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South Africa 

sburg 

urban 

Cape To n Port 

_ TMG outcrop 

Study Area 

'''"",,'.' \",;"===~'===~, - -'" , :~, .., 

Figure 1.1: Location oi thc study area (see Figure 1.2) and the extent 01 the TMG (atter 

Hartllady & Hay, 2002). 
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Figure 1.2: The larger study area (tVIiO sampling areas are indicated) 
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The Kammanass'e Nature Reserve is a pristine mountaill area that houses various ilora 

and laulla illcludillg iyllbos. kudu alld the protected Cape mountain Lebra. Vegetation 

generally cons'sts of short scrublalld and fynbos with small patchcs of airo-montanc 

forest. The mountains reach an clcvation of 1950 metrcs above mcall sea Icvel. The 
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Sc;9!e 

Om 
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Baviaansk loof 
Formation 

Skurweberg 
Formation 

GOl.lcllnl 
Formation 

Cedarberg 
Formation 

Peninsu la 
Formation 

Nardouw 
Subgroup 

Figure 1.3: Suallgraphical column 01 hlhologll!S in the sludy aroo. 

The Peninsula Formallon is Ihe oIdesl formation at the TMG with an approxima le 

thickness at 1500m (Meyer. 1999). It IS made up of coarS6ilrarnBd whitt! quartz arenlle 

with scduerlngs of sm all pebbles and thin layers of small pebble malr'l<: supported 

conglomerate (ue Seer. 2002). The pebbles are generally "ellled qu ariZ TIl e 

Cetl<l rberg SIl.ue Formlltion IS reilltively th'n al about 50m thick (Meyer. 19~9). The 

1Cffi111~0!1 COf'$lsts of d black Silty-shale lit tha base grading into a bro'Mllsh Siltstone W1th 

II fine Sdndstone at the top (de 8Mr. 2002). The Nardouw Subgroup IS an 

IIpprOltirlldtely 900m th iCk Sarldstone Illyer varying between quart? IIrenite lind sil ty and 

leldspatll ie arenites wllh small ineluslot's 0/ conglomerate and shale (Meyer. 1999; de 
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Beer, 2002). The oldest Formation in this unit is the Goudini Formation with 

characteristic reddish coloured weathering and thin sandstone beds, Above the Goudini 

is the thick-bedded arenilie Skurwebcrg Formatioo that is more highly resistant to 

weathering and forms the highest peaks_ The top unit is the Baviaanskloof Formation 

with a finer grain size than other units in the NardQuw SutJgroup and high fakJspar 

contant In Figure 1,4 il can be seen that the TMG samstones are resistant to 

weathering am so make up mountair.ous areas, such as the Kammanassie Mountains 

(Kotze, 2000). 

Oysselsdorp-Uniondale road 

Legend 
Bokkeveld Group 
Bayiaanskloof Formation 
Skurweberg Formation 
Goudini Formation 
Cedarberg Formation 
Peninsula Formation 
Wltteberg Group 

Kammanassie Mountains 

Road 341 

OKm 10Km 
S----------------~'N 

Table Mountain 
Group 

Figure 1.4: A geological cross section of the Kammanassie lI!iounta'lns {after Kotzc, 

2000), 
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li'il!:ure 1.5: p':-rH diagram for iron ("lc13ride, I ':194) 

Over the pH range of natural WOlters (5-9) as conditions become reducing, dissolvoo iron 

concentrations increase (Drever, 19971 This trend is reversed if there are sulphate 

species present and the redox level where sulphate reduction occurs is reached. This is 

because iron sulphides will then be formed and preCipitate out If sulphates are absent 

iron concentratioos are controlled by the solubility 01 FeCO" (Drever 1997). 

Water enters the soil and dissolves organic compounds (DOC), some c1 which ~~'II be 

organic acids, from the soil and frem plants (see Figure 1,6). As the water percolates 

down through the soil and into the aquifer conditions become gradually more anoxic due 

to depletion of 0" by oxidat>on d DOC. Apart from contributing to the dcvekJpment of 

reducing conditions, DOC mOlecules also higher the solubility of iron by ccmplexation. 

Fe" is reduced to Fe" under anoxic conditions and the DOC can aid in this 

transformation by donating an electron and itself becoming oxidiscd Iron can also 

i4 
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clissolve witilout the help of DOC Once tile dissolved iron is in the aquifer water it is 

mobilised and will OIlly precipitate out under oxidising cOIldltlOns such as occur in a 

borehole, or more reducing conditions as iron sulphKJes. In a borehole under oxKJising 

conditions Fe" is oxidised to Fe" which often precipitates as an iron oxide causing 

clogging, Iron bacteria act as bioiogical catalysts and speed up the oxidation reaction 

-
Fe'· II'" 

Water Flow 

Figure 1.6: A schematic diagram of iron cycling in aquifers. 

1.5.2 Iron Clogging 

The problem of iron related biofouling is an intemational one but literature on it tends to 

be sparse (Smith, 2(02), In South Afriea biofouling is particularly associated willl the 

15 
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boreholes in the TMG aquifer and in Atlantis (Smith el.a/.. 2002). Biofouling has led to 

tI", clogging of pumps and borehole screens and therefore a decrease in borehole 

efficiency and yield (Jolly, 2000). Too deposits consist mainly of iron hydroxides, 

organic matter and water (Tyrrel & Howsam, 1990) and appear as a crust on the inside 

of pipes and on screens (see Figure 1.7). In other parts of the world tI"'se d€posits 

have also been associated with manganese, but this is not the case here possibly due to 

the lower concentrations of natural~ occurring manganese. In the case of iron biofouling 

tI", iron that is dissolved in the groundwater ui1!Jer anoxic conditions is o~id;sed (to Fe'-) 

as it is brought to the surface. Iron precipitates in the form of iron o~yhydroxides and is 

often associated IIoith biological clogging (OO/ouling) (Jolly & Engelbrecht 2002) This 

association is because microbes catalyse the naturally occurring oxidation of Fe" 

(Miller, ::'001). When iron precipitation is associated with biofooling it has been found to 

occur rapidly and cause severe clogging (Jolly & Engelbrecht, 2002). 

Figure 1.7: A clogged pipe, showinO layers of preCipitate within the pipe (Miller, 2000) 
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CHAPTER 2; FIELD SAMPLING AND LABORATORY METHODS 

2.1 Borehole Water Samples 

Water samples were c~lected from tile 8 boreholes near the Kammanassie Mountains 

as well as near Calitzdorp (Figur" 2.1). 

. . . . , " . , "'i 

',.' ''' r . • 

"' ", ... ,,,,,, "" 
. ,,,,,.'," ,,,,., :....J " ... ,,~, '" 

"'------""~ 
• 

Figure 2.1: Th" CalitzdQrp and Dysselsdorp well fields. 

The borellol"s were in production when sampled and therefore did not need to be 

pUrgO}d Tile Stratigraphy of the borehOle was roughly determined using geological 

maps in ordflr to estimate the origin of the water. Basic parameters of thO} water ware 

measured in the field: pH. temperature and d:ssor.:ed oxygen (DO) Water samples 

were collected, filtered and acidified in the field The ferrozine method was used in the 

field to determine concentrations of Fc(II) and total iron in the waters. This mp.tllad 

involvP.5 til" USP. of ferrozine In a buffer and a reductant. HEPES buffer (12g) aoo 

fer'Qzine (O,2g) in one litre of water makes up the ferrozine reagent. which is adjusted to 

pH7. This producO}s a purple colour in thp. presencp. of r,," that can be mea~red in a 

spcctrophatometm at 562nm. To measure total iron a reductant (made up of 19 

Ilydroxylaminp. HCI in l00mL of tile ferrOline r"agenli is used The concentration of 

lCi 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Fe3+ was determined by difference (modified from Viollier et ai, 20(0) Total iron was 

also determined using ICP-MS from samples which were refrigerated in plastic bottles 

for less than a month, The same samples were also sent lor dissolved organic carbon 

(DOCI analysis at CSIR Environmentek in Stellenbosch, South Alrica 

2.2 lithological Samples 

Lithological samples were collected Irom twenty-four different sites along the 

Kammanassie Mountains representing 6 different formations namely: Peninsula, 

Cedarberg, Skur'llleberg, Goudini, Baviaanskloof and Bokkevek:f Formations ITable 2.1). 

The samples were taken on a transect along the eastern side of the mountains (Figure 

2.2) and a transect along the western side of the mountains (Figure 2.3). Two additional 

samples were taken from the Calitzdorp area. Sample sites were recorded as wefl as 

the visual setting of the sample An attempt was made to collect fresh samples but 

some Formations such as the Baviaanskloof were deeply weathered Due to the fact 

that the sampling was carried out In a pristine nature reserve care was taken to disturb 

the natural surroundings as little as possible. 

20 
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Figure 2.2: Sample siles in Sampling area A (see Figure 1.2). 
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Figure 2.3: Sample Sites in Sampling Area B (see Figure 1.2). 
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borehole DG11 O. 

B4, B6 33.5806" S. 22.45579" E These B~via~nskl{)(Jf samples were taklm on the 

33.5801" S. 22.45497" E western sidt!. 

B7, Be 33.5801' S, 22.45491" E Baviaanskloof Formation sampled IlQm borQhoJQ 

B1, B2 33.5595' S, 21 .6393" E 

DP15 011 the westQrn sidt! Tilt! samplt!s art! 

weatllt!roo and dark in coJour. 

Bokkeveld Shale samplQd Ilem borehoJe DL15 

nQar Calitzdorp 

Figure 2.4: Irun banding in tht! Goudini Furmation where sample G 1 was taken. 
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CHAPTER 3: RESULTS 

3.1 Water Samples 

Watl!r sampll!s wl!re lakl!n from boreholl!s in thl! Calit~dorp and OyssI!lsdorp well-fields 

There was found to be high levels of iron in boreholes KG!, OP1S and Dl17 Spring 

water was found 10 contain lillie iron (Figure 3,1) The ferrozine method showed that 

most bOrflhole samples did nol only conlalll dissor.ed (Fe") iron (Figure 3.2) Boreholes 

KGl and OL 17 also contained high levl!ls of manganese and again spring water 

conlained lillie manganesl! (figure 3,3). 

0.18 I 

0.
16

1 

014 

,! 0. 12 J 
~ 0,1 -

000 -

0,06 -

'''' 
0,02 -

o ' o ___ ~,D_ 

VG3 VR6 AHVR KG1 DP15 DP29 DL13 DL16 DL17 SPl1Il!J 

Borehole/Spring 

Figure 3.1: Concentralion of iron in sprinQ and borehole water sampll!s (from ICP-MS, 

see Appendix for data) 
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DP29fi~ 

I .. Fe (2+) I 
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Figure 3.2: Iron speciation in boreholes using the modified ferroz ine method 

0.09 -

EO.OS 
Co 0.07 _ e . 

0.05 

O.D4 ; 

---=. = D 
VG3 VR6 AHVR KG1 DPtS DP29 DL13 DL16 DL17 Spring 

Borehole/Spring 

Figure 3.3: Concentration of MSr1\lsnese in spring and borehole wster samples (from 

ICP·MS. see Appendix for data) 

There was found to be little OOC in all borehole samples except for borehole [)l16 

(Table 3.1). The spring water had low levels of OOC Organic water had high levels of 

30 
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Figure 3.4: Sample PI in thin section showing armealed quartz grains with iron oxides 

between them {t em = approxima~ely 1 ml1}, 

Figure 3.5: Sample C3 exhibi ting signs of shearing (1ern = approximately 1 mm). 
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Figure 3.6: Sample Gl in thin section showing Iron oxides cont8ined within 

8n8stomising bands {t em = approximately 1 mm) 

3.2.2 XRF Analysis 

High levels of iron are present in the Cedarberg, Gaudini and Bokkeveld Formations 

The Cedarberg jroo levels are cOIls;stently high whereas the Gaudini iron content varies 

between samples (see Figure 3.7). 

37 
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Lithological Sample 

Figure 3.7: Iron percentage rewlts of analysis of rock samples by XRF_ 

3.2.3 XRD Analysis 

The main component of all the samples is quartz and most samples contain micas 

Samples from the Cedarberg and Goudini Formations contain chlorite, possibly 

septechlonte_ The Baviaanskloof Formation contains feldspar (both Na and K) as do the 

two shale Fonnations. the Cedarberg and the Bokkeveld. The only identified iron oxide 

present is haematite (see Table 3.4). however other iron oxides may be present below 

the detection hmit (3 weight %) Goethite and ferrihydrite are amorphous and also may 

be diffi;ult to pick up in XRD sC<lns 

38 
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Table 3.4: Mineraiogy indicated by XRD (see Appendix lor scans). 

Sample Mineralogy from XRD. in order of peak heights. 

Peninsula Fm. Quartz. mica 

Cedarberg Fm. Quartz. feldspar. mica. haematlte 7A chlorite peak is present 

without , 14A peak. indicating , septechlorite. poss,bly 

berthierine In some samples there is a chlorite-vermiculite peak 

at 13.82. Both Na and K-feldspars are present. 

Goudini Fm. Quartz. mica. chlorite. haemaflte 

Skurweberg Fm. Quartz. mica 

Baviaanskloof Fm. Quartz. feldspar. mica. haematlte 

Bokkeveld Fm. Quartz. K-feldspars, mica, haematite 

3.3 Leaching Experiments 

3.3.1 Trial Leaching Experiments 

Out of Gland C2. the Goudini sample was found to leach the most iron Variations in 

pH occurred over time, as did variations in iron leached (Figure 3.8) More iron was 

leached trem beth samples when organic water was used as a leachate (Figure 3.9). 
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Figure 3.8: Leach of C2 and G1 using de-ionised water. Graph shO'WS iron 

coocenlrations and pH reading~ in leachates through time (see App,mdix for datal· 
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Figure 3.9: Comparison of iron coocentrations measured in organic leaches and de-

ionised water leaches of C2 arid G1 samples (see Appendix for data). De-i" deionisl!d 

water, Org = organic rich water 

The percentage of organic water in a leachate was found to afleet the amount of iron 

leached. The general trend is that more iron is leached from sample~ with leachates 
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containing higher DOC. Pure de-ionise(1 water (with no DOC conte~t) hm'lever leached 

slightly higher amounts of iron that1 leachates with low DOC (see Table 3.5). 

Cor.centrations leached from C2 are so low that r.o trer.d is discernible 

Table 3.5: Amounts of imt1leached for ditferer.t DOC contents in leachates 

%DOC G1 (fJm ironfg rock) 

100 C'" 

" 0.18 

50 0.15 

" 0_05 

0 0_15 I 

3.3.2 Aerobic Leaching Experiments 

Samples from the Goudini and Baviaat1skloot Formations leached the most iror. under all 

conditions (see Figures 3.10. 3 11 and 3.12). Most leachates showed an initial ir.crease 

in iron, which ther. dropped otf slightly and then a much l'uger increase in iron 

concentration. Towards the end ot the time period iron concentrafions levelle(1 oft to a 

plateau value. The different leachates use(1 affected the amout1t Of Iron leached from 

the rock 53mples. Organic water buffered at pH3 generally leached the most iron 

(Figure 310), with organic water buffered atpH51eaching less Iron (:::Igure 3.11.1. Water 

from bore10le DL 17 released relatively little iror. through time (Figure 3 12)_ 

4 1 
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Figure 3.10: Aerobic leach5l1g experiments on 4 rod samples using organic water 

buffered to pH3 (see Appendix for dala)_ 
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Figure 3.11: Aerobic leaching experiments on 4 rock samples uSing orgarlic water 

buffered to pH 5 (see Appendix for datal. 
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Figure 3.12: Aerobic leaching experiments on 4 rock samples using water from borehole 

DL 17 buffered to pH 5 (see Appendi>.: for data) 

3.3.3 Anaerobic Leaching E>.:periments 

Samples have been found to generally release more iron under anaerobic conditions. 

The most iron was leEched from sEmples 87 End G1 under anaerobic condih::ms_ The 

most iron was again leached by organic water buffered Et pH 3 (see Table 3_6)_ 

" 
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Figure 4.4: Change in sample P1 towards Its weathered edge, on the right 01 the 

photograph (1 em = approximately 1 mm) 

Although samples with high levels of iron under XRF also contain chlorite, sample G4 

seems to be til(! exception Little iron was visible in samples G4 in thin section and yet 

XRF analysis shows it to contain relatively high levels of iron In thh1 section G4 is 

composed of annealed quartz grains. The quartz grains appear to contain 'Inclusions 

and the high iron percentages may be due 10 the iron being included in the quartz grains 

Incluskln can occur wll(!r1 a sandstone is put under high pressure. The pressure 

differences may cause specific conditions lilat are enough to put quartz into solution. 

The quartz would tllen migrate and precipitate in the pore spaces. Any minerals already 

present in the pore spaces woukJ become included into the quartz when re-precipitation 

occurs (Hutcheon 1990). This is likely to be what happened to sample G4 since it was 

sampled near to a fault. 
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nere is a diHerencn in the type {)1 1eldspars pmsent in thn different shaies, The 

CCldarbmg Shale contains both Na and K-1oldspars, yet the Gokkeveld only contains K­

feldspars, Using Bownn's reaction series K-teldspars are more resistant to weathoring 

than Na-ieldspsrs snd so can indicate that the Bokkeveld samples sre more highly 

westllered (Gattey, 1981). In this caso the diffnmnco in westherlng is unlikely since 

some of the Cedarberg samples were highly woathering Thn difforonco in the feldspars 

therefore probably indicatns a diffmence in the source area of each of these sediments, 

The Bokkeveld formatioo also contained lower levels of iroo and so may be from a 

different source area that is rich in potassium but de1icinnt on Iron. 

Iron and potsssium show s basiC correlation since when the pGrwntsgn of potsssium in 

a sample is high, the iron percentage is also high (see Figure 4.5). Potassium indicates 

the presence ot day minerals and feldspars. Thn fact that iron percentages are higher in 

samples With higher potassium indicates thst at Inast some of the iron IS probably 

associated with clay minerals (it is unlikely to sssociate with feldspars). Samples from 

diffmont lithologies show specific correlatioos betvveen potassium and iron. The 

SkurNeberg and Peninsuls Formations are clustered together and exhibit both klw iron 

and potassium porcClf'ltages, confirming the low clay coote"t noted in thin snction, As 

expClCted, the Cedarberg shale has high potassium and this is strongly associsted with 

high Iron. The clay minerals in the Cedamerg Formation therefore contsin high lovols of 

Iron. The Gokkeveld shsle on the othm hand also exhibits high percontages of 

potassium but lownr pmcnntages of iron, The lower purGnrltagu of iron may be due to 

the day minerals In the Gokkeveld shale containing Inss iron or the presence of more K­

feldspars. The Goudini Formation, ss seems to j}() CharaClOrlstic, is highly variable with 

one samplo falling in the same range as the Codarbmg Formation and another in thn 

5'1 
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cluster cDIltaining Peninsula and Skurwebcrg samples This high levei of variability 

means that the Goodinl formation contains varying amounts of clay minerals and 

feldspars. The BaviaanskiOof Formation s3mples show high pereelltages of potassium 

with lower perc!mtages of iroll, indica~ng that most of the potassium is due to feldspars 

or clay minerals deficient in iron Since feldspars were identified in thin section ,t is likely 

that most of the potassium occurs in feidspars In the Baviaanskloof FormatiDll . 

• • 

, 

• 

, 
Fe (~'} 

• 

•• • • 
• 

• 

Figure 4.5: Relationship betweell iron and potassium (XRFi. 

• Pooinsula 

.Cedarberg 

J. Gaudini 

x Sk~rvffiberg , 
x Ba'.1aanskloc>f ' 

• Bol\keveld 

Iroll and manganese alsO shOW a basic correlauon- with higher percelliages of Ifon 

being related to h>gher percentage of manganese (Figure 4.6). Manganese often occurs 

as an inclusion in iron oxides as well as alongsk1e iron in chlorite The Goudini 

Formatioll again shows the largest variation in sampie composition with the three 

samples failing into groups with the Cedarberg. Bokkevek1 Peninsula and Skurweberg 

Formations, The fact that G1. the Goudini sample with the highest Iron percentage, fails 

into the same regiDll as samples from the Cedarherg Formation may suggest slmllmilies 
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in the chemistry of the samples. This reinforces the above suggestion that an exchange 

of porewaters may occur between some parts of the formations during diagenesis. 

c>c 1 
014 

().12 

• 
, 

0.10 -' 
~ 
c 0.(}8 , 

• 0.(}6 • 
0.04 •• 
0.02 i' • • • 
000 

c 

Fe% 

Figure 4.6: Relationship between iron and manganese (XRF) 

4.3 Leachability of Iron 

• Peninsula 

• Cedarberg 
.. Goud,ni 

)( Skurweberg 

x Balliaanskloof 

• Bokkeveld 

The presence of iron in rocks is irrelevant to groundwater unless that iron is available in 

s~ution. Initial leach tests on samples Gl and C2 indicate that there is not a 

straightforward leachirlg process occurring Levels o! lroll vary grea~y through time arid 

not with any particular trend. The variations may be due to iron being leached from the 

sample and then be·,llg readsorbed onto the suriace of the powder or re-precipitated in a 

different form. The pH varied greatly Q\ler time as well and this is possibly due to the 

large surface area of the powdered samples offering many sites on which H' ions were 

~ble to birld. The variations in pH would also have affected the dissol~tion and 

readsorptiorl of iror!. 
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Powdered samples were used in the leach tests in order t8 increase reaction and leacll 

rates so gaining results 8ver a shorter period of time. The use of p::lWdered sample may 

have. h:)wever, affected leach results, as with so much surface area available it was 

favourabie for iron to be readsorbed onto the powdered sample. This may have resulted 

in an inaccurate portrayal of tile leaclling of iron Ihrough time Nevertheless the leaclling 

81 the samples through time relative to each :)tl18r was the main aim of tllis research and 

this should not have been affected. 

4.3.1 Effect of pH 

TI18 pH of water jrem the aquifer varies greatly from as low as 3.6 up to 7.4 (see 

Appendix), As mentioned above the pH of the water shoold have a significant affect on 

beth the rate and e~tent of dissolution (and theref8re tllB leaching):)f iron. Twe different 

pHs were chosen for tile leaching experiments In 8rder to dosely Simulate c:)nditions 

within the aquifer. A pH of 5 would more clesely simulate the average c:)nditions in mest 

of tile aquifer. The pH of 3 was expecied 10 give a taster reaction due to the lewer pH 

(sirlCe iron is more s81uble at lower pH) arid altilOugll it may seem extreme it is still within 

the parameters of the aquifer. Organic buffers were used to keep samples at these pHs 

so as te Simulate nalural conditions as closely as p8ssible 

The pH greatly affe<.1ed Ihe extent of leaching from all the samples and samples at pH 3 

leaci'led far rTlure iron lllall samples at pH 5 (see Figure 4.7) Water in the aquifer has. 

in some cases a low pH arid these conditions, althougll not as extreme as water at pH 3. 

may exaeerbate the weathering of ir8n from the rocks. 

57 



Univ
ers

ity
 of

  C
ap

e T
ow

n

EO 1600 
::>: 14,00 

-; 12.00 
o 

.!:: 10,00 

:1 
" .; 

D 

Rock Samples 

F.gure 4.7: A comparison between samples leached uMer anaerobic conditions wIth an 

organic water leachate of pH 3 and an organic water leachate of pHS (see AppendIx for 

dala), Notice there is rlO data point for sample 94 at pH 3 because it was lost. 

4.3.2 Effect of DOC 

It was expected that the uSe of organic rich water would speed \Jjl the leaching of iron 

from the rock samples and irtCrease the amount of iron leached The mechanism 

sUl/ilested for thiS is that organic molecules act as ligands and attach themselves to Iron 

in a rock sample. The iron therefore becomes dissolved along with the organic 

molecule As reduction occurs the organic molecules are broken down until, in an 

anoxic envirorvnent, the iron is released (Heyes & Moore, 1992). The organic ligands 

not only speed up the reaction but also dosely simulate what may be happening to the 

water as it enters into the aquifer. The water would pass through organic rich soils and 

enter into the aqUifer where iron would be chelated, reduction would then take place 

liberatllg the iron under anaerobic conditions When a borehole is dnlled into the 

system it becomes oxic and the iron preCipitates in the oxodised form. The results 

)6 
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comparing the use of organic rich wilter with oon-organic water do show thilt orgilnics 

increase the amount of iron that is leilched from a sample (see Figure 4.8). 

000 

0.70 

000 

§O,SO ­

~, 040 

'::. _(l __ _ 
000 ~_~ . L!,= 

c, 
S3mpl~s 

CpH5 organic 
. DL17 

Figure 4.8: Comparison between samples leached under aerobic conditions at pH 5 by 

organic-nch water and organic deficient water (DL 17). 

It hilS been found that large increases in DOC do not bring the same magnitude of iron 

leachability, due possibly to the limits on surface reaclions (Heyes & Moore, 1992), This 

means that even a small amount of DOC in th'" water may incr"'ase the leachability of 

iron gr"'atly. 

Heyes and Moore (1992), suggest thai dissolv"'d organic carbon (DOC) may be 

adsorbed onlo the surface of the sediments or co-prec~itate with Fe, Ca or Mg The 

occurrence of precipitation or adsorption may have caused some inaccuracies In the 

data since th", sediments along With any pr"'cipitat"'s would have been filtered out It 

was also found that som", DOC was lost when th'" organic water was passed through a 
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0.451Jm filter. In the aerobic and anaerobic leaching experiments 02IJm filters were 

used. If any iron were stili compiexed to the organic water it would be filtered out as 

well thus causing inaccuracies in the results This is unfortunate but cannot be helped 

since 0.451Jm filters were found to be allowing colloidal iron through which was not 

desirable. However it has been found that 90% of the dissolved organic carbon (DOC) 

that passed through a 12IJm filter also passed through a 0. llJm filter, so the anarttical 

effect of using smaller filter sizes may be negligible (Heyes & Moore, 1992) The iron 

concentration in organic water could not be used as a blank for samples leached w',th 

organic water as it was found that some leaclmtes had lower concentrations of iron than 

the organic water. This may be due to the iron from the organic water being adsorbed 

onto the surface of the crushed rock during leaching 

4.3.3 Aerobic and Anaerobic Conditions 

Anaerobic conditions proved to aid in the leaching of iron from the rock samples, ~~th 

values of iron much higher under anaerobic concJtions (see Fig~Jres 4.9. 410 and 4.11). 

The waters of the TMG have a measured DO content of Omgi L (Smith pers comm., 

2(03) This value differs from values found in this research due to the difference in 

methods employed. Cave and Smith took ill situ measurements using a down-hole log 

(Cave & Smith. 2004) whereas this research used water pumped from a borehole, which 

means that tne water will already to some extent have equilibrated ~~th the atmosphere 

The difference between aerobic and anaerobic conditions is more exaggerated in DL 17 

leachate where thoce is less DOC. Heyes and Moore (1992), suggest that DOC is less 

effective as a weathering agent under anaerobic conditions even thO\Jgh DOC sorption 

onto the surface of the sediment is lowered And indeed the fact that DOC is less likely 
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to sorb to the surface of a sample may mean that it is less likely to bond to cations in a 

mineral and remove them 
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Rock Sampl., 

Figure 4.9: A comparison between samples leached using organic water buffered at 

pH3 under aerobic and anaerobic conditions (see Appendix fur data). 
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Figure 4.10: A comparison belloveen samples leached us~g organic water buffered at 

pHS under aerobic and anaerobic conditions (see Appendix for data). 
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Figure 4.11: A comparison between samples leach",d using water from borehole DL 17 

buffered at pHS und"" aerobic and anaerobic conditions (s", ,,, Appendix for data) 

The leach;ng of iron through time seems to follow a trend under aerobic conditions (see 

Figures 3,8,3.9,3,10,3,11 and 3.12) There appears to be an initial relMse of iron 

which then tapers down and then another (Iar~ er) release of ,ron. which tapers off slo'NIy 

towards th'" end of th'" time s"' ries The initial release of iron may be due to ", ither 

exchangeable or sorbed iron being released or the more easi~ leached iron oxides 

b", ;ng dissotv ... d. Once this occurs the iron IS re-adsorbed onto the surface of the 

crushed rock or precipitated The second rise in dissolved iron may 00 due to the 

release of more tightly bound iron either ir1 mir1eral form (clay minerals, chlorite) or iron 

oxides, Th", data of H",yes and Moore (1992), wh!ch are from similar k!achLng 

experiments, also show this trend although it was riot commented on Ali of the aerobic 

graphs show this trend and further investigations should be carried out to determine the 

mechanisms controlling the trer1d 
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4.3.4 Percentage of Total Iron Leached 

The percentage of total iron leached from all the samples IS low (see Figure 412) This 

means that very litHe of the available iron is actually being leached even under extreme 

conditions such as using organic leachates buffered al pH3. Most of the iron is therefore 

not available to be leached during the lime of the experiments. However under aqUIfer 

conditions the rocks and water are in contad for long peliods of time and weathering can 

be allowed to occur 10 a greater extent and more iron can become available for 

dissolution 

O.G~~ 

0.04 -

o ;)35 

• 0.G3 
< , 

0.025 • 0 G.G2 0 • , 0.015 

;).;)1 , 

o O;)~ 
0 -

" " 
Sampl e 

Figure 4.12: The percentage of total iron leached under anaerobIC conditions 

OpH3 -, 
ODl17 

The BaViaanskloof Formation showed relatively low percentages of iron under XRF and 

yet surprisingly leached as much iron as G1 The percentage of total iron leached is 

therefore much higher in the Baviaanskloof samples than the other samples. This may 

be due to the iron in the Baviaanskloof Formation being more available either because it 
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Table III, Boreh~e water analysC'd by ICP-MS (concentrations in ppb). (NIST is an 
exlernal certifiad standard used 10 ascertain accuracy of results.) 

c, ~ 38.6 102 557 1071.0~'-i~ 11.5 2.86 , 6.4' Ius 55' 

, '.11 , I 3.53 32.1. '.6" 03' 6'" '" 1'''' . 
, . i .. 5293 1258 927 750 4~;;-' 20.8 

Co '" 20.". 3<, . 016 W ""-.'~~ --'Jl±.: U".120 ~' 0.1 ' 
; Ni I 27~. 274, I 17.8 : 0.77 : 2.43 I 19.6 : 16.3 .~ . ~: : : 
i : . 852'· 4.31 . 7.52: 2.23 9.26 20.8 ., l,10 3,8 I n,d, 

Zo 61. 53.2 158. -""- i 16.9 302 m5 no. 
A' .. I' . ~ 026 ' 186 126.0'" od. 
S( I 21.:7 21.96 0.28 n.d. ,.. ,270 1.138 0.70' ~-:!~I 

• 1,,, 200 12" .~~ ::: w" 1n I~ ~~ o~~ I 
:2:rIO,78 : 139 0.17.11 .. " 0.13 0.32 :o:!?~ , I, 

:MoI47.7, ',0~:2. ' . 0.72 ,.0.78,., 

I~~ 7.22 .' '. ~~' 0.761 0~3'i 0,22 0.41 j 0.24' 0.35 I .. 

ICd!,22.1. . 0.049 0.23 I v r;:r;:u:;- f![ I 0,22 0.55 I n.d.' , 
, 1. _16,6 3.41 0.12 111. 113 151 79.2 . : 

~. . 10" 02310". . "8 0<7 ' 
27,6 ~ :J32 0.12 0.1 ,0,57 I 39.6 ; 0.11 0.051 

. o.d ",. od 0.027. "d. ~ 
1.22 0.38 :.11. 0,29 I i ~:LQ;.~ 
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Figure I: XRD scans of Goudini samples 
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Figure II: XRD scans of Pen~sula and Skurweberg samp~s 
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Figure !!!: XRD SC<lns of Ced<lrberg and Bokkeveld samples 
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Figure IV: XRD scans of Baviaanskloof samples 
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