a typical area of seasonal swamp. In this example, vegetation consisting
of grasses and sedges is assumed to be rooted in sand {25% porosity) to a
depth of I m and to be growing in 25 cm of water with conductivity 0.10
mS/cm. The pore water in the soil represents recent recharge, and its
conductivity is also 0.!0 mS/cm. Transpiration by aquatic vegetation is
normally considered 10 be equivalent to 70% of open-water evaporation
(Rijks 1969). In the case of a vegetated swamp such as this, however, the
waler surface is shaded and protected from the effects of breezes. Moreover,
transpiration produces a high water vapor pressure at the free water surface,
These factors cause transpirationat water loss to excoed evaporation loss.
For the purposes of the illustration, we shall therefore assume that the
ratio of transpiration to evaporation is 1.5. As the plants transpire, they
remove water from the soil, which is replaced by inflow from above, We
shall, for the present, assume that this mixes uniformly with residual pore
water over the entire rooting depth. Afier an interval of time has elapsed
during which 10 cm of water has evaporated (15-20 days) the concentra-
tion in the surface water will have iscreased to 0.17 mS/cm. However,
during this same time interval, 15 ¢m of water will have been transpired,

so all of the surface water will have disappeared. The salinity of the soil
pore water will have doubled.

Although this example illustrates the general principle, the real situation
is more complex, Root density varies with depth; pore water does not mix
during recharge so a vertical concentration gradient may develop in the
soil; surface water is not static; there arc lateral variations in vegetation
density; and plants remove some metals from the water (although not
when integrated over several scasons, becausc the plants shed leaves, thus
returning metals to the soil). Nevertheless, the overall effect is to increase
the salinity of the groendwater at a faster mte than the surface water, and
in the study area this appears to result in widespread precipitation of silica
beneath the fiood plain, We believe that this process is the reason for the
absence of saline surface water in the Okavango fan. The process could
also account for the slight depression in the water table under the bed of
the Boro channel at low flood (Fig. 12), because in this area the rooting
depth is at its deepest, and in part, also for the small-scale iateral variations
in groundwater salinity (Fig. 13).

Plams,upeciaﬂymssesandsedm,alsopmvideasomofﬁnesﬂim
in the form of phytoliths. Plants absorb silica from the groundwater that
precipitates in the tissue. Decay of the plants or destruction by fire releases
these silica phytoliths, and they are illuviated into the soil by rain and
flood water.

Trees create local transpiration “‘anomalies™ because they have exten-
Sive root systems and are capabie of transpiring a greater volume of water
per unit surface area than grasses and sedges. Consequently, they daw
groundwater from surrounding areas and focus the precipitation of dis-
solved solids, leading to island growth. Transpiration by trees also Iocalizes
saline groundwater (McCarthy et al. 1993b; McCarthy and Ellery 1994),
forming sinks for the more soluble salts. The saline groundwater in turn
influences the species composition of the flora, because different species
are able to tolerate different groundwater salinities (Ellery et al. 1993).

Evaporation within the capiliary zone may also be important in hoth
the isiands and the flood plains (Watts 1980; Summerfieid [ 982: McCarthy
and Metcalfe 1990) especially if the groundwater is saturated in sitica and
calcite. Most precipitation would occur toward the top of the capiliary
zone, but because the water table is subject to marked fuctuations, the
zone of precipitation would tend to spread over a vertical range. The
concentration of calcite around the edges of islands (e.g., Atoll Island, Fig.
7) suggests, however, that in the case of calcite at least, precipitation
induced by transpiration is more important than capillary evaporation,

The Relevance of the Okavango Fan to Siicrete and Calcrete Forms-
tion.— Although the sediments of the distal flood plain are largely uncon-
solidated, it is useful to consider the stratigraphic sequence that could
result after lithification. Amorphous silica (phytoliths and precipitated
silica) is likely to recrystallize during diagenesis, producing a siliceous
cement to the sand grains, because of the lower solubility of Quartz relative
to amorphous silica (Fournier 1985). The top of the flood-plain succession
would then consist of an organic-rich sandstone (the ofganic-rich sand),
Underiying this would be a silcrete (the sandy clay and clay-rich sand),
with abundant root casts and rhizoliths and occasional desiccation cracks,
The textures would rescmble the GS (grain supported) to F (floating)
texture of silcrete described by Summerfield (1983a). This would grade
downward into quartz arenite (the pale sand). Transitions between facies
would in general be gradational and irregular with little or no stratification.
Thessilcrete horizon would locaily grade laterally into carbonate-rich sand-
stone.

This succession would meet virtually all of the criteria discussed by
Percival (1983a) as important in the recognition of ganisters and in many
respects resembics the Firestone Sill ganister described by Percival (1983h)
and those of the Waddens Cove Formation described by Gibling and Rust
(1992). Indeed, the chemical compositions of the Waddens Cove For-
mation ganister are almost identical 10 those of the clay-rich sands and
sandy clays described here (see Table 13-1 of Gibling and Rust 1992). By
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these criteria, the flood-plain deposits represent a proto-ganister or siicrete
and hence provide uscful insight into the mechanisms involved in their
formation,

Summerfield (1983a) differentiated between silcretes formed in weath-
ering profiles (WP) and non-weathering-profile types (NWP), the former
resulting from prolonged leaching in a weathering environment and the
latter by silicification of preexisting material. The only significant chentical
difference between these two types is the TiO, content, which is signif-
cantly higher in the WP type (> 1.2% TiO,; Summerfield 1983b). Tita-
nium is residually concentrated as other constituents, notably aluminum,
are leached from the profile in the WP type. In the NWP type, Ti(),
contents are gencrally lower, and moreover vary sympathetically with
aluminum (e.g., Fig. [0B), although the Ti0,/Al,0, ratio differs between
different occurrences, indicating physical mixing of quartz and a fine frac-
tion with essentially constant Ti0,/Al,0, ratio.

In the Okavango flood-plain deposits, the processes leading 10 silcrete
formation are illuviation of phytolithic silica into the profile and precip-
itation of amorphous silica from the groundwater, Ilfuviation is important
in soil-profile development, but unlike normal soils, illuviation on the
Okavango flood plains represents an aggradational process. Hluviation of
clays in this case is incidental and is simply a reflection of the presence
of clays, albeit in small quantities, in the seasonal flood water. Iluviation
of silica is, in contrast, of significance. This silica is provided by direct
precipitation and by the plants, and its ultimate souree is the groundwater.
Recrystaliization of this sifica during diagenesis constitutes a potentially
important cementing process.

Many authors have discussed the mechanisms leading to silica precip-
itation in soil profiles and often appeal to variation in pH to account for
this phenomenon (e.g., Sunmerficld 1982; Summerfield 1983¢; Gibling
and Rust 1992). The results of this study indicate that, in the case of the
Okavango flood plain at least, pH is near neutral and plays little, if any,
direct role in silica precipitation. What doas appear to be important is loss
of water, which increases the salinity of the groundwater, inducing silica
precipitation. Moreover, silica taken up by plants is returned to the sed-
iment in the form of phytoliths. In the absence of a large suspended load
1n the seasonal flood water, these sources of silica are important contrib-
utors to the accumulated sediment.

CONCLUSIONS

The original eolian topography of the distal reaches of the Okavango
fan has been overprinted by alluvial processes to produce a gently un-
dulating flood plain with scattered islands and limitsd topographic relief.
Inundation by seasonal flood water over a long period has resulied in
aggradation, initially in dune streets and then over larger areas, Several
processes are responsible for this aggradation. Physical admixture of fines
into the sandy substrate by illuviation and bioturbation is particularly
important in the flooded areas. Fines are introduced mainly by the seasonal
flood water and to a lesser extent by airborne dust, and congist of clays
and fine quartz, This is augmented by phytolithic silica produced in situ
and especially by chemical precipitation of silica from the groundwater,
In addition, Jocalized precipitation of calcite ocours, resulting in differential
expansion and thus producing istands on the flood plain.

Vegetation plays a pivotal role in aggradatiol on the distal fan. Tran-
Spiration by aquatic grasses and sedges accounts for much of the water
loss and induces saturation in and precipitation of silica in the flood-plain
sediments. These plants aiso release phytolithic silica. Transpiration by
trees results in localized processing of large volumes of groundwater and
causes displacive crystallization of silica and especially calcite, producing
swelling and hence island growth. This results in localization of high-
salinity groundwater to arcas beneath islands and produces considerable
lateral heterogeneity in groundwater chemistry. Recharge of the ground-
water occurs during seasonal flooding, mainty in topographically low areas.

The saline groundwater beneath islands rises as a result, with no dilution
or lateral movement. Therefore, saline groundwater remains localized
beneath isiands for long periods.

The various aggradational processes operating on the flood plain are
vitimately controlled by the water table and flood stage, thus maintaining
the topographic refief within 2 narrow range. This results in maximum
dispersal of the flood water on the flood plain. The processes of flood-
plain sedimentation produce proto-sileretes. The ultimate control on for-
mation is the semiarid climate, with evapotranspiration greatly in excess
of rainfall.
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