
Univ
ers

ity
 of

 C
ap

e T
ow

n

 

 

 

 

 

 

 

 

 

The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 
 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

source 

measures or even 

water. 

or 

water 

COlt1Se:auen(~es can 

were 

were 

was 

area 

one 

one was alL ,",UJun,,,,. 

IS 

measurements 

water are 

water Ch~;:m:lstry 

one 

no 

"'''''''~IJ''''''' were 
was not nr~'QPnll"rl 

Ul:SSUlve:u nyu(,!"»" was not u .... ' .. "' .... 

one sarnolle 

on~c11Pltllte were '"'V<Lv..., ... ' .... 

were 

water .:>"",alJ''''''' was rit>l,,,,rt ... >1n 

eCllpIt.at(;,s were I'h,''''<1I,I''j-'''rt 

to 

9 as 

9 

"".uUIJ>"''' were 

source 

measures or even 

water. 

or 

water 

COlt1Se:auen(~es can 

were 

were 

was 

area 

one 

one was alL ,",UJun,,,,. 

IS 

measurements 

water are 

water Ch~;:m:lstry 

one 

no 

"'''''''~IJ'''''' were 
was not nr~'QPnll"rl 

Ul:SSUlve:u nyu(,!"»" was not un,'''''''''' 

one sarnolle 

on~c11Pltllte were '"'vuv"' ... ' .... 

were 

water .:>""av,...,,, was rit>l''''rtn .... '1 

eCllpIt.at(;,s were I'h",-<>,(>1''''rt 

to 

9 as 

9 

"',uuv>"''' were 



Univ
ers

ity
 of

 C
ap

e T
ow

n

water 3. to 

to nr<~t'''rut ,>1" '" IS 

SaIrLple 5 was 

to 

n""'''''1"1l1t<>1'<> is not tonrnmlg 

were to at a 

are 

1S UVJ,llllJl<lU.,U 

U<.I.l.UVJl", 8 is 

waters are not ",..,'ULUF. 

nT"'''T£1.I'''1r use 

trace 

ii 

water 3. to 

to nr<~t'''rut ,>1" '" IS 

SaIrLple 5 was 

to 

n""'''''1"1l1t<>1'<> is not tonrnmlg 

were to at a 

are 

U<.I.l.UVJl", 8 is 

waters are not ",..,'ULUF. 

nT"'''T£1.I''1r use 

trace 

ii 



Univ
ers

ity
 of

 C
ap

e T
ow

n

are 

3 

an 

to 

"' ....... UV"" ... 6 is a mlxnlfe 

more 

a 

IS 

to 

more 

are 

3 

an 

to 

"' ....... UV"" ... 6 is a mlXUlfe 

more 

a 

IS 

more 



Univ
ers

ity
 of

 C
ap

e T
ow

n

more 

reason 

IS exoec:::tea 

was 

prelCl('ltates are 

water water 

more 

reason 

IS exoec:::tea 

was 

prelCl('ltates are 

water water 



Univ
ers

ity
 of

 C
ap

e T
ow

n

course 

own 

VA\_UL<>,lVU a meJmOlra 

to 

me C01111l1lg more. 

v 

course 

own 

VA\_UL<>,lVU a meJmOlra 

to 

me C01111l1lg more. 

v 



Univ
ers

ity
 of

 C
ap

e T
ow

n

to IVIP'rPfIHn 

it an ",,,,nP'T'lf-"T"P" 

heLoe:Q us 

a 

me:m()raDle one. 

even I am 

to IVIP'rPfIHn 

it an eX1Der'~er:Lce 

heLoe:Q us 

a 

me:m()raDle one. 

even I am 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1.1 

1.2 

1.3 

1.4 

1.5 

2.1 

1 

1 

1 

1 

1 

· ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 1 

v 

1 

"'",U.,,',1\/H ........................................................................................................................... . 

H ..• ",CA,V','''' ..................................................................................................................... . 

..................................... 1-7 

""" . ..","' .......... " ....................................................................................................... . 

1-11 

'V'-'U'VU.l"],Vl'" ......................................................................................................................... . 

ntr,oouctlon ........................................................................................................................... . 

';""IU+'I" "Vll'-''''I\1,U .................................................................................................................. . 

1.1 2-4 

1.2 )utshl)orn area ........................................................................................................ .. 

1.3 Cahtzdorp ................................................................................................................. . 

.2.1 2 

I 

1.1 

1.2 

1.3 

1.4 

1.5 

2.1 

1 

1 

1 

1 

1 

· ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 1 

v 

1 

"'",U.,,',1\/H ........................................................................................................................... . 

H ..• ",CA,V','''' ..................................................................................................................... . 

..................................... 1-7 

""" . ..","' .......... " ....................................................................................................... . 

1-11 

'V'-'U'VU.l"],Vl'" ......................................................................................................................... . 

ntr,oouctlon ........................................................................................................................... . 

';""IU+'I" "Vll'-''''I\1,U .................................................................................................................. . 

1.1 2-4 

1.2 )utshl)orn area ........................................................................................................ .. 

1.3 Cahtzdorp ................................................................................................................. . 

.2.1 2 

I 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Table of Contents 

2.3.2.3 

2.4 

2.5 

2.5.1 

1 

2.6.2 

2. 

2. 

""U'.UIJ"'" 7 

lJaJI1IJJ'''' 9 

2-6 

........................................................................................................... 2-6 

................................. 2-6 

2-7 

................................................................................................................................ 2-7 

pe .................................................................................................. .. 

"'U .... HH;"Uy .............................................................................................. .. 

3 

4 

7 

water .................................................... . 

vU.I1""'U"lIJH'" ......................................................................................................................... . 

3.1 UUIJ."'l.IUH ........................................................................................................................... . 

"'Ul.I"'''''.lUU .................................................................................................................. . 

3-1 

1 

II 

Table of Contents 

2.3.2.3 

2.4 

2.5 

2.5.1 

1 

2.6.2 

2. 

2. 

""U'.UIJ"'" 7 

lJaJI1IJJ'''' 9 

2-6 

........................................................................................................... 2-6 

................................. 2-6 

2-7 

................................................................................................................................ 2-7 

pe .................................................................................................. .. 

"'U .... HH;"Uy .............................................................................................. .. 

3 

4 

7 

water .................................................... . 

vU.I1""'U"lIJH'" ......................................................................................................................... . 

3.1 UUIJ."'l.IUH ........................................................................................................................... . 

"'Ul.I"'''''.lUU .................................................................................................................. . 

3-1 

1 

II 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Table o/Contents 

3.3.5 

3.4 

3-5 

1VUJr{J'nOtoJ.!V .................................................................................................................. . 

tJuvn'F>J .............................................................................. . 

phoJlogy ................................................................................. . 

U>OJ'l""JL\.J'I5J on _ •. J,..", .... ,.., ......................................................................... . 

v,,".UL'wUL COlmp10S:LtIcm ................................................................... .. 

on n11:nl!:rOln!J1 

,or'Yeirac,ron ht>tMlt>t>n water 

'-'\JH',<U""HJU" ......................................................................................................................... . 

4.1 \..?Ull\';lUi:>lUU", ............................................................................................................................ 4--1 

Kei:;:onruTIiena.aw)ns ................................................................................................................. . 

.........•••...............•••••....•...•........••.•.......................•.•.••• 

1 A-I 

2 

3 measurements ............................................................................................................ . 

4 

5 

6 

7 

8 

9 

measurements ................................................................................................. . 

pOteml.al ................................................................................................................ . 

measurements ...................................................................................................... . 

Table o/Contents 

3.3.5 

3.4 

3-5 

1VUJr{J'nOtoJ.!V .................................................................................................................. . 

tJuvn'F>J .............................................................................. . 

phoJlogy ................................................................................. . 

U>OJ'l""JL\.J'I5J on _ •. J,..", .... ,.., ......................................................................... . 

v,,".UL'wUL COlmp10S:LtIcm ................................................................... .. 

on n11:nl!:rOln!J1 

,or'Yeirac,ron ht>tMlt>t>n water 

'-'\JH',<U""HJU" ......................................................................................................................... . 

4.1 \..?Ull\';lUi:>lUU", ............................................................................................................................ 4--1 

Kei:;:onruTIiena.aw)ns ................................................................................................................. . 

.........•••...............•••••....•...•........••.•.......................•.•.••• 

1 A-I 

2 

3 measurements ............................................................................................................ . 

4 

5 

6 

7 

8 

9 

measurements ................................................................................................. . 

pOteml.al ................................................................................................................ . 

measurements ...................................................................................................... . 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Table afContents 

A 

All 

A 13 

A 

A 

......... ~ ~ ~ ~ ~. ~ ........................ ~ ....................................... .............. ~ •••••• ~ .......... ~ ~ ••• * .... ~ ~ ~ 

COIlcelltraXl011S .......................................................................................................... . 

"'''''lfH; ....................................................................................................................... . 

A. 16.2 n"'~ ... u.> .. 

A. 

B.l 

B.2 

B.3 

B.4 

B.5 

B.6 

B.7 

1 

2 

Water 

B 

XRD 

FTIR 

"L"'~UH.""" .................................................................................................. . 

2 7 9 ........................................... 1 

Table afContents 

A 

All 

A 13 

A 

A 

......... ~ ~ ~ ~ ~. ~ ........................ ~ ....................................... .............. ~ •••••• ~ .......... ~ ~ ••• * .... ~ ~ ~ 

COIlcelltraXl011S .......................................................................................................... . 

"'''''lfH; ....................................................................................................................... . 

A. 16.2 n"'~ ... u.> .. 

A. 

B.l 

B.2 

B.3 

B.4 

B.5 

B.6 

B.7 

1 

2 

Water 

B 

XRD 

FTIR 

"L"'~UH.""" .................................................................................................. . 

2 7 9 ........................................... 1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 

at 1 atm. c 

':>"""1-', .. 2 _____________ 2-2 

______ 2-13 

to cause 

cmrespmldroprecmlffit,es 

1 

at 1 atm. c 

_________________________ 2-2 

8 

cmrespmldroprecmlffit,es 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 

8 

6 

A-I. lnr'"nrlTl curve 

curve 

1 

8 

6 

A-I. lnr'"nrlTl curve 

curve 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Table 

Table 2.3. 

Table 

Table A-I. 

A-2. 

Table 

Dn~CIt)lta~tes !'ll'.I'n1"rlll1lo to 

2,5,6, 7, 8 

to water 

ranges _________ _ 

lVI"."TI1.~" water. -----

Table 

Table 2.3. 

Table 

Table A-I. 

A-2. 

Table 

Dn~CIt)lta~tes !'ll'.I'n1"rlll1lo to 

2,5,6, 7, 8 

to water 

ranges _________ _ 

lVI"."TI1.~" water. -----



Univ
ers

ity
 of

 C
ap

e T
ow

n

INTRODUCTION 

Aft important area for environmental geochemistry is. the study of aquatic chemistry because 

the quality of water used for industrial and domestic purposes can impact on the infrastructure 

of industrial concerns and on. water distribution systems.. The impacts of poor water quality 

can result in increased costs-due to remediation and maintenance expenses. Groundwater is-a 

particularly important resource in South Africa that lies in a semi-arid region in- which rainfa.l1 

and waterOOdies are unevenly distributed. With the need to. augment the current supply of 

water with groundwater, comes the necessity to study the groundwater chemistry and the 

potential problems that may arise when the water is abstracted for use. 

When a water well needs- to be rehabilitated once or more within 15 years- after it has- been put 

into use.- then well clogging is coos·idered to. be present (van Beek, 1984). The main causes of 

clogging are incrustation-(usually iron} or hiofouling of the screen and blockage of the gravel 

pack or aquifer around the well (Clark, 198&; Driscoll, 1986) (Figure 1). The well clogging is 

often characterised by a decrease in specific: discharge and is indicated by an increase in 

drawdown (van Beek, 1984). 

Figure 1 A clogged riser pipe showing the layering of precipitate inside the pipe 
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Figure t A clogged riser pipe showing the layering of precipitate inside the pipe 
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Chapter 2: Geochemistry of groundwaters 

located behind the hop plantation that is behind the fruitstall. Sample 2 was taken from a 

water supply well in Albertinia (Figure 2.2) and samples 5-8 were taken from supply wells in 

the Vermaaks River Valley (Figure 2.3). Sample 9 was taken from a water supply well In 

Calitzdorp (Figure 2.4). 
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located behind the hop plantation thal is behind the fruitstall. Sample 2 was taken from a 

water supply well in Albertinia (Figure 2.2) and samples 5-8 were taken from supply wells in 

the Vermaaks River Valley (Figure 2.3). Sample 9 was taken from a water supply well in 

Cal itzdorp (Figure 2.4). 
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Figure 2.2. Map of sample site near Albertinia, sample 2 

2-2 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 2: 

Figure 2.3. 

" f 
" , , 

, 0 II i; .11;, L'S,_ 
I 

." 

!, 

Geochemistry of groundwaters 

"" '- 1 70000 

Map ofVennaaks River Valley sampling sites 5-8 

1 50000 

Figure 2.4. Map of sampling point 9 in Calitzdorp 

2-3 

Chapler 1· 

Figure 2.3. 

Geochem;$lry 0/ groulldwlllcrs 

\ ·C. 

I .;. , .-' , .\ .., ,.' -.. ' .. ~ .' ~ , 
; ~ ..... t:". !" -. '''I .• ~:., , . . . 

;;', 'i' '. 

. , .. 
'I ' 

1 70000 

Map ofVermaaks River Valley sampling sites 5-8 

. .. ' 

... --,-:. , 

Figure 2.4. Map of sampling point 9 in Calitzdorp 

2- 3 

., 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 2: Geochemistry of groundwaters 

1.1 

area 

are 

lutsn()01l1 area 

come area IS 

IS COlnnlDse:d 

area IS COJtnlJ1n 

area are 

were not 

VU'U>-J,H""" are SUIDlllaXlEied 

are 

Chapter 2: Geochemistry of groundwaters 

1.1 

area 

lutsn()01l1 area 

come area IS 

IS COlnnlDse:d 

area IS COJtnlJ1n 

area are 

were not 

are 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 2: Geochemistry I'lf "w",,!nnt!Jnt"r< 

1 lJall.lIJH.; 2 1 

m 

over 

IS 

9 

is IS 

J:101:nUltloln eJICIellOS to a m IS at m 

was et. at 

were re-eX:anllI 

was on 

00 asa 

1 

IS 1. 

Chapter 2: Geochemistry I'lf "w",,!nnt!Jnt"r< 

1 lJall.lIJH.; 2 1 

m 

over 

IS 

9 

is IS 

J:101:nUltloln eJICIellOS to a m IS at m 

was et. at 

were re-eX:anllI 

was on 

00 asa 

1 

IS 1. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 2: Geochemistry of groundwaters 

1 

ll1easurell1entsvvere on ,""V'U.LJ,Up;, sensors vvere 

a ,-",J.J,.,vu 

1 

vvas a 

a KadlOlll1f,ter 

10 

vvas cOlTIPute,d IS eXl)reSSf,d as mrnOJleSI 

was vvere 

vvere pertbrmled ona 

vvas 

COIlcentr:nl{)naSael:ennUlea 1. 

Chapter 2: Geochemistry of groundwaters 

1 

ll1easurell1entsvvere on ,""V'U.LJ,Up;, sensors vvere 

a ,-",J.J,.,vu 

1 

vvas a 

a KadlOlll1f,ter 

10 

vvas cOlTIPute,d IS eXl)reSSf,d as mrnOJleSI 

was vvere 

vvere pertbrmled ona 

vvas 

COIlcentr:nl{)naSael:ennUlea 1. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 2: 

was 

were 

not a 

to correct 

Geochemistry of groundwaters 

"' .... UV'lV 1 0 was not 

source 

was 

was 

were 

accurate 

water 

a 

IS 

assess it 

Chapter 2: 

was 

were 

not a 

to correct 

Geochemistry of groundwaters 

"' .... UV'lV 1 0 was not 

source 

was 

was 

were 

accurate 

water 

IS 

assess it 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 2: Geochemistry of gl'oundwaters 

are L 

2.6.1 

waters are 

to 

or 

2. 

were tltr'ate:<1 to <1eterrnlllle two 

to 

"V'_"A'~'" can are 

an rnannerto 

to 

2. 

1 

a 

a 1 

Chapter 2: Geochemistry of gl'oundwaters 

are L 

2.6.1 

waters are 

to 

or 

2. 

were tltr'ate:<1 to <1eterrnlllle two 

to 

to 

2. 

1 

a 

a 1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 2: 

Sanlple no. 1 

Alternate name Kruis Aar 

EC 

EC 

Cations 

+ 

Anions 

p­

cr 

DOC 
SAR 

Trace elements 

56 

58 

5.21 

5.35 

77.8 

0.0 

2.0 

9.0 

9,4 

2.6 

0.3 

0.01 

128.8 

<0.01 

<0.01 

0.37 

<0.01 

19.5 

0.09 

n.d. 

<1.0 

4.35 

Li 5.5 

Be 

B 

Al 

Si 

Sc 

Ti 

Cr 

Mn 

Co 

0.5 

32 

21 

4027 

2.1 

14 

0.1 

1400 

7.0 

2 

n.d. 

302 

n.d. 

6.20 

381.8 

0.0 

7.5 

60.8 

72.5 

41.0 

3.2 

<0.01 

669,4 

<0.01 

<0.01 

<0.01 

<0.01 

119.4 

1.02 

n.d. 

<1.0 

8.00 

5.2 

0.2 

133 

<0.05 

3301 

2.3 

96 

<0.05 

1094 

0.1 

3 4 

Kruis Aar Kruis 

30 

43 

6.04 

5.86 

29.2 

0.0 

3.9 

6.1 

5.2 

13.0 

1.1 

0.09 

61.4 

<0.01 

<0.01 

<0.01 

<0.01 

6.3 

0,46 

n.d. 

<1.0 

2.06 

7.5 

<0.05 

20 

54 

4232 

2.1 

5.1 

<0.05 

2908 

2.6 

42 
46 

5.71 

3.95 

47.3 

0.0 

2.9 

8.9 

9.7 

11.6 

2.4 

6.6 

93.0 

<0.01 

<0.01 

<0.01 

<0.01 

8.7 

n.d. 

0.72 

<1.0 

2.64 

9.3 

0.1 

18 

234 

3886 

2.5 

12 

<0.05 

3274 

10 

5 

VR6 

9 

11 

6.18 

6.17 

11.9 

0.0 

0.76 

2.0 

5.1 

<0.01 

<0.01 

<0.01 

19.6 

<0.01 

<0.01 

0.50 

<0.01 

2.7 

0.11 

n.d. 

<1.0 

1.12 

6 

V02 

33 

33 

5.59 

5.99 

22.3 

0.0 

7.1 

4.1 

17.0 

0.90 

0.14 

0.06 

49.6 

<0.01 

<0.01 

<0.01 

<0.01 

16.6 

0.53 

n.d. 

<1.0 

1.26 

MnandZn 
0,4 36 

<0.05 

6.1 

22 

3449 

1.1 

2.7 

<0.05 

16 

0.2 

0.4 

14 

<0.05 

7490 

3.1 

20 

<0.05 

1727 

1.9 

7 8 

DO 110 DP28 

17 

24 

5.35 

5.48 

20.6 

0.0 

1.4 

3.6 

5.4 

8.5 

3.2 

0.05 

46.5 

<0.01 

<0.01 

<0.01 

0.00 

9.9 

0.27 

n.d. 

<1.0 

1.68 

25 

0.2 

14 

<0.05 

3866 

2.0 

6.4 

<0.05 

3252 

5.7 

57 

58 

3.13 

3.53 

22.7 

0.35 

3.9 

13.1 

22.8 

14.6 

0.81 

0.52 

26.6 

<0.01 

<0.01 

<0.01 

<0.01 

209.3 

n.d. 

3,49 

<1.0 

0.94 

32 

37 

14 

5046 

7359 

5.4 

38 

<0.05 

1941 

333 

9 

DL17 

49 

47 

5.73 

6.11 

44.2 

0.50 

14.8 

11.4 

27.4 

3.3 

0.25 

0.07 

93.3 

<0.01 

<0.01 

<0.01 

<0.01 

27.0 

0.75 

n.d. 

<1.0 

1.79 

64 

0.1 

75 

196 

5218 

1.1 

22 

<0.05 

925 

2.5 
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Sanlple no. 1 2 3 4 5 6 7 8 9 

5.21 n.d. 6.04 5.71 6.18 5.59 5.35 3.13 5.73 

5.35 6.20 5.86 3.95 6.17 5.99 5.48 3.53 6.11 

Cations 

77.8 381.8 29.2 47.3 11.9 22.3 20.6 22.7 44.2 
+ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.35 0.50 

2.0 7.5 3.9 2.9 0.76 7.1 1.4 3.9 14.8 

9.0 60.8 6.1 8.9 2.0 4.1 3.6 13.1 11.4 

9.4 72.5 5.2 9.7 5.1 17.0 5.4 22.8 27.4 

2.6 41.0 13.0 11.6 <0.01 0.90 8.5 14.6 3.3 

0.3 3.2 1.1 2.4 <0.01 0.14 3.2 0.81 0.25 

Anions 

p- 0.01 <0.01 0.09 6.6 <0.01 0.06 0.05 0.52 0.07 

cr 128.8 669.4 61.4 93.0 19.6 49.6 46.5 26.6 93.3 

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Br- <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

0.37 <0.01 <0.01 <0.01 0.50 <0.01 <0.01 <0.01 <0.01 

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.00 <0.01 <0.01 

19.5 119.4 6.3 8.7 2.7 16.6 9.9 209.3 27.0 

0.09 1.02 0.46 n.d. 0.11 0.53 0.27 n.d. 0.75 

n.d. n.d. n.d. 0.72 n.d. n.d. n.d. 3.49 n.d. 

DOC <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 

SAR 

Zn 

Li 5.5 5.2 7.5 9.3 0.4 36 25 32 64 

Be 0.5 0.2 <0.05 0.1 <0.05 0.4 0.2 37 0.1 

B 32 133 20 18 6.1 14 14 14 75 

Al 21 <0.05 54 234 22 <0.05 <0.05 5046 196 

Si 4027 3301 4232 3886 3449 7490 3866 7359 5218 

Sc 2.1 2.3 2.1 2.5 1.1 3.1 2.0 5.4 1.1 

Ti 14 96 5.1 12 2.7 20 6.4 38 22 

Cr 0.1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Mn 1400 1094 2908 3274 16 1727 3252 1941 925 

Co 7.0 0.1 2.6 10 0.2 1.9 5.7 333 2.5 
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Table 2.1 continued ... 

Ni 

Cu 

Zn 

Ga 

Ge 
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Se 

Rb 
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Cd 

Sn 
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Cs 

Ba 
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Ce 

Pr 

Nd 

Sm 

Eu 

Gd 
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Er 

Tm 

Yb 

Lu 

W 

TI 

Pb 

Th 

U 
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Ua.!.UI.JJlv 5 

1 

11 

28 

385 

0.1 

<0.05 

<0.05 

0.6 

7.7 

62 

0.3 

4.8 

3.3 

0.2 

59 

0.2 

0.2 

<0.05 

0.1 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

24 

0.2 

2.5 

<0.05 

0.2 

2 

2.1 

<0.05 

<0.05 

0.1 

0.3 

<0.05 

7.3 

12 

530 

<0.05 

<0.05 

36 

0.6 

199 

<0.05 

0.1 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

0.4 

<0.05 

<0.05 

<0.05 

0.1 

an 

Geo,~hem'tstry of groundwaters 

3 

5.6 
<0.05 

40 

0.2 

<0.05 

<0.05 

0.4 

13 

44 

0.2 

<0.05 

5.9 

0.8 

50 

<0.05 

0.2 

<0.05 

0.1 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

2.0 

0.2 

<0.05 

<0.05 

0.3 

4 

14 

11 

145 

0.3 

0.1 

<0.05 

1.3 

64 

1.6 

0.7 

<0.05 

1.2 

30 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

0.9 

0.3 

<0.05 

<0.05 

0.5 

5 

1.6 

24 

245 

<0.05 

<0.05 

<0.05 

<0.05 

1.0 

11 

<0.05 

<0.05 

<0.05 

<0.05 

5.2 

0.1 

0.2 

<0.05 

0.1 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

2.4 

<0.05 

<0.05 

<0.05 

0.4 

""'T'>T,nr,,,, are ext)ec'tea to 

o 

6 

10 

2.0 

252 

0.1 

0.1 

0.6 

1.3 

24 

105 

0.1 

12 

0.1 

1.8 

77 

<0.05 

0.1 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

0.6 

0.1 

0.8 

<0.05 

0.7 

7 

9.7 

2.4 

30 

0.3 

0.3 

<0.05 

1.0 

6.1 

3.4 

0.1 

<0.05 

0.9 

0.4 

7.3 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

0.1 

<0.05 

0.5 

<0.05 

0.2 

8 

653 

34 

4016 

1.3 

0.5 

7.5 

<0.05 

18 

73 

11 

3.1 

12 

2.7 

34 

39 

l33 

19 

95 

24 

6.5 

34 

5.3 

29 
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13 

1.6 

9.7 
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1.5 

59 

0.9 
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9 
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Figure 3.2. XRD diffractograms of more crystalline precipitates consisting of 

predominantly goethite (2B, 4, 7 A) and fenihydrite and goethite and/or a silicate 

component (7B, 7C, 9) precipitates (Q: quartz and F: ferrihydrite) 
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Figure 3.1. XRD diffractograms of the more poorly crystalline precipitates (Q; quartz, 
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Table 3.3. Classification of precipitates according to mineralogy 

Precipitate sample munber 

IA 

IB 

2A 

2B 

3 

4 

6 

7A 

7B 

7C 

8 

9 

Precipitate type 

Mixture of ferrihydrite and a silicate component 

Mixture offerrihydrite and goethite, with a smaller silicate 

component and trace lepidocrocite. 

Goethite 

F.errihy4rite.(well or~red) 

Goethite 

Ferrihydrite {poorly ordered) 

Mixture of ferrihydrite and goethite with trace quartz 

Ferrihydrite.(w.ell ordered) 

Ferrihydrite (well ordered) 

Ferrihydrite {poorly -ordered} 

Goethite 

Ferrihydrite (well ordered) and trace quartz 

Samples 2A and 2B should be the same as they are from the same well but 2A is a goethite 

and 2B is a well-ordered ferihydrite. Sample 2B was a sample of the tank sludge and was thus 

a relatively fresh precipitate whereas 2A was from the well casing and may have formed 

under different conditions (over a longer period of time allowing the precipitate to 'age' to 

goethite). 

3.5. 1. 2 Infrared spectra 

An initial visual assessment of the spectra obtained by FT -IR (Figure 3.3) appeared to 

confirm the groupings made using XRD and the spectra have been grouped accordingly. The 

FT-IR spectra do not provide much more than some of the mineralogical information supplied 

by XRD. In Figure 3.3 A, the broad intense band 940 em-I is probably diagnostic for 

ferrihydrite containing a Si impurity (Cornell and Schwertmann, 1996), while in Figure 3.3 B, 

the bands at 882 and 796 em-I, correspond with the 3-0H and y-OH bands diagnostic for 

goethite (Cornell and Schwertmann, 1996). In Figure 3.3 C, the spectra for precipitates lA 

and IB display a significant absence in the 1000 cm-1 region suggesting Si-O stretching 

vibrations (Klute, 1986) in confirmation of the XRD identification of the silicate clay 

component in these samples. 
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Table 3.3. Classification of precipitates according to mineralogy 

Precipilate sample number 

JA 

IB 

2A 

2B 

3 

4 

6 

7A 

7B 

7C 

8 

9 

Precipitate type 

Mixture of rerrihydriJ.e and a silicate component 

Mixture offerrihydrite and goethite, with a smaller silicate 

component and trace iepidoc{ocitc_ 

Goethite 

F.errihydrite.(well ordered) 

Goedtite 

Ferrihydrite (poorly ordered) 

Mixture of ferrihydrite and goethite with trace quartz 

Ferrihydrite.(well ordered) 

Ferrihydrite (wel l ordered) 

ferrihydrite (poorly ordered) 

Goethite 

Fenihydrite (well ordered) and trace quartz 

Samples 2A and 2B should be the same as they are from the same well bUI 2A is a goethite 

and 2B is a well-ordered ferihydrite. Sample 2B was a sample of the tank sludge and was thus 

a relatively fresh precipitate whereas 2A was from the well casing and may have fanned 

under different conditions (over a longer period of time allowing the precipitate to <age' to 

goethite). 

3.5. 1.2 Infrared spectra 

An initial visuaL assessment of the spe~tra obtained by FT-JR (Figure 3,3) appeared to 

confirm the groupings made using XRD and the spectra have been grouped accordingfy. The 

FT-JR spectra do not provide much more than some of the mineralogical information supplied 

by XRD. In Figure 3.3 A, the broad intense band 940 cm-' is probably diagnostic for 

ferrihydrite containing a Si impurity (Cornell and Schwertmann, 1996), while in Figure 3.J B, 

the bands at 882 and 796 cm", correspond with the S-OH and r·OH bands diagnostic for 

goethite (Cornell and Schwertmann, 1996). In Figure 3.3 C, the spectra for precipitates lA 

and IB display a significant absence in the 1000 em-I region suggesting Si-O stretching 

vibrations (KJute, 1986) in confirmation of the XRD identification of the silicate clay 

component in these samples. 
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Figure 3.3. Infrared spectra for the three precipitate groupings based on XRD patterns 

(spectra in 3.3A correspond to precipitates in Figure 3.1; 3.3B and C correspond to 

precipitates in Figure 3.2A and B respectively). 
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Figure 3.3, Infrared spectra for the three precipitate groupings based on XRD patterns 

(spectra in 3.3A correspond to precipitates in Figure 3. t 3.3B and C correspond to 

precipitates in Figure 3.2A and B respectively). 
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Chapter 3: Geochemistry of precipitates 

3.5.2 Morphology 

The morphology of the precipitates was examin~d by SEM for all samples and by TEM for 

selected samples. Typical morphologies for synthetic iron oxides are listed for reference 

purposes in Table 3.4. Note that the SEM images are represented at a variety of scales, shown 

by the bar scales at the bottom of the images. 

Table 3.4. Typical morphology of iron oxyhydroxides* 

Oxide 

Goethite 

Lepidocrocite 

Akaganeite 

Schwertmarutite 

8-FeOOH 

Feroxyhyte 

Ferrihydrite 

Hematite 

Table 43 continued ... 

Magnetite 

Maghemite 

FeO 

Fe(OHh 

.Princinal momholoev 

Acicular (spiked) 

Laths 

Somatoids, rods 

"hedge-nog" aggregates­

Plates 

Plates 

Spheres 

Hexagonal plates, rhombohedra 

Octahedra 

Laths or cubes 

Cubes 

Hexagonal plates 

• from Cornell and Schwertmann (1996) 

3.5.2.1 Ferrihydrite sample morphology 

Other momholocies 

Stars (twins), hexagons, bipy,ramids,.cubes, 

thin rods 

Tablets; plates, diamonds,. cubes 

Stars, cr{)sses (twins), hexagons, prisms 

Thin, Iolled films 

~es 

Spindles, rods, ellipsoids, cubes, discs, 

spheres, .double ellipsoids, stars, bipyrarnids 

Intergrown octahedra (twins), rhombic 

dodecahedra, cubes, spheres,OOllets 

Plates, spindles 

Irregular pieces 

Figure 3.4 ~ Band C show the typical morphology of samples 2B, 7 A and 9 respectively, 

which is separate spheres that range in size from <1 llm to 1 llm in diameter. In natural 

environments, the precipitate particle size is usually <0.1 llm due to the presence of 

impurities. The unexpected larger diameter observed by SEM for these precipitates is possibly 

due to aggregation of smaller particles that could not be distinguished at the magnification 

used for the examination. The morphology of these precipitate samples is consistent with the 

description in Table 3.4. SEM images of samples 4 and 7C show the same spherical structure 

but particles appear to be flatter (Figure 3.5 A and B). These two samples were determined by 

XRD analysis to be poorly ordered ferrihydrite and this could explain the less spherical nature 

of these two samples. The EDS spectra (not shown) for 4 and 7C show minor P in the 

precipitate and this may be influencing the structure of the precipitate. 
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3.5.2 Morphology 

The morphology of the precipitates was examined by SEM for all samples and by TEM for 

selected samples. Typical morphologies for synthetic iron oxides are listed for reference 

purposes in Table 3.4. Note that the SEM images are represented at a variety of scales, shown 

by the bar scales at the bottom of the images. 

Table 3.4. Typical morphology of iron oxyhydroxides* 

~~~'~'&~ __________________ 1P~ri~ngci~~~I~m~Ommllil~,o~IO~~L-________ ~Oili~~erum~o~mQ~o~~'~~~~ __ ~ ______ __ 
Goethite Acicular (spiked) Stars (twins), hexagons, bipyJamids, cubes, 

thin rods 
Lepidocrocite 
Akaganeite 
Schwertmannite 

&-FeOOH 
Fero~ .. yhyte 

Ferrihydritc 

Hematite 

TabJe 4.3 continued 

Magnetite 

Maghemite 

FeO 

Laths 
SoUIalOids. rods 
"hedge-bog" aggregates. 

Plates-
Plates 

Spbe<es 
Hexagonal plates, rhombohedra 

Octahedra 

Laths or cubes 

Cubes 
Fe(O!fh .Hexagonal plates 

• from Cornell and Schwertmann (1996) 

3.5.2.1 Ferrihydrile sample morphology 

Tablets, plates, di:unonds..- cubes 
Stars, crosses (twins),Jiexagons, prisms 

Thin, railed lil"" 
NeedI~ 

Spindles, rods, ellipsoids, cubes, discs., 

spheres, -double ellipsoids, stars, bipyramids 

IOlerg.rown octahedra (twi11S), rhombic 

dodecahedra, cubes, spheres, bWlets 

PI.a1es, spindles 

Irregular pieces 

Figure 3.4 A, B and C show the typical morphology of samples 2B, 7A and 9 respectively, 

which is separate spheres that range in size from < I J,lm to I ~m in djameter. In natural 

environments, the precipitate particle size is usually <0. 1 ~m due to the presence of 

impUJ;Wes. The unexpected larger diameter observed by SEM for these precipitates is possibly 

due to aggregation of smaller particles that could not be distinguished at the magnification 

used for the examination. The morphology of these precipitate samples is consistent with the 

description in Table 3.4. SEM Images of samples 4 and 7C show the same spherical structure 

but particles appear to be flatter (Figure 3.5 A and B). These two samples were determined by 

XRD analysis to be poorly ordered ferrihydrite and this could explain the less spherical nature 

of these two samples. The BOS spectra (not shown) for 4 and 7C show minor P in the 

precipitate and this may be influencing the structure of the precipitate. 
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Chapter 3: Geochemistry ofprecipitates 

A 

B 

c 

Figure 3.4. Typical morphology offerrihydrite samples. A - 2B; B - 7 A; C - 9. 
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Figure 3.4. Typical morphology offerrihydrite samples. A - 2B; B -7A; C - 9. 
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Chapter 3: Geochemistry of precipitates 

A 

B 

Figure 3.5. SEM images showing the typical morphology of samples 4 (A) and 7C (B) 

Samples 9 and 7C were also viewed by TEM. Figure 3.6 A shows the typical morphology 

observed a high magnification for sample 7C which is round spheres that are approximately 

200 TIm in diameter and are aggregated together. Figure 3.6 B shows the high magnification 

morphology for sample 9, which is a spherical structure as found in sample 7C with the 

diameter of the spheres ranging in size from 100 TIm to 200 TIm. The diffraction pattern (not 

shown) for sample 9, using TEM, indicated a mixture of poorly crystalline and crystalline 

phases. This is consistent with the XRD results that identified a mixture of ferrihydrite and 

quartz phases for sample 9. 
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Figure 3.5. SEM images showing the typical morphology of samples 4 (A) and 7C (B) 

Samples 9 and 7C were also viewed by TEM. Figure 3.6 A shows the typical morphology 

observed a high magnification for sample 7C which is round spheres that are approximately 

200 11m in diameter and are aggregated together. Figure 3.6 B shows the high magnification 

morphology for sample 9, which is a spherical structure as found in sample 7C with the 

diameter of the spheres ranging in size from 100 TIm to 200 TIm. The diffraction pattern (not 

shown) for sample 9, using TEM, indicated a mixture of poorly crystalline and crystalline 

phases. This is consistent with the XRD results that identified a mixture of ferrihydrite and 

quartz phases for sample 9. 
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Chapter 3: Geochemistry of precipitates 

A 

,200 n~ 

200nm 
I I 

Figure 3.6. TEM images of samples 7C (A) and 9 (B) showing the spherical morphology 

3.5.2.2 Goethite sample morphology 

The samples that were classed as being predominantly goethite by XRD show numerous 

morphological configurations. Figure 3.7 A and B show the typical acicular morphologies of 

samples 2A and 8 respectively. The acicular crystals in both samples appear to form elongated 

and botriodal particle aggregates. Sample 2A had several forms of precipitate other than the 

acicular morphology. In Figure 3.8 A, the acicular particles display a "hedge-hog" 

morphology closely resembling the schwertmannite of Cornell and Schwertmann 

(1996, Figure 3.22). However the EDS spectra (not shown) of the sample did not show any S 

in this precipitate and the XRD analysis did not identify schwertmannite as a possible phase 

and thus this precipitate may not be schwertmannite. Other interesting morphological 

variations of sample 2A are shown in Figures 3.8 Band C. 
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A 

Figure 3.6. TEM images of samples 7f; (A) and 9 (B) showing the spherical morphology 

3.5.2.2 Goethite sample morphology 

The samples that were classed as being predominantly goethite by XRD show numerous 

morphological configurations. Figure 3.7 A and B show the typical acicular morphologies of 

samples 2A and 8 respectively. The acicular crystals in both samples appear to fonn elongated 

and botriodal particle aggregates. Sample 2A had several forms of precipitate other than the 

acicular morphology. In Figure 3.8 A, the acicular particles display a "hedge-hog" 

morphology closely resembling the schwertmannite of Cornell and Schwertmann 

(1996, Figure 3.22). However the EDS spectra (not shown) of the sample did not show any S 

in this precipitate and the XRD analysis did not identify schwertmannite as a possible phase 

and thus this precipitate may not be schwertmanrute. Other interesting morphological 

variations of sample 2A are shown in Figures 3.8 Band C. 
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Chapter 3: Geochemistry of precipitates 

A 

B 

Figure 3.7. SEM images showing the acicular morphologies of goethite samples 2A (A) 

and 8 (B) 

Figures 3.9 A and B indicate the possible involvement of bacteria in the precipitation of the 

goethite by acting as nucleation sites. Figure 3.9 A shows rounded particles with a hollow 

structure that reveals layering. The goethite may have precipitated on a round bacterial 

particle that subsequently disintegrated (no C other than that due to the C-coating was 

detected). In Figure 3.9 B the elongated rods resemble bacterial rods (pers. Comm. D. 

Gerneke) upon which the goethite appears to have precipitated. 
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Figure 3.7. SEM images showing the acicular morphologies of goethite samples 2A (A) 

and 8 (B) 

Figures 3.9 A and B indicate the possible involvement of bacteria in the precipitation of the 

goethite by acting as nucleation sites. Figure 3.9 A shows rounded particles with a hollow 

structure that reveals layering. The goethite may have precipitated on a round bacterial 

particle that subsequently disintegrated (no C other than that due to the C-coating was 

detected). In Figure 3.9 B the elongated rods resemble bacterial rods (pers. Comm. D. 

Gerneke) upon which the goethite appears to have precipitated. 
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A 

B 

c 

Figure 3.8. SEM Images of sample 2A (A, B and C) showing interesting morphology 
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Figure 3.8. SEM Images of sample 2A (A, B and C) showing interesting morphology 
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Chapter 3: Geochemistry of precipitates 

A 

B 

Figure 3.9. SEM images of samples 2A (A) and 8 (B) showing a hollow sphere and rod 

shaped particles that may indicate bacterial involvement in iron oxyhydroxide 

precipitation 

Figure 3.10 shows the morphology of sample 3, which are rounded particles aggregated 

together. This may indicate that the sample is more poorly crystalline than samples 2A and 8 

or that the magnification was not high enough to distinguish individual particles of goethite. 
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Figure 3.9. SEM images of samples 2A (A) and 8 (8) showing a hollow sphere and rod 

shaped particles that may indicate bacterial involvement in iron oxyhydroxide 

precipitation 

Figure 3. JO shows the morphology of sample 3, which are rounded particles aggregated 

together. This may indicate that the sample is more poorly crystaUine than samples 2A and 8 

or that the magnification was not high enough to distinguish individual particles of goethite. 
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Chapter 3: Geochemistry of precipitates 

The TEM images of sample 8 show aggregates of particles and a hexagonal-shaped particle 

(Figure 3.11). The particles resemble those found in Cornell and Schwertmann (1996, Figure 

3.9) for goethite which is consistent with the XRD identification of this sample. The 

diffraction pattern for sample 8 under TEM showed the sample to be a crystalline phase, 

which is expected for goethite. 

Figure 3.10. SEM images of sample 3 showing the typical morphology of the precipitate 

Figure 3.11. TEM image of sample 8 showing the morphology at high magnification 
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The TEM images of sample 8 show aggregates of particles and a hexagonal-shaped particle 

(Figure 3.11). The particles resemble those found in Cornell and Schwertmann (1996, Figure 

3.9) for goethite which is consistent with the XRD identification of this sample. The 

diffraction pattern for sample 8 under TEM showed the sample to be a crystalline phase. 

wttich is expected for goethite. 

Figure 3.10. SEM images of sample 3 showing the typical morphology of the precipitate 

Figure 3.1 t. TEM image of sample 8 showing the morphology at high magnification 
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Chapter 3: Geochemistry of precipitates 

3.5.2.3 Sample morphology ofintennediate precipitates 

Sample lA consists of flake-like particles being sub-micron in size, which are aggregated 

together in a porous structure (Figure 3.12 A). Sample IB displays more rounded spheres of 

precipitate than sample lA, which appear to have grown together. (Figure 3.12 B). 

Figure 3.12 C, shows a well developed spherical structure for sample 6 with the particles 

aggregating together. The spherical morphology observed for these precipitates is typical for 

ferrihydrites (Cornell and Schwertmann, 1996) and consistent with the XRD identification of 

these samples. The EDS spectra (not shown) of samples lA and IB show that they are iron 

oxides with minor Si and Al. The presence of Si and Al is consistent with the identification of 

an alumino-silicate phase, in the two samples, by XRD. The EDS (not shown) of sample 6 

indicated the presence of minor Si that was also identified by XRD. Sample 6 was also 

examined by TEM and Figures 3. 13 A and B show the fine particles forming aggregates and 

rounded particles that resemble the TEM images for ferrihydrite in Cornell and 

Schwertmann (1996, Figure 4.23b). Needle-like morphology is also visible in Figure 3.13 B 

(marked by the circle) which resembles that found in Cornell and Schwertmann (1996, Figure 

4.9c) for goethite. The diffraction pattern (not shown) under TEM indicated that this 

precipitate is poorly crystalline. The two different TEM morphological features and the poorly 

crystalline nature indicated by the diffraction pattern are consistent with the XRD findings for 

this sample. 

3.5 .2.4 Effect of morphology on clogging 

Goethite has a surface area range of 8-200 m2g- 1 and ferrihydrite 200-400 m2g-1
. High surface 

areas (80-150 m2g-1
) are reported for goethites fonned by oxidation of Fe2

+ systems at pH 6-7 

and room temperature. Data concerning the surface area of schwertmannite is limited. Due to 

poor crystallinity, the surface areas are high and range from 125-255 m2g-1 (Cornell and 

Schwertmann, 1996). The differences in surface area have important implications in terms of 

both the ability to block the well and to scavenge trace metals from solution. Ferrihydrite has 

a higher surface area in general when compared with goethite and thus it will form a larger 

bulk, porous precipitate as observed in the SEM analysis of the precipitates. Thus, the 

ferrihydrite precipitates will possibly clog the wells at a faster rate than the goethite 

precipitates. However, the goethite will be more crystalline and may thus be harder to remove 

than the loosely aggregated ferrihydrite. Goethite would thus require more severe physical 

and chemical remediation methods than the wells clogged with ferrihydrite, which could 

possibly be removed by mechanical means alone. 
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3.5.2.3 Sample morpholob-rr of intermediate precipitates 

Sample I A consists of flake-like particles being sub-micron in size, which are aggregated 

together in a porous structure (Figure 3.12 A). Sample J B displays more rounded spheres of 

precipitate than sample IA, which appear to have grown together (Figure 3.12 B). 

Figure 3. 12 C, shows a well. developed spherical structure for sample 6 with the particles 

aggregating together.. The spherical morphology observed for these precipitates is typical for 

ferrihydrites (Cornell and Schwertmann, 1996) and consistent with the XRD identification of 

these samples. The EDS spectra (not shown) of samples I A and I B show that they are iron 

oxides with minor Si and AJ. The presence of Si and AI is consistent with the identification of 

an alumino-silicate phase, in the two samples, by XRD. The EDS (not shown) of sample 6 

indicated the presence of minor Si that was also identified by XRD. Sample 6 was also 

examined by TEM and Figures 3. IJ A and B show the fine particles forming aggregates and 

rounded particles that resemble the TEM images for ferrihydrite in Cornell and 

Schwertmann (1996, Figure 4.23b). Needle-like morphology is also visible in Figure 3.1J B 

(marked by the circle) which resembles that found in Cornell and Schwertmann (1996, Figure 

4.9c) for goethite. The diffraction pattern (not shown) under TEM indicated that this 

precipitate is poorly crystalline. The two different TEM morphological. features and the poorly 

crystalline nature indicated by the diffraction pattern are consistent with the XRD findings for 

this sample. 

3,5,2.4 Effect of morphology on clogging 

Goethite has a surface area range of 8-200 m2g-J and ferrihydrite 200-400 rnlg-I . High surface 

areas (80-150 mlg-I) are reponed for goethites formed by oxidation ofFe2+ systems at pH 6-7 

and room temperature. Data concerning the surface area of schwenmannite is limited. Due to 

poor crystallinity, the surface areas are high and range from 125-255 m'g-I (Cornell and 

Schwertmann, 1996). The differences in surface area have important implications in teffils of 

both the ability to block the well and to scavenge trace metals from solution. Ferrihydrite has 

a higher surface area in general when compared with goethite and thus it will form a larger 

bulk, porous precipitate as observed in the SEM analysis of the precipitates. Thus, the 

ferrihydrite precipitates will possibly clog the wells at a faster rate than the goethite 

precipitates. However, the goethite will be more crystalline and may thus be harder to remove 

than the loosely aggregated ferrihydrite. Goethite would thus require more severe physical 

and chemical remediation methods than the wells clogged with ferrihydrite, which could 

possibly be removed by mechanical means alone. 
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Figure 3.12. SEM images of samples lA (A), IB (B) and 6 (C) showing the morphology 

3-18 

Chapter J: Geochemis/ry of prllcip,/ales 

A 

B 

c 

Figure 3.12. SEM images of samples IA (A), IB (B) and 6 (C) showing the morphology 
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Chapter 3: Geochemistry of precipitates 

Figure 3.13. TEM images of sample 6 (A and B) showing morphological characteristics. 

The circle marks the needle-like morphology 

3.5.3 Bulk composition 

3.5 .3. 1 Organic carbon 

Table 3.5 lists the results of the organic carbon analysis. The organic carbon content of the 

precipitates ranged from 0.16 to 9.04 %. In a study on iron oxides in Finnish water treatment 

facilities by Carlson and Schwertmann (1987) the oxides were found to contain between 0.8 

and 11.2 % total organic carbon. The authors found that the concentration depended on the 

concentration of organic C in the water and the intensity of bioproduction (algae) in the 

treatment plant (Carlson and Schwertmann, 1987). In general the precipitates of intermediate 

crystallinity have a higher organic carbon content on average (4.80 %) with the goethite 

precipitates containing l.04 % and ferrihydrite precipitates containing 0.89 %. This may 
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Figure 3.13. TEM images of sample 6{A and B) showing morphological characteristics. 

The circle marks the needle-like morphology 

3.5.3 Bulk composition 

3.5.3.1 Organic carbon 

Table 3.5 lists the results of the organic carbon analysis. The organic carbon content of the 

precipitates ranged from 0.16 to 9.04 %. ]n a study on iron oxides in Finnish water treatment 

facilities by Carlson and Schwertmann (1987) the oxides were found to contain between 0.8 

and 11.2 % total organic carbon. The authors found that the concentration depended on the 

concentration of organic C in the water and the intensity of bioproduction (algae) in the 

treatment plant (Carlson and Schwertmann, 1987). In general the precipitates of intermedjate 

crystallinity have a higher organic carbon content on average (4.80 %) with the goethite 

precipitates containing 1.04 % and ferrihydrite precipitates containing 0.89 %. This may 
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Sc 
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Cr 

Mn 

Ni 

Cu 

8.07 7.35 <0.6 <0.6 <0.59 2.77 <0.59 0.68 <0.59 

180.08 62.4 <3.29 <3.26 <3.29 313.73 <3.17 <3.18 <3.17 

89.87 55.09 75.05 293.15 20.8 102.31 29.77 79.06 32.54 

319.79 403.69 1608.9 634.09 240.76 11.97 334.22 3981.93 

6.24 

14.66 

23.6 

6.04 16.7 

4.41 85.29 

878.39 43.52 

<5.6 

131.35 <5.4 

171.59 48.3 

<5.05 

<4.55 

20.99 

<5.22 14.88 

8.11 <4.94 

2011.25 44.46 

34.25 

<4.71 

46.81 

7C 9 

<0.58 0.95 

<3.12 <3.18 

46.84 40.62 

317.73 434.45 

<5.17 <5.3 

<4.52 <4.65 

121.35 81.87 

Zn 32.86 48.73 946.94 420.16 3620.24 260.8 637.52 132.27 49.69 87.84 864.17 

As 70.76 85.28 75.82 35.91 <3.89 798.61 34.39 37.55 40.07 60.69 61.06 

Se <3.78 <4.77 <4.9 <5.08 709.38 <4.72 <4.74 <4.5 <4.65 

Br 197.36 154.82 <5.72 18.1 <6.03 16.24 20.79 27.68 <5.34 <5.56 
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Element 

0,00 0.00 0.00 0.01 
3.39 16.61 1.27 2.06 0.52 0.97 1.92 
0.00 0.00 0.00 0.00 0.00 0.00 

0.05 0.19 0.10 0.07 0.02 0.18 0.38 
0.74 5.00 0.50 0.73 0.30 L08 
0,47 3.62 0.26 0,48 0.26 0.85 0.27 1.14 1.37 
0;09 1.47 0,47 0,41 0.00 0.03 0.31 0.52 0.12 

0.02 0.17 0.06 0.13 0.01 0.17 0.04 

0.00 {J.OO 0.01 {J.03 {J.OO 0;00 0.56 0.02 

Total cations 4.76 27.05 2.66 3.91 0.96 2.37 1.98 4.45 4.79 

F" 0.00 0.35 0.00 0.00 0.03 0.00 

3.63 18.88 1.73 2.62 0;55 1,40 1.31 0.75 2.63 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Br" 0.00 O.fJO 0.00 0.00 0.00 0;00 0.00 

0.01 0.00 0.00 0.01 0.00 0.00 0.00 

0.00 0.00 0.00 0;00 0.00 0.00 0;00 0.00 0.00 

0.41 2.49 0.13 0.18 0.06 0.35 0.21 0.56 

0.09 1.02 0.46 0.00 0.11 0.53 0.27 0.00 0.75 

Total anions 4.14 22.39 2.33 3.15 0.73 2.28 1.79 5.13 3.94 

cations Total anions 4.66 0.34 0.76 0.23 0.10 0.19 -0.68 0.85 

49,44 4.99 7.06 1.69 3.77 9.59 8.73 
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Table A-7 continued ... 

Trace elements 

Al <0.15 <5.0 <5.0 

As <0.05 <0.1 <0.5 

B ns <0.2 

Be ns <0.1 ns 

Cd <0.01 <0.01 

Co ns <1.0 

Cr <0.05 <0.1 <1.0 

Cn <1.3 <5.0 

Fe <l.0 <5.0 <10 

<0.005 ns <0.002 

Li ns <2.5 ns 

Mn <0.4 <0.2 <10 

Mo ns <0.01 

Ni ns <0.2 <LO 

Ph ns <0.2 <0.1 

Se <0.02 <0.02 <0.05 

U ns <0.01 ns 

Zn <10 <1.0 <20 

ns not 
I from Department of Water AflBirs and Forestry (1995) 

Livestock as applied to cattle and UH!;"<",... to class 1 water (DWAF, 1993, VolA). Domestic use DWAF (1999"), Vol. 1. 
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Co 5.18 

Mn 3.19 
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V 3.13 
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L50 

'h: 1.63 

Y L81 

Sr 1.70 

U 3.78 

Rb 1.84 

TIl 3.93 

Pb 
Ph 8~O5 

Br 5.30 

Se 4.44 
Bi 13.64 

As 4.66 

Ba 1.72 
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Rb 1.84 

TIl 3.93 

Pb 
Ph 8~O5 

Br 5.30 

Se 4.44 
Bi 13.64 

As 4.66 

Ba 1.72 

3 
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AppendtxB 
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water. 
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Appendix B 

7 

lA 9.04 0.25 

lB 4.40 0.25 

2A 1.26 0.25 

2B 2.77 0.25 

3 0.55 0.50 

4 0.98 0.25 

6 0.95 0.50 

7A 0.50 0.50 

7B 0041 0.50 

7C 0.16 0.50 

8 L30 0.50 

9 

Appendix B 

7 

lA 9.04 0.25 

lB 4.40 0.25 

2A 1.26 0.25 

2B 2.77 0.25 

3 0.55 0.50 

4 0.98 0.25 

6 0.95 0.50 

7A 0.50 0.50 

7B 0041 0.50 

7C 0.16 0.50 

8 L30 0.50 

9 
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8 2,3 

4 4 5 

1 51 11 31 

1 1 15 

11 31 11 

13 1 13 13 

1 

as 

as 

9 

1 

2 2 7 9 

1 

9 

8 2,3 

4 4 5 

1 51 11 31 

1 1 15 

11 31 11 

13 1 13 13 
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as 
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~~~~~~~~~ _____ \_~_'e_I_J_L_o~g~:_L_i_th_o_l_o~g~)_·_&_, _C_o_n_s_t_rl_l _ct_i_o_n ______________________ ,1 

Well ldent 

G40118 

I NamE' 
I Production Borehole - Alber1inia Project 

Drill. Method 

Ix 
I 

Mud rotary and Air Percussion 

i Z I 

All measurcmcnCi an in metres. Hole anu casin!.: diameters in HUll. 

I W:lIcr L<::\d (m be; 
0.29 

I 

Depth 
[m] 

20 

40 

EO 

80 

100 

120 

140 

lEO 

180 

Hole Annulus 

Cement grout 

Cement ,grout 

250 Granl pack 

193 

I Drill Dale:; 9 F~bruar:' 19% 

I iYk:1S. PI. Ekv. 

Sca/«.s (1 : .=-c) 

Vcni~J.! i HorizoIl!:U 
I 

Lrthology 

Sand and occasional boulders 

Calcareous sand 

Gre) sandstone (jointed frolll 35-36m) 

Fracture sandstone (iron stained joints) 

\licaccous black-grey sand~' shale 

Elev. 
[m) 

-20 

-40 

-EO 

-100 

-120 

-140 

-lEO 

-180 

~~~::~~~~"1-=====\'='=el=I =L=O=~=':==L=;I=h=O='O=b='Y==&=' =C=O==,, =,,=r=,,="=, :;O="=======================' 
Wd] h~ \! nt Name 

I G~01l 8 Prod uct ion Borehole ~ Albeninia Project 

DnIJ M<:LhoJ Mud rOlary and Air P~rcuss i oll J Dnll. D:llc~ ') F'~brua r"\' 19% 

Ix , 

0.19 

Hole Annulus 

Ctmcnt gruul 

3:X) Ctm~n r grout 

'00 

250 Gr. .. ·d pick 

, 20 

"" 

,"0 

I Mo:::L~. PI. Eie ... 

Sc"f~ o .. 'CI.:1') 

r V"m.:i1 
I 

1 HonzoUI:J! 

L ~hology 

Sand and IItc~s ionli l b"ui<lers 

C .. lnfC'OUS n nd 

Gre) und510n~ (j.)in ted rro rn 35-36111) 

Elev. 
Iml 

·20 

. ., 

Fr:l cture sands t on~ tlron !o t ~intd '0"0" ,,1-
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Boorger Nr 0 G 110 Srarus Produksle 
Posisie Gebled Oos (Kammanassie ) 

Plaas Oyselsberg 123 

Loka llteir . Oroe kloot 
X 3715 1.03,7 
Y 49 135,5 
h 488,5 m 

GeDoor OWW 02. n 1990 
Oorspronklike (blaasllewering 10 l i s 
Hldrologles getoets 02 .10 1991 Bedrytspomptoets 2601.1993, 8,6 lis 

Aanbevole onttrekklng (04.1992) 3,5 lis 300 m~d 
In voltydse bedryt vanaf Sep. 1992 

Gem. onttrekking (041994) 6,4 l i s 163 in~d 
Gem onttrekklng (111994) 2,7 lis 155 m3/d 

Probleme met ysterneerslag 

KONSTRUKSIE WATER GEOLOGIE 

mm m 
330 
st 300 

PVA 2081 
300 I 

92 rn-_ \ perf 

~212 

m'" 
C~m 

lis 
. tT " 

' .• • • Q _ 3.S W
"····· 

21 .10.91 S7 -'. -' . 

110,6 . ... -114 

w 1,51 -=-- _ 117 

1LJ' . -200 
W6 .' ' . 

. . ... - 203 

U212 

m 

0-3,5 Kwartsietklippe in sand 

3,5 - 216 Kwartsiet met enkele 
skaliebonde 

40 Geel klei 
101 Kleierig 

Formosie Baviaanskloot 
Groep Tatelberg 

Genaat met oksidasie (water) 
114-117, 137, 200-203 

Genaat 147, 156 

216 - (228) Sol iede kwartsiet Formasie Skurweberge 
Groep Tatelberg 

perf 
p-185 

Voering is geperforeer 

----2-

W._ 

Pomp met inlaatdiepte 
Grondwatervlak met diepte en datum 
Water invloei met lis en diepte (s) 

LOKALITEITSPLAN 
LOCALITY PLAN 

\\\\~ 
\~~-<l J 

\\ ~ 
'\\ ' Enon conglom. 1\1 

~~ __ I 

~\ ~ /25-
0' -" 

----=i/~ 
I, II 35 Table Mounraln 0\ .>-

Sandstone \ bG 110 

~co :-:0 'll 

- ----- ---------_._--_._-----_._----- ._ .. _----

Boorgot 
PaSlsle 

Nr DG 110 
Gebled Dos (Kornmano!>sle l 
Ploas Dyselsoerg 123 

Loko l!~eli Oroekloot 
X .3 715 1.03,7 

'f' 49 135,S 
h 1.88 ,5/11 

Geboor DWW 02 .111990 
Oorspronkttke (blaas)lewenng 10 lIs 

Sta tu s Proauksle 

Hldrologles getoets 02.10 1991 8edryfspornptoets 2601. 1993, 8,6 lis 
Aanbevole oottrekkmg (04.1992) 3.5 lis 300 m¥d 
In yoltydse bedryf va not Sep '992 

Gem onttrekkrng (01.1994) 6,1. lis 163 mtd 

Gem onltrekkmlJ 1111991.) 2.7 lis 155 ml/d 
Probleme mel' ysterneers log 

KONSTRUKSIE WATER GEOLOGIE 

mm m lis m 

" y , 
:: .~. _35 0- 3,5 K .... artsietkllppe In sand 

:: 108 I 
3.5 - 216 K .... ortslet met enkele 

skaliebonde 
40 Geel klel 

1110912 - - 10 1 Klelerig 
11<1,6 

" - -' - 114 

Formosie BllVIQonskloot 
Groep Totetberg 

rn _ I ",r WI51 -111 Genaot met Oksldosle (water) 

-

E1f'" ~ 18S 
. - 131 w - - .- . 

216-m81 

C:=J200 w, ' 

~'" 
1"" ' ," .lO3 

U212 

perf 
p-185 
-=-\/ .. _ .. 

Voering is gepertoreer 
Pomp met inl aatd iepte 
Grondwaterylak met die pte en datum 
Water Invloei met lis en diepte Is! 

114-117,137,200-203 

Genaat 147, 156 

Soliede kwartsie~ 

LOKALITEITSPLAN 
LOCALITY PLAN 

Sandstone 

Formosi'e SktJrweberge 
Groep Tatet berg 

• 
\ 

----------------------------~ 
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Boorgat Nr. DL 17 
Poslsie Gebied Wes (Calitzdo~p) 

Plaas Daniels Kraal 

Lokaliteit 

X 3715773,1 
Y 58 698,3 

h 291,7m 
Geboor : Masteroore - Prinsloo 24 .09.1989 
Oorspronklike (blaas) lewering : 15 lIs 

Status: Produksie 

H idrologies getoets 10 .08 .90 8edrytspomptoets 16.05 .1994 16 l I s 

Aanbevole onttrekking (04 .1992) 15 lIs 1300 m3/d (afhanklik van rehabi l itasie) 
In (voltydse) bedryf vanaf Feb. 1994 (slegs 1-2 ure per dog a.g.v. ysrerneerslag 

Gem . onttrekking (04.1994) 11,7 lIs 75 m3/d 
Aanbeveling 05 .1994 : 8,5 lis en 300 mYd. 

KONSTRUKSIE \v ATE R 

lIs 

GEOLOGIE 

pvc 
160 
Perf. 

m 

149. 5 
150 

24.09.89'7 ' ••• 
9.80 ' •• · . · . . · , . .. 

m 

'0-4 

4-28 

I 
.. '. _26 

W3 ••• ~ -28 28-(249) 
· .... ~. - 30 

· ' .. - tJ. 
W3-3I ' . '. ':. _ 48 

· '. . 

0
'·, -90 

W 6+2I '. : .. :'. ' . . 
. .' - 97 
', ' '. 

rD" ..... .: -130 

W8+7 ' :.'.: . 

.' . : .... - 145 

C::J _ (248.8) 

perf. = Voering is geperforeer 
p = Pomp met inlaatdiepte 
~ = Grondwatervlak met diepte en datum 
W .. _ .. = Water invloei lis met diepte 

LOKALITElTSPLAN 
LOCALITY PLAN 

0.5 1 km 

~------~-------~-

Kwortsietklippe in sand 

Sagte verweerde sands teen 

. 
Kwartsitiese .sandsreen Forrnasie Baviaanskloof 
Skalie-agtig 70, 128, 150m 
naatvlakke 93, 163,195 Groep Tafelberg 

en 237 m 

.... .. . .. 

DANIELSKRAAL .. 
(D9RINGKLOOF) 

Boorgat Nr DL 17 
Posisle Gebled Wes (Colitzdorp) 

Ploas ; Daniels Kraal 
Lokalitelt 
X 3715773,1 
Y 58696,3 
h 291,7m 

Geboor , Mosterl)ore .., Prinsloo 24.09.1989 

Oorspronklike (blocs) le .... ering: 15 lis 

StaTuS ProduksiE' 

Hidrologies getoets 10.08 .90 8edrytspomptoets 16.05.1994 16 lis 

. " 

Aonbevole onttrekking (04 .1992) 15 lis 1300 m3/d (afhonktik von rehobt LilosieJ 
In (voltydse) bedryf vanaf Feb. 1994 (slegs 1-2 ur.e per dog c.g.v. ysterneerslag 

Gem. onttrekking (04.1994) 11.7 lis 75 mJ/d 
Aonbeveling 05.1994 : 6,5 lIs en 300 mYd, 

KONSTRUKSIE '.vATER GEOLOGIE 

mm m 

I t'~O ~'~: ~i77 
!~ 108 [ 

/11,3\ puf 

11""'----+17 11 I 
"'-~=v 110 9,S 

( 

• erf. 

'" 
149.5 

'" 

lIs m 
_ . •. , .... r-

.. ' . , '" -4 0-4 
'4 .~9a9sz ' . " 
9.~Q " • 

, , . . .. 
I 

.'. '. -" 
..... 3· ' · · -28 -,. 

I -"-
\.13·) _48 

'-'-S 

""IO":.'::· -90 
.. ' .. ' _97 
'. " ' . 

rD·· ... ···· -BO 
w 8.1 ... . 

'.', . 
: . :'. '. - 145 

4·28 

26 ' (2491 

C::::L 121.8.8) 

perf. 
p 

-=­
W .. _ .. 

= Voering is- geperforeer 
-:: Pomp met inlaatdiepre 
= Grofldwatervlak met diep!e en datum 
= Water invtoei tis met diepte 

LOKALITEITSPLAN 
LOCALITY PLAN 

C D.S 1 kill 
~----"--~' 

Kwartsietldippe in sand 

Sagle verweerde sands teen 

Kwartsitiese .sendsteen Formesie Baviaanskloof 
Skatie· agtig 70,128, 150m 
naatvlakke 93, 163, 195 Groep Tatelberg 

en 237 m 




