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A. Topographic map of the industrial complex (Scale 1 :50 000). 

B. Aerial photograph (January 1996) of sulphur stockpile. 

Figure 2. Industrial complex near Somerset West showing the sulphur stockpile site 
(the photograph depicted in Figure 2B is a magnification of the block shown in 

Figure2A). 
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Figure 6. Relative abundances of mineral precipitates normalised to 100% (after data by Bigham 

et at., 1996a). 

The fine-grained weathering products of sulphide mining have been noted by Dinelli et al. 

(1998) to produce two distinctly different secondary mineral phases. The first phase of 

sediments have a typical ochreous colour and are associated with pyritic oxidation and the 

formation of goethite and ferrihydrite consistent with the discussions above. The second mineral 

is blue in colour and appears to be a Cu-AI hydrous sulphate mineral of the woodwardite group. 

These blue sediments are not detected in the aerated portion of the soil but are rather associated 

with a mixing zone involving reduced, low pH waters from within the waste deposit and aerated 

surface and phreatic waters from the outside of the waste dump. These precipitates are thus 

thought to represent an alkaline geochemical barrier in an oxidising environment (Dinelli et al., 

1998). This unusual blue mineral probably forms under specific redox conditions and is 

dependent on the presence of Cu and soluble Al for its make-up. It seems that the more stable 

ochreous precipitates will form preferentially under aerobic conditions and this may account for 

the rare occurrence of this woodwardite mineral in sulphide oxidising environments. 

The occurrence of cemented layers within sulphide mme tailings has been documented by 

Blowes et al. (1991) and is of particular interest, as this is consistent with the industrial site near 

Somerset West where a continuous cemented horizon was encountered between 10 and 80 cm 

from the soil surface. Although a direct comparison between an anthropogenically-created 

tailings dump and an in situ soil profile should not be made, the processes involved in the 

formation of cemented layers in acid sulphate environments is likely to be similar. Two 

distinctly different horizons have been observed by Blowes et al. (1991), the first occurring near 
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A. Red-brown acid sulphate water (pH 1.7). 

B. Limed water (pH 3.8) with Fe precipitates forming on the surface of limestone grains. 

Figure 11. Characteristic acidic red-brown water occurring in close proximity to limed water 
with Fe oxyhydroxide precipitates. 
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Figure 13. The activity of Ae+ as a function of pH for all water samples containing 
measurable concentrations of AI. 
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Figure 14. Saturation indices of AI-sulphate mineral phases as a function of pH for 
all water samples containing measurable concentrations of AI. 
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Figure 15. Saturation indices of gypsum and quartz as a function of pH for all water 
samples. 

36 



Univ
ers

ity
 of

 C
ap

e T
ow

n

on 

IS 

versus 

a 

at are t'nr.1"rn co-

15. 

IS 

IS 

environments. to measure, 

to 

measure to rlPlrPTlm 

was 

1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

trace 

water 

some 

was ""1'"""1" 

as was 

IS 

waters were Cn4)Sen 

1 1 19 1 

NOTE: all Fe 

an extreme state 

to 

was .. VIJU ... ' ..... to water 

to ,-".aUVl''>'' wrletltler or not a 

38 

measurement 

to 

IS an 

2 it can 

was not 

IS 

a 



Univ
ers

ity
 of

 C
ap

e T
ow

n

nature to 

a a accurate eSllm~Ulcm can 

IS measurements are 

II 12 13 

pe 

as a \vater as 

1.5 

11 

1.5 2 3 

17. water was aeterrmn.ea. 

39 



Univ
ers

ity
 of

 C
ap

e T
ow

n

9 

1 

1 

-r 1 

ret:'re~.ell'leQ on 

11 to create 

two extremes 

two common 

common 

rest)ect to at 2 

to 

1 

<U'-".;>U',",. were 

as it occurs at nr""('!P11t 

to at >1. 

(1 

11 ) 

18 

extreme 

a 

to 

is a 

cnr-t!H"<3C at 



Univ
ers

ity
 of

 C
ap

e T
ow

n

4 .-----~----~----------------------~ 
Fe(OH); soil 

o goethite 

·pe =4 

+--4 -, ... ... ~ . . .. 
f::, • 
~ 

~-8 

• -12 • pe = 12 • 
-16 +-------r--------,---....::.------.-::..-----..,------~ 

o 2 4 6 8 10 
pH 

Figure 18. Activity of ferrous Fe as a function of pH for all water samples at pe values 
of 4 and 12 (presented in blue and magenta, respectively). 
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Figure 19. Saturation indices of goethite and jarosite as a function of pH for all water 
samples (assuming a pe of 12). 
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expected. The two bounding lines in Figure 20 represent data from Thomas and Hargrove 

(1984) for natural soils, clearly showing that acid saturation reaches above 60%, even above pH 

4. The acid saturation values of the soils from this study are thus depressed compared with the 

extreme pH of the soils. However, it is important to note that the data in Figure 20 is plotted 

against pHKCI and not pHwater. The values of pH measured in water are higher for each sample 

(Appendix C2.2.1). A plot of Acid saturation versus pHwater would thus fit more closely with the 

data of Thomas and Hargrove (1984). 
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Figure 20. Acid saturation as a function of pH for all soil samples, with bounding lines based on 

data of Thomas and Hargrove (1984) for natural soils. 

3.4.3.4 Mineralogy of the clay fraction 

Soils are complex materials, reflecting the variability of the parent rock and the organic material 

from which they form. Even so, their elemental composition, particle size and mineralogy can 

be related almost systematically to the nature of the parent material and the degree to which it 

has weathered (McBride, 1994). Physical weathering processes decrease the particle size and 

increase the surface area of the mineral grains while chemical weathering dissolves or alters 

primary rock minerals to secondary layer silicates and oxides. These mineral products of 

weathering are typically clay sized « 2).tm) and because of their large surface area, they 

contribute substantially to the chemical reactivity of the soil (McBride, 1994). For these reasons, 

it is instructive to analyse the clay fraction of a soil and interpret its composition. 

It was observed from sampling at the site that the dominant soil type in the subsoil horizons was 

composed mainly of a pale yellow swelling clay. The fact that the clay has a swelling and 
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Figure 21. X-ray diffractogram of the clay fraction from the acidic subsoil composite sample 
(ASSC) showing expansion of smectite by glycerol solvation (K = kaolinite; 7.2 A). 
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Figure 22. X-ray diffractograms comparing the acidic topsoil and subsoil composite samples 
(ATSC and ASSC respectively) with uncontaminated samples taken from a test pit adjacent to 

the site (d-spacings of major peaks in A). 
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Figure 23. X-ray diffractograms comparing the hardened horizons of two soil profiles (A3 and 
B4) with the horizons above in each case being A2 and B2, respectively (d-spacings of major 

peaks in A). 
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Figure 24. X-ray diffractogram of pale yellow precipitate from the surface of a hardened soil 
sample showing characteristic jarosite peaks at d-spacings of3.08, 3.11, 5.09 and 5.93A. 
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A. Secondary electron image B. Backscatter electron image 

Figure 25. SEM image of Fe oxide precipitates and gypsum formed at the soil surface. 

A. B. 

Figure 26. SEM images showing different morphologies of acid precipitates adhering to larger 
grams. 

A. B. 

Figure 27. SEM images of gypsum crystals growing from the surface of a lime grain coated with 
an Fe oxide precipitate. 
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Figure 28. SEM-EDS spectra of ochreous precipitate from the site shown in Figure 25. 
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Figure 29. SEM-EDS spectra of acid sulphate crystals (possibly jarosite) shown in Figure 26. 
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Figure 30. SEM-EDS spectra of Fe oxide coating of a lime particle from the site (Figure 27 A). 

53 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3 was 

as a 

(1 

amounts 

more 

texture 

scan a scan a 

a 

smce waters are in near most 



Univ
ers

ity
 of

 C
ap

e T
ow

n

... ""'.~"'"" .. water 

at a 

extracts were In 

.:>Vl ... "VB IS pn;~seme:u 31. 

was 

31), 

to 

can 

water 

as 

can U",'''''J'':> are th~~retor'e a 

In 

at a waters 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2500 

2000 

~ 
,g 1500 
= .S! 
e 
;; 1000 
~ = e 

500 

o 

. LWE 

.SDPI 

IDSDP2 , 

)DTSO I 
.TLO 

JL 
'" Z 

II r. ...r-. 

'" U 
oq­
::c: 
z <3 

C/J 

Figure 31. A comparison of the major ions in solution between water and soil samples. 

700 

-- 600 
..J --0- 500 O,j 

E 
---= 400 
.:1 -eo:! 300 L. -= O,j 

"" 200 = 0 
u 100 

0 
LWE SOPl TLO 

Figure 32. A comparison of the Al and Fe concentrations between selected water and soil 
samples. 
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Figure 33. A comparison of trace elements in solution between selected water and soil samples. 
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Figure 34. Proportions of different S species in selected soil samples . 

3.6.2 Sulpbur oxidising bacteria 

Although the role of the acidophile bacterium Thiobacillus thiooxidans in oxidising elemental S 

is well understood, the rate at which this reaction takes place is quite variable (Tisdale et ai., 

1985). There was insufficient time in this study to perfonn kinetic studies to assess the rate of 

oxidation in the natural environment. Since the S stockpile was in existence for several years 

prior to the fire in 1995, it is likely that bacterial oxidation has been continuous over this period. 

The fact that elemental S is a relatively stable compound may inhibit the process of oxidation but 

the S is unlikely to remain totally unoxidised due to the manner in which it was stored. 

3.6.3 Sulphur melting experiments 

The stable fonn of elemental S occurs as a lattice of crown-shaped Sg molecules and is known as 

rhombic sulphur. A sample of the S stored at this site was analysed using XRD and it was found 

to consist of pure rhombic S (Figure 35). This compound melts at 113°C to form an orange­

coloured liquid (Ebbing, 1987). S bums in air giving off highly noxious S02 gas. During the S 

fire at the site in 1995, a great deal of the S was driven off as S02 affecting a nearby community. 

A molten mass of S 'lava' was also fonned and this travelled in a southerly direction as the fire 

continued to blaze. Fire-fighting efforts to douse the flames with water probably aided in the 

fonnation of H2S03. 
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Figure 45. Dissolved organic carbon (DOC) of topsoil saturated paste extracts after incubation 
with limestone (No's 1-4 refer to equivalent solutions in Figure 46). 
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Figure 46. Saturated paste extracts of topsoil samples after incubation with limestone, showing 
changes in solution colour with variation in DOC (values in brackets represent amount of 
limestone added to sample per kg of soil with DOC concentrations plotted in Figure 45). 
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Figure 48. Al3
+ activity as a function of pH for all saturated paste extracts containing soluble Al 

(the solubility line for gibbsite is shown in black and the solubility windows for jurbanite and 
alunite are shown in blue and orange, respectively, based on minimum and maximum activity 

data from this study). 
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Figure 49. Fe2
+ activity as a function of pH for all saturated paste extracts containing Fe at pe = 

12 (estimated maximum and minimum (pe+pH) windows for Fe(OH)3 and goethite are shown in 
blue and orange, respectively). 
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4.3.3 Plant growth experiments 

A small unreplicated plant grovv'th trial experiment was performed using maize seeds in residual 

saturated pastes from the incubation study to determine the response of plants to liming. This 

experiment was conducted as a preliminary demonstration and any conclusions drawn from it are 

thus provisional. The biomass data for the plant growth experiments are shown in Figure 53 

with an illustration of the response of plants to liming shown in Figure 54. These figures show 

the positive response of plants to liming with seeds germinating in all but the most acidic topsoil 

sample 
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Figure 53. Dried maize biomass of limed topsoil and subsoil samples as a function of the 

amount oflimestone added . 
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Figure 54. Plant growth experiments using maize (Zea mays) in residual saturated pastes from 
the limed incubation soil samples. 
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In order to estimate the proportions of S to S04 in the samples from this study, a calibration 

curve was set up using various proportions of elemental Sand CaS04·2H20. The Sl and S2 

peak heights (corrected for background) of these calibration samples were measured to obtain 

ratios of S 1 to S2. The proportions of S to S04 in the calibration samples were then plotted as a 

function of the Sl/S2 ratios to obtain the calibration curve shown in Figure B3. 

S - S04 speciation In AECI soils 
100 .,----------------;1iS-l 

60 . 

60 

40 

20 . 

o 

Sulphur flowers, AECI sulphur 

- -31.6 + 15.372*X - 0.32438*X2 

2 4 6 8 10 

Ratio of nett 51/52 5 K~ peaks 

12 

Figure B3. Calibration curve for S speciation using various proportions of S to S04. 

Powder briquettes of the samples from this study were then made, and the K~ peak heights for S 

and S04 were determined to obtain a S1/S2 ratio for each sample (Figure B4). Using the 

calibration curve, the percentage of S can then be obtained. The results of these analyses are 

presented in Table B9. 
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Figure B4. Sulphur K~ peaks for WDXRFS powder briquette soil samples from this study. 
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A3 3.6 4.1 
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Bl 1.3 1.4 771.7 40.8 
B2 1.8 305.8 1 23.4 
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B5 2.6 320.7 58.2 61.9 72.8 
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2.5 ? 'i -. ' 377.4 471.9 
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EI 3.1 14.8 46.3 71.9 
E2 '" ,.., 4.2 -' .. , 
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F3 3.1 3.8 30.6 32.l 
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" " 3.8 43.4 41.5 -' .. 1 
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,--"""'"--""-_. 
na = not 
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