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ABSTRACT

Trace elements together with some O and Cisotope amalysis were undertaken on duricrust strand line deposits: in
the palaso-Makgadikgadi sub-basin [PMSE) to prowide insight into palaeo-climatic conditions through the
inte-rpreta tion of calcrete, sikcrete—calorete intergrade and silcrete deposits. Trace element content and relative
abundance suggest that the duricrust onigins are associated with the long-term weathering of the Karoo Large
Izneous Province which underies the PMSE This wark shows that duricrust orgins are related to Ca** and 5i
[and assoeciated trace elements) being transported mainly throwgh the groundwa ter and then subsequently
precipitated at different stramdline elevations owver time. Loscal groundwater feeding in towands the pan marngin
and acumulatimg in neear-newtral pan-mearginal poos, appears to facilitate 5i concentration and permeeation of
pre-existing calcretes. The silica precipitates as the pH drop s when rene-wed freshwater enters the poals. Hemee
the inferred palaeo-clirnatic reg me fior siboretiza tion may besimilar tothat oo cwming in Botswana atpresent bei ng
dry semi-arid with low seasonal radnfall In contrast the extensive calcrete precipitation in the strandlines results
from abundant £2* in adjacent waters which appear to be derived from both lecal and regional sources The
amival of Ca** from regional sources (shown by trae element evidence) infers heavy rainfall in the upper
catchment suggesting a major hunnid event followed by regional drying Palaso-climatic inferences auggest the
junetaposition of major humidevents interspersed with more nomal semd-arid pal ae.o-climate s with anexce ption
obtainad From isotope data of drier and conler conditions than wswsl for the rerian amund 20-90000 e ars sz
‘Wheereas trace element data can greatly assist in the interpretation of complex deposits such as dunicrusts, cane
should betaken over the wse of particular ratios (such a5 Yh/Gd ratio) which may produce spurious reaults.
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1. Introd uction 19494 Nash et al, ®¥o94: Rlonger et al, 19498 Buck and Monger, 949,
Deeutz et al, 2001 L Ringrose et al. (2005) and Kampunza et al (2007)

Element compositions of caleareous sedimentary rocks can greatly used geochemical data from both calcretes and silerete-calerete

aid the interpretation of their origins (Wolfetal., 1967 ). Carbonate roc ks
in general have attracted considerable avtention in this regand with a
number of researchers deveoping indicators for pabeo-tempe ature,
salinity and weathering [ eg Chilingar, 1963, Fairbridge, 1964, Hunts-
man=Mapilaet al, 2006). & number of analyses are now avaiable as a
result of thes increasing use of calcrete in geochemical prospecting (eg
Davies and Jenking, 2003), Caleretes are often permeated by silica to
foim silérete—caewete intergrad ¢ deposits which have been véporled (as
such) in southern Africa, alihough they lkely occur edtensively in semi-
artd areas worddwide | Nashand Shaw, 1998; Ringrose et al_, 2002, 2005;
Mash et al, 2004; Kampunzu et al., 2007). Calcareous duricrusts are
potentially good palaso-cimatic indicators and their 813 and %0
values coupled with datingtechnigues can be used to docurnent climatic
variations during the Quaternary [Amundson et al, 1994; Wang et al,,
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intergrade deposits o infer palaco-climates in the PMSE (palaco-
Makgadilgadi s uls-basin} and the Moshaweng valley Whereas a genetic
link between calcretes and silcretes may be inferred by cheir field
relationships (Thomas and Shaw, 1991; Summerfield, 1983ab; Ringrose
et al, 1999, 2002; Nash et al, Z004) the processes imvolved in the
depasition of silcrete—calerete intergrade deposits and  acsoci ated
caleretes and o leretes arenot fully understood. Further work is therefore
requiied to danfy their ofging in teims of the porewater condilions
under which precipiiation occurs and to therefore infer a boader
palaco-climatic sequence for the PMSE.

Thiswork considers duricrust deposition in the per pheral sands of
the palaso-Makgadi kgadi Pans which represent a zone of convergenae
of surface and groundwater likely derived from an extensive sub-
tropical catchment (cf, Moore and Larkin, 2000). Rain and surface
inflow water have evaporated over tme to form the highly [ chloride
dominant) saline sub-pan groundwater (Gould, 1986) but the surface
weaber of the pans varies between fresh [ following rains] and highly
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alkaline-saline water (during the subsequent dry season). Duri-
crusted strandlines occur intermittently abowe the pan surface w hich
occurs around 890 m. The strandlines have been surveyed to
elevations between 904 m and 945 m { Cooke and Verstappen, 19848)
and on the basis of stone tools, may date back to over 200000 wears
{MeFarkane and Segadika, 2007 ) The duricrusts result from multiple
phases of calcretisation and subsequent sileretisation as precursor
calkeretes show evidence of overprinting [ Ringrose et al., 2005). Beds
af pure silcrete although also considered in this work, are e atively
rare in the strandlines. The present woark aims o: 1) determine how
trace elements in PM5B duricrusts can help to ecplain the nature of
caleretisation and silcretisation events; 20 indicate how isotope
analysis can extend the msults abtained and help explain exceptional
events, and 3] by extending porewater conditions to the larger
environment, consider how the results may enhance the interpreta-
tion of palaco-climates during the Late Quaternary in the region.

2. Geological amd hydrogeological setting

The study area forms part of a down-faulted graben in north-
eastern Botswana [Tiercelin and Lezzar, 2002]. The entire palaco-
Nooded area is referred o as palaeo-Makgadikgadi sub-hasin {PMSB)
which lies between 19805-2160% and 2575E-2640E covering
approximately 27 600 km® (Fg. 1) The PMSB is sparsely vegetated
with exposed salt encrusted swfaces surmunded by grassland The
area has an anomalously low rainfall at -400 mm/year [ Ringrose and
Matheson, 2003]) with high seasonal and diurnal temperature ranges
(48 °C summer daytime w 3 °C winter night time) AL present
precipi@ation is exceeded by evapo-transpiration by a factor of three
[Bhalotra, 1987 ) The PMSB clicumscribes Sua Pan in the east and
Newetwe Fanin the west. Bedock geology comprises mainly Karoo
Formations (Lebung and Ecca sandstones and Thlabal shales) with
younger Karoo wolcanics to the north (Gealogical Survey of Botswana,
2000} (Fig. 2). These units are crossed by the glant ESE-WNwW
trending doleritic dyke swarm (Jourdan et al, 2004), which s part of

the Karoo Large lgneous Provinee, Many dykes are exposed along the
pan margins and have been dated at - 187 Ma { Elburg and Goldberg,
2000).

The present work concentrates on duricrusts occurring towards
the northe rn end of Sua Pan (Fig. 3). The pan is infilled with fine-
medium sand (the brine aguifer) overlan by interbedded sand and
clay to a depth of =80 m {(Gould, 1986]. A sub-pan caustic {alkaline)
brine of the Na (K }-C-C0s-HO3: - 50:) type is being pumped for
NaCl and soda ash production (Molwalefhe, 2003 ) in the vicinity of
Sua spit (Fig. 3} The PMSB receives drainage from three major
catchments which drain mainly through regolith comprising the
Kalahari Group sequende (Fig. 4). The local Kabhari Goup sediments
are documented in Thomas and Shaw [ 1991) and more specifically in
[u Plessis (1993 Most inflowing rivers are assumed to have been
considerably more active during past humid intervals (Shaw and
Thomas 1992; Thomas and Shaw, 2002 ) but their waters have mostly
evaporated leaving the brine conoentrate. Sua Fan is the lowest
member of the sequence with a sump level of 890 ma. <L The pans are
surrounded by discontinuous strandlines ranging in elevation Ffrom
904 m to945m asl (Thomas and Shaw, 1991, and references therein)
who along with Ringrose et al. (2005) interpreted the strandlines as
shorelines peripheral to palaeo-lake Makgadikgadi.

3. Sampling petrography and analytical methods

The duricrust strandlines were examined at eleven locations which
vary inelevation from 945 m (=50 m above the present pan foor) to
904 m close w the present pan margin The strandlines were examined
in detail in road-cuts and borrow pits (Fig. 3} Details of the duricrust
profiles along withappoximate TL/0SL ages from Ringroseet al (2005)
are shown on Table 1. Care while sampling faclitated the differentiation
between the compound duricrust types comprising for instance
silerete—calcrete intergrade lithoclasts, which were wisually distinct
from the surrounding calcrete, Preliminary analys s indicated that most
of the profiles comprised silcrete-calomete intergrade deposis often
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Fig. 2 Distritrution af major ged agical Sarmatians inchicling dyke swarms in fe AMSB (after Batswana Gealogical Suvey. 2000).

embedded in a later calerete, with relatively un-atered caleretes
oocurring predominantly in the 936 m strandline. Samples from each
location comprised minor silkeretes and  silerete-calereve intergrade
deposits from the 943-945 m strand line, caleretes from the 936 m
strandling, and mostly intergrade deposits from the lower stiandlines
[Table 1) These samples were samined in hand spedimen and thin
section prior to XR0O, ESEM and major element geochemical analyses,
The results [ Fig. 8 Kingrose et al, 2005) revealed that the inten rades
comprised precureor caleretes permeated by thin veine and coats of
silica and are therefore displacive rather than replacive. Ringmose et al.
{20057 also indicated that the strandline duricrusts were divisible into
four main types based on CaCOy and 510y content (Walker, B60;
Summedield, 19833 b: Nash and Shaw, 199875 pecifically, the calcretes
contained between 60-80 wLE calcite and 10-30 wis Si0. and were
found throughout the SOW1 profile at 936 m and the basal units of
SOWID and SOWTA/ 13, Two silcrete—alcrete intergrade de posit types
were identified with compositions between 35-50 wis calcite and 35-
52 wLE 5i0h, and betwem 15-30 wi s calcite and 58-72 WLk Sils.
Because of their similar origins, these are combined in the present work
a8 oie major skrde-calerere mteig ade type [ Nash and Shay, 1998 a8
tedefined inNash et al, 2004 ). Thesil cietes contatived between < 10w
calcibe and 7E-95 wiL % S0,

Whole rock chemical analysis was performed on twenty-five
selected samples fiom each of the major undts at Chemex Canada Led.
The samples analysed comprsed mosty lithockhsts considered to be
representative of multiple caleretisation or calcretisation silcretisation
events (Table 1), Major element compos itions, discussed in Ringrose

et al [ 2005) were determinsd using an ICP-AES with adete cion limit of
001 wis with a relative precision of 4 1% (Kane, 1992; Thompson,
19492 ). Trace elements including REES were analysed using an 10P-M3S
with lowerdetection limits betwe en 0.01 and 0.5 ppra depending on the
elementunder consideration [ Thompson, 1992 ), Similar echnigues ame
described atlengthin @degard (1997 ) which includesa full description
ofthe lower detection limits and precision values, LLCr Niand Phwere
determined by Name AASwitha detection limitof 1 ppoe The precdsions
are 5% for trace elements between 001 and 10 000 ppo. (Taylor FET:
Bdegand, 1997}, To determine the Foontent, a sample was fused with a
2:1 sodium carbonate and potassium nitrate mixiare. The melt was
leached with water and citric acid added w adjust che pH to 55 The
fluoride activity was measured with a specific on electinde. Chloride
analysis was undertakenby KOH fusion then determined us ing a specfic
ion electrode. Loss on Ignition (LOT) anabysis involved pladng a 10 g
sample in anoven at 1000 °C for 1 h. The sample was kter cooled and
then weighed. The percentage LOI was calculated from the differendce in
weight [norganic (s, and total COz content were determined using a
Leco-Gasometric and Leco-IR d etector with detection limits of 02 and
0.0 respectively. The proced ure requiied the decomposition of samiples
with dilited Fydrochloric add, after which the organie carbon i3
separated by Aliration. The residue was subseque nily washed with de-
ionized water, dried and placed in the Leco-IR detector. Hence the
organiccarbon [ and the generated 00, ) were guantiatively detected by
infrared spectiometry and reported as percentages (eg Bdegard, 1997 ).

Carbon and meyzen isotope ratios were determined after vedfying
the mineralogy by X-ray diffractometny. Sable isowpe measurements
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wiere made at the University of Cape Town { UCT) on powdered calerete
samples. The caleretes contain cakeite as the dominant carbonate
mineral with small amounts of dolomite occuring inonly one sample.
The (05 was therefore extracted by reaction of 3-10 mg of powensd
sample and 5 ml of 1005 HzPO. at 25 "Cusing the classical method of
McRae [ B150). The 0, extracted from the calcite sample s was analysed
for both carbon and oxygen using a Finnegan MAT Delta XP mass
spectrometer in dual inlet mode, and the data were corrected using the
Cih—calcite fractionation factor of 101025 Data are reported in the
fammiliar & notation where &= [Rsample/Rstandard — 1) *1000 and
R = B0/ 150 or B0 Anin-house carbonate standard, Namaqualand

marble (MM}, was run in duplicate with each bateh of samples. The data
obtained on the KM standard were used to convert the mw data to the
POB and SMOW scales. The long-term duplication of NM suggests that
the precision for both 80 and 83C is better than 0.

4. Trace element composition
4.1 Alkalil and alkali earths

Duricrust data for the alkali earths results in the Ba values for
calcretes ranging between 182 and 2930 ppm, while concentrations
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foi the sleete—caleiete intergrade deposits range between 412 and
4820 pprocwith a reduction for sileretes of between 1905 and 525 ppm
{Table 2} The overall Ba compaositional range is from %5 times lower to
76 times higher than the Ba NASC (Morth American Shale Compaosi-
tion] valuwe (Taylor and McClennan, 1985). Ba concentrations are also
generally higher than those reported for Karoo dolerites (168-
467 ppm, Elburg and Goldberg, 20007, The highest abundances are
found in intergrade samples from SO0W3 (924 m) where the Ba
increases markedly wich depth from 702 ppm w 4820 ppm. Sr
concentrations range between 262 and 1080 ppm in calcretes, 442 and
S610 pprein the intergrade deposits and between 24 and 1930 ppm in
sileretes, hence Sris particulady abundantin the intergrade duricrusts
(Table 2} The overall Sr compositional range is from 02 times loveer to
39 times higher than the S5t NASC value (Taylor and MoClennan, 1985)
brutiscomparable to, or higher than that found in the Karoo dolerites of
Baotswana { 204-597 ppim, Elburg and Goldberg, 2000 ) for all duricrust
Lypes. Compared 1o Bavariability, aless marked increase is noted with
depth in the SOW3 sikecrete—calerete intergrade deposit as the Sr
content chamges from 1110 ppm to 3120 ppra. [nteestngly Sr and Ba
abundances vary markedly thioughout the strandlines such that 5 is
domdnant in the upper (945 m} strandlines while Ba dominates at
a6 mand 924 m, while 5 isagain concentrated towards the present
Pan margin at 904 m (Fig 5a). According to Wolfe et al. (1967 ) the
relativecompositionof SrorBa is dependent on conditions inthe water
medivm prior o precipitation suggesting that the geochemical
compositon of introduced porewaters peripheral to the pans also
changed over time. High Ba and 5r abundances along with other
elements, are depicted an Upper Continental Crust (UCC) normalized
multi-elermnent spider plots relative to the NASC reference | Figs. Sh, Ga
and b) where the order of elements is according to Hoffmann (1988 ).
The normalizing values used are from Taylor and McClennan (1985),
except for Cs and Ta where average concentrations of Plank and
Langmuir (1998) are preferred ( of. Kampunzu et al., 2007). Samples

fraim diffe et stiandlings are coded by site and with 51 representing
samples taken from the top of the profile to 5.n towards the base. The
caleretes are marked by sirong positive anomalies comprising Cad,
{most samples) 5S¢ (SOWID 530 Ba (S0WI 52) and U (S0W1 3B)
{(Fig. 5b). Stlerete—calerete intergrade duricrust samples are also marked
by stmilar positive anomalies for Caty, (mostsamples) for Sr£30W3 51)
and Ba (50W352) ( Fig. Ga). U is partdculady evident ac S0W13 S1A and
SOWEB while Th anomalies occur at S0W T3 51 and S50W10 52 Silerete
samples are marked by lower positve anomalies for Ca0 (S0W13 §3)
and comprise higher (=10 Sr positve anomalies (eg S0W13 2)
(Fig. 6b ). Rb and U abundances are much lower than Srand Ba, with Bb
dropping to between 6.6 and 374 ppm for caleretes, 288 and 41.0 ppm
for intergrade deposits and 188 and 734 ppm for sikeretes, The se values
are 2-20 times lower than NASC concentrations for Rb (Gromet et al,
1954) (Table 2} but are comparable to published Rb wvalues [ 10.7-
434 ppm} for Karoo dolerites (Elburg and Goldberg, 20000 Li valies
range from 1o 12 ppm for calorete s, 34 w43 ppm for i ntergrades and 6
to 42 ppm for sileretes with the Li content increasing with AlLOs.

4.2 Transition mewls and Zr

Chromiwn, cobalt and nickel concentrations in the duricrusts
range from betwesn 6 and 16 ppm, 3 and 11 ppm and 5 and 60 ppm
respectively whileother meatals are low throughout {Table 2). Compared
to MASC abiundances, Mi concentrations are lower in the sikerete—cal crete
intergrade deposits and sileretes but are generally closer to NASC
abundances incalcretes from the9 36 mstrand lines ( S0W 1 50) (Figs. 5h,
Ga and bl Co abundances are betweem 2.3 and 86 times lower than
those found in the NASC data set Concentrations of Vand Cu range
between 10and 95 ppmand 5 and 30 ppm respectively, with higher V
coneentrations in calcrete at the 936 m level (S0W1 55-95 ppm)
and higher Cu concentrations in the 924 m strandline [S0W3 52)
Backgiound Cu, Ni and V contents tend to occur in all the ather
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Talble 1

Prafile details for chrdcrust fram PMSE strandlines and infermsd speg periods when same standlines incorporated rmone recent ground water low [madilied dier Ringrose etal 2005, 20081

Locatian and Height abowe  Pralils compasition” Appra ainl ige Asswred arigin®

prafile depth =a1 level (m)

SWTAand 175 9435 51. Greysand ar Lumsinated hardpan 1022 ka silicams Drying interad after first nmnidingsrval = 110000 years
13 {m) 52_ Friable nodular silerete-calerete elust in hardpen (Lake Okswango snd Zumsbesi Noading)

interg rade deposit with quartz pebibles
53_ Friable nodular calorete-silerete with lithod asts
4 Parfially ifidirited fodiilid cilerete
53 Light green sand with scattered silicemis diial it
55 Imdurated calerets with Siloreies -cakrets
intergrade Hhocksts

SOW1 (m) 20 @6 S1_Indurated ealerete hardgan
523 Frishle calerete with quarts pelibiles
54_Friable calerete
55 Lammin.ateg] culcrsts
35 Nl ar imdurated calonete

SOW2 3and  2-30 912-324 51 Indlurated cabirete hardpen
4 (m) 52_Friable nodular silorete-calorete intergiade depasit
wiitth quar t2 pehitiles

53_ Moderatdly induratsd nadulir glorste-calonste
intergrade deposit with Srentched ihoclasts
54 Well for resd Silicsouiss rhizaliths in green, gramilic
calemSatE malrix

SOWI10 (m) 25 06 S1_ Indurated cabaarems dusicnst with suree

weathering

51_Dreriste] slorate-colorets imergracle deposit with
terrazn silcrete imd usions

53 Recrystallised green cabmete with silreie-caloret

imtergrade lithoclus &
SOWEAsnd 05 904 Unnikarm sanel wi th cisseminated silorste-calorete
80 (i) intergricke g ticles o sligens ¢ lozalith

1086 ka inner rid smiith Serandd dry ingerval atter umid perind = 41- 43000 yeurs
904 b slicems dast

S35 mel 807 ki nadule

412 ka siliceous thoclsts

907 ka ithoclist e, dry interval sfter huoriel period =80-90 000 yeirs

434 ka silesous lthoost  Seconsd drying inerwal afver seconed uimi d period

>41-43 000 yeirs

No clate

a3k Halacene dry ing event

* Ewidence aof descation o sdking acours iner mittendly throughaut o] prafiles
B Caloretes precipitate during dry interval Ballowing & humid perad

duricrusts (Fig. 7al. Incontrast Zr values are consistently high manging
between 215 and 635 ppm for calcretes, 435 and 1985 ppm for
intergrade deposits and 300.5 and 220 ppm Tor silcretes (Tabke Z and
Fig Thi. Thisis higher than the 10-160 ppm range found in the Olduvai
calcretes (Hay and Reeder, 1978) but comparable 1o the Kanoo dolerite
range (92.3-202_2 ppm, Elburg and Goldberg, 2000, thereby adding to
Chee plavicibilivy of 3 weathering product origin for these d eposice,

43 U, Th, W, Yand halogens

Uramium concentations are variable ranging from 1 to 55 ppm in
thee caleretes of SOWT ang from 0.5 to 75 ppm in the slemete—calcrete
intergrade deposits where the highest abundance in the 904 m
steandline (SOWEA) is adipcent o the present Fan shoreline (Fig Th).
Thorium abundanceis generally lowin the 936 m caleretes [ =1-7 ppm)

Table 2

Alkali sarth and transition metal alnindinces in ppm fom PYSE sirandli ness—30WEA (904 m ] to 30W7A (943 m).

Sample Tupe Ba Sr Bb Li [} Cr 1] H W i Ph m In Sn Ir
T 1] 1mzs 2400 0.8 140 (L] G0 is 1048 100 =5 50 =05 <5 =1 465
Sowan I 1340 1445 nz 170 040 &0 el 1580 150 50 =5 <05 <5 <1 540
SO0 1051 IG 38R0 1375 16 100 030 na 45 1580 150 in L 05 50 <1 198 5
SO0 1052 Iz 32400 i 88 180 040 B0 s 1580 200 1na =5 10 50 =1 1nss
SO0 1053 C 250 19055 15.4 j 20 20 30 108 150 150 Rl 05 <5 <1 pr-- M )
SO0 -5 Iz 02 ma B8 130 Q30 ma 45 1580 109 na =5 =05 50 =1 45
SO0 352 G 15895- 1630 362 430 040 140 &S G080 150 350 =5 =05 100 =1 .0
S0W3E-53 [[H 2490 3 ELN =0 030 120 45 1080 150 a0 a0 =03 50 =1 .0
S00W 554 G 4820 2410 i} 310 040 120 i 1040 204 =5 100 =03 50 =1 613
SO0 1-51 C 182 prd v 136 10 030 140 50 a0 300 230 =3 <05 <5 <1 4.0
SO0 1-52 C 298 TR 74 10 LIS i) 100 100 3080 450 300 L =05 =5 =1 s
SO0 1-53 C 369 74 6.6 (1] ala a0 S0 2040 250 na =5 =05 =5 =1 20
SO0 -84 [of 338 168 0.8 ad aza (=1 54 154 408 il 50 =05 =5 =1 bk
SO -85 C &7 87 130 i 020 a0 35 a0 950 100 =5 =05 <5 =1 S
S0 1-56 C 216 3lz 96 40 20 &0 40 1580 350 in 100 =03 =5 =1 213
S0 13-51 Iz 1455 1630 32 220 Q50 Ko S0 2040 150 1na =5 05 50 =1 1310
SOWI13-514 Iz =74 305 2z a0 030 20 40 2080 100 <35 =3 05 <5 <1 35
S00W 13524 G 412 3610 188 90 030 80 5 50 10a =5 =5 15 <5 =1 1n4.5
SO0 1353 ] 415 TE 4 154 ada g0 4a 154 1540 il ] =5 =05 54 =1 1555
SO0 1353 g =25 1130 ] 180 il na b 108 150 =5 =5 40 50 =1 1415
SWTAED 8 13z 4 £5 a0 Ll wa 1.0 50 150 =3 an =03 30 =1 2200
SOWTASS 5 415 4. Ti4 420 110 BO 10 1580 250 =5 =5 05 100 =1 1005
SOWTAS2 Iz 375 1425 410 120 50 100 (1] 108 150 30 S <05 5.0 <1 &0
SOWTA-S2A Iz 207 442 30 Z90 04D 100 45 108 150 30 =3 <05 5.0 <1 175
SO TA-S4 [ 15 | 4 120 L] 140 55 1048 508 il =5 =05 540 =1 65

= Calcrete. 5 = Silcrete, 1/C = Silorete-calonete intengracle depost.
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atud hig et i the integmade deposits (2-23 ppim). (Table 3} One
anoimialaisly high Th valoe odeiirs i the calerete im the 906 i stiandline
(SOWI0 53, Fig Th) where values =20 pprm abiin in relved caleretes
and intergrade deposite, Woconcentrations mange from 15 © 108 ppm
throughout the duricrasts with paticulady high concentrations in
sileretes from the 945 m strandline (eg. SOWTAST) and intengrades
from the 906 m strandline (Table 3 ). The concentration levels for 'Wae
2-50 times higher than the NASC levels for tungsten (Gromet et al,
1984 ¥ tiriumabundances peak in interg ade sample SOWEA at 12 ppm
whereas concentrations in calerete and silerete duricrusts are Low at
<85 ppimn.

F abund ances are melatively high in all the PMSB duricrusts with
concentrations mnging fom 200 o 860 ppm in the caleretes, S0W1

calietes show an increase in F eoncentrabion with depth (Table 3}
Silerete—calerete intergrade samples show a similar Forange (220-
TR0 pprr ) weithe hig her values coming from the 924 mdepaosit, S0WI-52.
The range for silerete samples [ 160-790 ppm) indicates 2 high degres of
ovedap with the o ther duricrusts. The highest Fvalue (860 ppm) ocours
in calcretes from the 936 m standling (30W7A 53 ) while the second
highestF value (790 ppim) ocours in silooetes from the 945 m strandling
where it corresponds to high concentrations of Zr Boron concentrations
(<46 ppm) are genelly low whereas Cl values are often below the
detection limit of the ICP-M5 (Table 3). The highest C1 value
[ 13000 ppm) occurs ina silorete (S0W13 52) which is 40 km north of
the present day Pan margin (Fig. 3} The second highest O salue comes
from SCWEA, close to the Pan margin ( Table 3, Fg. 5).
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4.4, High-fisld-sorengt heolomenis and REES

In the PMSE duricrusts the Ta concentration is low (=45 ppm)
(Table 3). Niobium abundances are also low (-3 ppm) although
higher values are foundin the silcretes (at50WTA ST ) along the upper
(945 m) strandlines (Fig 3). Similarly low concentrations for Hf and
Gafat -5 ppm)are generally prevalent [Fig 7). Ne ar NASC values for
Hf accur in both silerete (SOMWTAS1] and silerete—calcmie intergrade
deposits, (SOW10 51 ). Here the H values are slightly lower than those
found in the Kamo dolerites ( Elburg and Goldberg, 2000, The highest
Ga concentrations are found in the 945 m silcretes (eg S0WTA 53
although a Ga peak also occurs in 50W 3 intergrade deposits { g Fhl
Very low HFSE concentrations occur in the calce e,

Represeniative REEs (Lo Ce and Nd) were initially plotted in
histogram form (Fig 8a) which shows an increase in La towards the

lower strandlines. The REE content of the duricrusts is relatively lowin
the caleretes, high in the dlorele-calerete intergrade deposits and
intermediate in the sileretes (Table 4). The REE patterns were further
normalized and re-plotted (o show their relationship to the Upper
Continental Crust. The transformations of Taylor and Mclennan ( 1981 )
in relation to NASC normalized values were applied for each element
(Gramet et al, 1984 ) over the REE range from La to Wi o valoes were
il dsed in this veork a8 they were below the detection himits (Table 4).
The UCC normalized results ane plotted as Figs. £b, 9a and b for the
calcretes, intergrade deposits and  sileretes, respectively. The UOC
normalized patterns For caleretes and silcretes are much lower than
the appropriate MASC lines, whereas intergrade duricrust normalized
values are closer @ the crustal shale average. Calcretes and silcrete—
calerete intergrade deposit pattems | Figs. Bb and 9.a) aie shghthy conviex
upwards showing some MREE entichment between La and Gd with
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variable HREE depletion between Gd and Yh. The patterns for sikcretes
show variable HREE enrichment between Gad and Yb [ Fg. 9b). Ratios of
Yho!/ Gdy, were therefore calewlated to denote variations in HREE
depletion or enrichment in the intergrade deposits aned caleretes
following procedures described in Elderfield et al. {1990) Values =1
signify enrichment while values <1 signify depletion (Fig. 10). Results
show that most of the strandline duricrusts are relatively depleted in
HREEs with some endchment ocouring in the 945 me sileretes, and
single samples from the 936 m and 906 m strand line caleretes,

4.5, Stable Gotopes

The 85C and %0 values of selected carbonate material from most
stiandlines tange Fom — 1458 to 4+ 1558 [ nean — 221%.) and 163 1o

294%: [ mean 24 4%, respectively (Table 5). Good positive correlation
prevails between &3C and 60 walues (r= 094 (Fig. 11a). In addition a
stiong positivecorrdation was found between both 8*Cand 8%0 and the
wel Ecalcite for those samples with <3058 cal cite which are mainly derived
from the upper 945 m strand lines (Fig. 11band ¢}, This type of behaviowr
is chamctedstic of hightempeature metamophism of impure lmestone
(&£ Valley, 1986 where boss of (0 lowars the s C and £ 0values of the
remaining solid. However, C0y loss by decarbonation, is not possible in.a
low-temperalure non-organc environment One explanation for the
correlation between & *C and =0 is that the carbonate did not form in
isotope eguilibrium with the fuds from which they precipitated and the
correlations result from kinetic fractionation effects caused by the rapid
Joss of 00z froman agueous Muid Similar kineti ¢ fractonationeffects that
pioduce corielations betwien 550 and 550 exdst in some speleothems



E Rimgrode ed al | Salimentary Geolagy 219 (A009) 262-279 2

Talble 3

HIFSE wyith 1L Th, W and ¥ anal halogan abunelanzzs in ggom from PRED strandiines —S004EA (D04 m) 1o SOWFA [ 945 m)L

Sumphe Type Ta Nb Ga Hf w Th w ¥ c F B a

SO0 RA G as =1 10 10 75 150 130 120 W35 5100 400 700
SOwWER | H =05 <1 20 10 15 50 1.0 55 050 5500 480 s5mE.0
SO0 151 G 10 10 10 in 20 paiil o 0 050 300.0 220 70
SO0 1052 | .=} 15 10 30 30 20 2000 =0 40 05 2300 330 780
SO 1053 [ =05 =1 10 =1 40 fofi] a0 45 030 200.0 a0 =50
S0W3E-E1 I 45 14 34 14 45 3 1540 &5 G20 S804 =5 =50
SO 3=52 G a5 10 a0 10 20 20 10 a5 o5 700 140 <5
SO0 E-53 G 1.0 10 30 10 ns &r non S0 WES T0.0 150 =60
SO0 354 | .=} s 10 30 1.0 1.0 an 210 a0 W55 7100 11.0 <30
S0 1-51 = <05 10 20 1.0 1.0 1.0 100 320 @30 530.0 <3 <30
S0W1-52 C 0s =1 10 =] 30 1 nn 0 {41 4300 5 =72
SOV 153 C =035 =1 =1 =1 0.3 1.0 20 23 a0 G800 =3 =3
200 1-54 C =05 =1 10 10 15 1.0 &0 30 45 &70.0 =5 =50
S0 1-55 = <05 <1 10 <1 35 1.0 40 25 D55 8500 <3 <30
SOW -85 C =05 =1 10 =1 55 =1 o a5 30 34800 <5 <5
SO TAST 5 45 30 30 30 05 3 1m0 15 030 160.0 jali] =30
SOWTAS2 G 15 10 30 10 ns a0 o &5 s 6300 120 =50
SOWTA-52A G as 10 20 30 ns 40 na 20 25 66800 160 =50
SOWTAED g a0 a0 540 a0 a5 20 T a5 10 T30 290 =50
SOWTASH C <05 <1 30 1.0 20 T 120 &5 A5 2400 170 <30
S0 13-51 | .=} s 10 30 30 ns 4 o 40 W55 6300 150 0
S0WI1E-514 | .=} <05 <1 10 20 ns i &0 320 130 6300 100 1300
SO0 13-524 G as 10 10 30 ns 3 na 40 @30 2200 an 1400
SO 1352 3 05 10 20 40 035 i 150 5 035 4300 170 13000.0
S0 1353 H 15 0 30 40 ns EI Y 20 &5 @30 4900 150 <30

= Calorsts 5 — Silcrsts |G = & lorsdse-calorsds interg s depogit

[Hendy, 1971} biit firthe work & regitied o verifiy the exact piocess
tess poiigible hereln thed Eeissons that folleve orly data For 2am ples with
=30 caleite are uted

5. Discussion
51 Geochemical diffsrences botwesn the PAMSE duricrists

Trace element data from strandline duricrusts along the north-
eastern margin of the Makgadikgadi Pane were swaluated to
determine their contribution to the i nte mpretation of complex calcrete,
silerete—calcrete inte rgrade and silkcrete deposits. The main differences
betw een the duricrust ty pes have previously been described in terms
of 5102/ Alz05 and Ca0 rich end-members (Ringrose et al., 2005 ), The
present trace elerment results are summarized as:

= The dominant alkali earths (5r and Ba) show positive enrichment in
the silerete-calcete intergrade deposits, intermediate values in the
calcretes and low values in the silcretes (Figs. 5 and 6). 5ris high in the
945 m strandline with Ba dominant at the 906 m and 924 m levels.
Whereas the lower caleretes have relatively high concentrations of
Y, Miand U, most other trace elements {especially 2e, Th and HFSE)
ate more abundant in the intergrade deposits and o some &tent in
the sileretes (Fe. 7a and b).

The silcrete—calcrete intergrade deposits have a reltively high KEE
content compared (o the calcretes (Fig Sa).

Similarly, UCC normalized REE patterns for the calkrees depart
more from that of the NASC continental <rust than the silcrete—
calorete intergrade paterns, which show a closer affinity for the
KASC continental crust ( Fgs 8band 9a).

The REE patterns of caleretes and sikerete—cal crete intergrade deposits
show a low MREE comeexity (Figs. b and 9a) indicating HREE
depletion {Fig. 10}, Results from silerete deposits are inconc usive.
There is a generally positive correlation between &3C and 850,
particularly in the intergrade deposits in the upper strandlines with
=30% caldte (FAg. 1) There is a very strong positive correlation
between wik calelte and 8°C and 820 in thos e samples with =30%
caleite which suggests non-equilibrium precpitation of caldie. As a

.

-

w

w

conséquence only sampleswith = 30% caléite are ised below to infer
palaco-climatic conditions

52 Locwl and non-lecal bedro ok sowrces relntive o different duricruse
pes

The tesilts show that diffeences occit i the Face element
contents between the calerete deposite and silerete—calerete inter-
grade deposits which given the replacive natare of the intergrade
deposits, sugpests different sources of pomwater in each case. The
background for these diffe ences reguires futher consideration. The
silica-rich duricrasts especially the silcrete-calerete interg rade de pos-
its contain more variable concentrations of major and trate elements
and show closer resemblance to normalized continental crust profiles
s0 the original porewater likely contained a higher proportion of
dissobved or particulate weathered matedal when integrated owver
tirne. Weathering studies of rocks from the continental crust hawve
shown that Cal, Na,0, K20, 5t Ba, Rb and U are the most soluble
elements during chemical breakdown because of their high hydration
energies [ Mesbitt and Young 1982, 14984, 19849; Cullers 1988). Of these
elements Sr, Ba, and Bb are more abundant in the siloete—calem e
intergrade deposiis whereas Maz0, and K20 are low throughout. This
deficit may be attributed o the greater s olubility of Naz0, and K20
confirming their seleetive removal during the weathering process and
their deposition into the sub-pan groundwater (cf Mobwalefhe,
2003 ). Previous work on dolerite dyke composition around the pans
(Elburg and Goldberg, 2000) and on the weathering of dolerite dylces
from late Karoo sequences {Marsh, 1991 ) sugeests that the weathering
of i sty Karoo dolerites and basalts was accompanied by the
progressive mobilization and removal of 5, Mg, Ca, Na, K, Bb, 5, Ba, Y,
and ¥ into the FMSB regolith. We can therefore assume that once
meabilized, these elements seere available for groundwater transporta-
tion and were washed towards the then conternpomary pan margin.
Hence the chemical composition of the prevalent groundwater
comprised a range of elements being strongly buffered by the
compositon of the bedwek and regolith (Kampunzu et al., 2007).
This being £o, a non-pedogenic origin s ass umed for the duricrusts (ef.
Wright and Tucker, 14991 . The type of buffering envisaged issimilar to
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that reported in southern Nevada whee a strong correlation occureed
between the major and trace element compositons of felsic and
carbonate rocks and their s pedtive loal groundwater aquifers and
aquitards ([ Setzenbach et al, 2001 . 30 the chemical composition of
groundwaters leading to both caleretisation and sileretisation events
can be viewed broadly in terms of chemical equilibria between
weathersd constituents and groundwater within the local aguifers
(cf. Drewer, 1997 ).

As the silica-enriched deposits contain a greater diversity and
abundance of trace elements and result from secondary deposition
into the calerete then a more divect, localized source of ground water
flow through the conte mporary weathering profile is envisaged The
calerete deposiis (hence the ground) porewaters leading o calereie

predpitation) comprise lower proportions and different trace ele-
ments suggesting that the source of Ca-enriched porewater differs
from that of the Si-enniched porewater. Wang et al. [ 1994) sugee sted a
model for calorete genesis in which the main process was the
introduction of large {exogenous) amounts of Cal0z through ground
and surface water. This may be the case in the PM3B even though the
weat hering of overlying basalts and dolerites provides a Ca*™* source.
If the high positive Calk anomealies ( Figs Sband 6) suggest a nesed for
Ca*t importation from outside the immediate PMSB, then a non-
localised source needs to be invoked (of. Thomas and Shaw, 1991 ) and
the Ca?® is of mixed origin. Significant importation over time implies
that the Ca® could be concentrated within the regional catchment
(Fig. 4). The Okavango rwer catchment for instance includes
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Tabke <

Rare earth element abundandes in ppm fram PMEE strandlines —50WEA {304 m ) to S300WTA (545 m)L

Sample Typ= Ls [ Pr Nl Sm Eu el Th Dy Ha Er Tm Yb Lu
SOWAA G 225 415 31 120 35 o8 L a4 25 05 1.4 020 03 1
Sw'ER IG a5 170 0 85 13 04 15 a2 11 0l a8 =01 04 =kl
L L IG 120 240 6 95 1.7 04 17 az 12 0z & =01 08 o1
SO 1052 G 70 1ns 14 55 1.0 03 12 a1 (1) LIk as =1 05 <l
SO 1055 C a0 15 15 50 11 o3 (1L:] a (13 LIk 3 =01 05 1
S0WE-51 G 100 175 21 80 15 a5 19 az2 13 02 a7 =01 L) =kl
SOWa-52 15 18 145 24 =1} 17 0.4 17 az 15 [k ar =01 a3 el
W53 G 155 250 is ns 1.5 06 19 a2 11 032 ag =01 as =0l
S0V 354 IG 200 430 LR s 34 ] 6 04 13 03 1.0 a1 1)) o1
S0 1-51 C 45 a0 L11:] 325 o3 [N} (1L <1 (1) LIk a4 =i 02 <l
S0 1-52 C 125 150 21 9.0 1.3 4 0 a2 12 n2 Li13 =i 05 <l
S0 1-53 C 40 70 111} 30 05 (1} a7 =01 a5 =1 s =01 03 =kl
SO 124 c 55 ah i 40 [l G a7 Al .4 =il a3 =h1 a2 =fid
SO -5 C 45 B 08 L o9 ol a7 =01 03 LIk as =01 03 =0l
S0W -85 c is ] L) 23 a3 .l s =0l (L] =1, a2 =1 03 =l
SOWTAS 1 = 55 a5 11 4.0 o3 [N} o7 a1 (1) LIk as =1 04 <l
SOWTA-S2 G a0 Irs 19 80 14 03 1.5 a2 12 n2 Li13 =i 05 1
SOWTA-5 24 G 55 120 13 45 o3 02 [1E] a1 1) LIk a4 =i 03 <l
SRWTAS D £ 4D 5 s s i3 | (LY <01 04 al a3 =01 04 <l
S TAE C 110 220 14 105 21 04 11 o3 15 03 os ana a7 1
R IG 1= 150 135 = a3 03 19 al 08 LIk ] as =1 04 =l
SWIE-E1A G 50 1.0 L 4.0 o7 [N} (1L:] al .7 a1 o4 =01 04 =l
SO 13-524 G 55 185 12 45 1.2 03 1.0 a1 1) LIk a4 =i 03 <l
SOW13-52 = 45 &0 11 25 a7 o ik <11 [ <] [k} =01 as =il
SO 13-55 s 5 240 17 75 16 04 17 a2 13 4.2 a7 =01 a5 ={l

€= Calorete, 5 — Silorete, 1/C = Silorate—cabonete interg racke depasit.

extensive, open water bodies perennially undergoing evaporation)
evapo-ranspiration leading o relative Ca* enrichment (Walski and
Savenije; 2006; Ringrose et al, 2008} If a geochemical similarity is
assurned over time, then inflow water with a relatively high catt
concentration [ McCarthy and Ellery, 1595 Cronberg, 1996 ) could flow
o the PMSE through suiface water sources (such as the Boteti river,
Fig. 3) over extended geological time scales An addidonal line of
evidence implying long-ramge sources over time stems From work by
Union Carbide [ 18980} who reported on uraniuvm prospecting in the
pabo-drainage valleys which fow into the Okavango river system and
hence the PMSE. The affinity of carbonates for U has been well
documented [ Carlisle, 1983, Mann and Deutscher, 1978 As there are
no known U sources inthe vicnity of the PMSB, the Uin the stzandline
samples may have been derived from pabeo-Okavango river Now. This
waould be added tothe Ca™" contributed through the weathering of the
Karoo Large lgneous Provinee rocks since the end of the Jurassic {eg. Du
Plessis, 1993 ). However this may be complemented as for instanoe in
work by Semenunik and Meagher [ 981 ) and Tandon and Kurnar [ 19499
whao indicate that the composition of caleretes mainly reflects ground-
water composition and henoe the weathedng environment, from which
they were derived. The local groundwater source is augmented by the
notable presence of Cu and Ni in the 936 m (and adjacent 924 m)
strandlines, in this case suggesting a local origin. The closest known
location for these elements is the neaby Dulkwe sulphide mine (Fig. 2)
which is upstream of the 924 m and 936 mduricrusts. So the Ca ¥ in the
caleretes in the 924 m and 936 m strandlines for instance, appears to
have been derived from bath distant { egional) sounces (which also
contributed the U} and local sources which also contributed the Coaand
Ni. Henee the concentration of CaCly at the pan margins resulted From
the mixing of exogenous Ca®" from the catchment with endogenats
weathered Ca®" from groundwater flow. Catchment waters flowed
through the incoming streams which during high rainfall events
accurnulated in the then contemporary pan-like depression and
infiltrated into the pan-marginal sands where mixing occurred with
the local groundweater. The repeated collection of water in the pan-like
depression from regional and local rainfall events likely contribauted to
its deepening over time and has implications for the origin of the
Makgadikgadi Fans which is beyond the scope of the present work,
What is suggested hereis that anexplanation for the difference between

Ca*t enriched groundwater and Si-enriched groundwater appears
dependent on the nature of inflow events. Results from trace element
identification suggestthat the abundant Ca® s d erived from both local
and regional sources while the 5 is more locally derived. Different
pabeo-climatic conditions may be imsoked to explain these differences.

53 Duricrust origing and paleso-climane interpretations

As the incoming silica-rich groundwater with a relatively high
concentration of trace elements most feasibly originated directly from
localized groundwater flow, this seems to imply localized seasonal,
rainfall. This contrasts with the Ca-rich water which is considersd to
have been derived from both local groundwater and externally derived
surface sources. On the basis of CaCls abundance in the basin, this
implies heavier catchment-wide minfall which would facilitate wide-
spread Ca*™ uptake and re-distribution. The swrface low and ground-
waters are thought tocolled ina pandike depressionwhere the calcrete
preferentially precipitates at the pan margindunng a subsequent drying
phase. Calerete precipitation taking place ontheedge of apan, following
ternpeorary infilling and evapomation s consistent with the Eugs ter and
Kelts (1983) evaporative sequence. Suface waters in the pan-like
depression would have the effect of diluting both major and trace
element inflow thereby explaining the lower trace element concentra-
tons inthe caleretes from both sources. Similarly the repeated infilling
and drying episodes could help explain the multiple calcretisation
events and the sequence of yournger and older ages for agiven strandline
(Table 1) As the silica-rich groundwaters are maostly locally derived
from groundwater sources, then their concentration at the pan margin
in the calerete strandlines requires further explanation. The prevalence
of precipitated silica along the pan margins is evident from fiekd
ohservations at the present time where both ground and suface (rain)
water collect in pan-marginal pools (F). The pools are found wherever
the pan surface dips and therefore loci for pools in the past could well
have been adjacent to the peripheral calerete mounds, Summerfickd
(1983a) noted increasing concentrations of silica in rivers fowing into
the Makgadikgadi Pans from which silcrete has directly precipitated.
Since the pansare a dosed suface /groundwater basin loal inflow and
groundwaters concentrate silica above the equilibrium solubility for
quarte {¢f Thomas and Shaw, 1991) and hence tend o collect trace
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elements. Inferred paleo-dimates needed for much of the sikretisation
could therefore result from climatic conditions similar o those
oceurring today which comprise localised rainfall with minimal stre am
inputs into pan-marginal pools. Interestingly the silica does not
precipitate upon evaporation but mther as the pH lowers towands
nearneutral {eg Nashand Shaw, 1998)_Explanations for the low ering of
the pH are normally ascribed w additional inputs of freshwater from the
subsequent wel season. Hence silcrete precipitation or silica-rich
incursions into pre-gasting calerete wquired repeated wel-dry seaso-
nal cycles, similar to those occurring in Botswanaat the present time. For
clarity the very wel, catchment-wide humid phases required for calcrete
formation are refermed toas humid intervals and arve followed by drying
events required to effect caleretisation (Table 1) In this context
silcretisation events are seen as secondary, aking place when climatic
conditions reverted to more “normal’ semi-arid seasonally wet-dry oycles.

While silica-rich lithoclasts in the silcrete—calerete intergrade
deposits contain a suite of weathered minerals, the anomalously high
Srand Ba content ( Ags. 5 and 6) requires further explanation. As the
element concentrations differ over the different strandline elevations
{Ag. 5a) this suggests the possibility of fractionation effects leading to
the release of initially more Sroand then more Ba within the
weathering sequence. A further possibility is that the relatively high
5 (and maybe Ba) abundances are biologically sequestered. In Lake
Constance [Switzerland) high 5r/Ca ratios {in the freshwater lake)
occur as the Sr s biologically mediated through algae in a process that
leads (o co-precipitation with sinking particulate organic matter
{Sabel, 1989, Other literature sources indicate that lake plants may
either favour Ca uptake over Sr or the converse de pending on the plant
in question, for instance in Perch Lake, Ontario {Ophel and Fraser,
1970} A biological uptake mechanism may be invoked where this
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Fig 10 HRIEE enridhment/deplefion [ Yhy/La,) ratios (after Bdedisld etal, 1990 jacnoss the main durionst types difereniated by strandline sleation [T = calorets, 1G = siloete-calmets

intergrade depasits, 5 = silorete)

occurs along the pan marginin the presence of abundant {and maybe
varied ) plant life. Assuming that small fresh water pools developed
along the pan margin then plant action may have preferentially
favoured the uptake of 3¢ {and maybe Ba) during different ponding
phases over time. The Sr, Ba {and Si) formed part of the plant cells
which were later entombed within silcrete—calcrete intergrade
deposits, althoughother forms of bioge nic concentration (e.g. through
diatoms) are also possible. Some pan-marginal silerete—calerete
intergrade deposits (froim SOW2, 3 and 4] aré associated with
temmant plint (foot) mmaterials in the farm of silica-rich rhizoliths
(Table 1 and Ringrose et al., 2005 L The silicification of plant remanants
may have been initiated in macrophytes in a similar way o the plant
uptake of 5 as phytoliths in the Okavango Delta at present [ of, Struyl
et al, 2007 in tdal environments). Silica=enriched rhizoliths occur
especially in the 906 and 924 m strandlings which are noted for their
high Ba concentrations, while anomalously high Sr concentrations are
particularly found in the higher (945 m) strandlines which are not
characterized by plant remains and therefore may have been
sesqueste red through a different med ium, Qverall, the different relative
abundances of transition metals may signify a change in geochemical
environiment but a full biological explanation asto why this has taken
place { from the 945 m o the 904 m strandlines) is beyond the scope of
the present waorke

While the fack of silica conceniration around the pan marging is
itdis puted, evidence & uggesting fresh or shghtly brackish marginal
pan water contradicts consideration of the pan margin being highly
saline and allkaline (g Vink and Ringrose, 2000} The cancentration
of silica above the equilibrium level in the strandlines may be related
tov highly s aline=alkaline marginal pan water (Williams and Crerar,
1964 ) and may be biogenically induced (Shaw et al, 1990). Howewver
the precipitation of silica has been described in Nash and Shaw [ 1998)
as resulting from inputs of fresh water (mainly rainfall | which lowers
the pH and thereby induces silica precipitation. 30 whereas the silica
may concentrate under highly alkaline—saline conditions it appears to
predpitate in a lower pH environment. The geochemical conditions
under which precipitation took place may be further informed by the
analwsis of REE results.

54 Analysts and interpretetion of REE resulis

Farther insight into the geochemical environment prevalent along
the pan margin during the formation of strandline duricrusts is

suggested by dissohwed REE concentrations. In natural waters these
display an inverse correlation with pH values (Keasler and Loveland,
1982; Goldstein and Jacobsen, 1988, Elderfield et al., 19490; Sholkovi e,
1995} and this correlation s stronger [ Le. lowest REE concentations
occur) at pH=65 {eg, Dupré et al, 1996; Kampunezu et al, 2007 ). The
REE results (Fig. 8a) when compared to relatbonships shown in Dupeé
et al (1996), suggest that calerete precipitation in the 936 m strandline
took place over a range of pH values from pH 7 to pH 9. While this is
apprastirnabe and beadng in mind that the Dipré et al (1996) ecaimples
arefor Congo fverwa ler, this mainly confirms that cal ceete precipitation
ok place in a basie [bicarbonate-rich) environment which was
therefore alkaline but not necescanly saling This is wrn supponts
suggestions that CaC0s precipitation took place after the pan margins
were elatively wet and therefore likely following infilling from: both
surface and groundwater Now,

Higher REE concentrations were found in the silcrete-calenete
intergrade profiles for instance in the 924 m and 904 m strandlines
which could infer porewater conditions which ranged from s==pH 5 to
pH 7. This suggests that at these locations, the silica-rich porewaters
precipitated (in the pre-eisting caleretes) under lower pH [ near-
neutral-acidic) conditions. At the 945 m and 906 m locations mare

Talile §

C- and Q-sotope compasition of Selected PSR duricrst semples.

Sitiple Yee  E9CPDE SO SMOW  1C— 8. #°C 5% 0 -
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Metes: The T calcite wits calcalated fram the yiekl of OOy during carbonate readion it
25 *"C. Ternperatures of formuation rre caloulated assuming aquilibrium with water
having 5™ 0 values of —4, —5 and — 6%



6 5, Ringrae o al | Sedimentary Geolagy 219 (2009 ) 262 -279

a) .
Q
[4] [s]
0k
[+] (=]
" o wf
o Q
& 5 o
Tu b
-0k
“18,g B 20 25 30
b 5"F0 SMOW
) % i
a o
o [= I =] )
-1 = PR
g In ]
o
£
Ll
20 -
(=]
(]
% s ; L :
0 20 40 0 3] 100
C) Wt. % calcite
5
o
a [=] Q
0k
[m] [a]
6) = g o
§ <
p °fo
"
[+]
=10 -
A5 ] 1 1 1 1
a 20 40 60 -] 1a

W26 calcite

Fig 11, {a) Pt af 57 relitive to POB v 59 relitive to SMOW far PMSE durioranis,
(B) 570w the Wt ealgiie and (¢) 57 vi e caldte. determinad during carbanates
extraction forismope analysic

mixed conditions prevailed bot these average around pH 7-8
suggesting that porewater conditions were near neutral to slightly
basic. The low pH range for silcretisation events supports the
suggestion in Nash and Shaw [ 1998) that precipitation ocours when
fresher waters are added to the pan-magingl pools. Thisis turn agrees
with suggestions above that silcretisation involves the concentrtion
ofsilica (and trace element) enriched waters near the pan margin but
that the precipitation of silica likely occurned during the nex i seasons
{bowe) rainfall as inputs of fresh water are required to lower the pH.
Evidence from REE pattems is further invoked o suggest whether
the porewaters were saline during the processes leading to precipita-
tion or whether this wok place from essentially fresh water. Duricrust
REE patterns ( Fig. 8b, 9a and bj can be interpreted toinfer the mixing
of saline and fresher water sources. The stability of REE carbonate
complexes increase s with the atomic number and this favours a
preferential e ention of HREE compared 1o LREE (Shollovite, 1995),
Details of @otuarine mixing in termes of HREE depletion are deseribed

it Elderfield et al (1990) whereby the Nocculation of hese feleme nts
corresponds to the onset of salinity. Norenormalized HREE enrich-
ment (Vb /Gd,= 1) or depletion (Yh,/Gd,= 1), where depletion
corresponds to the onset of flocculation, can be used (o infer the
degree of mixing in terms of saline=feeshwater conditions (Fig 10}
The silcrete-calcrete intergrade patterns show HREE depletion from
the 204 mstrand line denoted by Yig/ Gdn ratios of 0.43 inferring that
saline conditions prevailed dose to the present day pan margin and
hence higher salinities are associated with the Holocens intergrade
duricrusts (cf Vink and Ringrose, 2001} (Table 1). Howewer other
{ Pre-Halocens) inte irade deposit patterns are less determinate. For
instance the 906 m strandline has high Yb,/Gd,, ratios { L15] in the
caleretes inferring enrichment and so probable freshwater conditions
wehile the relatively depleted intergrade deposits {at =0.75) suggests
some flocculation and the onset of salinity, hence more brackish
conditions. Results from the 924 m strandline depict a range of Yy
G, values betwesn 048 and 0.7 again suggesting a range of
conditions varying From saline to brackish, The silerete ratios range
from: LG to L1 suggecting that they formed from mostly frech
porewaters. The Yb,/Gd, values of the silcrete-calcrete intergrade
deposits suggest that the salinity of the pan margin pools varied from
saline to brackish to fresh which might sugeest a range of conditions
(cf, Lee. 2006 ), Hence the mesult of the Yha/Gdy ratio for predicting
palaco-climates relative to sileretisation events is inconc usive,

The calcrete Yhy Gdy atios (Fig. 10) from the 936 m strandline ange
between 0.4 and LOsuggesting that the calcretes formed from saline to
fresh pomwates which as indicated above, were also alkaline. The
906 m strandline caleretes also appear o hav e precipitated from non-
salinewate s while the 945 m calcretes appear to have preci pitated from
salinewaters. This might suggest thatsalini ty has no bearing oncalcrete
pred pitation which is mainly concoled by the pH and therefore again
the ¥ha /G ratio is not particularly hel pful

Haowiever the balance af the evdeénde sigsests that the ubigiitons
precursar calerete strandlines result from a highly evaporative Ca-
enriched palago-environment whose origins infer ecensive regional
rainfall and extensive water collection thereby inferring majpor humid
conditions. The subsequent silcretisation ewents infer lesser, more
localized rainfall and more discrete pan-marginal ponding often
alongside the pre-existing calcretes @king place under similar seri-
arid conditions to those ocourring at present. However conditions in
the bicarbonate-rich pan waters which led to the deposition of
caleretes at the 936 m strandline were unigue being inimical to
subsequent sileretisation. Why this caleeete did not transform into a
more ‘normal’ intergrade deposit as a result of wet-dry oicles is
further explained by isotope results.

5.5 Contribution of fsotope deta to understanding calorete forma ton

The C- and O-isotope compasition of the PMSE caleretes at the
9736 m level was compared to caleretes from ather locations world-
weides ( Fig. 12). The 8"20 values plot in the middle of the range ofwalues
for other calcreles, whereas the 6"C values are relatively high but
compare with values from the Gangetic Flains and the Thar Desert
[ NW Indlia) which are both arid areas, Cerling (1991 ) shows that pure
€3 and C4 plants produce #5C and 650 values of — 125 and + 23,
respectively (of Quade et al, 1995 ). Thus a mixture of 50% C5 and 50%
C4 plant contributions to the calerets would have produced a &5C
value of about — 5% This suggests that the PMSE vegetation during
the formation of the 936 m strandline calcretes comprised a mixture
of grass and shrubs similar to that which occurs at present.

The &%0 value of calerete carbonate depends on the 82 0valueof the
porewater from which the caldte precipitated and the emperature of
formation. The expected 5120 value of ambient rainwater in the areais
unknown but present day data for Pretora, Windhoek and Harate aie
available frorm the JAEA dat base [ Roznski et al, 1993) for the years
1961-1987. The weighted mean 550 valuee for theee Incations are
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Fig. 12. Platof5"C vs 5™0 for PMSE caloretes { 30 wi X cal dite) in comparison to glohal
iatope results. Fiekds for the Gangetic Pliing are taken Fom Srivastava{ 2001 ), the Thar
Dresert NW India (Andnews et 2. 1998), loess fields of China {Rowe and Meher, 3000),
the Truel Graben, Central Spain | Alonse-Zarzaa and Arenis [2004) and Braken Hill,
Austrafia { Schimid =t 2l 2006).

37%., —50%., and —61%. respectively. Hence the expected
weighted mean 20 value of rainfall in area at the present day is
probably between —4 and —6%- Table 5 gives the temperature for
caleite in equilibrium with water calculated using the eguation
10001 N0 a1 wamer = 278+ 10572 )= 289 (Friedman and O'Neill,
1977} for water having &0 values of — 4, — 5 and — 6%-. The samples
with the lowest % caleite { and henee low 830, Fg. 11 ) g ive unrealisticaly
high termperatures for all three water "0 values and are ignored in the
average lemperatwre caloulations that follow. The calcite in the samples
with =30% calcite has an average 550 value of 26.29% and this gives
temperatures of 179, 136 and 94 °C, for water 850 values of — 4, = 5
and — 6%, respectivel. For the water 820 value of — 4%, the average
ternperature of 17.9 *Cis close to the mean annual temperature of 188 °C
(Gaborone, Botswana in Cooke, 1987 ). For a water 570 value of — 6%,
the temperature of equilibration of the cakite in the calcrete is
significantly lower with an average value of 9.4 °C, which is clearly
bedow the present day mean annual average tempeature. During a
period of colder climate, the 830 of rainfall would be epected o be
somewhat lower than the value observed today. This would lead to
estimates of formation temperature of calcite that areeven lower thanin
Table 5, and hence clearly unrealistic. Present day groundwater from
Orapa in central Botswana has a 550 value of around — 6% (Mazor
et al, 1977 ) so it seems likely that there was significant groundwater
evaporation during calerete formation, which mised the 550 value. The
amount of evaporation requived to raise the 5850 of water by a certain
amount depends on the amount of water lost as vapor and humidity at
the time of evaporation and is not simple to caloulate. The lower 820
values of the PMSB samples compared to the Moshaweng (Kampunzu
et al, 2007) samples suggest generally lower 850 values of the water
from which they formed, or higher tempeatures. Higher temperatures
would normally go hand in hand with higher water %0 values of
rainfall. It s much more Hkely that the cause of the lower 550 values in
the PMEB calcretes reflects lower rainfall 520 values and hence lower
annual termperatures than are present today (Table 5). Calerete
precipitation under low temperatures is evident from the literature as
indicated in Strong et al. (1992). Hence while the Ca** forming the
936 m strandlinge might have formed at the pan margin following a
heavier rainfall phase and the carbonates predpitated during a tme of
high evapo-transpiration, this appears to have taken place under much

cooler conditions than those prevailing today The cooler, drier
conditions may have reduced the chances of localized rainfall and the
development of par-marginal pools therely impeding silcretisation.
Hence the wetter and drier oecles which characterize the evolution
of the PMSB were interspersed by cooler, drier intervals defined by
isotope results which in this case likely occurred = B0-90 000 years ago
(Table 1),

6. Conclusions

Trace element datafrom PMEB strandline duricrusts wereevaluated to
help determine whether such data could help in their interpretation and
thereby assist in elucidating palaeo-climatic conditions. On the basis of
trace element content and relatve abundance, it is suggested that the
duricrust origins are associated with the long4em weathering of the
Karoo Large lgneous Province which underlies the pans. Trace element
data associated with calerete deposition infers mixed local and regional
sources whereas the trace elements assoclated with sileretisation events
suggest a dedvation solely from local groundwater. Local groundwater
feeding in towands the pan margin and accumulating in pan-marginal
pools, appear 1o have been repeated precursors for Si concentration. The
later permeation of pre-existing caleretes (F) took place when the pH
dropped after renewed rainfall. The need for seasonal wet-dry intervals
suggests that a palaso-climatic regime for sileretisation may be similar to
that ocowrring in Botswana ab present In contrast the etensive Calidy
pred pitation resulting from abundant C2* in adjacent walers appears to
be denved from both local and regional sources based on trace element
data The arrival of Ca®* from regional sources suggests heavy rainfall in
the upper catchment and therefore a major humid event Hence general
palaco-climatic conditions infer the juxtaposition of major humid events
interspersed with more normal semi-and palaso-climates over very long
timescales. Anexceptionobtained fromisotope data sug gests drier, colder
conditions than usual for the region amund 8090000 wears ago.
Whereas trace element data can greatly assist in the interpretation of
comple deposits such as duricrusts, care should be takken over the use of
particular ratios (such as ¥b/Gd mtio) which may produce spurous
results,
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