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Abstract

The siliciclastic sediments of the Ok avango inland Dela of northwes Botswana have amodal composition of guanz arenites
and result from a complex history, including transport by river and deposition in a nascent rift basin located in a desent
environment with input of aeolian sands. The geochemical composition of sediments from fhe Olavango Delts was determined
in order to constrain the mle of weathering at the source and the composition of the seunce rocks, The chemical analyses and the
interglement ratios show a broad compositional range wsually encompassing the PAAS composition. The chemical index of
alteration {C1A) values and the A-CN-E diagram define an evolution trend which can be inerpreted wsing a mixing model
involving a strongly weathered component which corresponds to the sedimentary fraction transported by fhe Okavango River
and a relatively immature component which comesponds to the asolian sand component of the Okavango sediments. Field
goological data supporied by geochemical ratios involving elements with affinity for mafic—ultramafic and felsic rocks such as
ThiTr, Th'Se, La‘Se, La'Co and FwFu* support & source area including mafic—ulramafic and felsic rocks, with or without
intermediate rocks. The relationships between certain elements {Cr—Ni, Na,O-ALO,y, K 0-ALD,) refine te inempretation by
pointing to the existence of af least three source rock end-members, including a felsic rock source and pyroxene-rich and
olivine-rich mafic—ultramafic source mocks, Proterozoic granitoid—gabbro and related volcanic and orntho-metamorphic mock
complexes exposed in NW Botswana and adjacent Angols and Mamihia are the source rocks of the sed iment compoment which
was mixed with aeolian sand and interacted with a variable proportion of diagenetic carbonates o produce the Okavango
sediment,
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and weathering at the source of sediments (Taylor and
MeLennan, 1985; Roser and Korsch, 1988; Hassan «t
al, 19949 Cullers, 2000). Concentrations of major,
trace and mre carth elanents (REE) of sediments are
well suited to constrain provenance and source rock
composition. The REE are trmsferrsd with minimal
fractiomation from the soume matenal imto sediments
(Taylor and McLennan, 1985). The negative Eu
anomaly commonly recorded in felsic igneous mcks
is wsually detected in clastic sedimentary rocks
ariginating from a source made of felsic rocks (Gao
and Wedepohl, 1995), Elemental ratios, e.g., La/Se,
La/Co, are wsaually good discriminators betwesn mafic
and felsic source rocks because La, Th and Zr are
more concentrated in felsic igneous rocks whereas Co,
S¢ and Cr have higher concentrtions in mafic mcks
(e, Wronkiewicz and Condie, 1987).

The Okavango siliciclastic sediments, which are
the focus of this study, are pariculardy important
because they ocour inoa large alluvial fin with a
wetland which is the largest Ramsar site on earth. The
sediments result from a complec history including
ermsion from a relatively wet hinterland in Angola,
transport by river and deposition in a basin located in
a semiand envimnment and direat input of asolian
sands from reworked dunes i the Kalahan desert. In
this paper, the tenn asolian sand refers to both direct
imput of fresh asolian smmd and reworked asolian sand
transported into the hasin by the Okavango River.

The ohjectives of this paper are (1) to present new
chemical malvses of Quatemary siliciclastic sedi-
ments from the Okavango inland Delta; (2} to
comstrain the mle of weathering at the soume of the
Ohavango sediments and the composition of the
souce mcks for the Olavango Delta sediments
excluding the asolian sand imput.

2. Geological setting

The Okavango Delta overlies Precambrian igne-
ous—metamomphic meks that include the following
main units (Fig. 1) (1) Paleoprotemaeoic ~2.05 Ga
augen gneiss, grmites and amphibolites exposed in
the Cangwa arsa (Kampunzu and Mapeo, unpublished
data) and 203 Ga grmulites exposed in the Gweta
area (Mapeo and Armstrong, 2001); (2) Mesoproter-
ozoie 1 210 Ga gabbros, granites, metarhyolites ad

metabasalts (Kampunzu et al, 1998, 1999); (3)
Meopmterozoic siliciclastic and carbonate sedimen-
tary mcks forming a blanket above older Proterozoic
mcks (Kampunzn etal., 2000; Mapeo et al., 2000); 4)
Kamo Supergroup (not shown in Fig. 1), including
mainly siliciclastic sedimentary meks deposited dur-
ing the Permo-Carboniferous and mafic lavas and
dolenites emplaced between ca. 181179 Ma (Camney
etal, 1994; Le Gall et al., 2002).

The Okavango Basin is a Cuatemary half-graben
(MeCarthy «t al, 1993; Modisi, 2000; Modisi et al.,
20007 which mepresents the sothwestern extension of
the East African nift system (Kampunzu et al., 1998h).
[t is located within the Falahan Basin, which is a
shallow intracomtinental basin, Aeromagnetic and
seismic reffaction studies suggest that the maximm
thickness of sediment, in excess of 200 m, ocours in
notthern Mamibia and in the Okavango graben in
Botswana (Reeves, 1978; Modisi et al, 2000).
Mineralogical studies of Kalahan sands suggest that
it represents an accumulation of in sitn weathening
products of pre-Kalahari lithologies, in addition to
material transported into the basin, (Thomas and
Shaw, 19917, The major pat of the catchment area
comprises loosely consolidated, chiefly asolian smd
of the presently active Kalahari Basin, The Olavango
Delta sediments studied in this paper represent the
youngest {Chuternary ) stmtigraphic it of the Kala-
hari sedimentary basin, Potential source mcks of the
Clavango Delta sediments are mainly  Proterozoic
granitoids, gabbros and mrelated voleanic and ortho-
metamorphic rocks exposed in the catchment area in
Angola, northen Mamibia and northem Botswana,

3, Local setting

The Okavango River enters the Makgadikgadi-
Ohkavango—Lambezi (MOZ) rift depression (Ringrose
et al, 2005) through a namow NW-SE-trending
swamp called the Panhandle (Fig. 2) before extending
into a large (=12,000 km®) inland alluvial fan
(MeCarthy et al, 20007, The Okavango Delta
represents the temmimis of a fluovial system which
drains from the central highlands of An&ula where
armual inflow is estimated at 1,01 10" m® measured
at the apex of the Panhandle (MeCarthy et al., 2000).
The present fan can be divided imo distinet geo-
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Fiz. 1. Precambrian gealogy map of MW Botswana (Kampumo et al, 20000 Box: location al’ Fig 2 i northwestern Botrwana. Insert: location

af he Olavango Dela in Botowana.
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Fig. 2. Sakllite image of the Olavango region showing the locaton of sampled bareholes. Fanh omes rebied o the Okavango dft are
prominent on tis mage. Insert: Olavango Dela allivial fan maphology (oourtesy af SAFARD 2000} Red rectangle: pesition of the mam

I,

morphic regions: (1) the Panhandle where the
Okavango River is confined; (Z) the pemmanent
swamnps; (3) the seasomal floodplains and (4) occa-
sional (or intermittent) floodplaing of the distal
reaches of the Delta.

Sedimentological and geochemical evidence sug-
geats that the wetlands of the MOZ bhasin have
expanded and contracted over the past 400,000 yvears
and may have been subject to etensive flooding
approxirmately 120,000 years ago (Ringmse et al,
20035). The latest phase of contraction appears to have
commenced ca, 7000 years BP (the Holocence
Altithermal) md is contimuing to the presemt day.
The distal reaches of the Okavango Delta are
presently a site of significant subsurface chemical
precipitatiom of caleite and silica (MeCarthy  and
Metcalfie, 19907 The Okavango Delta sediments
comtain a high proportion of sand of asolian origin,
and the floodwater constitutes the major source of the
fine sediments. Aitbome dust could account for the
presence of clays on islands, but becanse the content
of clay rich fines in floodplain sediments is greater
than on islands, floodwater is belisved to be the major
source (MeCarthy and Ellery, 1995) Few clastic

sediments are cwrrently intoduced onto the distal
reaches of the fan because of the very low gradient,
dense vepetation and low suspended load of the
Okavango River (McCarthy et al., 1991). Throughout
the Okavango system, the current chemical sedimen-
tatiom volumetncally excesds the amount of clastic
sediment being brought into the fan (McCarthy and
Metcalfe, 19907,

4. Sampling and analytical procedures

Fifty-ight samples from borsholes sunk in the
study area were selected for gmin siee (sieving)
anmalysis performed as part of the Maun Groundwater
Development Project (WA (Department of Water
Affairs), 1997). In addition, during the course of this
study, gmin size was determined on 42 samples taken
from shallow (2 m) holes sunk in the study area (see
data in Table 1). Thirteen representative samples were
selected for microscope investigations conducted on a
Feiss Axioskop 40 microscope fitted with a Zeiss
AxioCam MRe digital camera, Twelve mpresentative
samples wene selected for X-my diffraction analyses
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Tanle 1
Petragmphic characerisitics af the Olavanga selimens:

iram size dat

Laocation Depih Na. al samples ¥ean (phi) Sarting
Shashe® H)-65m 32 154 054
Thamalakane" 12-38m i 189 054
Thamalakane" £2-70m 9 194 054
Bare™® 365 m i 218 057
Bare™® 45-5Tm 6 07 077
Shallow depth hales” 0-3m 42 240 069
Shallow depth hale 23m 220 Well sored
Micremoopic and XED datn
Sample mr. Chuartz Calcite Dalcomite Kanlmile E-feldspar Muscovite Clay®
B157a %6 2 2
R157F 100
g ELe S a3 £ Tracs 2
B159 28 &5 7
R159n7 44 10 & 3
B15% 30 23 45 2
B15% B2 5 13
B262c 100
Bl62e 0 3 4 3
1620 a8 2
R348 100
B34 a5 3 2

* DWA (1997

" Salit spoen sampile analysis.

© This study.

4 McCanhy and Ellery (1995
* Clay minerals ather than laolinite.
! Passinly some heulandite.

using a Philips PW 3710 X-my Diffmction unit,
operated at 45 kV and 40 mA, emploving Cu—Kao
radiation and a graphite monochmomator, The samples
were scammed Fom 37 to W7 for 20, and their
diffractograms were digitally recorded.

Minety samples were collected from seven bore-
holes (Fig. 2} dlled dunng the Maun Groundwater
Development Project (DWA (Department of Water
AfFairs), 1997) for whole mock geochemical analyses,
Two borsholes (BHE 157 and BHE158) are located on
the lower reaches of the Bom chamel, a major
tributary of the Delta that has active flow throughout
maost of the year, This channel abuts on the distal
Eunyers and Thamalakane faulls which are major
nomal falts bmding the Okavango half-graben to
the southeast [Fig. 2). The boreholes BHE1S1,
BHE162, BHE24A2 and BHEX4E are located alomg the

Thamalakane River valley, and BHEL59 is located in
the Shashe valley, which has been dry smee the sarly
19905, Representative samples were oblained ot 3-m
intervals up to depths of between 659-147 m.

The chemical analyses of sedimens were per-
formed at Chemex Laboratories in Cinada Major
elements were determined using ICP-AES, Trce and
rare earth elements wers analvsed vsng [CP-MS
(detection limits genemlly between 0.1 and 0.5 ppm)
with the exception of Li, Cr, Ni and Pb that were
determined by flame AAS (detection limits | ppm).
The analyses of standards run at the sare time as the
studied samples are shown in Table 2. The precisions
are =1% and =114 for maor and trece elements,
respectively. nomganic OO0y was detenrined wsing a
Leco-Gasometnc md Leco-IR detector with detection
lirmits of 0.2%.
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Tahle 2
Represeniative sanples and summary of the mnge of chemical compositions af’ the Okavango Dela sediments®

Sample nr. BI57TA  EISTF  HISEA  EISEF  RISEH  B159A4  RIS9E  B159G 1591 1591 El59M B159N

Depth {m) 3 54 L] il 20 L] &5 il Lz &l 9 liz
Bl (w25 w7 .11 8317 a9 643 9RIR G572 HEOT G517 5839 4B.4&5 53 K2
Til, 0.3 010 029 a7 L 0.2 0.3 n1& 0.3 0.27 0.3 0.1
Akl 4.99 L7 547 LG5 131 03548 390 194 il .52 457 247
Fel) 127 0L38 1.40 L1 031 .40 127 LU | L17 LEZ LES 153
Ani) 001 ol 001 ol ol o L L] LU LU LU 0.0
Mg 034 L 034 13 L LIE] 1895 453 il | iy 549 .65
Cald 068 0.27 183 LU 005 010 1143 9462 1007 1351 1529 1450
Naz() 015 L 013 0.2 L LIE] 015 024 037 0.7 0.99 LU
K20 049 0.21 050 13 L1 010 059 07z Lig 158 ] 147
Py = L] = ol <L o 001 ol LULIE] 008 010 005
o0y )z 2 )z 2 =2 <z L2 98 46 102 148 165.4
Lot L4&7 584 075 L1 .76 1119 1409 1504 16.94 20T 1921
Tl B30 1KL5D 9914 99 E 997 9915 9954 10020 10A5 10095 100E) 100.ED
Cr (ppm) & 11 29 & 9 & 71 1300 & 55 i 7
Hi &8 &0 134 20 30 24 3R &40 20 36 17 7
Ca 0 & 25 &5 54 G4 21 21 14 15 14 14
Ho 30 =5 5 =5 =5 5 0 750 5 T 5 =5

W 75 0 20 5 15 5 &5 30 &5 &l BS 55
Cu 10 5 10 5 5 5 10 5 5 15 15 15
Fh 65 30 BES L5 15 1.0 L] 56 Lo 30 55 45
in 20 5 15 5 20 25 25 5 0 25 25 25
Eh 6.4 9.4 74 114 B4 30 4K 234 20 478 536 310
Cs 13 LU 15 20 03 Lk o9 09 L4 L5 LU
Ba el 94 70 52 17 iR 314 1120 1110 653 759 azr
&r 356 142 S04 &5 a7 L 13 559 3@ 357 K24 71

Li 14 & 15 & & & 17 10 12 15 31 n
Ta 11 13 5 15 1% 22 5 5 & 2 2 2
Mh B 5 & 5 7 7 & & 5 5 & 2
HF 3 1 9 3 1 3 1 3 1 1 =1
ir 143 a7 43 166 113 29 144 104 149 TE 69 L]

Y 9 5 15 3 & 2 10 7 10 11 9 7
{a & 2 7 1 =1 1 5 1 3 5 5 2
Th 3 1 5 =1 =1 =1 & 1 3 & & 2

u 10 L5 20 L5 L5 .5 15 55 50 50 LR 9.0
la 150 a0 185 30 50 2.0 125 75 15 135 12.5 BES
Ce s 12.0 345 a5 LR 30 55 1410 s 26.0 240 165
Pr e L5 &3 LU L1 3 IR 1% 15 3z 30 20
Hd 2.0 50 145 20 35 L5 95 65 2.0 115 15 740
Hm L4 Lo 27 LU L8 03 18 11 L& 21 20 12
Fu LU 0l LT =] 0l LN LU 03 L5 L5 LU LU
d 14 L8 30 L5 L& 1 1.7 11 L7 20 L7 14
Th 02 0l LU 0l 0l 1 03 il 03 03 03 L
Iy 15 L& 22 03 LU 1 14 o9 L5 L5 L5 12
Ha 03 0l LU 0l 0l 1 03 il 03 LU 03 02
Er 09 L5 13 02 02 1 10 07 L8 Lo L8 LU
Tm L =] L =] =il =il L il 0l 0l =1 =]
Yh Lk L5 14 03 LU 1 10 07 Lo L8 L& Lk
Lu =] =il =1 =] =il =il =] =1 =] =il =1 =]

All the samples are BH series barehalesshawn in Fig. 2. The fowr digits m the sang e numbers oorespand fo the mumbes of these BH bardhales.
B U0 vahues from Taylor and Mclennan (1995) except fir TiCk, Mo, Cs, To and Ta values fom Plnk sl Langmuir (1998)

© PAAS composition from Taylor and MoLennan (1985)

4 MASC comperition fom Cromet of al. (1984)
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1590 B159T EIAZD  RIGZE  RB18Z)  E1&ZE  R1&2L.  B1&20  B262A  BZAZB BDA2C  EIZSID BIZAZF  HSLEA

4 147 15 74 a5 &1 4 L5 £ 1= 1 74 a7 &
4407 HOZE  E9&S E7iR BT 9397 EES5 9032 B3ZR .75 9515 FEIT 92.13 97.42
L 005 013 0.3 L1 0E o9 015 056 062 015 o9 014 005
LI8 .58 24l 477 a5 090 L15 272 9.49 11.74 .70 095 247 057
078 .49 10 1] L3 039 049 159 1.73 221 101 027 094 015
LULIE] ol i 001 113 ol 00z 001 003 0.02 001 0ol 001 ol
T.58 152 03z 037 L3 nEl 150 063 039 045 025 o7 021 LU
194653 353 010 058 a97 120 329 018 039 039 014 LUl 0.09 ol
026 LU B ik 010 031 0E 10 0.09 018 017 005 s 0.12 0.2
L85 0.27 030 042 L1a 034 053 069 0.90 0ET 032 018 037 010
LU =i LULIE] = ol ol 001 001 =L ol
2212 a2 =2 02 36 10 iR Lk Lk LU L2 2 L2 )z
2369 .58 &5 ) 249 480 269 294 OEE 57 LU |

QE36 10040 9455 115 100355 10030 10060 9903 97.15 3550 9778 10090 9914 99.10

22 10 45 8 25 1z BO 18 E2 4 e 8 1= &
2.0 2R 14 24 LI 30 LIES 17 5 24 n 54 &0
10 42 14 25 7 31 41 26 22 21 i 131 i3 110
=5 =5 T 15 15 10 10 5 &0 Ll 55 & 5 5
50 10 15 55 & &0 10 35 105 145 & 10 35 10
20 5 5 5 5 5 5 5 20 ] 5 5 5 =5
L5 15 70 30 15 20 70 50 12 o] 12 IR 45 30
15 15 15 15 10 5 10 15 a5 o] 5 5 10 5
188 a0 LA 26.0 IEE 1 150 298 530 5.0 210 70 19.0 &0
LU 0l 03 1.1 L1 il 03 LU 4 IR LT 02 05
IBE 174 &7 el TER 151 212 219 4l o 132 7 124 37
1910 215 70 35z 199 101 51 165 448 50 200 LAl 174 50
14 & & 12 13 5 5 9 21 5 7 3 7 3
2 14 & & B 11 14 9 5 & & & 11 9
1 & 1 & & & 5 5 11 12 & 14 & 12
azl azl 1 £ £ 1 5 & T £ 1 7
37 54 32 LA 134 145 109 23 72 ZE1 124 a2 117 55
& 3 2 B 9 & & 10 19 . & 3 & 2
=1 1 1 5 2 1 1 2 11 15 1 1 1 =1
2 =1 1 & 3 1 1 2 B 10 2 1 1 =1
12.0 L5 a5 15 20 10 15 05 20 &0 05 05 05 =5
a5 35 i5 110 115 65 55 9.0 250 IS B0 a0 BES 15
150 a0 A 195 200 2.0 110 185 G110 M5 150 75 160 &0
L& L uE L L 1 1 Zun 54 L 15 uy 15 L]
50 30 a0 BES 2.0 a0 45 B0 05 5 55 30 740 L5
Lo LU a5 15 14 07 07 18 39 a7 12 05 14 03
02 0l al LU LU il il LU 09 10 L a1 03 0l
09 L5 a7 14 L7 LI o9 1.7 39 4.1 10 05 12 0l
0l 0l al 02 03 il il 02 LT LT L a1 L =1
09 LU 03 12 L3 0.4 o9 14 29 34 Lk 05 Lk 0l
0l 0l al 02 02 il il 03 LT LU L a1 L 0l
L5 02 a2 LU L8 03 LI 09 14 14 LT 03 05 0l
=1 =1 =] =] 0l il il L 03 03 L a1 L =1
LU 02 al Lk 09 03 05 Lk 1.7 13 LT 03 LT 0l
0l =1 =] =] =] =1 =1 =1 03 03 =Ll =l L =1

(eongmued on nex! page)
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Zample nz B4R E4BC BMED  ESEE BMEF O BMBO 0 EMMEH RME ESIC EBSIF R3SNI
Diepvéh () I 24 33 k] 47 45 =4 59 24 51 7

Bill (wily) 9751 9Ess W0s  9RIS 2181 .73 £190 7449 957 £9.40 5778
Tilz it .40 055 0.7 273 253 591 7.0 087 350 37
Fel) 0.z 01 031 0.24 121 081 215 275 0.29 122 1.40
M) x| x| 001 x| 001 x| 001 0. 0. 001 IS
M) s s 005 s 0.2s 0.7 073 132 0.7 032 224
Cald (IS B T 005 s 0.41 o 0% 2.47 o 017 1032
Ha) 0 s 0.07 s 01 o 03% .55 005 it 0.29
K0 014 nim 013 01 031 035 114 15 0.2 4% 131
P, nm x| 001 x| fiTikS IS 0. 001 0.
a8 0z a2 a2 )2 02 i )2 10 a2 )2 B4
Lo 059 i 07 326 bRl SR4 781 0.0 287 12.51
Teral 9057 9995 100,45 9937 103 10035 2995 Was I 9841 10005
O () 7 5 10 b 20 2 33 a5 7 12 24
Mi a0 22 10 a0 14 14 124 154 £ 13 5
Ca w1 a5 25] 108 7 ] 45 3 2 3z k<
e L L 10 L 10 15 L L L L L

v 15 L 10 L 5 0 130 7 10 a5 5
Cu <5 <5 <5 <5 <5 L a5 15 L L 200
I X 15 10 15 30 is bl a L 12 12
Ta L 15 L L 15 7 7 k'l 5 170 15
R LY a2 50 a0 174 155 934 505 78 235 457
Cs 01 il 0.1 01 i 04 i 17 02 07 1.1
Ba a2 k< B 7 210 179 08 411 £n 173 411

& a3 a0 7 a0 180 110 79.4 7 59 171 408

Li 4 3 3 4 7 7 1% 1m 4 1 14
Ta 37 k< 3| 40 24 15 bl 4 5 a bl
M 12 bl 24 12 10 & 14 & bl & 7
1 1 < 1 1 1 L 4 1 L 10
T 87 e 7 59 @0 a7 7 1725 2 I 457
k4 3 3 3 3 a9 £ 30 17 3 £ 1=
G <] < < < 1 1 1% & 1 3 3
Th <] < < < 3 1 10 & 1 3 4

u <5 5 )5 )5 2 ns 15 15 0s 10 30
La as a0 50 as 145 7.0 335 k| 40 10 150
Ce 7. 50 as RS 35 135 S50 a5 £ 220 5
Pr 09 i 12 1 34 17 B2 52 09 27 34
¥ a0 20 is is 12 L 260 18 is an 120
Sm ns 03 08 7 24 ng 50 34 0s 15 21
Fa 01 01 0.1 01 i 0z 13 08 0.1 i 0s
o 03 0z i 7 22 ng a0 34 i 13 23
s <] il <l ] <) ] 03 01 07 0s 0.1 0z 03
Dy 0z 01 0.4 04 15 7 a9 18 0.4 12 1%
T 01 01 0.1 01 03 01 07 i 0.1 0z 0.4
Fr 01 01 0.4 03 1 03 22 17 0.4 05 09
Tm <) ] il <l ] <) ] <l ] 01 03 02 0.1 il 0.1
Wh 03 01 02 03 7 03 15 15 0.4 05 12
ITm 1 1 =11 =11 =11 =1 (1Y n? =11 =11 =1
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Range Mean  Standazl UOC"  PAASS NASC! Accepted Laheratory Laharatory Acceqed Latarsgary  Labomtary
=40 m=30  deviatiom vahie for 310 ahtwined aviuimed vahie for 510, ohtamed nfrained
44079904 R53& 1223 A592 28 A4R 5999 £1.51 &1.15 4990 4953 5105
002042 [ ER B a7s 10 07 a7l 047 071 0.2 0.28 029
0341174 gl 21z 1519 189 149 1441 1378 1427 59 19.28 19495
013295 100 049 41 58 51 738 72 757 521 59 Ail4
A01-004 001 001 a0E 011 004 a1l 014 015 a1 1l a1
003754 106 153 22 22 285 149 172 182 054 .50 as51
A01-194F 295 445 A8 13 354 307 309 3m #105 1.7 794
002-0199 019 08 g 12 1.15 111 12 128 7.0 7.5 713
009244 059 045 337 37 399 237 2.14 225 156 1.57 141
01010 001 002 (B & 015 014 013 1l a1
i) 2-222 245 44 18 14 1.4 1% 18 24
014523 59 555 509 837 543 #.59 837 EA ] 857
41300 w o 1W 35 14 125 74 114 115 74 13 17
140 124 &4 il 55 58 IR 292 291 285 5 R4
10-251 i 34 10 e 6 1% 4 e 25 A 3
<5750 b 0 11 14 15 12 10 10 12 10 10
<5145 43 30 &0 150 170 180 175 5 5 5
R-2 15 n il 175 190 185 5 5 fet
i) 5-236 9 6 &70 3] (3] A7 &l1 &1
<5170 b 6 #S 165 210 180 95 il il
32-934 Hn2 1Al 1z 1& 125 ETE B0 BR2 5510 534 Sl
«i1.1-29 1.1 3l 15 47 47 45 15 14 14
345-1120 291 250 550 &S0 ARG 1210 1190 1240 k] 341 RS
3-1910 1635 3059 350 200 142 R 228 254 1190 1120 1175
3-31 10 & 75 29 2% b 29 28
15-805 13 12 as 11 11 03 1 as
1-24 7 3 137 19 3 3 3 13 12 10
=1-1i 2 2 & 51 4 3 3 11 9 9
IR5-467 127 72 190 210 1380 1825 1425 517 587 479
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5 Petrography

Table 1 provides a summary of the grain size data
from both dnlling mmd split spoon samples from
borsholes imvestigated. These data indicate an avemge
grain size of betwesn 1.7 and 22 4, with a sorting
between (.56 and 0.77 for the different boreholes.
Furthemmore, the avermge grin size of the 42 shallow
depth samples collected during this study was 240 4
(range 2,13-270, with an average sorting of 0,69, All
these data are consistent with previously published
grain size data of McCarthy and Ellery (1995) who
pointed out that sediments from the lower Boro region
of the Okavimgo Delta are dominated by well sorted
sand of 2.2 @ average grain size.

Microscopic and X-ray diffmction data (Fig. 2 and
Table 1) indicate that the studisd samples contain the
following minerals: quarte (28100 wol %), calcite (-
65 wvol%), dolomite (0—45 vol. %), E-feldspar (0-4
vol %), kaolimite (03 vol %), traces of muscovite and
other clays (0-2 vol %) XRED analysis of the sample

81 590 ndicates that it contams Vermuscovite, in addition
to the minearals reported in other Okavango sediments,
Important to stress is that (1) no detntal muscovite has
been observed under the microscope in this sample; (2)
submicroscopic muscovite reconrded in young sediments
by XED mmalyses & usually muscovite—smectite mixed
layers (e, Deeret al,, 1992), The existence of traces of
heulandite in the sample 81598 (XED data) is not vet
well constrined, The presence of a micntic carbonate
ceament around quarty grains cam be seen in Fig 3.
There are no lithe fragments in the samples docu-
mented. The samples with the lowest quartz modal
comtent (<85 vol.%5) are rich in catbonates (=15 vol %),
Recaleulating the modal composition n termms of quartz
(), feldspars (F) and lithic fragments (L) mesult in

204, F=6% and L=, In the Q-F-L diagmam (Fig. 4);
the data mdicate that these sediments have the modal
compaosition of very mature quartz arsnites of contmen-
tal cratomic provenmnee {eg., Dickmson and Suceec,
1979, However, it is important 0 keep m mind that this
modal composition & mamly controlled by the asolian

Fig. 3. Repesentative thin sections of Okavango sediments. (2) Sand geving (some fractured ) within a carbamate cement. (b)) Sand goins within
a minar diagenetic silica overgrowth. (o) Micntic calorete fomming between the sand grains. (d) Sand grams showing considerable weathering an

the surface.
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postive comelmion with Til: (Fig. 5b) and total
Feyll, (Fig. Scb In carbomatedme samples {C0u=02
wi b, ALY shows a positive commlation with Mgl
{Fig 5d) and L{H (Fig There & a weak posiive
cormlation between Al and K20 (Fig. %e) and
Naz (Fig. 5} In the ALO-K20 diagmm (Fig. Se),
the wralyses are diswibmad betwemn e lmes Ka0Y
Al=00% and 067, Smihdy, de smples plot
beamem e lnes Na WALO=0002 and 022 in e
Al -Hay diagmm (Fig. AL The aveage K.0F
Al mitios of e Olopvango Dela sediments & close
to KxWak(, ratics in the wpper condimendal cmzst
aveage composition (UCC), Post-Axbasan Assiml
ion dales marage comporion (PAASR) and Nomk
Amgican shale composie cverage valse (MASC;
Tablk 1)

The degres of chemical wmferning of fe sooxe
magial of sedmentary silidcdastic mohks an be
comsmimed by ckuliting ®e chemial index of
akention (CIA)}) of Nesbit and Youmg (19EZ),
where ClA=molar [AlD(ALD+HC alk®+-
Na (-G (B], Cal® being e amount of Cald in
silicre minemls only (Lo, schading carbonases and
apatie). The CIA vakes vay fmen abost 50 for
aremterd pper cnast fo abost 100 for highly
weahwed residal soik The Odavango sediments
comilin vasiable amosnts of carbomate mimembs and
this & reflacted by variable Oy comtenss. Calkeie
and dokeniie cosxisl In Sewe moks, and e are
no migoprobe data mvailable on ihess mimerals
Thmefore, # is weralistic fo aserpd comedimg S
cashonme-effect on e fofal comtent of Cald and
Mgl in the Obpango sedments To avoid e
diagemetic arbonatseffact, only samples devoid of
casomme mimemb and marbed by (<02 wi%
are wad | the calmleion of CIA amd & geo-
chemical dagmms mguiring the wtlisstion of Calk
or Mgl content i siicate minenaks. The (havango
silicclstc sedimends with O0; <02 wi% wee
viemuinl fe muiiociiod g P ko ol de
sampls (Table 2} and yielded CIA vakees (Table 1)
in e ramge $2-E1 avemge T1L Meshi®t and Young
(1982} indicate tha the mleence of weatherng
prcsss @ the soarce on the composition of clastic
sadimmts an also be detectsd wming e A-CH-K
diagram [=maolar (Al -{Calr*+Naz (=K 0]
where Call® represents the amound of Call endering
im0 e stactare of silicte mimemk Fig & shows

Lau NJ,U ]

Fig 8. A-CN-E dagram (redeculsr propartons) S the Oorvangs
sebments

the distrbation of the cobonme-fme Olovango
sadiments @ the ACH-K diagmm For compar-
isom, the compoaitions of UOC, PAAS and HASC
are ako plttad in the diagram abmg wikh Se
pEdiced wase Tend for S average Eper
continental et (Tovke and McLemsan, 198
This mend encompases the majority of e Oba-
vango samples

7. Trase dement conpasdtions
P10, Trawsition matah

The comcentmtion of Ni in e (davange sedi-
menis i betwemn | md 32 ppen with a bighs valee
of 440 ppm | fe sample BHEDSSG The Oa-
vamgo sediments are masked by a large variadon of
cobakl, vamadiem and chromiam comcendrations. Or
and W show posiiive comelations with Tilk: ond M
{Fig. Ta~d} Ni and Cr show a positive corrsation

fi Mgl i aulesmic e s
negative comelation with il
sample BHELS9G & chaacerised by a b
censration of Cr (1300 ppen ) and Bigh Cr and Wi
Co ratios (Tables 2 md 3 In condrast, @ & narked
by a lower VNI ratio. Elevated Or md Mi
abndances, as seewr @ osample BHEISSG, wae
suggestad by Carver et al (1996) o reflect ulm-
mafic rocks i fe sume ama of sadimenis
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Avenge I concentmtion i the (Bavango sedi-
memds (Table 2} i 120 ppen, and fime-gmined clastic
sadimen iy moks am danciensad by o aveage I
omcentration of 2004100 ppm (Tayler amd
Melemnan, 1985} Two Okavango samples
[BHE 155A and BHEXSID) bave higher Zr comcen-
tmticms betwean 440 and 470 ppen (Table 2} The
werage ZrHT matio of @ Gvango sediments
dadaced from e Zr-Hf corehtion curve & 38
[Fig. 9. This vakee is sinilar to chondritic valees and
o EaHT a0 Aeclacas wel Prokso i sedines-
oy rochs in Sowsthern Africa (Wroskdewicz and
Comdie, 1987; Touleridis ef al, 1999; Dovid = al

ratics for the (opango sedimes (Table 1)
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Fig. 11. Chondrite normalzed rare earth elements plots of the Olanvango sediments. PAAS plotied as a reference.

values, similar to those in the (Mavango chstc
sediments. With the exception of sample 8159G, the
ThiSc mtices for the Okavango sediments overlap the
range of mtios obtained for sediments from felsic and
mafic source rocks (Tahle 4).

74, Rare earth elements

The Okavango clastic sediments show a strong
positive comrelation betareen mdividual REE and
Al0y contents (Fig. 10). The rare earth element
compositions of these sediments (Table 2) are shown
in chondrite-normalized diagmms (Fig. 11). The
chondnte-normalized REE pattern of PAAS & also
shown in the diagrams for companson. The REE
patterns of the Okavango sediments are chameterised

Th

by: (1) chondrite-nommalized REE values (Lay up to
Why) greater than one. The REE pattemns show that the
Okavango sediments are less enniched in REE than the
PAAS; (2) substantial fractiomation of light rare carth
elements (LREE); (3) flat to slightly fmetionated heavy
rare earth element { HREE) patterns; (4) a vanable Eu-
negative anomaly. The sample §159G displays REE
contents similar to vahies m Okavango sediments with
the same 5102 content (Table 2). The mnge of Ew'Eu*
for the Okavango sediments overlaps the ranges
recorded in clastic sediments from felsic and mafic
source rocks (Tahle 4); (5] a weak to strong negative
Ce momaly i some samples with the majority of
samples chametensed by Ce/Ce* in the range 0.9-1 2.

The La‘Sc ratios of the Okavango sediments
overlap the mtios recomded in sediments orginating

Th
(e}
Girarila -
PAAS
ue
) ‘ CEP10285E
CHP112ET0 A g /oA
d2630 s oenatiite
i CKPHITT
Hf Thikiits Co

Fig. 12. Genchemical characteristios of the Jlavango sediments i the termary dibgmms: (a) La-Th-5c showing a single evaolation trend; ()
Th-8c-Fr10 and ©) Th-Hf Cio. Kote that the Jlavango sediment sammle AHEZSZR overlops with the compositon of the Proteromoic
gunitoidk sample (KPIHZZ0 fiom NW Botwam, saggestiing that these gramitoids could be the soarce of this sedimemt.
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from felsic and mafic source rocks (Table 4). LaCo
ratios for the Okavango sediments include low values
similar @ those recorded in sediments from mafic
sowroes and higher values up to 1.39 in samplke
E262H) requiring either an intermediate composition
source or 4 contribution from both mafic and felsic
source mcks,

Wronkiewicz and Condie (1987) indicated that the
source rock lithology (mafic, intemediate or felsic)
strongly mfluences the concentmtions of Th, 5S¢, La,
Zr, Hf and Co in the siliciclastic sedmmentary rocks.
The relationships between these elements were used
to devise temary diagrams for the identification of the
nature of the source rocks of siliciclastic sedimentary
rocks. In the diagrams La—Th-8c¢ (Fig. 12a), Th—Sc—
ZriFig. 12b) and Th-Hf—Co (Fig. 12c), the Okavango
sediments define evolutionary trends or a field
extending from mafic to felsic soumce mock end-
members. Since these elements do not enter in the
structure of guartz, these trendefiekds exclude the
acolian sand component of the sediments. The
samples BHEISEA and BHE3IS1I plot outside that
evolution trend in the Th—S5c—Zr diagram, being
displaced wowards the Zr apex.

8. Discuassion
&1, Introduction

Several factors control the chemical composition of
elements in siliciclastic sedimentary rocks. The most
commonly documented are diagenesis, metamor-
phism, gmin-size and density-controlled hydmulic
sorting, petrological composition of the soure rocks,
degree of weathering of the source area and the
tectonic setting (eg., Meshitt and Young, 1982;
MecLemnan et al., 1983; Wonkiewicz and Condie,
1987; Roser and Korsch, 1988; Camiré et al., 1993;
Cullers, 1994a; Fedo et al., 1996; Bock et al., 1998).

Metamorphic remobilisation & excloded for the
studied samples because the Okavango sediments are
unconsolidated. The first major geochemical com-
plexity of the (hkavango sediments is that they showr
variable content of OOz, reflecting varable amounts
of diagenetic carbonate minemls and organic matter
{organic © i the range ~0-1.64 wt¥; authors,
unpublished data). Carbonates induce a variable

dilution on the clastic component of the studied
sediments. However, this study places emphasis on
major, trace and mtios of elements hosted in silicate
minerals because when pmcessing or plotting the
chemical composition of elements involved in the
stmctune of carbonates (e.g., Cal and Mg()), empha-
sis was on carbonate-free samples. The second major
geochemical complextty of the Okavango sediments
i= that they contain a vanable but important ammmt of
guartz that induces a drastic varnation of Si0;
contents. This silica dilution effect induces strong
vanation om all trace element contents (expressed
ppm ). To overcome this complexity, this paper places
emphasis on interelement mtios and temary diagmms
involving elements that do not enter into the structure
of quartz. Most of the discussion below concentrates
on unmvelling the complex factors contmolling the
geochermical charactenstics of the Okavango sedi-
ments in terms of provenance excluding the acolian
sand component.

The Okavango alluvial fan is a nascent {Quater-
nary ) rift, and the haltgraben is amagmatic (Modisi et
al., 2000). Thus, there is no input of young, weakly
weathered volcanoclastic material in the Okavango
sediments. Therefore, this paper focuses on the
remaining four mam factors discussed below.

& 2 (rain-zize and densitp-controlied sorting

The Okavango Delta sediments, including all the
samples studied, ame well sorted fine to medium-
gmined sands, with variable amounts of carhonates
and minor silt and clay (Table 1 and DWA {Depart-
ment of Water Affairs), 1997). The Okavango River
water constitutes the major source of the fine faction
of the sediments (McCarthy and Ellery, 1995).

A mumber of studies comparing the chemical
composition of fine md coarse clastic sediments
from the same source showed that fine sediments are
particularty rich in clay minerals and preferentially
concentrate elements entering m the stuctire of
mafic minerals in igneous rocks (e.g., Cullers,
1994a,h). Coamer sediments contain a higher pro-
portion of quartz and alkali feldspars. In the
Okavango sediments, quartz induces a dilution that
15 shown by the decresse of all elements with the
merease of silica i carbomate-free sediments (e.g.,
Figs. 5a and Tgh). As stated above, the gquartz
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dilation effect explains the large vanation of the
concentmation of the individual frace elements {eg.,
25-fold for Co) Mote that the vanation of imtenele-
ment mtios is smaller if samples with abnormal
contents for some elements (e.g., 8159G) are
excluded. More complex compositional variation
occurs in clastic sediments when heavy minerals
such as zircon, apatite, monazite and titmite are
concentrated in some stmtigmphic units due to
density-controlled hydmulic sorting. Such wmits will
be enriched in some elements emtering in the
structure of those heavy minerals. In the Okavango
sediments, the two samples showing a relatively high
content of Zr (BHEI158A and BHEISID are also
marked by high Hf and HREE (e.g., Yb) abundm-
ces, indicating a minor hydralic concentration of
zircon. In the temary diagram Th-Se—Zr (Fig. 12h),
these samples are displaced towands the Zr-apex,
indicating a higher amount of zircon compared to
other Okavango sediment samples. Monazite is
charactenised by high abundances of LREE come-
lated with high contents of F:(k. This minem! and
related geochemical trend has not been found m the
Okavango sediments. Chemical analyses of bulk
suspended solids led Sawula et al. (1992) to suggest
that Ti(d-rich phases (e.g., titanite) were probably
among the solid phases transported by the Okavango
floodwater. However, our microscopic and XRD data
and a detailed scanming electron microscope (SEM)
investigation of Okavango sediments conducted by
MeCarthy and Ellery (1995) did not recond Ti0)-rich
phases. The excellent correlation between Aly(); and
Ti0y; (Fig. 3b) suggests that both elements are hosted
within clay minerals, & previously pointed oumt by
MeCarthy and Ellery (1995). Thus, concentration of
heavy minemls is not the main factor controlling the
chemical variation of the Okavango sediment com-
position, although zircon concentration does ocour in

a few samples.
&3, Sowrce aren weathering and diagenetic processes

K.-feldspar is the onby feldspar detected in five out
of 11 samples examined for XRD. The apparent
absence of plagioclase may be due to its somewhat
lower resistance during transport and weathering. The
occurrence of both kaolinite and K-feldspar suggests
an advanced weathering source. This is supported by

the absence of any mafic minerals, which are
genemlly less resistant to weathenng. Caleite and
dolomite cements are diagenetic. McCarthy and
Metealfe (1990) estimated that 113,000 t-a~" of
Cal0; and 135,000 t-a~ " of S0k are accumulating
in the Okavango [Delta as a result of subsrface
precipitation, as opposed to 40,000 t-a~" of clastic
sediment. Thus, chemical precipitation & currently a
major deposiional process in the Okavango basin,

Investigations of siliciclastic sedmentary mocks in
sevenl regions of the world show that their chemical
composition is largely inhertted from the composition
of the weathering profiles at the sounce of sediments
(MNeshitt and Young, 1982, 1984, 1989; Nesbitt et al.,
1996). Meshitt and Young (1952) devised the chem-
ical index of altemtion {CIA) which provides a good
messure of the degree of alteration of the sediments”
source rocks. ClA value in the main rock-forming
minerals {quarte, plagioclase, alkali feldspars, pymox-
ene and oliving) & =55, Clay mmenls yield higher
ClA vahes (usually =75), with the highest value
{~100) recorded m kaolinike. Shales are chametensed
by CIA valses ~T70-75, which reflect the predom-
inance of clay minerals m their composition. The
Okavango sediments are marked by a large mnge of
ClA valses (52-81) and a negative correlation of
Si0—Alz0: (Fig. 5a). These trends reflect a sub-
stantial quarte + feldspar dilution-effect.. Petrogmphic
studies (Fig. 3 and Tahble 1) support this ohservation
since the Okavango sediments are predominantly
made of quartz sand. CIA vahies =80 in sedimentary
rocks are indication of a source severely affected by
chemical weathering. The Okavango sediments con-
tain kaolinite as the dominant clay mineml, and
MeCarthy and Ellery (1995) suggest that illuviation
of fines, meluding clays, from the floodwater, into
preexisiing acoliin smnd ocours beneath frequently
flooded areas in the lower Delta.

In the A-CN-K diagram (Fig. &), the Okavango
sediments define an evolution trend similar to soils
developing above igneous bedrocks. However, in the
case of the Okavango sediments, this trend should be
interpreted with cawtion, especially when the origin of
sediments is considersd. The data in Fig. 6 can be
interpreted using a mixing model involving two
components: (1) a stongly weathered component
plotting close to the A-apex (e.g., sample
BHE262C), Kaolimte, which is the most abundant
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clay im the Okavango sedmments {Table 1), plots at this
apex; {2) a melatively immature component which
predominates in the sediments plotting closer to the
igneous trend line (e.g., sample BHE159A and
BHE158A). Important to keep in mind is that none
of the studied samples 15 a pristine end-membar sinee
all the Okavango Delta sediments contain a large
proportion of sand but both end-members defined
above should be: located along the mixing line shown
in Fig. 6. The component marking a source area
severely affected by chemical weathenng corresponds
to the sedimentary fmetion tmnsported by the river
from the Angolan hinterlands to the Okavango basin,
The component from a weakly weathered source area
cormesponds to the currently active agolian component
of the Okavango sediments. An important observation
from these dat is that the geochemical trend in the A—
CH-K diagmm (Fig. ) does not, in this case, reflect a
progressive unmofing of a weathening profile as is
commonly the case m sedimentary rocks (eg., Meshitt
and Young, 1984, 1989). Therefore, caution should be
exercised when interpreting the sounce area pakeo-
weathering pmcess, using geochemical data from
sedimentary packages comtainmg an asolian input.
In such cases, CLA values, evolution trends in A—CN—
K diagrams and varous other geochemical indicators
could understimate the importance of chemical
weathenng at the source for the component of the
sediment transported by mivers from wetter regions
amd entering in a sedimentary basin located in a
semiarid region.

The mnge of negative Ce momalies reported in the
Okavango sediment samp les may have been associ-
ated with the process of soil formation at the s ource.
Changmg pH and oudation state within the weath-
enng profile allows fmctionation of REE, leading to
the formation of a mnge of Ce'le® (e, Duddy,
1980; Braun o al., 1990).

&4 Nowrce rock lithology

The combmation of aeolian and fhviatile pro-
cesses in the (hkavango sedimentary records mmplies
a diversity of potential sowce mok components,
Several workers showed that a mumber of chemical
elements are not fmetionated by exogene processes
and therefore could be used for the identification of
sediments source mock lithologies (2g., Taylor and

McLennan, 1985; McLennan et al, 1990). The most
important among these elements are REE, HFSE and
some transition metals (e.g, Cr, Co and Mi).
However, Duddy {1980) and Condie et al. (1995)
showed that REE are in some cases redistributed in
weathenng profiles. Redo-dependent Ce-negative
anomalies observed in the Okavango sediments are
also an indication of fractionation of this element
during weathering, fluvial transportation and/or
deposition in the basin. Dupré et al. (1996)
documented the composition of suspended and
dissolved loads amd bedloads of the Congo River
and showed complex variation trends for REE. For
example, there is an inverse comelation between
river-dissolved REE with pH {especally at pH=6.5),
and a similar correlation has been reported world-
wide (e.g., Goldstein and Jacobsen, 1987; Elderfield
et al, 1990). However, REE, HFSE and the above
transitiom metals are usually immobile elements
concentrated i weathenng minerals formed in soils
after rermoval of mobile elements such as the alkali
earths, Therefore, these immobile elements are
transferred mainly as suspended sediments to the
depositional site of sediments. This is supported by
the fact that REE, HFSE and tramsition metal
concentations are up to 10,000 times higher in the
suspended load compared to the dissolved load n
the major rivers of the world (Goldstein and
Jacobsen, 1988; Dupré o al., 1996). Therefore, the
concentrations of these elements in sedimentary
rocks are mainbky controlled by their dbundances in
the clay fmction of suspended sediments. This is
supportedd by the composition of the Okavango
sediments showing excellent comelations  between
REE and Aly0 (Fig. 10), indicating that the REE is
hosted in clay minemls. In this paper, the relation-
ship between immebile clements (REE, HFSE amd
the tansition metals Cr, Co, Mi and %) is used to
constrain the source rock lithologies.

W, Cr, Co and Ni are compatible elements during
igneous fractionation processes and are generally
“depleted” in felsic rocks and “ennched” in mafic—
ultmmafic rocks. Cr and Ni levek in the Okavango
samples are ganerlly lower than in PAAS (cf. silica
dilution effect in the Okavango sediments ), with the
exception of one sample, BHEI5%G, containing
extremely high concentratons of transition metals
and MgO (4.5 wi.b4), requinng cther m ultamafic
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source or strong adsorption of tansition elements on
clays or organic matter during deposition or both.
MRD data indicated that this sample contains V-
muscovite”. As stressed above, submicroscopic mus-
covite sensu stricto is rather uncommon in sedimen-
tary rocks, and mmuch of the fine-grained “micaceons”
material in sediments is made of musco vite—smectite
mixed layers (Deer et al, 1992), Furthermore, it is
known that lateritic honzons above ultmamafic mocks
comtam smectites {g.g., Trescases, 1997), and presun-
ably, muscovite—smectite mixed layers s infarred to
oocur in sample 8159G could accommaodate high Cr
and Ni contents. The concentrabion of Al:Ds in this
sample 1= melatively low (<2 wt%), indicating that
adsorption on clays is unlikely. The authors” unpub-
lished organic carbon analysis of sample BHE] 590G
(102 wt.%) indicates that the high-ransition metal
caomtent of this sample is not related to an atmormally
high atumdance of organic carbon. Thus, the most
likely interpretation is that the soumre area lithologies
of the Okavango sediments nclude ultmmafic rocks.
Cr and Ni show strong positive comelation with hg0
and a negative comelation with 5i0; in the Okavango
sediments. These trends support the presence of
ultramafic—mafic rocks at the sowrce of the sediments.
The contritation of felsic source moks is required by
the presence of quartz andd kaolinite {after feldspars) in
the sediments and by the high comtent of silica in
several samples { Tahle 1), The plot of Cr vs. Ni {Fig.
Te) and several other bimary plots {e.g., Figs. 5cef,
Tgh and Ha) show two distinet trendlines, indicating
three distinet sounce end-member compaositions. One
of these three components & the felsic end-member
marked by Cr d Ni comeentrations ches tered cloge to
the orgin of the mes in Fig. Te. The other end-
members are two distinet mafic-ultmmafic source
rocks, ome marked by higher Cr contertt (pyrosenc-
rich component) and the other marked by higher Ni
atundances {olivine-rich component).

The relative contribution of fiekic and ultramafic—
mafic rock sources should be reflected im the
distribution of Zr and Cr-Mi, as these eements
maonitor Fircon from felsic rocks and chromite'pyrox-
engfoliving from mafic—ultmmatic mocks (e.g., Wron-
kimwicz and Condie, 1987). Co, Miand Ti alimdances
are higher in mafic to intermediate rocks, wheress Y
and Zr ar higher in felsic rocks (eg. khiga and
Diogen, 1997). The Cridrratio is expected to decrease

if Zircons are concentmated by hydmulic sorting in the
sedimentary process. The Cr/fr mtios in the Olka-
vango sedmments (Table 3) show a large mnge, from
low values, 0.4 (.2, samp le BHED 38F), identical to
values in sediments ongmating from a felsic soume
rock, up to high valwes, ~1.4 (sample BHEI62ZL),
reflecting a predominantly mafic sowree rock. The
high Cr'frvalue of ~13 in sample BHE] 590G indicates
ultmmafic source rocks. Most Okavango sediments
have CrZr batween these taro end-members, indicat-
ing a source made of bimodal felsic/mafic rocks and/
or intermediate rocks. A similar conclusion is reached
using Y/Ni raties that are denbical to walues
sediments from felsic sources for sample BHEI4EF
and from an ultmmafic-mafic sowrce for sample
BH&159G. The Okavango sediments are commonly
marked by wvalues intermediate between these tao
end-members.

The temary plots La-Th—5¢, Th-Sc—Zr md Th-
Hf-Co (Fig. 12) have been wsed to deduce the
composition of sediments sowrce rocks {Bhabia,
1983; Taylor and McLennan, 1985; Bhatia and Crook,
1956; Camiré etal., 1993; Jatm and Condie, 1995). Th
iz typically concentmted m felsic mocks, whilst S,
although a member of the same group (II1) of the
periodic table, is more concentrated in mafic rocks.
This is due to the much smaller size of the Sc ion,
allowmng it to enter early orystallizing pymoxenes
{Taylor md Mclennan, 1985), The Okavango sedi-
ments define a sing le evohationary trend im the La-
Th-Se¢, supportmg a bimodal ultmmafic-mafic and
fielsic source mck association. The nonguartz compe-
nent of sample BHED 590G, marked by extremnely high
Sc, Cr and Ni, mpresents a sedimentary  material
produced almost exchisively from ultmmafic-mafic
rocks, wherzas that in the sample BHE34EH corme-
spomds to a sedimentary matenal origimatimg almost
exclusively from felsic rocks. The mnge of EwEw*
values for sands'sandstones derived from felsic and
mafic sources partly overlaps, and the Ew'Ev* mtios
for samples BHED 590G and BHE34EH (Table 3) fall in
the common field to sediments from mafic and felsic
source rocks. In addition, the range of Euw/Eu* in
Okavango Delta sediments (Table 3) also reguires
bath felsic and ulramafic—mafic source mocks. Impor-
tant to note is that, in Fig. 12c, the composition of the
sample BHEZ6ZB overlaps with that of the sample
CEPI1Z2H), which represents Proterozoic gmanitoids
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exposed in NW Botswana and in adjacent countries
{Angola and Mamibia). These granitoids represent a
potential fekic end-member source mock lithology for
the Okavango sediments.

The distribution of analyses in the diagrams Th—
Se~Zr (Fig. 12b) and Th-HE-Co (Fig 12c) supports
the involvement of at least three distinet source
rocks for the Okavango sediments. Cumtitative
modelling (Table 5) was performed wsing mnalyses
of potential source rocks from the catchment area
(Kampunzu, unpublished data) represented by
CEPI1Z20 and CEPI09268 (gramte), CKPI1ZTT
(gabbm) and CEP10AZ9) (ultramafic mck). In this
quantification, quartz {5i0):) was wsed & one addi-
tional mixing component to accommodate the
acolian input, md carbonates (Ca0-MgO) were
used to accommodate diagenetic caleiteidolomite
components. In sediments containing  substantial
duagenetic carbonates where CaO-MgOD were added

Tahle 5
Resalts from quantiative modelling usng major and REEs

Sammnle Compositiom Least

squaes
R1ETF 1% CKP 11220 099
4% CKP 102960
B1% 5302
LTy 2% CKP 11220 04z
21% 5302
&158h 11% CKP 11220 e
1% CKP 104299
19 CKP 102960
B 5i02
18% CKP 11277 78
15% CKP 104299
11% CKP 102940
45% 502
195 Mg
£% (oD
R1E2K 12 CKP 11220 K]
2% CKP 11277
7% CKP 102960
TEY 502
1% o
#1594 4% CKP 11220 17
59 CKP 11277
4% CKP 104299
1% CKP 1029560
B9 5302
1% Mg
3% (o

£159g withaat Al

during quantification, higher least squane values were
obtained probably because the CO; content of
carbonates was not taken into considemtion. Other-
wise, the results from the mixing cakulsions
carhonate-poor samples yield caleulated  composi-
tions (Table 5) matching the compositions of
Okavango Delta sediments, as shown by least square
values of <1. This indicates that the CKFP samples
listed ahove represent realistic potential source rocks
fior the Okavango sediments.

. Conelusions

The Okavango sediments are mainly sands, with
varable proportions of silt, clays and carbonates
and show a large variation of most elements. The
chemical index of akeration displays a contimous
trend and a large rmge from low CLA values (52)
markmg minimal chemical weathering correspond-
ing to the cumrently active acolian compoment of the
Okavango sediments up to high CLA values (81)
indicating severe chemical weathering corresponding
to a sedimentary fraction transported by the river
from the Angolan hinterlands to the Okavango
basin.

Elemental compositions, binary diagrams (e.g.,
CrMi, V-Ni, Ni-8i(k, U502, FK20-Al0O: and
Maz(-Al(a), interelements mtios (eg, Crdn Y/
Mi, ThCr, Th'Se, Ew/Eu*, La/Sc and LafCo) and
sounce-rock discimination diagmms (e.g., Th-Sc—fr
and Th-Hf-Cao), supported by quantitative model-
ling, indicate that the Okavango sediments onginate
from the mixing of acolian gquartz, diagenctic
carbonates and a component derived from  three
distinct source mock groups, inchding ultramafic—
mafic and felsic sowrce mck sssociation, with or
withot input of intermediate source rocks. Proter
ozoie granitoids and mafic-ultmmafic ocks exposed
in MW Botswana and in adjacent countries { Angola
and MNamibia) represent source rocks for the
Okavango sediments.

Acknowledgements

This research project was funded by the University
of Botswana Research and Publication Fund (RP 680-




1446 P Hammman-Mapila er of. / Sedimentary Geology T74 (2005 J23-148

0631 The Botswana Geological Survey is acknowl-
edged for allowing us to sample the boreholes used
for this study. Water Resources Consultants is
acknowledged for assistance with gmin size data. A.
Jellema is acknowledged for assistmee with Fig. 2
and 1. 1. Tiercelin and [, Kolokose for assistance with
the thin sections. This is a contnbution to SAFARI
2000 Research Project. The satellite image used in
this paper was acquired through that project. This
paper benefited significantly from comprehensive
reviews by K. Cullers, K. Condie, A. Morton and
the Chief-Editor K.A.W. Crook, © whom we extend
our thanks.

This paper is dedicated to the memory of Prof.
AB. Kampunen, a friend, colleague, and mentor,
whose profound knowledge, enthusiasm, and desiee
to help others will continue to be an inspimation to
all.

References

Bhatia, MR, 1987 Plate tectomicos and geochemical composition of
sandstomes. 1 (Geal. 21, &11-&27.

Bhatia, MLE_, Cook, KA W, 1986 Trace element characieristics of
guywackes and tectomic setting discrmmimton of sedimentry
bhasims. Contrib. Mineral Petrol. 92, 181 -193

Baock, B, Mclenman, 3 M_, Hanson, (LK, 1998, Geochemisiry and
pmvemance of the Middle Ordovicimn Austin {en Member
(Momamnskdll Formaton) and the Tacomizn Orogeny m New
England. Sedmentalogy 45, 635-655.

Bramm, L1, Pagel M., Muller, JP, Hilmg P, Michard, A
Guillet, B, 1990. Cemium anomalbies m lbierite profiles.
Jeochim. Cosmochim Act 54 791795

Camiré, (0 FE, Lafléche, MR, Loddem, LN, 1991 Archaean
mehsedimentary rocks fom the northwestem pontiac sabmro
vimce of the Canadian shield; chemical charactermmation, weath
ermg and modelling of the soume arms. Prcambrian Res. 62,
2RS35,

Camey, IN_, Aldss, DT, Lodk, NP, 199 The geology of
Baotswam. Geol Sarv. Den., Lobaise, Boswam, po 1135

Comcbe, K.C., Woonkewicz, [, 1990 A new look atthe Archean
Protaomic bomdary: sediments and the fectomic setting con
straint. In: Kagvi, 5 M. (Ed), Precumirian Continenta] Crostand
its Foomomic Resoaxes. Elievier, Amsteslam, pn. 61 -84

Condie, K.C_, Dengate, 1, Calles, BL_ 1995 Rehavioar of rare
earth dements i a pleoweathering profile on gmnodiorie n
the Fom Range, Colomda, USA. (eochim. Cosmochim. Acta
59, 7792

Callers, BRI, 19%4a. The contmks on the major and trace element
varigioms of shales, siltiones, and sandsiomes of Pemsyiva
nian-Permian age from uplified continemal blocks m Colorado

to platfirm sediment i Kansas, 178A. Jeochim Cosmochim
Act 58, 49554972,

Callers, KL, 199450, The chemical sigmatare of scunce rocks in size
fFactiomns of Holocene stream sediment derived fom metamar
phicracks i the Wet Moontyins region, 1784 . Chem. Geal. 113,
37T -3

Callers, BRI, 2000, The geochemistry of shales, siltstomes and
sandstomes of Penmsyhanmian-Permian age, Colmado, USA:
implimtioms for provemance and metyvmombic stodies. Lithos
51, 181-203.

David, K, Schiano, P, Alége, 1, 2000. Assessmentof the ZrHf
fractiomation in oceamic hasalix md continemal materink doring
petrogenetio processes. Fardth Phnet. So. Lett. 178, 285 3001,

TDeer, WA Howie, B A Fassman, 1, 1992, An hiroduoction to the
Fodk-Forming Mmemnls, Ind ed. Lomgman Group Limited,
Fssex, Englnd. &% pp

Dickdmson, W.E., Suczec, TA 1979 Plde feciomcs and sandsione
compesitions. Am. Assoc. Pel. Geol. Ball 63, Z171.

Duddy, LR, 1980 Redistibation and fractiomtion of rare ardh
and other elements i a weathening profile. Chem. Geal. 30,
351381

Dupméd, B, Gaillardet, 1, Roussean, D, Aldge, O, 1996, Majar
mnd trace elements of river-home material the Congo Bain.
Ceochim. Cosmochim. Act 80, 1201 1221

DWA (Demarment of Waer Affams), 1997, Amendic B: geo
momhology and sedmeniology Mam OGromdeater Develop
memt Project Phase 1. Water Affdim Depasiment, {Gaborme,
Botwma. preqared by Fastend Imvestments.

Ekerfield, H., Usstill-God dard, B, Sho lovite, ER_, 1990, Therare
earth element in rivers, estmries, and o=t seas and ther
significance to the compositon of ocean walem. (Jeochim.
Cosmochim Acia 54, 971991

Fedo, CM_, Frikssom, KA Krogtud, E1, 196, Jeachemistry of
shakes from the Archaean (~3.0 (o) Buhwa Omemsime Belt,
Fimhatwe: implications for provemance and somrce-area wenth
ermg. Geochim. Cosmachim. Act 80, 1751-1763.

(Gan, 5, Wedepchl, KH, 1995, The negative Fo amomaly in
Archean sedimentary rocks: mplicatons fr decompos ition, age
and mmportaee of their granitic soarces. Farth Planet. Sci. Lett.
133, 8194,

(arver, 11, Roycs, PR, Smick, TA, 1996, Chomium and nickel
in shale of the Taconic foreland: a case study for the provemance
af fine-gramed sedimems with an ulramafic somce. 1 Sedi
ment. Res. 100, 100106,

Goldsiein, 51, Jacobsen, S0, 1987, The Nd ad Sr isctopic
systematios of @ ver-water dissolved material: implicati ons forthe
soaxes of Nd and Srm seavwaier Chem. Geal. 66, 245 -272.

Goldsiein, 5.J., Jacobsen, 50, 1988, Rare earth elements in nver
waders. Earth Planet. Sci. Ledt. 83, 35-47.

Cromet, LP, Dymek, RF_ Haxkin, LA Komtev, 1., 1984 The
“Waorth Amerian shale compeosite™ its compilation, majar and
trace element characteristios. Geochim Cosmochim. Act 48,
24692482

Hassan, 5, Ishiga, H, Roser, BP, Dogen, K, Naka T, 1999,
eochemisty of Pemin-Triassic shals in the Salt Range,
Paldstan: mmplications for provemance and fectomism at the
Oondvwam margin. Chem. Jeal. 158, 293-3 14,




P. Munoeman-Mapila ef of. / Sedimentary Geology 174 (2005) 1231458 147

Ishige, H., Dozen, K, 1 997, Geochanic] indicatons of proven aee
change = recoxled i Mioceme shales: opeming ofthe Japan Sa,
Ban'm mgion, soufhwest Japan. Mar Geol. 144, 211228

Jahn, BM, Condie, K.C, 1995 Evolatom of the Kaapvaal
Crakm as viewed from geochemical amd 3m-Nd Botopic
amlyzes of mimeradomic pebites. (enchim. Coe mockim. Asty
59, IX19-I258.

Kammmema, AR, Akamyang, P, Mapeo, RBRM, Modie, BN,
WendorfT, M., 19982, Geochemitry and teciomic significance of
Mesoproteromic Kgwebe metwolanic rocks i nordroest
Botwane: implications for the evolitiom of the Kibaran
Namagua—Natl Bel. Geol Mag. 133, 669683

Kammmema, AR, Bombomme, MO, Kanikz, M, 19985 Jeo
chromology of volcmic rocks and evolation of the Cenomoic
Wentern bramch of the East Afimn rifi system. . Afr Barth Sci.
26, 441461

Kammarmema, AR, Amnstrong, M, Modisi, MP, Mipeo, BB,
1999 The Kitarm heltin soatwest Affica jon micoprobe 17
Ph zirconm data and defmition of the Kiaran Ngami belt m
Botswane, Namibiz and Angola. Gondwamna Res. 2, 571 572

Kamnmarmema, AR, Amstrong, KA, Modisi, M, Mapea, EEM,
2000 Tom micmprobe 17-Ph ages on smgle deinte] mnoon gmim
from Ghamsd Oroap: mplicatoms for the idemtification of a
Kiharan-sge cuast in norfwestern Botswama. J. Afr Fasth Sci
10, 579887

Lahtmen, K., 2000, Anchaemn -pratemaoic framsiton: geochemistry,
povernance and fecimic sefting of mehsedimemany rocks m
ceninz] Fennoscandim Shield, Finlmd. Frecambrian Res. 104,
147-174.

Le Gall, B, Thea, O, kasdan, F, Férausl, G, Bearmd, H,
Tierceln, 11, Kampmmy, AR, Modii, M, Dymem, I,
Maia, M, 202 Ar-Ar geochromology md stractaml dat
from the Olvango giant mafic dice swamm, Karoo lage
igneras pomvinee, N Botwana Farth Planet Sci Lei. 202,
5956046

Magpea, ERM., Ammstrong, A Kampumza, AR, 2000 Ages
of detrial mixon grams from Neopmieromoic siidohstc mols
in Shalmwe area: mmplicatioms for the evolition of the
Profercemo i onast m nordhern Botswana, 5. Afr 1 Geol 103,
156161

Mapeo, RAM, Ammtrong, BA, Kanpumm, AR, 20001 Ton
micropmBe 1U-Ph xircom geochromology of gnasses from dhe
{weta homhaole, NE Botrwana implicatons for the Paleommo
termnic Mapondi belt i southemn Africa. Genl. Mag. 138,
299108

Molarthy, T.5., Eleny, WK, 1995 Sedimenttion on the distl
reaches of te Dlawange fan, Bobwan, and s bewing
calorede and sikmte ((Jankter) formation. 1 Sedment. Res,
Rect A Sediment. Pet. Proc. &5, 77— 0.

McCarthy, T 5, Metmlf, ], 1990, Chemi cal sedimentation in the
semi-arid envimmment of the Olavango Dela, Boswam.
Chem. (Geal. 89, 157174

MoCarthy, T3, Stnitest, LG, Caimenss, B, 1991, The
sedimemtary dymmmics of active flavial chammelk on the
Okavango fin, Botswam. Sedimemology 18, 471 487,

Molarthy, T8, Green, W, Franey, NJ,, 1993 The inflaence
of neo-dectomcs om water dispermal i the northeastem regioms

of the Olavango swanms, Boswam. 1 Afr Fard Sci 17,
2312

McCanthy, TS, Cooper, (LY, Tyson, I, Fllery, WK, Ml
Seamoml flooding m the Olavamgo Dela, Bosvam—wcent
history and fatam prospects. 5. AF. L Sci 96, 2533,

MeLeammm, 50, Taylar, 81, Friosem, KA, 1987 (Jan chemistry
of Arnchean shales from the Pibara Sapergroup, Westemn
Australin. Geochim. Cosmochim Actad?, 1211-1222

MoLemman, 50, Taylor, 3K, MoCualloch, M.T,, Moymard, 10,
199¢). Geachemistry m«d Md-3r dsotonic campositiom of deep
sea turhidites: crastal evolation and plate feckmic associtions.
Geochim. Cosmochim. Act 54, 2015-2050

Modii, MP, 2000 Faaltl system of fhe southeasiern boandary of
the Diavango Rift, Botswan. 1. Afr. Fardh Sci 30, S69-5748.

Modisi, MP, Atekwam, F A, Kanpearem, A B, Ngwisanyi, TH,
2006, Rift Kmematics daring the moimemt shges of continent]
extemsion: evidence fromn nascemt Okavango rift basm, north
west Rotswam. Jeology 28, 939 -947.

Neshit, H.W,, Young, (M, 1982, Fasdy Proterceaic cimates and
plie motions infersed from majer element chemistry of ke
Matre 299, 715-717.

Neshitt, HW, Young, OM, 1984 Predicbon of some weaihermg
trensks of phrtemic and volamc rocks based on thermeodynamic
and kKmnetic considentioms. Geochim. Cosmochim  Ack 48
15231514,

Nesbit, HW, Young, O3, 1989 Formaton and dagmes of
weathering profiles. 1 Geol 97, 129 -147.

Neshitt, H.W, Young, GM, MoLerman, M., Keays, R, 19%.
Effectof chemim] weathermg and sorting on the petrogenesi of
siliciclstic seclments, with mplicatioms for provenmee stadies.
1. (Geal. 104, 525542

Plank, T, Langmear, CTH,, 1998 The chemical compasition of
subchting sediment and it comsequences for the crast and
mantle. Cheme. Geal. 145, 325 -394

Reeves, TV, 1978, The gravity sarvey of Ngamilnd: 1970-71.
Geal. Surv. Raotsw, Ball. 11, 84 .

Ringres e, 5, Hantsman Magil, P, Kampaea, AR, Doemey, W,
Coetzee, 5, Vink, B, Matheson, W, Vanderpost, £, M5
Sedimentologic] and geochemical evidence: for palaeo-envirom
memts in Makgadikgdi sub-hasin, in reltion o the MO rifi
degmession, Dotrwam. Padacogeogr. Palasocmatol. Pabececal.
{in grems)

Roser, BLE, Komch, BJ, 1985, Provenmce sigmtmes of sand
siome-mudsiome soies determined using discimimmt fimetion
anal ysis of major-elememnt data. Cheme. Geal. 67, 119139

Sawak, ., Martms, E, Kenga, 1, Themmer, K, 1992 Nales an
tree menk m the Boro River, Olavange Delia Dotiw, Noks
Rec. 24, 135149,

Taylar, 3R, Mclemman, 58, 1985 The Comtmental Crast: Its
Compesiton and Evolafion. Blackwell Sciemtific, Ondford.
312 g

Taylor, 3R, Mclemman, 53, 1995, The geochemical ev olution of
the comtmente] crast. Rev. Geoplrys. 33, 241 -265.

Thomas, DEG, Zhaw, PA, 191 The Kalahari Emeiromment.
Camiridge Umiversity Press, Cambridge 284 pp.

Toalkerids, T, Clager, B, Krimer, A, Reimes, T, Todt, W, 1999,
Chomacterzaton, provemance, and tectomic settng of Fig Tree




148 P Hunmman-Mapila er al. ! Sedimentary Geology I74 (2005} J23-148

geywackes from the Archoean Barberton (Greemtone et Wronkdewice, DL, Condie, KO, 1987, Geodiemistry of Archean
South Afim. Sediment. Geal. 124, 113129, shales Fom the Witwdenmrmand Supergroan South Africa:

Trescases, 1.-1, 1997, The hieritic nickel-om deposits. In: Paguet, smre-ara weathering and provemance. Jeochim. Cosmochim
H., Clawer, N. (BEds), Soik and Sediments. Mimemlogy and Acty 51, 2401 -2416.

(Geochemistry. Sprmger Vesdag, Bedin, pp. 125 138,




