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ABSTRACT

The main source of potable water in the Karoo is groundwater and thus any problems
resulting from the abstraction of water or from difficulties in abstraction of the water are
important. The iron clogging of screens, pumps and filter packs in supply wells is a world-
wide problem and the consequences can be severe, leading to costly and harsh rehabilitation
measures or even loss of the well. A study was undertaken in order to determine the chemistry
and morphology of the precipitates found in relation to the water chemistry, in several wells

in the Albertinia- Outshoorn-Calitzdorp area of South Africa.

A total of nine wells were sampled, one from Albertinia, one from Calitzdorp and the
remaining seven wells were located in the Outshoorn area. One of the wells where no
precipitation is evident was sampled for comparative purposes. Two water samples were
taken at each of the sites: one was a 1 L unfiltered sample which was not preserved other than
by refrigeration; the second sample was a 100 mL, filtered and preserved with 2 mL
concentrated HCI per bottle, on site. Field measurements of electrical conductivity (EC), pH
and temperature were made at the sampling site for all except one sample. Measurement of all
the field parameters was repeated later in the laboratory. Dissolved oxygen was not measured
due to failure of field equipment. In the laboratory a sample blank (sample 10) was made
using one of the acid-washed bottles, by adding 2 mL of the conc. HCI used in the field to
preserve the samples to distilled water. from the laboratory. Where analytical methods

allowed, the blank sample was analysed with the nine samples collected in the field.

There were 10 precipitate samples taken in total with more than one sample from selected
wells. Samples of precipitate were collected at eight of the nine wells that were sampled for
water. The samples were taken from either the clogged pipes or casings found on the surface
or from the well itself (i.e. fresh) where possible. A sample was not obtained from well 9 as
there was no precipitate available at the time of sampling however, the precipitate from well 9
had been previously sampled and this sample was used for the analyses. Fresh samples were

stored in water from the well and dry precipitates were stored in airtight bottles.

The major and trace element chemistry of the water samples was determined. The mineralogy,

morphology and chemistry of the precipitates were characterised.



The pH of the water samples ranged from 3.13 to 6.27 and the EC ranged from 230
to 2780 pS/cm for the samples where a precipitate is forming. The pH and EC of the sample
that had no precipitate were 6.15 and 93 uS/cm respectively. The total Fe concentrations of
the samples with detectable Fe ranged from 1.04 mg/L to 44.2 mg/L, With the Fe*" species
constituting at least 85 % of the iron species. The Fe concentration in sample 5 was below the
detection limit of the colorimetric method but was determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) to contain 0.11 mg/L total |iron. The low iron
concentration could be the reason why a precipitate is not forming inl this well. The iron
speciation for this sample was not determined. The pe for the samples where iron was
determined by colorimetry was calculated using the Fe*'/Fe’* redox cjnple. The pe ranged
from 5.3 to 10.1 and the most acidic samples tended to have the highest pe values. The pe+pH
values for all the samples were computed and the system appears to be poised at a

petpH of 12.

The major ion chemistry of the samples reveals that Na" and CI are the dominant ions in
solution for all the samples with the exception of sample 8 which is dominated by Na™ and
SO4*. The results of the ICP-MS semi-quantitative analysis shows that sample 5 has the
lowest concentration of trace metals and that sample 8, in genersl, has the highest
concentrations particularly Mn, B, Sr, Sn, Ba, W and Rb. The calculated saturation indices
(SI) indicate that the waters (except 8) are supersaturated with respect to ferrihydrite and
goethite. Some of the water samples are Supersaturated with respect to a SO4-phase namely
jarosite. The SI indicate that ferrihydrite will form in preference to goethite in these samples
and for goethite to form dissolution of the ferrihydrite would have to|occur. Sample 8 is

undersaturated with respect to ferrihydrite and supersaturated with respect|to goethite and thus |
goethite is likely to form in preference to ferrihydrite for this water sample. Saturation indices
for quartz indicate that all the waters are in equilibrivm with this phase and are thus in
equilibrium with the sandstones and quartzites that constitute the host focks of the aquifer.
The waters are not scaling as they are all undersaturated with respect to carbonate minerals
(e.g. calcite). Most of the samples are suitable for domestic, irrigation and livestock use with
minimal treatment required in those where Fe and trace metal concentrations exceed

acceptable limits, -
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XRD analysis of the samples determined three groppings, 2 and 6-line ferrihydrite, goethite
and group of samples with intermediate crystallinity. These groupings were confirmed with
FT-IR. Samples 2B, 4, 7A, 7B, 7C and 9 are classed as ferrihydrites, the majority of which
are well ordered (6-line) with samples 4 and 7C being poorly ordered (two-line). Samples 2A,
3 and 8 are identified as goethites. Samples 1A and 1B are a mixture of ferrihydrite and a
smaller silicate component and sample 6 is a mixtire of ferrihydrite with a trace amount of
quartz. Sample 1A also contains a minor amount of lepidocrocite. The SEM images showed
an acicular form for the goethites in general with [sample 2A showing other morphological
forms. The ferrihydrite samples had a spherical morphology with the two-line ferrihydrites
displaying a less developed spherical nature. The|examination of intermediate precipitates

revealed a spherical morphology for these samples.

The precipitates are relatively pure with the Fe;(O; concentration ranging between 66 and
81 wt%. Samples 1A and 1B had lower Fe,O; condentrations of 44 and 58 wt% respectively,
which is due to dilution by the presence of a layer |silicate phase. Samples 1A and 1B differ
with respect to the rest of the samples in that they ¢ontain the largest concentrations of SiO,
AlO; and K;O out of all the precipitates. The XRD indicate that a layer silicate phase is
present in these two samples which would account for the increased levels of Si0; and ALO;.

Samples 1A and 1B also have the highest concentrations of organic carbon.

Elevated SO; concentrations are noted in samples 2A and 8 in comparison to the other
samples. These two samples had the highest concejﬁrations of SO4* in the water samples that
may account for the higher concentrations of SOy in the precipitate. In general for all the
samples, those with a high P,Os tend to contain less| SO;. The samples with the low P,Os tend
to contain more S10; that may be explained by the fact that silicate and phosphate compete for
anionic sorption sites. The apparent sorption of silicrte in preference to phosphate may be due

to lower availability of PO;” in these solutions.

The ferrihydrite samples contain more P;0s than the more crystalline goethitic and
intermediate precipitates. Samples 4 and 7C that have the highest P,Os concentrations of all
the samples and of the ferrihydrites. These two samples were identified as two-line

ferrihydrite and are the most poorly crystalline samples of the ferrihydrites. The poorly

crystalline ferrihydrites have greater surface areas than their crystalline counterparts and will
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therefore have more sorption sites available for the sorption of PO.>. This may explain the

reason for the higher concentrations of P2Os observed in the ferrihydrites in general.

Sample 8 has a low pH (3.13) and the iron oxide is expected to have a positive surface charge
which anion adsorption. This sample has the highest concentrations of V, As, Se, Mo and U in
the precipitate that is due to the precipitates greater anion sorption capacity in comparison
with the other samples. The other samples tend to have higher concentrations of metals than

sample 8 and are possibly removing these from solution.

Statistical correlation of the water and precipitate chemistry was undertaken and the results
indicated no definitive correlations which may be used to predict the precipitate type that may
form in the waters. The study of ferruginous clogging has however determined that
ferrihydrite is the dominant phase followed by goethite and that most of the precipitates are
poorly crystalline. The poor crystallinity of the samples suggests that mechanical methods of
remediation as opposed to harsh chemical measures used currently might be fruitful. The
study has also shown that the precipitates are scavenging small amounts of trace metals from

the water and this may in fact be improving the quality of the water abstracted from the wells.

v



ACKNOWLEDGEMENTS

ESKOM and the NRF are acknowledged for funding that has made this course and my
participation possible.

To Prof. James Willis and Prof. Martin Fey, my supervisors, thank you for your unbounded
patience when answering my. questions, your guidance in all matters, your humour especially
in times of stress and the enthusiasm you show for geochemistry which has spurred my own

interest in the subject. Thank you for a wondérful learning year.

I - would like to- thank Jeff Jolly of Groundwater Consulting Services for assisting with the
inception of this project, his help in organising the field excursion and for his interest in the
work being undertaken.

For helping with the acquisition of samples and for making the field excursion a memorable
part of the thesis I wish to thank Callie Calitz, Chris and Mariaan of PumpCor, Riversdale.
For their help in the acquisition of samples, thank you to Deon Hasbrook and Johann Uys of
Overberg Water.

For their assistance with analyses, interest, humour and kindness throughout the year I wish to
thank Ernest Stout, Ivan Wilson, Neville Buchanan, Fran Pocock, Peter Abunda, and Leslie
Petrik in the Department of Geological Sciences.

Thank you to Andreas Spath for performing the ICP-MS analyses and Patrick Sieas, for
performing the IC analyses and his help in the IC laboratory

Thank you to the administration. and technical staff of the Department of Geological Sciences

for all their assistance throughout the year.

- To Dane Gerneke and Mohammed Jaffer of the Electron Microprobe Unit in the Department
of Physics, thank you for your enthusiasm;— . . )

morphology of iron precipitates an adventure that kept me coming back for more.

v



Thank you to Meredith Timme for your assistance with the making and analysing of samples
by FT-IR.

To my classmates, Steve| McKeown, Gerry Papini, Anja Gassner, Mandla Mehlomakulu and
Senzo Makhathini, thank| you for all the help, laughs, tears and friendship throughout this past

year, it has been an experience I will never forget.

To Marietta Echeverria and Richard O'Brien, my fellow classmates, thank you especially, for
your- patience in the laboratory, your humour when I was losing mine, your assistance and
company in the “wee” hours of the morning in the laboratory and computer room, and your
good friendship this year.

To the past students who| have helped us this year, thank you.

To my friends in Cape Town, especially Alberto Tagliaro, and in Johannesburg, thank you for
not letting me take myself too seriously, for distracting me when I needed a break (before I
did), for your friendship- and support throughout the year, and for making this year a

memorable one.
Thank you Carole for your help this year and for making me feel at home.

To my family, thank you|for the support you give to all my endeavours, even when I am away

from home, and thank yop for confidence you have in my abilities.

vi



TABLE OF CONTENTS

s
ABSIRACI ooooooooooo secssssenrssEspBEBR Y tessBEns TesAIBEBECBABBBT BB OD FEERSAE VOB RVEIRPRVEREAOROERGRUTE T ensosh
ACKNOWLEDGEMENTS...ccccnueemenniensasnessnssanee bovnsrens sessarsanasensteseese ererersestacsssnansstssnnsaessanaarcs v
INTRODUCTION............ Lesssssncssesssessasensancossassavsnnasnsaancansane coarensresnane 1

CHAPTER 1 IRON OXIDE PRECIPITATION IN WELLS — A REVIEW .......... 1-1

1.1 THPOQUCHON weveeeec e et ceissecessesesearessasen e asannennsesesbesse s esassasseaneasaanarasaanessassssesnsasssnnsnsssanssrones 1-1
1.2 REOX TEACHIONS 1veceeerenaeercriireerernnsrsrcencsnssestsbsostosssomessanssmaensbsssas 1akesneennssssrasssasaonsesnsssessnns 1-2
1.3 Factors influencing precipitation.......c.eeeeeeee Livtssurmerssessnatassssrsstssesbssermras s e soeanssassassesasseavnes 1-5
1.3.1  Water chemistry and well CRAracteriStics.........cuccomeeiiiveceiricceesiiciieiernsieeee s inensens -5
1.3.2 TFOR BACICFIG ..o bttt ettt bt ete e ene e 1-6
1.3.3 ReQCHON KIHETICS c....ooov it br sttt easta e st e et et aene b e sneene e -7
1.4 Properties of PreciPHates ..ottt e s et en -8
14T MIREPAIOZY ..ottt et a ettt ene e -8
1.4.2 MOVPROIOZY ...ttt bt 1-9
1.4.2.1 Ferrihydrite (FesHOg " 4HpO) coce i et 1-10
1.4.2.2 Goethite (-FEOOH) ..ottt s st s st sne s 1-11
1.4.2.3 Lepidocrocite (y-FEOOH) ..ot svsns s esae e aes I-11
1.4.3  Adsorption of trace metals......c.......co.iluviinicoiiininicieiecc s 1-11
1.5 Consequences of precipitation........... S OO SR SRR 1-13
1.5.1  Screen BIockQge..........ccoviiiiiiciiicc it I-13
1.5.2  Pipes, sprinklers and drains ................... Jerr et en e 1-13
15,3 Water QUALILY ...........cviiviiiicinc st e e 1-14
1.6 CONCIUSIONS 1etiitirieiienreresiniertissreraeresesse st teseasssn s ese e smeeasnes et emsshesesseessesessaassenseabe et snassarsannas 1-14
CHAPTER 2 GEOCHEMISTRY OF GROUNDWATERS. ....ccconvevivvncasenssssnnsssnsnne 2-1
2.1 IDIEOGUCTION c1eerrreeeeer ettt ettt st sh e b e e e et et s s et eae st e nan e an e e e nenane 2-1
2.2 Sample COUECHION ..virrcerii ettt s cana e ene e n s 2-1
2.3 St DESCTIPLION ceiuireereiscorercnsmistet et s tas s esb e oress st e b s b e b b s b e se s s b bbbt v aesnes b s areshaessenrnssennnn 2-1
231 ReGional GE0IOZY ..ottt et 2-4
2301 AIDEITIIA. .. eeveee it b e ettt es s ene s 2-4
2.3.1.2 OULSROOITL ATEA ...ecriieeieiiiict sttt eb ettt b e aan s s s saa bt sneabesanaaasnreernas 2-4
2.3.1.3 CalIfZAOIP ovviverrne ettt ettt s bbb et se et n et et ene s 24
23,2 Well GROIOZY oottt et 2—4
2.3.2.1 Sample 2 (Albertinia—GA40T18) oot 2-5



Table of Contents
2.3.2.2 Sample 7 (DGI10) oot e 2-5
2.32.3 SAMPLE O (DL17)uerrscerseoessecoeesscerseseeessmeesssesssseeesseoesstssesssees e I 2.5
2.4 Previots WOTK ... e seeceinemstesscaceeessnsasescseeasssenessennssasssses s sensenseseasaens | 2-5
2.5  Analytical MEthOdS.....vvveris e vsrora et st | 2-6
251 ECQRAPH ..ottt et 2-6
) 2.5.2  Alkalinity and QCIity ..ot 2-6
2.5.3  Major cations AR QRIONS ...........ccccouiiriiiiiiinicnieeicn s een s 2-6
254 THACE @OIMEALS oottt Lo, 2-7
D N T /s SO OSSO USSR RSSO 2-7
2.5.6 Dissolved organic carbon (DOC).............coovoreeeeeosvinesieeeereererissensone e, 2-7
2.6 ReSUlts and diSCUSSION.c.uurrurmeereecenrrrmresecssseesessessssmssrsssemsessssesesssssssssssssssssssnesses e, 2-8
260 PH GAAEC oo soeeeeeees e esesseseeesseceseeeresssses e I 2-8
262 AIKGINIEY QA GCIAHY ceooeceooeeoeeesccoeeeeeeeeeeeeeeeeeeeeseese s I 2-8
2.6.3  Chemical COMPOSTHON ........covviiivviiiiiiiiiiiii ettt ne s 2-8
2.6.3.1 Tron SPECies and Pe ...ttt e ettt e 2-8
2.6.3.2 Major 100 ChEIMISIIY ..coiiiiiiin et a e b st cannes 2-12
2.6.3.3 Trace element ChemiSiIy ..ottt ecetree st cn et nr s 2-13
2.6.4  Speciation and Saturation iNAiCES................cccccoiviniiniiiiiicice e, 2-14
2.6.4.1 JrOn MUNETALS ...coviiciririiee it b et et e san s e ans 2-14
2.6.4.2 Oher NINETAIS .o veeice et ettt ert e e st ne et v e s esn et s sannsesesnsanssases 216
2.6.5  Water QUATITY .....ccc.ccovciiiiiiiieieiiiicc st 2-16
ZU6.5 1 PH ottt b stk n st aenn e anans 2-17
2.6.5.2 Major elements...c..cvrreccncnnninieriseesisccsisssssrene st e en e beeeerereanne 2-17
, 2.6.5.3 Trace GLETIIETIS v eessseees s eeesees s seees e b 2-17
| 2.6.5.4 Sodium adsorption ratio (SAR)...coveeiniiiriii s Lovereermerenas 2-20
2.6.5.5 Scaling or corrosive potential..........cocvrerrciiicii e I 2-22
2.6.5.6 Overall assessment of water QUALIEY ....oovvveeeriereccenien e Loverenrenrennns 2-22
2.6.6  Influence of geology on the chemistry Of the Water ............cccoevvciivvvesiinieceiieneenin, 2-23
2.7 CONCIUSIONS 1uveeririririeriesieeeir s et sttt s e et e s s st et e s s e saes e nbas e e e saanannnenen 2-23
CHAPTER 3 GEOCHEMISTRY OF PRECIPITATES....cconveersereerseesesesbrererssssanens 3-1
3.1 IIEEOQUCTION 11reeieeeet et cere et s sh e bbb bt etnvat raeene e besmtna et s eabeaenanrsann 3-1
3.2 Sample COUECIION rvirveriererrirneresriasscereerasnesressrmeranessressmeasesresssnsssnsnseesnssssssasnersarersossnnasaassass 3-1
3.3 Analytical MEthodS .. over et esi s e e sre e e e ere ek saa e s eananna 3-1
3.3.1  X-ray powder diffraction (XRD) ..o crrnenes s s es e 3-1
3.3.2  Fourier transform infrared spectrometry (FT-IR)........c.ccoccomvvniiiiccnnniereineenns 3-2

3.3.3  Scanning electron microscopy with energy dispersive X-ray spectrometry
3.3.4  Transmission electron microscopy (TEM)....cccccoivieiiinieeeeee e e eenenns 3-3
I



Table of Contents

3.3.5 Wavelength dispersive X-ray fluorescence spectrometry ( WDXRES) o.ooovevvenrveerannn 3-3
3.3.5.1 Major element aNalySiS. . orieciniiimiiemreniee s 3-3
3.3.5.2 Trace element analysis ..o e 3-3

336 OrgariC CArBOM....c.oovvioveviieiiiee et 3-3

TBd  PIEVIOUS WOTK oeoeieeeeiviees e erieeiisssrreeeesatteeesanacetnneaearasssaeareas easasssasseanssssasnneeasassseesennrnnnsseesnnanes s 3-4
3.5 Results and GiSCUSSION. couriterereriesrerertecenvteersarssreamsaeseearesaesceneshess e ee b seasentsabaneassasntesesessans 3-5

351 MIREFGIOZY ooveoeceeeecvci ettt bt s 3-5
35,11 KRID data.cuiiirecriireeieee e eercee s nenese ettt et n st s e e s bnasnennrean s 3-5
3.5.1.2 TITAred SPECITA. .ooocirtieiitir et sttt st sttt ettt sans st 3-7

35,2 MOTPROIOZY ..ottt et 3-9
3.5.2.1 Ferrihydrite sample MOrphology ...ccoviivciininee e 3-9
3.5.2.2 Goethite sample MOrPHOIOZY ccvvvivciriirerece st er e 3-12
3.5.2.3 Sample morphology of intermediate precipitates.....ovvvvivnniesnieecireerese s 3-17
3.5.2.4 Effect of morphology on Clogging ........c.cecmcmeiimsiveiiinnmsnnensennen 3—17

3.5.3  BUlk COMPOSIION ..ottt vttt ar ettt et e ea e ent s et 3-19
3.5.3.1 Organic CArbOM ..ottt cne st sa e e e n b b r b st b e 3-19
3.5.3.2 Major and trace element COMPOSITION .....ccuiiicrriiiericiererrce e s 3-20

3.5.4  Influence of chemistry on mineralogy and morphology ..........c..c.ccccoivccivniicnncennn, 3-23

3.5.5 Correlation between water and precipitate CREMISITY «....occcoovecvieie e, 324

3.6 CONCIUSIONS 1.utieriiniecntsiee et etis e ians e st es s e e e ea e s e 3k e e s R ems s st chmennsassrabaean st eraessessasenas 3-25

CHAPTER 4 SUMMARY CONCLUSIONS AND RECOMMENDATIONS......... 4-1

A1 CONCIUSIONS o ivivceiisresvvsescissssssreasssssssressssssssssessrssssenersseesssssssssnsesssssmsnnesesssnsssssssesssassssoeesnns 4-1
4.2 RECOIMITIETIAALIONS 1ivvreireriierirresessiceesssssesessassssresnssessssasssssas seesessssnsssnsnsmsssssessssssnsssnnnressnsssesessras 4-3
REFERENCES".Q'..O“I.'Q‘ ooooooooo “E8BBB PR B SRR ER T RGO EO O R G PRGBS R RGOSR E DO ERTRR A DR AD DS aoocoo---R""l

APPENDIX A - ANALYTICAL METHODS USED FOR WATER SAMPLES ........ A~1

ALl INIrOGUCTION o ceecvaenrenrrceesnrcosmesisseneramrerbessnssnssacereassnmesernnensenenessransses sasssnasessanessssesssonen A~1
A.2  Electrical conductivity (BC) o iiiinreciiiircciiesinrssincisssesessesseesseste s s ssesancscesenensans A~
A.3 pH MEASUTEINETIS ..eerriiiiseciirciscbris ettt st eb e s s s et enennerssaaae s A2
A.4  Sodium adsorption ratio (SAR)....ccevirniirii i e A-3
A.5  Alkalinity MEASUTEIMEIIES .uvviiiceiiiic ittt et rn s b rene e A-3
A6 Redox POtential ..o e s e A-3
A7 Acidity MEASUTEIMIENTS .ooviviireriiereins st rnn st ss st s ss s e vn e e e ne it A-3
A.8  Dissolved Organic Carbon (DOC) concentrations......coeecevieiiciermnnnenesiescevevesssessernsenne A4

A 8.1 PFIACIPIE oottt ettt A4

A 8.2 ROSUILS .o ereeet ettt sttt b e e e bbbt eae srsanean s enie A4
A.9  Major cation and anion CONCENLALIONS .....vv i teeiesrersenraninare e esssacneresssssssssssanas A4



Table of Contents

A. 10 Trace element CONCENITALIONS . coovvie e itiiiiitiniirieieeeittensecesssrssrerneessrosereeeesseessessessssssessns A-5
AL 1T S1lica CONCENITATIONS (it iieciieecieiiesessirceneraassssssssasssssesseinsannnssresesesssreeseeeeessssssssmmssssssons A6
A 12 AlUminiuim CONCENTIALIONS cvvvvvsvvreiresdrerersuserseserreesrsssoceessrsnessssessecesessseessssssssmsssseessesesseeens A6
AL 13 10N COTOEIIAIONS. v ever et cvremteereries e eerresttessrenssersesteaesissaesssneeseeentsesmrenssemesssne e s e eesons A-6
A. 14  Manganese CONCENIIAIONS . ..uriieiriidiireireenimererarcesentaaatsseresaseseissrsesseeseeessssssesesessesns AT
AL 15 ZInC concentralions oo cvicreerreerieeecneeeesensevesreeeeseees Chv v e eeene s et n e bt cnenreaaeene s annaes A8
A. 16 Phosphorus concentrations.................] et eerecnneeres s nenrnrraeeer e R ras s b esnn e it ae et enannnsneeennnnses A8

A 16T PRINCIPIC ..ottt sttt en ettt or et ettt A4-8

A 162 ReSUltS.nicivciiiviesieeeecceveienncrnvsennnns beeereeerarsnenseensresressereerasersssraarnnrra e s et ssennenenaanaeessneesan A-8
AL 17 Water quality guidelines oot e A-9

APPENDIX B - ANALYTICAL METHODS USED FOR PRECIPITATE SAMPLES...

............... PSS NPT ORPTPIOIS : == |
B.1  Introduction.......cccoevecevicvmnenciiincnnens IFURTPPUIRUTOTORI. . WSO U USRS B-1
B.2  XRFS major and trace element concentrations........ooccvivvceininvninencnccessieense e B-1
B.3  XRD mineral analysis......cccoerivniinen e caercevarseners e snescr e reresasecinsasrsrentvasnersorseesronnane B-3
B.4  SEM mineral analysis ......cocovnnninnnns LevvecrrrversMers Meercrarccnmmrsrrresnessencescsnsmsnnsssversessaissesnanes B-4
B.5  FTIR mineral analysis.......cccnvvnnecnne Leaflimreeallleerreeeivintesnticnreresenserensanerressecsissassnsasssnnan B-4
B.6  Transmission electron microscopy (TEM) mineral analysis ....c..oceevvieevvoecccnicncicenieens B4
B.7  Organic carbon determination............. fureineritncen st saae e v e eeen B-5

APPENDIX C - GEOLOGICAL LOGS AND WATER DATA FROM PREVIOUS

STUDIES ¥ PORLLRBLBEHLABSRIBEORD VEBEEEAESRBIENTE D C—l
C.1  Summary of historical water data for wells .....c..cooiiiininiiic e C-1
C.2  Geological logs of wells 2 (G40118), 7 (DG110) and 9 (DL17) ceevivcecciniiecencrciere 1

v



LIST OF FIGURES

Figure 1 A clogged riser pipe showing the layering of precipitate inside the pipe

Figure 1.1.

Figure 1.2.

Figure 1.3.

Figure 1.4.

Figure 2.1.
Figure 2.2.
Figure 2.3.
Figure 2.4.
Figure 2.5.
Figure 2.6.
Figure 2.7.

Figure 2.8.

Figure 2.9,

1 |

The Eh-pH stability diagram? for the Fe-0-OH systems at 1 atm. and 25° C
(Brookins,1988) 1-2
Structure of iron oxide mineérals (Cornell and Schwertmann,

1996) 1-10
The effect of pH on the adsorption of heavy metals
(Schwertmann and Taylor, 1989) 1-12
The effect of pH on the adsorption of some anions by goethite (Schwertmann and Taylor
1989) 1-13
Schematic diagram of Krui$ Aar sampling points 2-2
Map of sample site near Albertinia, sample 2 2-2
Map of Vermaaks River \f’illey sampling sites 5-8 2-3
Map of sampling point 9 in Calitzdorp 2-3
Calculated pe vs. pH for alﬂ samples (excluding sample 5 and 8) 2-12
Piper diagram of all water samples, key indicates precipitate type 2-13
Saturation indices of jarosité, ferrihydrite and goethite vs. pH (A) and pet+pH (B), the
filled points are the SI values for sample 4 using the field pH 2-15

Comparison of sample parameters, EC, pH, SAR, Na*, K, Ca®", Mg®*, NO,+NO; as N
and CI” with the DWAF water quality guidelines (horizontal scale is sample no.)  2-18

Comparison of sample parameters, F, S0, Al, Fe, Cd, Pb, Co, Zn, Mn and Ni with
DWAF water quality guidelines (horizontal scale is sample no.) 2-19

Figure 2.10.SAR vs. EC for all water sabples showing classification of water based on its potential

to cause soil dispersion (Ayers and Westcot, 1985) 2-21

Figure 2.11.Wilcox diagram indicating sfeverity of salinity and sodicity hazard to plants (Lloyd and

Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.

Heathcote,1985) 2-21

XRD diffractograms of the more poorly crystalline precipitates in relation to the patterns
of 2-line and 6-line ferrihydrite of Cornell and Schwertmann (1996) 3-6

XRD diffractograms of moré crystalline precipitates consisting of A predominantly

goethite and B ferrihydrite and goethite and/or a silicate component 3-6

Infrared spectra for the threej 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) 3-8

Typical morphology of ferrihydrite samples. A —2B; B—7A; C-9. 3-10

v



Table of Contents

Figure 3.5.
Figure 3.6.
Figure 3.7.

Figure 3.8.
Figure 3.9.

Figure 3.10.
Figure 3.11.
Figure 3.12.
Figure 3.13.

Figure A-1.
Figure A-2.

SEM images showing the typical morphology of samples 4 (A) and 7C (B) 3-11
TEM images of samples 7C (A) and 9 (B) showing the spherical morphology  3-12
SEM images showing the acicular morphologies of goethite samples 2A (A) and 8 (B)

| 3-13
SEM images of sample ZA (A, B and C) showing interesting morphology 3-14

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

‘ 3-15
SEM images of sample 3 showing the typical morphology of the precipitate  3-16
TEM image of sample 8 %showing the morphology at high magnification 3-16
SEM images of samples 1A (A), 1B (B) and 6 (C) showing the morphology 318
TEM images of sample 6 (A and B) showing morphological characteristics. The circle
marks the needle-like morphology 3-19
Calibration curve for iron determination A7
Calibration curve for oﬁho-phosphate determinations A-9

VI



LIST OF TABLES

Table 2.1.
Table 2.2.
Table 2.3.
Table 2.4.

Table 3.1.

Table 3.2.
Table 3.3.
Table 3.4.
Table 3.5.
Table 3.6.
Table 3.7.

Table A-1.
Table A-2.
Table A-3.
Table A4,
Table A-5.
Table A-6.
Table A-7.

Table B-1.
Table B-2.
Table B-3.

Table B-4.

Table C-1.

Analytical data for all samples 2.9
pH and pe values for samples containing iron 2-12
Saturation indices of various iron minerals 2-14
Saturation indices for other minerals 2-16
Source and description of precipitate samples (numbers refer to wells providing water
samples in Chapter 3) 3-2
Summary of February 1999 study (Fey et al., 1999) 3.4
Classification of precipitates according to mineralogy 3-7
Typical morphology of iron oxyhydroxides™* 3-9
Organic carbon data for precipitate samples 3-20
Major element data for the precipitates (wt%.) 3-21
Trace element data for precipitates (ppm) 3-22
Resolution of Corning EC sensor for various EC ranges A1
EC field and laboratory (29/8/99) data in mS/cm A2
pH field and laboratory (29/8/99) data A2
Charge balance for all samples A~5
ICP-MS and ICP-AES Al data A-6
Colorimetric and ICP-AES data for iron A7
Water quality guidelines for domestic, irrigation and livestock water. A-9
Precipitate samples B-1
Table of major element lower limits of detection (LLD) B-2
Average lower limits of detection for trace elements (the LLD for each element is
individually calculated for each sample) B-3
Organic carbon data B-5
Historical data for wells 2, 5,6, 7, 8and 9 C-1

VII






Introduction
The problem of well clogging occurs warldwide even if the concentration of either oxygen or
iron is extremely low in the extracted wiater (van Beek, 1984) and has been found to occur in
wells supplying the Klein Karoo Rura] Water Supply Scheme. This water supply scheme
supplies the towns of Albertinia, Oudtshoorn and Calitzdorp and the clogging leads to an
increase in the cost of maintenance of the wells. Private wells in the area also experience well

clogging and this leads to increased maintenance costs for the farmers.

The main objective of this research was to determine the composition and morphology of
precipitates and the composition of the water in each of the wells sampled. The second
objective was to determine any relationships between the water and precipitate chemistry in
order to obtain a greater understanding pf the well clogging processes. A third objective was
to ascertain if precipitation and precipitate type could be predicted. A fourth objective was to
evaluate the water quality of the sampled wells. While this is not strictly part of the thesis it

was done because the wells are part of the domestic water supply.

The research objectives were addressefd by firstly undertaking a literature review kof well
clogging in both a global and local cantext. The local literature mainly takes the form of
unpublished reports by groundwater consultants. Secondly, sampling of selected precipitates
and water from the wells where precipitation is occurring was undertaken. These samples
were analysed to obtain trace and major element compositions, and morphology and
mineralogy of the precipitates. Thirdly, an attempt was made to correlate the water and
precipitate chemistry in order to determine if precipitate type could be predicted. Water
composition was then compared to South African water quality guidelines to assess the waters

suitability for use.



CHAPTER 1 IRON OXIDE PRECIPITATION IN WELLS — A REVIEW

1.1 Intreduction

Water wells deteriorate through years of use and require periodic maintenance (Clark, 1988).
The main causes of the deterioration are encrustation or biofouling of the screen and blockage
of the gravel pack or aquifer around the well (Clark, 1988; Driscoll, 1986), where reduced
well performance with a gradual decrease in specific discharge is indicative of the
deterioration (Clark, 1988). The cause of the encrustation is the change in the physical and
chemical conditions in the groundwater between the body of the aquifer and the well that
upsets the equilibrium (Clark, 1988; Driscoll, 1986).

Common encrusting materials are carbonates and ferric hydroxide, but the encrustation is
often composed of several minerals, e.g. ferric hydroxide that often contains some manganese
and carbonates (Clark, 1998; Driscoll, 1986). The encrustation and cementation by iron
minerals can trap fine materials moving out of the aquifer and into the well during pumping.
The entrapment of fines can exacerbate the clogging problem (Clark, 1988). Encrustation of a
portion of the well screen can cause higher velocities through the non-incrusted portion of the
screen (Driscoll, 1986; van Beek, 1984), which can cause sand grains, moved by the higher
velocities, to erode and enlarge openings. The enlargement of the openings can lead to the

ingress of sand into the well which can lead to increased pumping of sand (Driscoll, 1986).

Iron and manganese minerals exist in soils as insoluble forms of ferric oxide and manganese
dioxide and the concentrations of these elements in groundwater are influenced by (Kothari,
1988): physical and chemical composition of the surrounding soils and rocks; hydrological

conditions of the area; presence of microorganisms.

The chemical composition of the soil and rock and the influence of microbial activities on
redox conditions, specifically reducing conditions, are the most important factors which
determine the presence of iron and manganese in groundwater (Kothari, 1988). Iron exists in
two oxidation states, namely Fe** (ferrous) and F et (ferric), ﬂhﬂmanganﬁszjxmﬁ&mﬁ,
Mn®>" or Mn*". Fe’* and Mn*" are less soluble in oxygenated water but in the absence of
oxygen the reduced forms, Fe’* and Mn?', are more soluble (Kothari, 1988). Water

percolating through soil, which contains organic matter and aerobic organisms, becomes
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Chapter I: Literature review — Iron oxide precipitation in groundwater
depleted in oxygen and as Fe and Mn remain soluble under the reducing conditions they are
transported to the groundwater. Thus groundwater usually contains higher concentrations of
Fe and Mn than surface water (Kothari, 1988). When the groundwater is exposed to oxygen
the soluble compounds of Fe and Mn form precipitates (Kothari, 1988). The solubility of iron
is increased by chelation with organic matter (Carlson et al., 1980). For the study area it has
been shown that the precipitates are composed of iron oxides, and the focus of the literature

review is to examine the chemical and physical factors that affect the precipitation of iron.

1.2 Redox reactions

Eh and pH are the master variables that control the speciation of multivalent elements
(Patterson and Runnells, 1992).| Microbes utilise oxygen as an electron acceptor during
aerobic respiration, which involyes the oxidation of organic matter. When the supply of
oxygen is depleted other electroné acceptors are used, i.e. Mn*, Fe*', NOy, SO,*, and CO,.
Microbial metabolism is highly redox sensitive with the functioning of microbes restricted to
the Eh-pH range of the respiratory reaction they utilise (Patterson and Runnells, 1992).
Figure 1.1 shows the Eh-pH diagram for the Fe-O-OH system. The reactions from which the

diagram is derived are listed in Stumm and Morgan (1981).
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Figure 1.1. The Eh-pH stability diagram for the Fe-O-OH systems at 1 atm. and 25° C
(Brookins, 1988).
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The reduction of ferric oxyhydroxides is an important process in groundwater systems where
these oxyhydroxides are present. Redox levels in groundwater are determined by the relative
rates of introduction of oxygen by circulation and the consumption of oxygen by bacterially
mediated decomposition of organic matter. The most important variables according to Drever
(1997) are: oxygen content of the recharge water; distribution and reactivity of organic matter
and other potential reductants in the aquifer; distribution of potential redox buffers in the

aquifer; circulation rate of the groundwater.

Most groundwaters are close to the bcundary between the Eh-pH fields of soluble (Fe’") and
insoluble iron (Fe(OH);) (Clark, 1988) (Figure 1.1). | The level of dissolved iron in
groundwater is usually low (below 1 mg/! total iron) but can be increased considerably by
slight changes in the water chemistry. An increase in acidity, caused by the dissolution of
carbon dioxide (CO,) or humic acids can increase the iron content of the groundwater. If there
is de-oxygenation of the water due to decomposition of] organic matter, a low pH can be
accompanied by a negative Eh (redox potential) and the water could contain more iron in
solution, especially if the water is percolating through fermuginous rocks or sediments (Clark,

1988).

The cause of the deposits found in water wells is a combination of the presence of oxygen
from the atmosphere and soluble Fe from the groundwater, which react to form insoluble
ferric oxyhydroxides in the well screen. Tron and oxygen concentrations are usually low in
groundwater but through the action of pumping these reactants are transported to the screen
(Ralph and Stevenson, 1995). Intermittent operation of the pump creates a temporary draw
down effect close to the screen and atmospheric oxygen enters the area due to the reduced
pressure (Ralph and Stevenson, 1995). Over-pumping of the well can also lead to the drop of
the water level below the fracture system, which causes cascading of water within the well
down the screens. The increased turbulence further acrates|the water increasing the possibility

of precipitation of ferric oxyhydroxides.

In the unconfined aquifer zone, the groundwater will be oxygenated by the solution of
atmospheric oxygen during recharge and will have a positive-Eh-—The-water-will-lie-in-the
stability field of ferric hydroxide and the dissolved iron level will be low due to the

insolubility of ferric hydroxide (Clark, 1988). In the confined aquifer, the oxygenation is low
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and the water moves into the stability field of soluble ferrous iron. Wells are localised points
where there is access of oxygen to the confined aquifers. The increase in Eh and pH, due to
the exsolution of CO; can move the groundwater into the stability field of ferric hydroxide at
the oxygen-water interface. The interface is at the screen and the formation of precipitate
occurs immediately outside the screen. The chemical precipitation of ferric hydroxide is

usually accompanied by biologically mediated precipitation (Clark, 1988).

The solid ferric hydroxide, resulting from the oxidation of soluble ferrous iron followed by
precipitation, is precipitated as granules in iron bacterial sheaths. The filamentous colonies of
bacteria and the ferruginous by-products can severely clog the screen of a well. The iron
bacteria are widespread in iron-rich groundwaters and can tolerate a range of oxygen levels,

but are most abundant where oxygen is freely available (Clark, 1988).

When Fe®* in water wells is exposed to oxygenated conditions it is readily oxidised by

molecular oxygen (Stumm and Morgan, 1981):

4Fe™ + O, + 4H" > 4Fe™ + 2H,0

The hydrolysis of the ferric iron forms poorly crystalline iron oxides that have low solubilities
(Ksp ~ 10™: |
5Fe’* + 12H,0 -> FesHOg ' 4H,0 + 15H*

The Eh range in which the oxidation of iron occurs is from 0 to 400 mV and at a pH around
7.0. The Eh range within which bacterial iron oxidation takes place, decreases at higher pH
values (Taylor ef al., 1997). The redox potential for Fe-compounds is greater than that for
Mn-compounds. Mn occurs as hydrated Mn*" and Fe 1s chelated to organic ligands in the

aquatic environment (Carlson et al., 1980).

The hydrolysis of Fe’* proceeds through an intermediate Fe** hexaquo-cation (Fe(OH,)e)**

which undergoes deprotonation (Schwertmann and Taylor, 1989):

(Fe(OH,))*" = FeOOH + 3H;0" + 3H,0
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The full hydrolysis leads to the formation of iron oxides and can be inhibited by low pH
and/or the presence of ligands that replace the H,O ligands of the aquo-cation (Schwertmann
and Taylor, 1989).

1.3 Factors influencing precipitation

1.3.1 Water chemistry and well characteristics

Water quality and the surface characteristics of the screen determine the occurrence of
encrustation and the rate at which encrustation occurs (Driscoll, 1986). The kind and amount
of dissolved minerals and gases influences the tendency for mineral matter to be deposited
and the fougher the surfaces of the well screen material the faster the rate of encrustation.
With only a small portion of the total amount of dissolved minerals being deposited, severe
clogging can occur (Driscoll, 1986). During pumping there are velocity-induced pressure
changes which also disturb the chemical equilibrium of the groundwater and cause deposition

of insoluble iron (Driscoll, 1986):

Fe (HCO3), = Fe(OH),\V + 2C0O,MN

The solubility of ferrous hydroxide is less than 20 mg// for this reaction. If there is aeration

during pumping, additional ferric hydroxide precipitation occurs (Driscoll, 1986):
4Fe(OH), + 2H, 0+ Oy = 4FB(OH)3‘1/

Oxidation of the iron hydroxides or an increase in pH leads to the formation of hydrated iron

oxides. Thus ferric oxide is produced from the reaction of ferrous iron with oxygen (Driscoll,

1986):
2Fe”" + 4HCO5 + Hy0 + %0, = Fey O3 + 4C0O, + 3H,0

In an unconfined aquifer air can enter the void spaces in the cone of depression during
pumping, and oxidise the iron in the films of water adhering to the voids (Driscoll, 1986;
Ralph and Stevenson, 1995). If pumping is stopped and started intermittently, a coating of

iron oxide can build up and gradually reduce the void space of the aquifer which in turn
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reduces the storage capacity of the aquifer near the well (Driscoll, 1986).

1.3.2  Iron bacteria

Iron bacteria occur in wells open to the atmosphere when there is sufficient iron or manganese
and soluble organic material, bicarbonate or carbon dioxide present in the groundwater
(Driscoll, 1986). The bacteria assist in the transfer of %1ectrons between oxygen and Fe®*
(Ralph and Stevenson, 1995). The iron bacteria enzymatically catalyse the oxidation of iron
(and manganese) promoting the growth of thread-like slime from the energy produced
(Driscoll, 1986; Tuhela et al., 1992). The energy used is obtained by oxidising ferrous to
ferric ions which is precipitated on or in the mucilaginous sheaths of the bacteria as hydrated
ferric hydroxide. The precipitation of iron and the voluminous material of the bacterial growth

leads to clogging of the wells (Driscoll, 1986).

According to Driscoll (1986), there are other forms of batteria that cause the precipitation of
iron through non-enzyrmatic means: increasing the pH of the water by the release of metabolic
ammonia (alkaline), or by the removal of CO, from| the water during photosynthesis;
changing the redox potential through the release of oxygen; release of chelated iron by

breaking the bond between iron and oxalate, citrate, humic acids or tannins.

Other bacteria reduce iron to a ferrous state under anaerobic conditions (Driscoll, 1986). Due
to the presence of aerobic and anaerobic zones in the layers of iron encrustation, a wide
variety of bacteria can be found (Tuhela ef al, 1992; Ralph and Stevenson, 1995). Iron
bacteria such as Gallionella and Leptothrix are involved in the oxidation of iron (van Beek,
1984). During pumping the flow of suspended and soluble material to the well increases the
nutrient supply to the micro-organisms making rapid growth of the bacteria and increased iron

oxidation possible (van Beek, 1984).

Bacteria have excellent adhesion properties which enable them to live in the high flow
velocity environment of the well (van Beek, 1984). Recent work on Gallionella has shown
that it occurs as a free-swimming, flagellated cell and produces a stalk when exposed to

ferrous iron (Tuhela et al., 1993). Thiobacillus ferrooxidans and Leptospirillum ferrooxidans

are limited to acid environments and their role in the oxidation of Fe** in groundwater wells is
thus negligible due to the adverse pH conditions (Tuhela ef al., 1993). The influence of the

iron bacteria on the oxidation of Fe?* is unclear because as the pH increases the rate of purely
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chemical Fe?* oxidation increases 100-fold per unit rise in pH (Schwertmann and Taylor,
1989). The role of bacteria in iron precipitation is indirect in that they change iron speciation
and saturation conditions by degrading the soluble organic-iron complex (Tuhela et al., 1993).
Very little energy is produced by the oxidatiorzl of iron resulting in a large amount of Fe®*

being converted to Fe** in order to sustain bacteﬁal growth (Taylor ef al., 1997).

1.3.3  Reaction kinetics

Studies conducted by Tuhela et al. (1992) have shown that liquid media inoculated with
samples from wells precipitated iron within 2 to 7 days of incubation. According to Driscoll
(1986) and Ralph & Stevenson (1995), the growth rates of the bacteria can be extremely high
such that a well screen is clogged rapidly, reducing the operational flow of wells below

specifications within months of installation.

The rate of oxidation of Fe’", which is thermodynamically unstable at neutral pH in the
presence of oxygen, depends on the temperature, pH, partial pressure of oxygen and the major
anion present (Ralph and Stevenson, 1995). Thf;;ﬁ rate of the purely chemical reaction between
Fe?* and O, is slow in water but is accelerated?by iron bacteria which can result in a ten to
hundred times increase in the rate of iron oxidation (Bao-rui, 1988). The rate of oxidation of
Fe?* in solutions increases a 100 fold for a unit iincrease in pH however the rate of oxidation
of Fe*" is very slow below pH 6. For a given pH, the rate of the oxidation reaction increases
about 10 fold for a 15 °C increase in temperatur% (Stumm and Morgan, 1981). Abiotically the
rate of reaction is too slow to explain the fapid clogging of wells that is often observed (Ralph
and Stevenson, 1995; Schwertmann and Taylor, 1989). Ralph and Stevenson (1995) found
that as the partial pressure of oxygen is reduced the biotic oxidation of iron in groundwater is
significant in the deposition of iron oxides. Oxidation of iron may be biologically induced and
rate of the reaction may be biologically controlled but the mineralogical fate of iron is
controlled by geochemical parameters e.g. pH, [SO4] and [HCO;] whether the oxidation was

by biotic or abiotic mechanisms (Bigham, 1994).

The physical and chemical factors which affect the removal of iron from groundwater are
(Kothari, 1988): higher water temperature, increasing the rate of the oxidation reaction;
detention time following oxidation, determines| the completeness of the reaction; oxidation
rates are slower at low pH values; oxidation will be faster with increasing dissolved oxygen

concentration; the presence of chlorides, nitrates and phosphates alters the solubility of iron
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and oxidation is accelerated by cations.
1.4 Properties of precipitates

1.4.1 Mineralogy

The phase of iron oxide that will prempltate from solution and the stability of the phase, is
dependant on the iron concentration in solution (Fe and Fe’ M, pH, redox potential,
concentration of complexing ligands (CO3 , S0.7, §%, etc.), partial pressure of CO, and O, in
the solution, and the H,O activity (Schwertmann and Taylor, 1989).

Ferrihydrite (Fe(OH)3) is a poorly crystalline hydrous ferric oxide and is equivalent to
amorphous Fe(OH); in the older literature (Drever, 1997). From their studies, Tuhela et al.
(1992) and Carlson et al. (1980) found that ferrihydrite is the dominant iron precipitate and
that other ferric oxides or oxyhydroxides were not detected. Ferrihydrite is favoured over
other iron oxide minerals if silicate, phosphate or organic matter are present (Tuhela ef al.,
1992). Goethite is preferentially formed at a low rate of iron supply from either Fe?* or Fe*'
ions in solution (Tuhela et al., 1992). Goethite is the stable and widespread oxyhydroxide of
iron and metastable iron oxides will convert via solution to goethite (Tuhela et al., 1992).
Ferrihydrite often occurs with goethite due to their simuitaneous crystallisation or the
transformation of ferrihydrite to goethite via solution (Carlson er al, 1980). The
transformation of ferrihydrite to goethite is inhibited by soil organic matter but proceeds once
the ligands are oxidised (Carlson et al., 1980). Organic matter may also inhibit the
crystallisation of ferrihydrite (Carlson et al., 1980) and this could be an important factor in the

water well environment due to the presence of DOM (dissolved organic matter).

In a study by Vuorinen ez al. (1988) ferrinydrite was formed instead of lepidocrocite due to a
Si concentration greater than 4 mg/l in the groundwatér. Tron oxides sorbed Ca’”, Mg2+, K"
and Na" at pH values above 7 and sorbed Cu at low pH levels, while MnQ; sorbed and
scavenged heavy metals i.e. Ag, Sn, Ni, Co, Zn and Cu (Vuorinen ef al., 1988). Si inhibits the
crystallisation of lepidocrocite and goethite in favour of ferrihydrite (Carlson and

Schwertmann, 1987).

In a study in Finnish groundwater Carlson and Schwertmann (1987) found that there was Si

bound to the Fe-OH functional groups at the oxide surface leading to Fe-O-Si bonds. The Si is
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bound to the poorly ordered ferrihydrite. The effect of the Si bond to the Fe-OH functional
groups is to lower the point of zero charge (pzc) by turning the [Fe-OH proton accepting sites
into Fe-O-Si-OH proton donating sites. The drop in pzc affects|the flocculation behaviour of

the precipitated iron oxides (Carlson and Schwertmann, 1987).

1.4.2 Morphology

The iron oxyhydroxides commonly found in groundwater wells are ferrihydrite and goethite
and less commonly lepidocrocite. In previous work done on the| precipitates in the study area
ferrihydrite and goethite were identified as the dominant phases and thus the discussion will

be limited to the three iron oxyhydroxides.

Ferric oxide is reddish brown, similar in colour to rust, while hydrated ferrous oxide is a black
sludge (Driscoll, 1986; Ralph and Stevenson, 1995). The e#rly chemical and biological
precipitates of iron in groundwater wells are soft and powdery. As the deposits age with time
they become more crystalline. The precipitates are then reddish-brown, hard and a mixture of
ferric oxides and hydroxides which can cement a gravel pack till it is like concrete (Clark,
1988). The encrustation forms a hard, brittle deposit similar to the scale found in water pipes,
but under different conditions can be a soft sludge or gelatinous material (Driscoll, 1986). The
ochreous precipitates formed in water wells are amorphous and |vary in their crystallinity but
are usually poorly crystalline (Tuhela ef al, 1992). The crystallinity of the iron oxides
influences the aggregation of the iron oxides and their ability to scavenge metal ions from the

surrounding waters (Tuhela et al., 1992). ‘

Tuhela et al. (1992) found that poorly ordered ferrihydrites form aggregates more easily than
the more ordered forms and have a smaller specific surface arga. Tuhela e al. (1992) also
concluded from their studies that ferrihydrite is more effective in|adsorbing cations and anions
than the more crystalline iron oxides. The variance in the ability of different iron oxides to
adsorb ions from solution has relevance in the scavenging and retention of nutrient and toxic-
metal ions, and in the estimation of mass balance and flux of major and minor elements to and

from the water (Tuhela ez al., 1992).

The basic structural unit of the iron oxides is an octahedron where the iron atom is surrounded
by 6 O ions (oxides or a-phases) or 3 O and 3 OH ions (oxyhydroxides or y-phases)
(Schwertmann and Fitzpatrick, 1992). The O and OH ions form either hexagonally close
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packed (hcp) or cubic close packed (ccj)) layers. The Fe’* is in an octahedral position and by
isomorphous substitution the site can be occupied by other trivalent ions such as A", Mn®",
Cr** and Ni, Co, Cu, Zn and Ti Withouk altering the structure (Schwertmann and Fitzpatrick,
1992). The various iron oxides have different arrangements of the basic Fe(O,0H)s octahedra

(Figure 1.2).

Ferrihydrite Goethite Lepidocrocite

Figure 1.2. Structure of iron oxide minerals (Cornell and Schwertmann, 1996).

1.4.2.1 Ferrihydrite (FesHOg - 4H,0)

Ferrihydrite is often associated with goethite (a-FeOOH) and lepidocrocite (y-FeOOH) but
not with hematite (a-Fe,Os). The crystals are poorly ordered and about 2-5 nym in size and the
large surface area makes this iron phase highly reactive (Schwertmann and Fitzpatrick, 1992).
Ferrihydrite is rusty, reddish-brown in colour (Bigham, 1994). Phosphate, arsenate, silicate,
organics and heavy metals are often adsorbed on the surface of the ferrihydrite particles.
Ferrihydrite is the least stable of the Fe}% oxides with a solubility product of 10°® to 10, The
rapid oxidation and hydrolysis of Fe®* férms ferrihydrite. Higher oxidation rates and/or higher
concentrations of nuclei and/or crystallisation inhibitors favour the precipitation of
ferrihydrite over goethite or lepidocrocite (Schwertmann and Fitzpatrick, 1992). Humic
compounds, silicate, phosphate and Mn-oxides stabilise ferrihydrite (Schwertmann and
Fitzpatrick, 1992).

The transformation of ferrihydrite to goethite involves dissolution and recrystallisation during
which Al or other elements can be incorporated into the goethite structure. The rate of the
transformation is slow which explains the common association of ferrihydrite and goethite in

nature (Schwertmann and Fitzpatrick, 1992). Ferrihydrite is similar in structure to hematite,
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which consists of hep O layers stacked perpendicularly to the z crystallographic axis with F et
occupying two-thirds of the octahedral interstices and has no H bonds. The difference
between ferrihydrite and hematite is that some of the Fe positions are vacant in ferrihydrite

and H,O molecules replace some O (and OH) (Schwertmann and Taylor, 1989).

1.4.2.2 Goethite (a-FeOOH)

Goethite is yellow-brown in colour and is the most stable of the Fe** oxides. It is the most
common iron oxide in the surface environment in soils and sediments either as the only iron
oxide or associated with one of the other forms (Schwertmann and Fitzpatrick, 1992).
Goethite has a solubility product of 10* to 10™*. Goethite 1s precipitated in favour of other
iron oxides when organic compounds capable of complexing Fe, thus keeping the Fe’
activity in solution low, are present (Schwertmann and Fitzpatrick, 1992). The substitution of
Al for Fe in goethite has not been found in biotically produced goethite (Schwertmann and
Fitzpatrick, 1992). Goethite is hexagonally close packed and consists of double chains of Fe-
0-OH octahedra extended along the z crystallographic axis which are bound to neighbouring
chains by Fe-O-Fe and H bonds (Schwertmann and Taylor, 1989). The specific area of
goethite is higher than the less ordered iron oxides due possibly to the lesser aggregation of

better ordered iron oxides (Carlson and Schwertmann, 1987).

1.4.2.3 Lepidocrocite (y-FeOOH)

Lepidocrocite occurs less frequently than goethite, of which it is a polymorph, and is bright
orange in colour (Schwertmann and Fitzpatrick, 1992). Lepidocrocite is often associated with
goethite and ferrihydrite and is seldom associated with hematite. The occurrence of
lepidocrocite indicates oxygen deficiency in some part of the system. It is metastable with
respect to goethite and forms under conditions that kinetically favour its formation. Si inhibits
the transformation of lepidocrocite to goethite in solution and high carbonate concentrations,
which are pH and Pco, dependent, suppress lepidocrocite formation and favour goethite
formation. The suppression by carbonate is important when the precipitation of the iron oxide
is biologically mediated (Schwertmann and Fitzpatrick, 1992). Lepidocrocite is cubic close
packed and has the FeO3;(OH); octahedra arranged in zigzag layers bound by H bonds which
are slightly longer than the H bonds in goethite (Schwertmann and Taylor, 1989).

1.4.3  Adsorption of trace metals

In soils, in medium to alkaline pH and oxidising environments, amorphous or crystalline Fe

solids are strong adsorbents or co-precipitating matrices (Bourg, 1995). In slightly reducing or
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slightly oxidising environments, with a medium to acidic pH range, the iron oxyhydroxides
are solubilised as Fe’* is reduce:i‘r In a more alkaline environment this could result in the
precipitation of carbonates which are less adsorbent than the oxides and hydroxides (Bourg,
1995). Iron oxides are known to a¢t as sorbents for minor and major trace elements (Carlson

et al., 1980; Gann and Lopez, 1992).

Heavy metals are adsorbed by goethite in the order Cu>Pb>Zn>Cd>Co>Ni>Mn. The pH
determines the extent of the adsoiption, i.e. as the pH increases there is an increase in the
amount of adsorption (Figure 1.3). Hydrolysed species are preferentially adsorbed over
unhydrolysed species and thus as the pH increases the hydroxo-species, MOH', will be
increasingly adsorbed over the M| species (Schwertmann and Taylor, 1989). Ion pairs can
effect the adsorption rates as the }LCI'* species may be preferentially adsorbed over the M**
species. Time also affects adsorptipn because time allows the diffusion of the metal into the

micropores of the crystal.

Goethite
fﬂ/-a

» / /%,m

.A/_Q/':‘e'a/.

2 3 4 5 6 7 8
pH

Sorbed ( pmol /g)

Figure 1.3. The effect of pH on the adsorption of heavy metals
(Schwertmann and Taylor, 1989).

The specific adsorption of silicate, molybdate, arsenate, selenate, sulphate and organic anions
compete with phosphate for available adsorption sites. Adsorption of a specific anion is
controlled by pH as shown in Figure 1.4, where the adsorption of phosphate and selenite
decrease with increasing pH and sjlicate and fluoride adsorption increase with pH and then

decrease.
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300r

g

2

Anion Adsorbed {uM/g)

Figure 1.4. The effect of pH on the adsorption of some anions by goethite
(Schwertmann and Taylor, 1989).

1.5 Consequences of precipitation

Biofouling due to the precipitation of iron oxide poses several problems in terms of water

quality and performance to users of water supply and pumping wells (Tuhela ef al., 1993).

1.5.1 Screen blockage

The clogging of filter materials, screens, pumps and pipes can be extensive and is caused by
the aggregation of iron oxides. The clogging can lead to corrosive conditions on metal
structures immersed in contact with the water (Tuhela er al., 1993; Tuhela ef al., 1992 and
Carlson et al., 1980) which can ultimately lead to failure of the well.

1.5.2  Pipes, sprinklers and drains

Iron precipitates can be deposited in the distribution system clogging the pipes (Kothari,
1988) and in drains draining fields with iron-rich water (Kuntze, 1982). Iron clogging and
siltation often coincide which increase the difficulty of removal as the iron oxide cements the

mineral grains which becomes harder with age and dehydration (Kuntze, 1982).

Clogging of nozzles and filters of drip-irrigation systems can occur with Fe?* concentrations
as low as 0.4 to 0.8 mg// in a pH in the range of 4.0 to 7.2 (Kuntze, 1982). Clogging in pipes
has been observed with Fe®* concentrations as low as 0.2 to 0.3 mg// and turbulent flow

causes greater clogging hazards in pipes than slow flowing water (Kuntze, 1982).

1-13



Chapter 1: Literature review — fron oxide precipitation in groundwater

1.5.3  Water quality

Iron can create serious aesthetic problems in drinking water supplies when the concentration
exceeds 0.3 mg/l (Kothari, 1988), for example: the precipitation of iron gives a reddish or
brown-black colour to water when exposed to air and this precipitate can stain household
utensils, porcelain plumbing fixtures and clothes; the water can have a bitter metallic taste;
softener efficiency can be reduced by becoming clogged with the iron precipitates; organisms
using the iron as a food supply can die and slough off the pipes resulting in unpleasant odours

and tastes (Kothari, 1988; Carlson ef al., 1980).

1.6 Conclusions

The dominant phases of iron oxides that are found to precipitate in groundwater wells are
ferrihydrite and goethite. Lepidocrocite can occur in some wells where the Si concentration is
not too high. The precipitation of the iron oxides is mainly abiotic and can be catalysed by
iron bacteria such as Gallionella and Leptothrix, at neutral pH values. With increasing pH the

role of the bacteria is diminished and chemical precipitation dominates.

The precipitates scavenge metals from the water and these metals are either adsorbed or
incorporated into the structure of the iron oxide phase by isomorphous substitution for Fe.
The presence of phosphates, silicates and other anions influences which phase will precipitate.
The dominant factor, which causes the precipitation of the iron oxides, is the Eh-pH change at
the boundary of the aquifer and the well that is exacerbated by pumping turbulence. The result
of the precipitation of the iron oxides is the blockage of the well screen, gravel pack and

conducting pipes, that if left unattended, can cause high maintenance costs.
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CHAPTER 2 GEOCHEMISTRY OF GROUNDWATERS

2.1  Introduction

Groundwater and precipitate samples from nine water supply wells in the Klein Karoo area
were collected on 25 and 26 of August 1999 in order to assess the relationship between the
water chemistry and the precipitate found. For comparative purposes, a sample was taken
from the well where precipitation has not occurred. The type of well ranged from privately
owned wells to wells that are operated by municipalities for the supply of potable and
irrigation water. The wells chosen were those where clogging was known to occur. The
geological logs for all these wells were not available. The limiting of sampling to wells where

the logs were available would have severely limited the study.

2.2 Sample collection

The wells were equipped with pumps and were purged before sampling until the EC was
constant. Two samples were taken at each of the sites: one was 1 L, unfiltered, not preserved
other than by refrigeration; the second sample was 100 mL, filtered and preserved with 2 mL
conc. HCI per bottle, on site. Field measurements of EC, pH and temperature were made at
the sampling site for all except one sample. Measurement of all the field parameters was
repeated later in the laboratory. Dissolved oxygen was not measured due to failure of the

relevant equipment (see Appendix A.6).

Samples were stored in a cooler box immediately after collection, and those collected on 25
August were placed in a fridge overnight. In the laboratory, afl samples, both preserved and
unpreserved, were kept in a fridge except when being used during analysis. During analysis,
portions of sample were quickly withdrawn from the bottles in order to limit the contact of the
samples with air. In the laboratory a sample blank (sample 10) was made using one of the
acid-cleaned bottles, described in Appendix A.1. Two mL of the conc. HCI used in the field to
preserve the samples was added to distilled water from the laboratory. Where analytical

methods allowed, the blank sample was analysed with the nine samples collected in the field.

2.3 Site Description

Figures 2.1 to 2.4 show the locality of the wells. Samples 1, 3 and 4 were taken from different
private wells on the farm Kruis Aar owned by Mr. S. Bamard (Figure 2.1). Sample 1 is

located down hill of a farmhouse, sample 3 is adjacent to the farm dam and sample 4 is
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Chapter 2: Geochemistiy of groundwaters

2.3.1 Regional geology

23.1.1 Albertinia

The geology of the area is composed of massive light grey, quartzitic sandstones of the
Skurweberg Formation of the Table Mountain Group. South of the Table Mountain Group
rocks the quartzites are overlain by unconsolidated sandy $oils of the Bredasdorp Group

(GCS, 1996).

2.3.1.2 Qutshoorn area

Samples 1, 3-8 come from the Outshoorn area where the geology is comprised of the

lithologies of the Table Mountain Group (TMG). The TMG in the area is represented by the

Baviaanskloof, Rietvlei, Skurweberg, Goudini Formations of the Nardouw Sub-group and the
Cedarberg and Peninsula Formation’s. The Baviaanskloof Formation is composed of
micaceous, impure sandstone with subordinate shale, and the Rietvlei Formation is composed
of feldspathic sandstone, siltstone and micaceous shale beds. The Skurweberg Formation
underlies the Baviaanskloof and Rietvlei Formation’s and is composed of quartzitic sandstone
with thin lenticular conglomerate and grit beds and is in tumn underlain by thinly bedded,
quartzitic sandstone with thin shale beds, of the Goudini Formation. The Cedarberg
Formation, comprised of massive shale/siltstone with thin sandstone lenses underlies the
Nardouw Sub-group and is in turn underlain by the light-grey quartzitic sandstone with thin
siltstone, shale and conglomerate beds, of the Peninsula Formation (Geological Survey,

1991).

2.3.1.3 Calitzdorp

The geology of the area is comprised of the Nardouw Sub-group of the Table Mountain
Group and the Ceres Sub-group of the Bokkeveld Group. The Baviaanskloof and Skurweberg

Formations represent the Nardouw sub-group in the area and are described in 2.3.1.2 above.

2.3.2 Well geology

The geological logs for all the wells that were sampled in this study could not be obtained.

The geology of the logs that could be obtained are summarised below and copies of the logs
are in Appendix C.2.
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2.3.2.1 Sample 2 (Albertinia~G40118)

The well consists of calcareous sand up to 35 m below surface that is underlain by sandstone
up to 139 m below surface. From ~90 m below surface the sandstone is fractured and shows
iron staining on the joints. Below the sandstone is a micaceous sandy shale. The slotted casing
was placed from 69-79 m and from 127-188 m below surface, which falls over the fractured
sandstone and the shale of the Table Mountain Group (GCS, 1996).

2.3.2.2 Sample 7 (DG110)

From the surface to 216 m, the lithology is quartzite with shale bands pf the Baviaanskloof
Formation of the Table Mountain Group. The Baviaanskloof Formation is underlain by the
Skurweberg Formation of the Table Mountain group that is composed of solid quartzite
(Mulder, 1995).

2.3.23 Sample 9 (DL17)

From 0-28 m, the lithology is soft weathered sandstone that is underlain by quartzitic
sandstone of the Baviaanskloof Formation of the Table Mountain Group. The Baviaanskloof
Formation extends to a depth of 249 m and is shaley at 70, 128 and 150 m below surface
(Mulder, 1995).

2.4 Previous Work

Previous work on the water chemistry was done in February 1999 by Fey et. al. at the
University of Cape Town, for Groundwater Consulting Services (GUS). The four wells,
DL17, DG110, DP28 AND VG2 were re-examined as part of the research.

Another study was done on the wells in Klein Karoo Rural Water Supply Scheme and
focussed mainly on the microbiological and chemical issues. The study was done as a joint
venture between GCS and the CSIR Groundwater Group (GWG) for the Department of Water
Affairs and Forestry (DWAF) in 1998/9 (Engelbrecht and Jolly, 1999). A summary of the

water data from previous work is tabulated in Appendix C.1.
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2.5 Analytical methods

2.5.1 ECandpH

Field measurements were made on site using Corning sensors and were again measured in the
laboratory using a Crison EC meter and a Metrohm pH meter. Details of apparatus used and

the reproducibility of the method are given in Appendix A.1 and A.2.

2.5.2  Alkalinity and acidity

The alkalinity of the water samples was determined by potentiometric titration to a
Bromcresol green endpoint of pH 4.5 using a Radiometer ABUS0 auto burette and TTTS85
titrator. The procedure involved determining the volume of 0.01M HCI required to titrate
10 mL of sample to the preselected endpoint. Titrations were carried out using 10 mL of
unfiltered, unacidified sample. The alkalinity was computed and is expressed as mmoles/L
HCO5"

Total acidity for the two samples with pH values below 4.5 (as measured in the laboratory)
was determined by titration to the phenolphthalein endpoint of pH 8.3. Acidity titrations were
performed using 0.01M NaOH and 10 mL of unfiltered, unacidified sample. Repeat analyses

were performed on each sample and on a blank of ultrapure water.

2.5.3 Major cations and anions

High performance ion chromatography (HPIC) was used to determine the major cations (Na’,
K, Mg, Ca®* and NH;") and anions (F, CI', NO;, NOs, Br” and SO,%) in the samples. A
Dionex ion chromatograph in the Department of Geological Sciences at the University of
Cape Town was used to perform the analyses on filtered and unacidified samples. The
samples were diluted with distilled water to obtain EC values below 100 mS/m and then
passed through a Dionex onguard-P filter, to remove all organics, before analysis. Details of
the repeatability and accuracy of the results are discussed in Appendix A.9. The concentration
of PO4> was determined by the Ascorbic Acid 4500-P E colorimetric method from Standard
Methods (1989) as detailed in Appendix A.16. For the very low PO,> concentrations present
in the samples, the concentration obtained by colorimetry is more accurate than the

concentration as determined by HPIC. Results are reported in Table 2.1.
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2.5.4 Trace elements

A Perkin-Elmer ELAN 6000 Inductively Coupled Plasma — Mass Spectrometer (ICP-MS)
was used to determine the trace element composition of the samples and the blank. Al and Li
were determined by ICP-MS. Trace element data are reported in Table 2.1. Field filtered and
acidified samples were diluted with 2% HNO; to a total volume of 15 mL. An internal
standard of 50 pl of 3 ppm Rhodium was then added to the sample. The internal standard was
used to correct for drift and for calibration purposes. Initially semi-quantitative analysis
(£ 20 % error) was performed to determine the approximate concentration of all the elements
in solution. Mn and Zn were found in higher concentrations than expected and were
re-analysed by quantitative ICP-MS, together with Al and Si, to obtain accurate
concentrations. The blank was analysed by ICP-MS for major and trace elements and by
colorimetry to determine iron concentration. An assumption was made that all the elements
present in sample 10 were present due to the HCI acid aldded and not from the distilled water.
The results of the analyses have been subtracted from the sample results. The distilled water
used for the preparation of sample 10 was not analysed separately. The details of analytical

precision and accuracy are reported in Appendix A.10.

235 Iron

Total and ferrous iron (and ferric iron by difference) was determined by the
3500-Fe D-phenanthroline method as described in Standard Methods (1989), detailed in
Appendix A.13. The absorbance values were obtained| using a Sequoia-Turner model 340
spectrophotometer at a wavelength of 510 nm after 10-15 minutes of colour development.
Standards of known concentration were prepared and measured in the same way and a
calibration curve was calculated. The colorimetric methjd allows both the redox species (Fe**
and F e3+) to be determined individually together with the total Fe concentration. ICP-MS is
not a very accurate method for the determination of total iron due to molecular and isobaric

interferences (Spath, 1999).

2.5.6 Dissolved organic carbon (DOC)

DOC was determined by the CSIR in Stellenbosch using the Persulphate-Ultraviolet
Oxidation Method detailed in Appendix A.8. DOC was determined in order to assess if it

would be a significant nutrient source for oxidising bacteria in the wells.
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2.6 Results and discussion

The results from all analyses are reported in Table 2.1.

2.6.1 pHand EC

The pH of the water samples ranges from 3.1 to 6.2. The waters are mostly slightly acidic
with samples 8 being markedly acidic. The lab EC of the samples ranges from 11 (sample 5)
to 302 mS/m (sample 2). The majority of the waters hajve a low salinity with sample 2 being
very saline. The field and laboratory measurements of %the EC and pH are similar except for
sample 4, where the pH changed from 5.7 in the field to 3.9 in the laboratory, sample 7 whose
EC changed from 17 mS/m to 24 mS/m, and sample 3 whose EC changed from 30mS/m to
43 mS/m. The more acidic pH values have important implications for metal solubility which
will be addressed in Chapter 3 regarding the precipitates. The reason for the change in pH of
sample 4 may be due to the hydrolysis of Fe or the high Al concentration in this sample.

2.6.2  Alkalinity and acidity

The samples with pH values above 4.5 were titrated to determine the alkalinity and the two
samples with pH values below 4.5 were titrated to determine the acidity. In terms of
alkalinity, the samples show very low acid neutralising capacity and in terms of acidity,

sample 4 has the lowest and sample 8 has a much higher base neutralising capacity.

When acidity is positive a stronger acid anion than carbonic acid is present and is commonly
sulphate. In acid water, aluminium species can contribute to the acidity because they are
titratable with a base. Fe’* behaves in an analogous manner to A** and could thus contribute

to the acidity (Drever, 1997).

2.6.3 Chemical composition

2.6.3.1 TIron species and pe

For all the waters sampled, ferrous (Fe**) iron constitutes the major component of the iron in
solution with only a small proportion made up by ferrid (Fe™) iron (Table 2.1). Sample 5 has

a total iron concentration below the detection limit of the colorimetric method (10 pg/L).

ICP-AES analysis of sample 5 gave a total iron concentration of 110 pg/L.
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Table 2.1.  Analytical data for all samples
Sampleno. 1 2 3 4 5 6 7 8 9
Alternate name  Kruis Aar  Albertinia  Kruis Aar  Kruis Aar VR 6 VG2 DG 110 Dp 28 DL 17
EC {mS/mjses 56 n.d. 30 42 9 33 17 57 49
EC (mS/m), 38 302 43 46 i1 33 24 58 47
PHgea 5.21 n.d. 6.04 5.71 6.18 5.59 5.35 3.13 5.73
pHi 5.35 6.20 5.86 385 6.17 5.99 548 3.53 6.11
Major ions (mg/L)
Cations (mg/L)
Na® 77.8 381.8 282 473 119 223 20.6 227 44.2
NH," 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.35 0.50
K 2.0 7.5 39 29 0.76 7.1 1.4 39 14.8
Mg?* 9.0 60.8 6.1 8.9 2.0 4.1 36 13.1 114
Ca®* 24 72.5 52 9.7 5.1 17.0 5.4 22.8 274
Fe* 2.6 41.0 13.0 1.6 <0.01 0.90 8.5 14.6 33
Fe®* 0.3 32 1.1 24 <0.01 0.14 32 0.81 0.25
Anions (mg/L)
F 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
NOy <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <(.01 <(.01 <0.01
Br <0.01 <(.01 <(.01 <4.01 <0.01 <0.01 <0.01 <0.01 <0.01
NOy 0.37 <0.01 <0.01 <0.01 0.50 <0.01 <0.01 <0.01 <0.01
PO <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.00 <0.01 <0.01
SO” 19.5 1194 6.3 8.7 2.7 16.6 9.9 2083 27.0
Alkalinity 0.09 1.02 0.46 nd. 0.11 0.53 0.27 nd. 0.75
{mmpoles/L) :
Acidity
n.d. n.d. n.d. 0.72 n.d. nd. n.d. 3.49 nd.
(mmples/L)
DOC{mg/Ly <10 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
SAR
4.35 8.00 2.06 2.64 112 1.26 1.68 0.94 1.79
(mml/L™%)
Trace elements (ug/L) semi-quantitative except for A, 5i, Mn and Zn
Li 5.3 52 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 31 2.0 5.4 1.1
Ti 14 96 5.1 12 27 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 ...

Sample no. i 2 3 4 5 6 7 8 9

Ni 11 2.1 5.6 14 1.6 10 9.7 653 5.5
Cu 28 <0.08 <0.05 11 24 2.0 2.4 34 15
Zn 385 <0.05 40 145 245 252 30 4016 97
Ga 0.1 0.1 0.2 0.3 <0.05 0.1 0.3 13 0.1
Ge <0.05 0.3 <0.05 0.1 <{.05 0.1 0.3 0.5 0.1
As <(.05 <0.05 <0.05 <(.05 <0.05 0.6 <0.05 7.5 <0.05
Se 0.6 73 0.4 1.3 <0.05 1.3 1.0 <0.05 <0.05
Rb 7.7 12 13 11 1.0 24 6.1 18 35
Sr 62 530 44 64 i1 105 34 73 73
Cd 03 <0.05 0.2 1.6 <(.05 0.1 0.1 11 0.1
Sn 4.8 <(0.05 <0.05 0.7 <0.05 12 <0.05 3.1 1.8

I 33 36 5.9 <0.05 <0.05 0.1 0.9 12 1.8
Cs 0.2 0.6 0.8 1.2 <0.05 1.8 0.4 2.7 2.0
Ba 59 199 50 30 5.2 77 7.3 34 113
La 0.2 <0.05 <0.05 <0.05 0.1 <0.05 <0.05 39 <(.05
Ce 0.2 0.1 0.2 <0.05 0.2 0.1 <0.05 133 0.1

Pr <0.08 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 19 <0.05
Nd 0.1 <0.05 0.1 <0.05 0.1 <0.05 <0.05 95 0.1
Sm <0.05 <0.05 <{.05 <0.05 <0.03 <0.05 <0.05 24 <0.05
Eu <0.05 <0.03 <0.05 <0.05 <0.05 <0.05 <0.05 6.5 <0.05
Gd <0.05 <(1.05 <0.05 <0.05 <0.05 <0.05  <0.05 34 <0.05
Th <(0.05 <0.05 <005  <0.05 <0.05 <0.05 <0.05 53 <0.05
Dy <0.03 <(0.03 <005  <0.05 <0.05 <0.05 <0.05 29 <(.05
Ho <0.08 <0.05 <0.05  <0.05 <0.05 <0.05 <(.05 5.0 <0.05
Er <005 <005 <005  <0.05 <0.05 <005 <0.05 i3 <0.05
Tm <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 1.6 <0.05
Yb <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 9.7 <{.05
Lu <0.05 <0.05 <0.05  <0.05 <0.05 <0.05 <(.05 1.3 <0.05
W 24 0.4 20 0.9 24 0.6 0.1 is8 0.4
Tl 0.2 <0.05 0.2 0.3 <0.05 0.1 <0.05 1.5 0.1
Pb 25 <0.05 <005  <0.05 <0.05 0.8 0.5 59 <0.05
Th <0.05 <(.05 <0.05 <(.05 <0.05 <0.058 <0.05 0.9 «<0.05
U 0.2 0.1 0.3 0.5 0.4 0.7 0.2 843 0.5

Sample 5 has does not have an iron oxide clogging problem in the well which may be due to
its very low total iron concentration. Sample 2 from Albertinia, has the highest iron
fconcentration of all the samples with a Fe’' concentration of 41.0mg/L and a Fe''
é;oncentration of 3.09 mg/L. Sample 8 has the next highest concentrations of Fe** and Fe**
(14.61 mg/L and 0.74 mg/L respectively). Sample 8 is the sample with the lowest pH and

metals concentrations are expected to be higher in solution.
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The higher concentrations of Fe’* as comﬁ)ared with Fe®* for each sample indicate that the
iron in the aquifer is kept in the F e** form idue to reducing conditions present in the aquifer.
The Fe** species may be present due to oxidation of the iron caused by turbulence in the well

during pumping before sample collection.

The pe for the samples was calculated using the PHREEQC interface in the Aquachem
modelling package using the redox couple, Fe**/Fe>*. The pe for the ferrous-ferric system is
defined as: pe =logKe + ilog(aps3 faph) (Drever, 1997)

The values were modelled as DO measurements were not available due to malfunction of the
equipment in the field. The Mn couple was not used in the calculations as the speciation for

Mn had not been determined.

The modelled values obtained for pe are reported in Table 2.2. The iron species could not be
determined for sample 5 and thus the pe for this sample could not be calculated. In Figure 2.5,
the pe is plotted vs. pHiap (and fictg) for all the samples. Both the field and laboratory pH show a
negative correlation with respect to pe. From Table 2.2, it can be noted that all the
groundwaters appear to be poised at a pe+pH of 12.29 (12.36 using field data). According to
Lindsay (1979) many systems such as soils show a constant value for pe+pH which reflects
the characteristic redox status of the systémj, such that a change in either the pe or pH of the
system results in a change in the other variable. This “poise” of the system in terms of redox
suggest a control of the redox status by a specific set of redox equilibria e.g. Fe-mineral
dissolution and oxidation in conjunction with the gaseous composition (O, and CO;). The
implication of this is that the groundwaters are chemically similar and that the pH could be
used to obtain an estimate of the pe and }jlence the Fe’*/Fe’* ratio for groundwater in the

system.

2.6.3.2 Major ion chemistry

The dominant major cationic species in solution for all the samples is Na*, followed by Ca®",
Mg*" and K. In sample 3, the Ca-Mg dominance is reversed. The dominant anion for most of

the samples, excluding sample 8, is CI. Mamp%&#&%h&éemma&kamea#he

Aquachem modelling package was used to draw up a piper diagram for all the water samples
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(Figure 2.6). Samples 1, 2, 4 and 8 fall into the C1+SO, hydrochemical facies type whereas
samples 3, 5 and 7 fall into the HCO;-Ca+Mg type and samples 6 and 9 are classed as the
CIHSO4-NatK facies type.

Table 2.2.  pH and pe values for samples containing iron

Sample no. pH (field) pH (lab) pe values petpHg,y,

1 5.21 5.35 7.1 12.45
2 nd 6.20 53 11.50
3 6.04 5.86 59 11.76
4 571 395 89 12.85 (14.61)
6 5.59 5.99 5.9 11.89
7 5.35 5.48 7.3 12.78
8 3.13 353 10.1 13.63
9 5.73 6.11 54 11.51
11
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Figure 2.5.  Calculated pe vs. pH for all samples
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2.6.3.3 Trace element chemistry

The error on the values is 20 % by semi-quantitative analysis and all values reported are those
after subtraction of the blank concentrations (sample 10). Silicon is the dominant trace metal
in solution for all the samples followed by Mn (excluding 5 and 8). Sample 5 has the lowest
concentrations of trace metals in general but this is expected as sample 5 has the lowest EC
and highest pH out of all the samples. In samples 1, 5, 6 and 7 Zn is more dominant than Al,

whereas in samples 3, 4, 8 and 9 Al is more dominant than Zn.

Legend:

L
-

QrOoR X+
D B nd Oh b WS

Figure 2.6,  Piper diagram of all water samples, key indicates precipitate type

Sample 8 has by far the highest concentration of Al ** (5.05 mg/L) and SO, (209 mg/L). A**
contributes to the acidity of the sample through the hydrolysis. Sample 4 has 0.23 mg/L of
AI*" which is higher than %the other samples. The slightly elevated concentration of A’ in
sample 4 could account for the acidic nature of the sample in the laboratory where hydrolysis
of AP" generates H' ions (?sontributing to the acidity in the sample. Sample 8 has in general
the greatest concentration of trace metals in solution and this is possibly due to the markedly

acidic nature of the sample with respect to the other samples.
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2.6.4 Speciation and saturation indices

Modelling of the speciation and saturation indices for the water samples was performed using
Aquachem with the PHREEQC database. For all the samples, the laboratory determined pH
was used in the calculations of saturation indices. In addition, saturation indices for sample 4
were recalculated using the field pH due to the marked change in pH observed between the
field and laboratory. Saturation indices were determired taking into consideration the

calculated pe and both iron species. The SI is defined as:
SI=log (IAP/K)

Where IAP is the ion activity product and K, is the solubility product. (Drever, 1997).

2.6.4.1 Iron minerals

The saturation indices (S.1.) of the iron minerals are listed in Table 2.3.

Table 2.3, Saturation indices of varidus iron minerals

Sample Saturation indices

No. Goethite Fe (OH); (a) Jarosite

1 6.66 0.77 -1.9
2 8.44 2.55 2.53

3 7.71 1.82 -0.92

4 492(8.69) -097(2.80)  -3.48(2.61)
6 6.94 1.04 -2.53

7 7.81 1.92 0.52

8 4.87 -1.02 0.38

9 7.31 142 -1.13

(a) = amorphous, 8I's calculated using the ﬁeld‘pH for sample 4 are in brackets

Figure 2.7 A show that sample 4 is supersaturated with fqtspect to goethite, ferrihydrite and
jarosite when the field pH is used but is only supersaturated with respect to goethite when the
laboratory pH is used in the calculation. Figure 2.7A |reveals that all the samples are
supersaturated with respect to goethite. Sample 8 is undersaturated with the rest of the
samples being supersaturated with respect to Fe(OH);. Samples 1, 3, 6 and 9 are
undersaturated and sample 2 is supersaturated with respect to jarosite. Samples 7 and 8 are in

equilibrium with jarosite. The pe+pH vs. SI graph (Figure 2.7 B) shows the same relationship
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with the exception that the slope of the line is shallower.

The supersaturation of the samples with respect to goethite indicates that dissolution of the
initial precipitate (FeOH3) would have to occur in order for goethite to precipitate. The
transformation of ferrihydrite to goethite is spontaneous because of the much lower stability
of ferrihydrite. The transformation of ferrihydrite to goethite has been found to proceed via a
dissolution-recrystallisation process, the rate of which may be slow resulting in the
widespread association of ferrihydrite and goethite in nature (Schwertmann and Fitzpatrick,
1992). The dominance of ferrihydrite may be because rapid oxidation and hydrolysis of Fe®'
forms ferrihydrite preferentially to other iron oxides (Schwertmann and Fitzpatrick, 1992).
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Figure 2.7.  Saturation indices of jarosite, ferrihydrite and goethite vs. pH (A) and pe+pH
(B). The solid points are the SI values for sample 4 calculated using the field pH.

2-15



Chapter 2: Geochemistry of groundwaters
When the iron in the aquifer water is exposed to dxygen through pumping the oxidation and
hydrolysis could be rapid resulting in an initial grecipitate of ferrihydrite. However, in the
case of sample 8 the Fe(OH); SI was negative so|the formation of goethite directly without
the transformation from ferrihydrite is more likely. Jarosite represents a SOs-phase for the
waters that may precipitate for samples 2, 4, 7 and 8. Other SO4-phases may be more

appropriate to consider but were not determined.

2.6.4.2 Other minerals

The saturation indices in Table 2.4 indicate all the waters are in equilibrium with quartz
(SI <2 0.5) that suggests the aquifer host rocks are of a siliceous nature. Sample 2 is the only
in equilibrivm with siderite and this may be atiributable to the higher alkalinity of this

particular water with respect to the other samples.

Table 2.4, Saturation indices for other minerals

Sample ne. Quartz Fluorite Gypsum Caleite Siderite Rhodochrosite

1 002 64 -3.1 43 2.6 2.7
2 006 noSI  -1.8 -1.8 0.2 1.1
3 005 45 3.7 34 0.7 1.1
4 0.01 -.6 -3.4 no SI no S no ST
5 004 noSI  -4.0 3.6 noSI  -36
6 029  -4.0 2.8 2.7 -1.7 12
7 0.01 -4.6 3.5 -39 -1.5 17
8 0.29 ~7.1 -1.8 no SI no 81 no SI
9 0.14  -42 2.5 2.2 0.9 12

2.6.5 Water quality

The water that was examined is used as potable water and for the irrigation of crops, namely
hops and fruits, and possibly for livestock use.kPotable water includes water that is used for
drinking and bathing. The chemical composition of the water was compared to the available
standards for these classes of water as defined by DWAF (1995) and DWAF (1993)
(Figures 2.8 and 2.9). The guidelines are laid out| in Table A.7 of Appendix A.17 and the

values stipulated are those where there is no detrimental effect on human or animal health.
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2651 pH

Some of the waters fall between the lower limit of 6.0 pH and upper limit of 9.5 pH for
domestic use with the exception of samples 1, 3, 4, 7 and 8. All the waters fall below the

fower limit (pH 6.5) for irrigation water (Figure 2.8).

2.6.5.2 Major elements

The water samples are mostly below the specified DWAF ideal limits for water use in terms
of domestic, irrigation and livestock use, for all the cations. [Exceptions are sample 1, which

has a Na' concentration of 78 mg/L, and is just above the limil for irrigation (70 mg/L).

Sample 2 has a Na" concentration of 382 mg/L that far exceeds the limits for domestic
use (200 mg/L. Na+) and irrigation water. The total iron conhcentrations of all the samples,
except sample 5, are above the limit for domestic water, which is 1 mg/L (Figure 2.9).
Samples 2, 3, 4, 7 and 8 are above the limits for total iron in|irrigation water and in terms of
livestock use, total iron concentrations above 10 mg/L can be harmful. The amelioration of
the water through aeration should allow most of the iron in solution to precipitate out and thus

reduce the concentrations in solution and the risk.

As for the cations, most of the samples have concentrations| of the major anions below the
limits as specified by DWAF (1995). Exceptions are samples 1 and 2, which have CI
concentrations of 129 mg/L and 669 n{g/L respectively, which are above the limit for
irrigation water which is set at 105 mg/L. Sample 2 is abdve domestic water limit set at
200 mg/L (Figure 2.8). The only sample that exceeds the domestic and livestock use limits set
for F~ is sample 4 (6.6 mg/L).

2.6.,53 Trace elements

Several trace elements were analysed for but do not have specified limits and are thus not
discussed. The majority of the samples have concentrations below the limits specified for
some of the trace elements. Sample 5 does not exceed any of|the limits for trace elements for
any of the water uses. Samples 4 and 9 exceed the domestic water limit for Al, which however
does not have any expected health effects. All samples have Mn concentrations above the

limits set for Mn with respect to both domestic and irrigation water.
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Sample 8 has an Al concentration (5.1 mg/L) above the domestic and just above livestock use
limits. The Cd concentration found in sample 8 (0.011 mg/L), is above the limits for domestic
and irrigation and livestock water use. The Co concentration in the sample 8, with a
concentration of 0.3 mg/L, exceeds the limit of 0.05 mg/L |for irrigation use and the toxic
threshold of 0.1 mg/L for plants. The limit for Zn is exceeded only by sample 8, with respect
to irrigation water, with a sample concentration of 4.0 mg/L. The Ni concentration of

0.65 mg/L in sample 8 is above the limit set for irrigation (0.2 mg/L) and close to the limit for
livestock use (1.0 mg/L).

2.6.5.4 Sodium adsorption ratio (SAR)

The SAR is an index of the potential of a given irrigation water to induce sodic soil conditions
(DWAF, 1993). The SAR and the EC values should be looked at together in order to assess
whether a particular water is suitable for irrigation. Waters with a high SAR and low EC can
promote soil dispersion and structural breakdown resulting in the plugging of surface pores.
The plugging of the pores results in a decrease of infiltration and can lead to decreased crop
production (Ayers and Westcot, 1985). Samples 3 to 9 havJ SAR values below 3 mmol/L%?
which is the concentration below which Na should not accumulate to toxic levels in the soil
(DWAF, 1993). Sample 1 has a SAR of 4.4 mmol/L"®| and sample 2 has a SAR of
8.0 mmol/L%’ which according to DWAF (1993) should bL

limiting the Na uptake to that through the roots. The SAR was calculated for all the samples
using the HPIC results and then plotted on the graph of |SAR vs. EC (Figure 2.10), to

applied only to soil, thereby

determine the suitability of the water. Sample 5 will promote] soil dispersion that may lead to
reduce infiltration problems if used for irrigation over a pertod time. Sample 2 will not cause a
reduction in the infiltration rate of water and samples 1, 3, 4 and 6 to 9 may cause a slight

reduction in infiltration rate if used for long term irrigation.

When the water quality variables EC and Na concentration are plotted on a Wilcox diagram
the following observations can be made in terms of the effect on plants if the waters are used
for irrigation (Figure 2.11). Sample 2 presents a medium Na hazard and very high salinity
hazard to plants. The remainder of the samples will only pose a low Na with samples 5 and 7
also posing only a low salinity hazard and samples 1, 3, 4, 6, 8 and 9 posing a medium

salinity hazard.
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2.6.5.5 Scaling or corrosive potential

The water used privately and in the Klein Karoo water scheme, is abstracted and transported
along pipes, some of which may be concrete. The water is subsequently used in homes and for
irrigation. The scaling or corrosive potential of the water is important to consider as this
property will affect the water distribution and irrigation pipes, and geysers and boilers used.
Scaling is the deposition of a precipitate of calcium carbonate onto water conveying
equipment. An ideal precipitation potential for CaCO; is 4 mg/L as this provides a thin
protective coating of calcium carbonate on the inside of metal and concrete piping and
protects against corrosion and aggression (Snoeynik and Jenkins, 1980). The saturation
indices determined for calcite (Table 2.4) are all negative which indicates that precipitation of
the Ca-carbonate will not occur and thus the waters are corrosive. The SI’s for the iron
minerals are positive and the deposition of iron precipitates may lead to clogging of
distribution pipes as has already been observed in the riser pipes and well screens of most of

these wells (except 5).

Corrosion is defined as the removal of metal from the fabric of well installations and water
distribution systems (Lloyd and Heathcote, 1985). In groundwater situations ferric hydroxide
may precipitate which restricts the corrosion rate because it forms a tenacious coating. When
well casings are exposed to the atmosphere, oxide films develop on the metal surface. When
the metal is immersed in a corrosively active water, like that of the wells in the Klein Karoo,
anodic areas develop at the point where the oxide film is weak while cathodic areas occur
where the oxide film is thicker. The ferric hydroxides deposit on the cathodic areas and metal
is removed from the metal at the anodic areas (Lloyd and Heathcote, 1985). This corrosion
can occur on metal pumps that are immersed in corrosive water. It is thus prudent to avoid
using metal well screens and pipes if possible in the waters where this is likely to occur and in
the Klein Karoo PVC is used in place of metal. Stainless steel is less subject to corrosion than
other metals but in reducing waters, its potential to corrode can increase (Lloyd and

Heathcote, 1985).

2.6.5.6 Overall assessment of water quality

Samples 5 -8 are used as domestic water supply for the communities of Dysseldorp and
Outshoorn and are treated before use. The treatment of this water includes aeration of the
sample and then settling of the colloidal matter in settling tanks. The water is then put through
sand-bed filters, sanitised and the pH is adjusted and then distributed to the community, The
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aeration and pH adjustment of the water causes Fe to drop out of solution and in doing so
probably removes most of the trace metals, which will co-precipitate or be scavenged by the
Fe-precipitate. The scavenging and co-precipitation of trace metals is especially relevant to

sample 8 that has high trace metal concentrations.

2.6.6 Influence of geology on the chemistry of the water

The bulk chemistry of the aquifer host rocks is unquantified and thus comparisons between
the water chemistry and geology can only be qualitative. The geology of the sampling sites
comprises predominantly sandstones and quartzites with minor shale and siltstone lenses. The
waters of all the wells are in equilibrium with quartz (Table 2.4), which confirms the geology
of the aquifer. The source of Fe in the waters may be the sandstone/quartzites or the shale and

siltstone.

2.7 Conclusions

From the chemical analysis of the water samples, the following conclusions can be made. All
the wells in which precipitation of iron oxyhydroxides is occurring have total iron
concentrations that range from 1.04 to 44.2 mg/L. The well in which no precipitation has been
found, has a total iron concentration of 0.11 mg/L. Ferrous iron is the dominant iron species
in the waters. The pe values calculated using the Fe*'/Fe™ reddx pair gave values ranging
from 5.3 to 10.1 where the most acidic sample, 8, had the highest pe value. The reason for the
high pe value corresponding to the most acidic sample is not clear%and further investigation of
this needs to be undertaken. The system ‘appears to be poised at a petpH of 12 and implies
that the pe and Fe’'/Fe’" ratio can be estimated from the pH of we{ter in this particular aguifer

system.

The results of major ion analyses reveal Na” and CI to be the dominant ions in solution for
most of the samples with sample 8 being dominated by Na* and SO,*. The trace metal
analyses show that sample 5 has the lowest concentrations of trace metals with respect to all
the waters and sample 8 has in general the highest concentrations of trace metals especially
Mn, B, Sr, Sn, Ba, W and Rb. The calculated saturation indices for the waters indicate that the
waters (except 8) are supersaturated with respect to ferrihydrite and goethite and some are
supersaturated with respect to a SOy-phase, jarosite. These waters will form ferrihydrite in
preference to goethite and for goethite to precipitate the ferrihydrite would have to undergo

dissolution. Sample 8 is undersaturated with respect to ferrihydrite and may form goethite
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directly. The saturation indices further show that the waters are in equilibrium with the
sandstones and quartzites that constitute the host rocks for the aquifer and that these waters
are not scaling but corrosive. The corrosivity of the waters is|due to the low SI for CaCO; and
due to the possibility of corrosive cells being formed on metal containing pipes by localised

precipitation of iron oxyhydroxides.

In terms of domestic water use, most of the waters are suitable for direct use without the need
for treatment. Samples 1, 3, 4, 7 and 8 require pH adjustment before use for domestic and
irrigation use. The pH adjustment in conjunction with aeration should cause precipitation of
the Fe remaining in solution for those samples where the Fe levels are considered too high.
Sample 8 may require additional treatment prior to use to ensure the removal of the elevated
concentrations of Al, Pb, Cd, Co, Zn and Ni and sample 4’s F~ concentration needs to be

lowered prior to use.

Samples 1, 3, 4, 6, 8, and 9 are suitable for irrigation use as the potential for soil dispersion
and the Na and salinity hazards with respect to plants, are moderate. Monitoring of the soil
and suitable crop selection will need to be performed. Sample 5 poses no hazard to plants but
will cause a severe reduction in infiltration due to soil dispersion and thus may not be suitable
for irrigation use. Sample 2 will not cause soil dispersion put poses a moderate hazard in
terms of Na and a high hazard in terms of salinity to planty and is only be suitable for salt
tolerant crops. Sample 7 is very suitable for irrigation use due|to only moderate soil dispérsion

potential and no hazard to plants.

The majority of the waters are suitable for livestock watering if the Fe concentrations are
reduced for samples 2 to 4, 7 and 8 by treatment. The concentration of Al and Cd in sample 8

will have to be reduced before this water is usable for livestock watering.
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3.1 Introduction

Ferrihydrite formation is a typical phenomenon wherever Fe’" containing spring and
groundwater appear at or near the aerated surface. Under thes'L conditions, Fe*" is abiotically,
and sometimes biotically, oxidised at a very high rate preventing the formation of more
crystalline oxides (Cornell and Schwertmann, 1996). In the Klein Karoo, some groundwater
wells have been found to precipitate iron oxyhydroxides on the screens, riser pipes and pumps
of the wells. The mineralogy of the precipitate that formjs has to date not been fully
investigated. One objective of this study was therefore to characterise the precipitates as fully
as possible using a variety of methods. A second objective|was to relate, if possible, the
composition of the precipitates to the groundwater composition and overall geochemistry of

the aquifer.

3.2 Sample collection

Samples of precipitate were collected at eight of the nine wells that were sampled for water.
The samples were taken from either the clogged pipes or casings found on the surface or from
the well itself (i.e. fresh) where possible (Table 3.1). A sample was not obtained from well 9
as there was no precipitate available at the time of sampling| however, the precipitate from
well 9 had been previously sampled and this sample was used for the analyses. Fresh samples

were stored in water from the well and dry precipitates were stdred in airtight bottles.

3.3 Analytical methods

3.3.1 X-ray powder diffraction (XRD)

The mineralogy of the precipitates was determined using X-rdy diffraction. A portion of the
sample was ground using an agate mortar and pestle and pressed into an aluminium frame that
was placed in the Phillips PW3890 X-ray diffractometer fitted with a Cu X-ray tube
(CuXKo = 1.542 A) for analysis. The instrument was set to scan over a 20 range from 5° to

75°, continuously in 0.05° steps of 2.8 sec duration. Further details are in Appendix B.3.
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Table 3.1.  Sopirce and description of precipitate samples (numbers refer to wells

providing water samples in Chapter 3)

Sample no.  No. of samples  Details of samples Colour”
1 2(1Aand 1B) A~ Fresh sample at 20 m from surface along riser A-Dark brown 10YR 3/3;
pipes;
B- Fresh sample from near the pump. B- Dark brown 7.5YR 3/4.
2 2(2Aand 2By  A- From steel casing on the surface; A- Strong brown 7.5YR 4/6;
B~ Fresh sample of tank sindge. B- Strong brown 7.5YR 5/8.
3 1 Sample from pipes on surface. Dark reddish brown 5YR 3/4.
4 i Fresh sample from pipes. Brownish yellow 10YR 6/8.
5 0 Mo precipitation occurring. -
6 1 Sample from pipes on surface. Dark reddish brown SYR 3/4.
7 3(7A, 7B and A~ Fresh sample of dislodged precipitate from pipes;  A- Strong brown 7.5YR 5/8;
7C) B- Fresh sample of hard precipitate dislodged during B~ Strong brown 7.5YR 4/6;
cleaning of pipes;
C- Fresh sample of soft precipitate from end of C- Yellowish brown 10YR 5/8.
transmission pipe.
N i Sample from pipes at DWAF workshop combined Strong brown 7.5YR 4/6.
with previous sample taken.
9 g No precipitate available, sample at UCT ased. Strong brown 7.5YR 5/8.

" Determined using a Munseli® Soil Color Chart (1992)

3.3.2  Fourier transform infrared spectrometry (F'T-IR)

Samples were air—dried and finely powdered using an agate mortar and pestle. Approximately
2 mg of sample was iighed out and mixed with 200 mg of oven-dried (110 °C) KBr. The
sample-KBr mixture was then ground in an agate mortar and pestle to a fine powder and
pressed in a dye under 10 tonne pressure for 1 minute. The discs were analysed with a
Paragon FT-IR spectrometer over a range of 400 to 4000 cm™, at a step rate of 4 scans

per 4.0 cm™. Details are provided in Appendix B.S.

3.3.3 Scanning electron microscopy with energy dispersive X-ray spectrometry (SEM-EDS)

Precipitate samples were vacuum-—air—dried in a dessicator overnight and then mounted using
a carbon-based glue dnto metal stubs and viewed with a Lecia Stereoscan SEM. Energy

dispersive spectrometry (EDS) was used to obtain spot semi-quantitative chemical analyses of
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3.4 Previous Work

Geochemistry of precipitates

Previous work on the precipitates and water chemistry was done in February 1999 by Fey
et. al. at the University of Cape Town, for Groundwater Consulting Services (GCS). Table 3.2
gives a summary of the findings. The four wells, DL17, DG110, DP28 |and VG2 were

re-examined as part of the research.

Table 3.2.  Summary of February 1999 study (Fey et al., 1999)

Sample DL17 DG110 DP28 VG2

Morphology (SEM) Irregular Irregular, large  Small needle- {rregular
spherical angular and like structures,  spherical
particles, small spherical  aggregated particles,
aggregated particles aggregated

Particle size ~200nm-1pm  Bimodal, Opum and ~200nm-1pm

100pum and <200mm
I pm

Elemental composition

(EDS)

Maior Fe. O Fe, C.O Fe,C.O Fe

Minor Si. Ca, Cl Si, P S 0.P. S

Trace P . Si S

Mineralogy (XRD) Poorly Amorphous Goethite Poorly
crystalline crystalline
ferrihydrite ferrihydrite

Saturation indices

Ferrihydrite 2.90 2.53 0172 1.69

Goethite 7.29 6.92 4.22 6.08

Natrojarosite 4.55 546 481 1.43

_Manganite 14.5 12.6 6.51 15.0
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3.5 Results and discussion

3.5.1 Mineralogy

3.5.1.1 XRD data

The following section presents the results of the XRD identification that was used to obtain
the mineralogy of the samples. No attempt was made to go into the detail on the significance
of the diffractograms. The XRD patterns for the precipitates have been grouped on their broad
similarities in Figures 3.1 and 3.2. The precipitates showing mainly two broad halos at about
2.53 and 1.47 A in Figure3.1, are similar to the two-line ferrihydrite of Cornell and
Schwertmann (1996). Precipitates (2B, 7A, 7B and 9) show evidence of the more crystalline
6-line ferrihydrite in the form of additim%al broad reflections at 2.24 and 1.72 A, whereas

precipitates (4 and 7C) are the less crystalline two-line ferrihydrite.

In Figure 3.2, three precipitates (2A, 3 and 8) appear to consist almost entirely of goethite
f (main reflections' at 4.18 and 2.45 A) with little indication of other phases being present. In
samples 1A, 1B and 6, there is some evidence of crystallinity but this is superimposed on the
broad halos characteristic of ferrihydrite, which are evident in all the patterns in Figure 3.1. In
samples 1B and 6 the more crystalline material consists mainly of goethite with strongest
peaks at 4.18 and 2.45 A whereas in sample 1A it would appear to be made up mostly of a
phyllosilicate compound (strong reﬁectioq for randomly orientated clay at 4.5 A). A similar,
though smaller, amount {Sf_ silicate clay (45 A) appears to be evident in the pattern for sample
1B together with a trace amount of 1epido¢r0¢ite. All three of these precipitates (1A,1B, & 6)
appear to contain traces of quartz (3.33 A)

Based on XRD evidence, three groups of precipitate may be recognised: I those consisting
almost entirely of ferrihydrite (Figure 3.1); II those consisting mainly of goethite and III
precipitates of intermediate mineralogical composition (Figure3.2). It should be noted,
however, that sample 1A is perhaps more appropriately classified in group I but with a silicate

clay impurity. The mineralogical identifications for each sample are summarised in Table 3.3.













































Chapter 3: Geachemistry of precipitates
indicate that the precipitation for the intermediate precipitates involves a larger number of

bacteria than for the precipitation of goethite and ferrihydrite.

Table 3.5.  Organic carbon data for precipitate samples

Precipitate Sample number % Organic Carbon

g 1A 9.04

=

“g’ 1B 4.40

2

E 6 0.95
2A 1.26

£

§ 3 0.55
8 1.30
4 0.98

® 7A 0.50

E

=4

z 7B 0.41

5

& 7C 0.16
9 0.53

3.5.3.2 Major and trace element composition

The XRF analysis of the precipitate confirmed the iron-rich nature of the precipitates with the
Fey03 concentrations ranging from 44 to 81 wt%. This concentration range is higher than that
found for iron oxides in Finnish water treatment facilities which had a range of between 26
and 43 wt% Fe (Carlson and Schwertmann, 1987). The two samples with the lowest Fe, 03
concentrations (1A and 1B) are the samples that have the highest Si0,, ALQO; and K;0O
concentrations (Table 3.6). The presence of Si0,, ALO; and K,0O indicates contamination of
the sample with K-aluminosilicate which confirms the XRD findings. The contamination is
higher in 1A, which has the lowest Fe;O; concentration. These samples do not have the
highest Al, Si and K values for the water samples which suggest that the aluminosilicate is
incorporated into the precipitate and is not formed in the well. The other samples have Fe;0O;

concentrations between 66 and 81 wi%.
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Chapter 3: Geochemistry of precipitates

Sample 7B has the highest concentration of MnO followed by 7A. The water sample for well
7has one of the highest Mn concentrations and it is expected that all the samples from this
well would have high Mn. However, 7C has one of the lowest concentrations of MnO. The
reason for this discrepancy could be that 7C was taken from the well screen at the end of the
distribution pipes where flow is rapid and may be too great for adsorption to occur. Samples
7A and 7B come from the distribution pipes where water may lay stagnant for periods of

time thus allowing for Mn to be adsorbed.

Table 3.6.  Major element data for the precipitates (wt%.)

Intermediate Goethite Ferrihydrite

Sample ne. 1A iB & 2A 3 8 4 TA 7B 7C 9
80, 1493 1499 356 207 2.53 251 127 321 5.03 1.39 9.47
Ti0, 0.209  0.148 0013 (0009 06008 0056 (0029 0029 0044 0009 0058
AL, 9.49 467 0.22 0.22 0.12 1.63 073 043 0.66 0.23 .90
Feslk 4407 5754 7586 7724 BOT7 6812 16640 7333 6892 6763 6920
MnO 0.063 0074 0247 0105 0050 0011 (0057 0630 1463 0054 0077
MgO 0.24 0.21 0.06 0.27 8.03 0.15 011 0.06 0.12 0.05 0.19
CaO 0077 0038 0205 0561 0013 0000 (0070 0013 0014 0038 . 0.6%0
NaO <0.2 <0.2 <02 <02 <0.2 <0.2 <02 <02 <02 <02 <0.2
KQ(EI' 0726 0346 0033 [0.008 0010 0258 0119 0.032 0049 (G008 0213
POy 609 065 569 064 276~ 086 506 420 388 - 1165 105
SOs <0.1 0.00 1.75 3,82 0.64 4.18 046 067 090 0.56 0.56

The P05 concentrations for the samples range from 0.04 to 15 wt% with the majority of the
samples with a concentration below 6 wi%. Samples 4 and 7C, ferrihydrite, have the highest
concentrations of P,0;. These minerals could be an iron-phosphate phase, e.g. strengi{e
[Fe(PO4)-2H,0] which would need to be confirmed by further work. All the water samples

had PO4> concentrations below the detection limit for the colourimetric method used.

SOs concentrations for the samples are generally below 1 wt% with the exception of samples

6, 2A and 8. 2A and 8 have much higher SO; values than the other samples and have the

highest concentrations of SO in the water samples. The SOs is either adsorbed onto the
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surface of the precipitates or incorporated in the structure. Samples 2A and 8 displayed some

M and thus the SO; is probably

characteristics of schwertmannite when

1 4
S I R,

part of the precipitate structure, though further work would need to be done to confirm this.

)

Three of the samples, 6, 7A and 7B have exceptionally high MnO values when compared to
the rest of the samples. The concentration in the precipitate does not appear to correlate to the
concentration in water or to the concentration of Fe;O; in the precipitate which would be

expected as Mn and Fe are known to co-precipitate in nature,

Table 3.7.  Trace element data for precipitates (ppm)

Intermediate Fervibydrite

Samplene. 1A iB 6 A 3 8 4 TA 78 7C 2
5¢ 8.07 7.35 <0.6 <06 <0Eg 27 <{:15% 068 <0.59 <0.58 G395

180,08 624 <329 <326 <329 31373 <317 <318 <317 <312 <318
Cr #9.87 3509 7505 (293,15 203 102,31 2977 79.06 32534 4684 4042
Mn 31979 403.69 16089 (163409 24076 1197 33422 GOBLOY 102721 317773 43445
Co 6.24 6.04 16.7 W33 <56 <505 [|<522 1488 3425 <817 <83
Ni 1466 441 8529 113135 <34 <455 8.11 <494 <471 <452 <465
Cu 23.6 878.39 4352 17159 483 2099 [2011.25 4446 4681 12135 8187
Zn 3285 4873 94694 42016 3620.24 2608 (63752 131%7 4969 8784 864.17
Ag 7076 8528 TAB2 (35491 <389 798.61 13439 3735 4007 6069 6106
Se 4,36 <378 <477 <49 <508 <472 <474 <45 <465
Br 197.36 15482 <5872 181 <603 W79 2768 <534 <3356
Bb 5863 2780 248 <193 <201 4.83 <1.8% 310 <188 734

1702 210 2582 2937 418 6.85 1432 295 3.44 <172  Bigh

1311 1044 <189 469 <1.83 231 EXY! 4.23

Zr 57.51 11240 421 <175 4348 2206 3283 1514 1495 283 28725
Nb 5.26 358 <1.58 <16 <l.64 <151 6.07 <154 <157 <151 <133
Mo 212 1.83 1339 1857 <173 308 <1.58 2.26 <1.66 <16 2443
Ba LT 12079 AZZAT (2559 48635 3899 1483 2807 596% 6291 31224
Pb 353 17189 1397 152 25.2 7544 2834 12906 17RO 38LT 2700
Bi <§.75 1419 <1466 <1503 <1564 <1402 <1328 <1449 <1456 <1378 <1431
Th 867 6.85 <416 <434 <425 12933 <386 <403 <408 <402 <406
594 1162 <4402 453 6446 2030 2332 454 7.94 5.2% <394




Chapter 3: Geochemisiry of precipitates
When looking at the trace metals there does not appear to be any particular group of
precipitates, which show higher or lower concentrations of trace metals in general. Samples
1A and 1B that are thought to be contaminated with a K-aluminosilicate had the highest

levels of Sc, Br, Rb and Y which may be related to the presence of the aluminosilicate.

Sample 8 is an exceptional sample in many respects. It is the most acidic water and warmest
sample (26 °C) with a wide range of dissolved trace metals at‘;ove the average levels for the
other water §amples. Sample 8 also has unique precipitate trace chemistry when compared
with that of the other precipitates. The precipitate from well 8 contains the highest
concentrations for V, Mn, As, Se, Th and U, and the second highest concentration of Pb out of
all the samples. When comparing the water samples, 8 was also found to contain the highest

levels of As, Pb, Th and U but contained no Se and V and only a moderate amount of Mn.

3.5.4 Influence of chemistry on mineralogy and morphology

Both adsorbed and incorporated foreign ions can alter the relative free energies and growth
rates of different crystal faces that will in turn modify the crystal habit. That is low levels of
impurities can enhance growth of a particular face whereas higher levels block growth. The
variations in growth rates result in a distorted morphology and particularly in natural
environments there is no distinct morphology by which an iron oxide can be identified
(Cornell and Schwertmann, 1996). Sample 2A showed the most variations in morphology and
both 2A and 8 had a tendency to resemble schwertmannite although the XRD analysis of the
samples did not detect any schwertmannite phase. These two samples also contained the
largest amounts of 8Os, with sample 8 having the second highest concentration, with respect
to the other samples. The SO; in the samples either is adsorbed onto the structure or is part of

the structure, which was not determined during this study.

For goethite conditions of rapid growth and/or the presence of impurities, long, thin needles
with a high aspect ratio form. The aspect ratio is the ratio of crystal length to width (Cornell
and Schwertmann, 1996). Samples 2A and 8 may have formed under such conditions
resulting in the acicular morphology observed whereas sample 3 may have formed under
different conditions. High levels of silicate species strongly modify the morphology of
goethite grown from ferrihydrite at pH 12, which is altered due to retardation of growth. Silica
species however do not alter goethite morphology in acid or neutral media and thus should

not influence the goethite of the wells in this study (Cornell and Schwertmann, 1996).
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3.5.5 Correlation between water and precipitate chemistry

Statistical treatment of the water and precipitate chemistry was undertaken to ascertain if there
were any significant correlations which would enable prediction of the precipitate type to be
made based on the water chemistry encountered. If prediction of the precipitate type could be
made then the maintenance programme and procedure could be designed specifically for each
well and thus make for a more efficient and cost effective maintenance programme. In

Figure 2.6 no clustering of the waters based on the class of precipitate was evident.

To determine if there was any correlation between the pH of the water and the trace and major
elements in the precipitate in relation to the concentration of the metal in the water graphs of
the ratio of Esiution/Esolia, Where E = element, vs. pH (both field and lab values were lised)
were plotted. This did not show any significant trend for most of the elements due to the lack

of data distributed across the pH range.

Statistical correlations were determined for Fe,O3, ALOs and Organic C vs. trace and major
element composition of the water and precipitate samples. Spearman rank order correlations
were determined where a significant relationship gave an R-value=>05 and a
p-value = <0.05. A matrix plot was then examined to ascertain if the relationships were real or
if there was a few outliers determining the relationship. In most of the correlation graphs| this
was the case with the exception of SiO; and ALO; vs., Fe;O;. The lack of significant
correlations is mainly due to the small number of samples (n = 11) and a lack of distriblition

of data across the concentration ranges for the elements being correlated.

From the previous chapter, it was determined that most of the water samples are
supersaturated with respect to ferrihydrite with the exclusion of sample 8. This sam;jle is
supersaturated with respect to goethite but has lower saturation indices when compared tp the
other samples. According to the Gay-Lussac-Ostwald (GLO) Step Rule which states in terms
of solubility that, if the initial state of a soil is such that several solid phases can potentially
form with a given ion, the solid phase that forms first will be the one for which the activity
ratio is nearest to the activity ratio of the soil followed by formation of the solid phases in
decreasing order of activity ratio (Sposito, 1989), we thus expect ferrihydrite to be the first
phase formed. In the case of sample 8 goethite would thus preferentially form which was

observed.
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3.6 Conclusions

The precipitates are relatively pure with the Fe;Os concentration ranging between 66 and
81 wt%. Samples 1A and 1B had lower Fe;Os3 concentrations of 44 and 58 wt% respectively
that was due to dilution by the presence of a layer silicate phase. The majority of the
precipitates are ferrihydrite with the development of relatively crystalline goethite in some of
the samples. In most cases the waters follows GLO step rule resulting in an initial precipitate
of ferrihydrite which may transform to goethite except for sample 8 where the saturation
indices indicate that the sample will form goethite in the first phase of crystallisation. The
goethite precipitates were all scrapings from pipes that had been on surface for a period of
time and the significance of this in terms of precipitate type is unknown. Sample 1A
contained some lepidocrocite but it is unclear why is has only developed in this well at this

site.

Samples 1A and 1B are different to the rest of the samples in that they contain the most SiO,
Al;O3 and K;O out of all the precipitates. The XRD indicates that a layer silicate phase is
present which would account for the increased levels of 510, and Al,Os. Samples 1A and 1B
also have the highest concentrations of organic carbon. Samples 1A and1B are different to the
other samples because they were removed from the exterior of the riser pipes and not from the
interior as with other samples. There was thus more opportunity for entrapment of
aluminosilicates and organic matter in the precipitate due to input into the well from the

surface environment,

From Table 3.5, elevated SO; concentrations are noted in samples 2A and 8 with respect to
the other samples. These two samples had the highest concentrations of SO4* in the water
samples which may account for the higher concentrations of SO; and although the Fe’*
complexes more strongly with PO, than with SO,* (McBride, 1994), the high concentration
of SO4* could compete with the PO,* and thus occupy more of the sorption sites. In general
for all the samples, those with a high P,Os tend to contain less SO3. The samples with the low
P,0s tend to contain more SiO; that may be explained by the fact that silicate and phosphate
compete for the same sites. The apparent sorption of silicate in preference to phosphate may

be due to lower availability of PO, in these solutions.
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The ferrihydrite samples contain more P,0Os thar the crystalline goethitic and intermediate
precipitates. Samples 4 and 7C that have the highest P,Os concentrations of all the samples
and out of the ferrihydrites. These two samples were identified as two-line ferrihydrite and are
the most poorly crystalline samples of the ferrihydrites. The poorly crystalline ferrihydrites
have greater surface areas than their crystalline counterparts and will therefore have more
sorption sites available for the sorption of PO, This explains the reason for the higher
concentrations observed in the ferrihydrites in general. Whether the high sorption of PO,

inhibits the transformation to the more ordered 6-line ferrihydrite is unknown.

Adsorption of metals from solution onto oxide surface is known to occur and affects trace
metal transport in many natural systems (Benjamin and Leckie, 1981). The adsorption of
metals onto the iron oxide surface is due to the ppsitive or negative charge that develops on
the surface created by the adsorption or desorption of H™ or OH". The charge therefore varies
with the concentration of H" and OH ions in solution (pH) (Schwertmann and Taylor, 1989).
Arsenic and selenium both occur in solution as anions or as neutral species. Under oxidising
conditions the As is present as arsenic acid and arsenate (AsO4”). For Se the dominant form
under oxidising conditions is selenate (SeQ4”). Arsenate species are strongly adsorbed at
near-neutral pH onto iron oxyhydroxides whereas| selenate is only weakly adsorbed (Drever,
1997). Vanadium, molybdenum and uranium alsg occur as anions in solutions (Fairbridge,
1972). Sample 8 has a low pH (3.13) and the iron oxide is expected to be positively charged
which increases the sorption sites available for anjon adsorption. The sample has the highest
concentrations of V, As, Se, Mo and Ut in the precipitate that is due to its greater anion
sorption capacity in comparison with the other samples. The other samples tend to have
higher concentrations of metals than sample 8 and jare thus removing these from solution. The
iron oxides precipitating in these water supply wells are thus filtering the water before its

abstraction, which is improving the wells water quality.
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4.1 Conclusions

The groundwater from the wells in which precipitation of iron oxyhydroxides is occurring
have total iron concentrations that range from 1.04 to 44.2 mg/L. The well in which
precipitation has not been found has a total iron concentration of 0.11 mg/L. in the water.
Ferrous iron constitutes greater than 85% of the iron species in the waters. The pe values
calculated using the Fe**/Fe’* redox couple, ranged from 5.3 tjn 10.1 where the most acidic

samples tended to have the highest pe values.

The results of major ion analyses reveal Na™ and CI to be the dominant ions in solution for all

the samples, with the exception of sample 8 that is dominated by Na* and SO*. The trace
metal analyses show that sample 5 has the lowest concentrations| of trace and sample 8 has in
general the highest concentrations of trace metals namely, Mn) B, Sr, Sn, Ba, W and Rb.
Saturation indices for the waters indicate that the waters (except 8) are supersaturated with
respect to ferrihydrite and goethite and some are supersaturated with respect to a SO4-phase,
jarosite. These waters will form ferrihydrite in preference to goethite and for goethite to
precipitate ferrihydrite undergoes dissolution followed by precipitation. Sample 8 is
undersaturated with respect to ferrihydrite and may form goethite directly. The saturation
indices further show that the waters are in equilibrium with the sandstones and quartzites that
constitute the host rocks in the aquifer. The' saturation indices for carbonate minerals indicate

that these waters are not scaling but corrosive.

In terms of domestic water use, most of the waters are suitable for direct use without
treatment. Samples 1, 3, 4, 7 and 8 require pH adjustment before use for domestic and
irrigation use. The pH adjustment in conjunction with aeration should cause precipitation of
the Fe remaining in solution for those samples where the Fe- levels are high. Sample 8 may
require additional treatment before use to ensure the removal of the elevated concentrations of
trace metals. The F~ concentration in sample 4 needs to be lowered before use. Samples 1, 3,
4,5,6,7, 8, and 9 are suitable for irrigation use with minor treatment to remove Fe and other
trace metals. Sample 2 may only be suitable for salt tolerant crops. The majority of the waters
are suitable for livestock watering, if the Fe concentrations are reduced for samples with

concentrations above acceptable limits.
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The XRD examination of the precipitates suggested that [the majority are ferrihydrite, while
the development of relatively crystalline goethite is apparent in some of the samples. Some of
the samples contained a minor, layer silicate phase and sample 1A had minor lepidocrocite.
The XRF results show that the precipitates are relatively pure iron oxide with the Fe,O,
content ranging between 66 and 81 wt%. Samples 1A and 1B had lower Fe,O; concentrations
of 44 and 58 wt% respectively. The XRD indicate that a layer silicate phase is present which
would account for the increased levels of SiO; and Al Os in samples 1A and 1B. Sample 1A
and 1B have the highest concentrations of organic carbon. Elevated SO; concentrations are
noted in samples 2A and 8 relative to the other samples. These two samples had the highest
concentrations of SO4” in the water samples that may account for the higher concentrations of
SO; in the precipitates. The ferrihydrite samples contain more P,Os than the crystalline
gocthitic and intermediate precipitates. The two two-line ferrihydrites have the highest P,Os

concentrations.

Sample 8 has the highest concentrations of V, As, Se, Mo and U in the precipitate that is due
to its greater anion sorption capacity, which is a result of the low pH of the water in this well.
The other samples tend. to have higher concentrations of metals than sample 8. The iron
oxides precipitating in these water supply wells appear to be ‘filtering’ metals from the water
before its abstraction, which is reflected in the elevated trace metal concentrations in some of
the precipitates. The ‘filtering’ of the water is probably improving the water quality of the
wells.

The objectives of the study were to:
e Determine the composition of the waters in the wells.
o Determine the composition and morphology of the precipitates.
e Determine any relationships between the water and precipitate chemistry in order to gaina
greater understanding of the clogging process.
-8 Ascertain if precipitation and precipitate type could be predicted.

e Assess water quality in terms of domestic and livestock use.

The composition of the waters and the composition and morphology of the precipitates was

successfully achieved using various analytical techniques. However, the identification of the
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precipitate type could be enbanced with the use of differential and thermal gravimetric
analysis (DGA/TGA). Relationships between the water and precipitate chemistry were
determined on a basic level but the study was not able to correlate the water and precipitate
chemistry definitively. Sampling of a larger number of wells with a wider range in chemistry
and pH, both with precipitation and without, and sampling of fresh precipitates from all the
wells may enable correlations to be made. This could enable the prediction of precipitate type
and how often and what maintenance procedures need to be undertaken, from the water
chemistry. The assessment of water quality with regards to use as a domestic, irrigation and

livestock watering supply was achieved.

4.2 Recommendations

Further work needs to be done on the following aspects of this study. The kinetics of each
specific well clogging needs to be determined i.e. how long does it take to reduce the specific
yield of the well by a standard percentdge. Investigation into how the S and P are held in the
precipitate, in the structure or adsorbed onto the surface, needs to be examined to determine
how this will influence the precipitate type and structure. The aquifer and well geology needs
to be quantified and bulk chemistry of the rocks in the area needs to be determined. This will
help to gain an understanding of the source of the trace metals in the waters and to be able to

allow for correlation of Fe concentration and rock type.
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APPENDIX A

Analytical methods used for water samples

A.1 TIntroduction

Two samples were taken at each of the sites, one was a 1 L sample which was not filtered and
not preserized other than by refrigerafion. The second sample was 100 mL and was filiered at
the site and preserved with 2 mL conc. HCl per 100 mL bottle. The acid was added to the
sample in thc bottle and was done in order to preserve the metals in solution. HCl was used
as this is speaﬁed in Standard Methods (1989) as the preservation technique for ferrous iron
and is less oxidising than HNO; which is the commonly used acid for preservation. The
sample bottles were all acid washed with conc. HCl and soaked in distilled water overnight.
The bottles were then rinsed three times with distilled water and left to dry prior to sampling.

Field ﬁltering of the samples was done using a vessel with a hand pump. A 0.45 um filter
pore size was used to remove silt, clay, bacteria and iron and manganese oxyhydroxides as
recommended by Weaver (1992). It was recogmsed that this pore size may not remove all
colloidal material from the sample and that what is then (}perauonaliy defined as dissolved
may in fact not be entirely correct. Laboratory filtering was done using a syringe and filter
casing with a 0.45 pm pore size Millipore® filter.

In this thesis, the term filtered refers to filtering, in the field or laboratory, through a 0.45 pm
pore size filter unless otherwise specified.

A.2 Electrical conductivity (EC)

Field measurements of EC were determined using a Corning sensor with a range of
0-199.9 m8/m with varying. resolutions as listed in Table A-1. A two point calibration was
performed each day (in free air = -0.00 mS/m and with a 141.3 mS/m standard). The meter
shows a temperature compensated reading and displays the temperature of the sample, which
was recorded. The temperature range of the probe is 0.5 °C to 100 °C with a resolution of
0.1 °C A third party collected one of the samples and the EC reading was determined in the
laboratory for this sample.

Table A-1. Resolution of Corning EC sensor for various EC ranges

Range Resolution
0 - 1.999 mS/m 0.01uS
20-1999mS/m  0.1uS
20.0-199.9mS/m 1uS

200 -1999mS/m  0.01mS

EC was measured for all samples in the laboratory using-a CRISON microCM 2201
conductmty meter, three days after collection. The meter comprises a conductivity cell (cell
constant: C = 1.02cm™) and a temperature probe. The temperature probe provides for
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automatic temperature compensation to 25°C. An electrical conductivity standard
(143. 3 mS/m at 25 °C) was measured prior to analysis at room temperature (16 °C). Sample
repeats of the EC were performed and the results used for the dilutions for ion

chron
this s
Table
salinit

EC field and laboratory (29/8/99) data in mS/m

Sample no. Reading 1 Reading 2 Average % RSD Field EC

63.5
326
47.0

49.1
- 12.2
32.8

24.8
58.7

y of sample 5 is the cause of the high deviation.
Table A-2.
1 53.0
2 278
3 39.7
4 43.8
5 9.3
6 32.5
7 23.0
8 56.4
9 464

485

58.3
302
43.4

46.5
10.7
32.7

23.9

576
475

o S0 00 MDD

13

IR

55.6
30.2
41.8
9.40
32.7
17.0
56.7

(RSD - relative standard deviation)

A.3 pH measurements

natography. A RSD of 5%-is-considered to show goed repeatability. For the purposes of
tudy 10% was considered to show relatively good repeatability. All the samples in
A-2 show good repeatability for the laboratory EC values except for sample 5. The low

Field measurements of pH were determined using a Corning pH senmsor with a range of
0-14 pH and a resolution of 0.01 pH. A two point calibration was performed each day (pH 7
buffer and pH 4 buffer). A third party collected one of the samples and the pH reading was

done in the laboratory.
pH for all samples was measured in the laboratory using a Metrohm 691 combined electrode
pH meter, consisting of indicator and reference electrodes, three days after collection.
Calibration of the pH electrode was done prior to measurement using pH 4.00 and pH 7.00
buffer solutions. Analysis and calibration were done at room temperature (16 °C). Table A-3
shows that there is good repeatability of the laboratory data.
Table A-3. pH field and laboratory (29/8/99) data
Sample no. Reading1 Reading2 Average % RSD Field pH

1 5.47 5.23 5.35 224 5.21

2 6.25 6.15 6.20 0.81 o

3 5.90 5.81 .5.86 0.77 6.04

4 3.94 3.95 395 0.13 5.71

5 6.26 6.07 6.17 1.54 6.18

6 5.97 6.01 5.99 0.33 5.59

7 5.45 5.51 5.48 0.55 5.35

8 3.53 3.52 3.53 0.14 3.13

9 6.03 6.19 6.11 1.31 5.73

{RSD - relative standard deviation)
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A.4 Sodium adsorption ratio (SAR)

SAR is the ratio of the concentration of sodium (Na’) and competing exchange cations (Ca?*,
Mg”" and K") in solution. The K" ion rarely occupies a significant fraction on the exchange
sites and is thus not considered in the equation (McBride, 1994). The SAR was determined
for each sample using the IC analyses and the formula

[ Na']
V([ Ca? + [Mg*]) /2

SAR =

Where all solution concentrations are expressed in units of millimoles (millicquivalents) per
litre according to McBride (1994).

A.5 Alkalinity measurements

The alkalinity of water is its acid-neutralising capacity (Standard Methods, 2320 pg. 2-25),
This was determined by potentiometric titration to a Bromcresol green endpoint of pH 4.5
using a Radiometer ABU8SO auto burette and TTT85 titrator. The procedure involved the
determining the volume of 0.01M HCl required to titrate 10 mL of sample to the preselected
endpoint. Titrations were carried out using 10 mL of filtered, unacidified sample. The result
was then computed using the following formula to determine the alkalinity expressed as
mmoles/L:

Total Alkalinity (in mmoles,/L) = mL of HCI x normality of acid x 1000
mL sample

HCO;" is the dominant carbonate species in the pH range 6.4 — 10.33 (Drever, 1997). All the
samples except for sample 8 were below 6.4, which would mean that the dominant species
would be HyCO;. This species has no charge and would thus not be involved in the alkalinity
titration reaction. ‘

A.6 Redox potential

An attempt was made to measure DO in the field as an indicator of the redox potential of the
waters. However, the probe membrane was not functional after the first reading was taken and
thus no further readings were done. Calculation of the pe was modelled using the redox pair
Fe**/Fe** in the Aquachem package.

A.7 Acidity measurements

In samples containing only carbon dioxide-bicarbonates-carbonates, titration to pH 8.3 at
25 °C corresponds to stoichiometric neutralisation of carbonic acid to bicarbonate (Standard
Methods, 1989). The value obtained is for total acidity. Acidity titrations were performed
using 0.01 M NaOH and 10 mL of sample. Acidity titrations were performed on the samples
whose pH was below 4 (as measured in the laboratory) and a repeat was performed on each
sample and a blank. The blank was 10 mL of ultrapure water.

Acidity (mmoles/L) = (ml NaOH titrant used x normality of NaOH) x 1000
ml sample
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A.8 Dissolved Organic Carbon (DOC) concentrations

100 mL. unfiltered and unacidified samples were submitted to the analytical services
laboratory of the CSIR in Stellenbosch for analysis.

A.8.1 Principle

An automated Persulphate-Ultraviolet Oxidation Method was used for the determination of
DOC (pers. comm. M. Louw). The method is applicable to the determination of DOC over the
range 0.1 to 20.0 mg/L as C with a detection limit of 1 mg/L. Organic carbon is oxidised to
carbon dioxide by persulphate in the presence of ultraviolet light. The CO, produced then
diffuses across a gas permeable membrane and is measured by the decrease in absorbance of a
phenolphthalein solution. Inorganic carbon is removed by acidifying the sample to pH 2 or
less to convert the inorganic species to CO,, and then purging the sample with a purified gas
(N3) to strip off the CO,.

A. 8.2 Results

A standard curve is produced and the absorbance values are converted to a DOC value in

mg/L.

A.9 Major cation and anion concentrations

Cation and anion concentrations in the water samples were determined by high performance
ion chromatography (HPIC) using a Dionex ion chromatograph in the Department of
Geological Sciences at the University of Cape Town. Filtered and unacidified samples were
diluted with distilled water to obtain EC values below 100 uS/cm. Samples were then passed
through a Dionex onguard-P filter prior to analysis, which contains a polyvinylpyrrolidone
(PVP) polymer designed to remove the phenolic fraction of humic acids, tannic acids, lignins,
anthocyanins and azo dyes. Anions are separated on a HPIC-AS4A anion exchange column
with an eluant comprising 1.8 mM Na;CO; and 1.7 mM NaHCO; and cations are separated
on a HPIC-CS12A cation exchange column using a 22 mM methanesulfonic acid eluant.
HPIC determines the concentration of uncomplexed, freely available ions in solution and thus
ion pairs can interfere with the determination of the ions present.

In order to check the quality of the analytical data the ionic charge balance for each sample
was calculated according to Murray and Wade (1996).

Tonic Balance = Sum of Cations — Sum of Anions 100
omic Balanc Sum of Cations + Sum of Anions %

For the calculation the equivalent weight of the ions is used where:
Equivalent Weight = Atomic Weight / Valence (as meg/L)

Solutions are electrically neutral, as the charge attributable with the anions is equivalent to the
charge attributable to the cations. If the charges do not balance then there is a problem with
the amalysis or an ion has not been accounted for. All but one of the samples has an excess of
cations and sample 5 has the greatest charge imbalance. The imbalance in sample 5 is due to
the low ionic strength and exaggerated percentage differences are the result of slight
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differences in ion concentrations. The charge balances are generally acceptable for the

samples.
Table A—4.  Charge balance for all samples

Sample number 1 2 3 4 ) 6 7 8 9
Element {(mmol /1)

Lit 000 0060 000 000 000 001 000 0060 001
Na* 339 1661 127 206 052 097 080 099 192
NH,* 000 000 0060 9000 000 000 000 002 003
K 005 019 0610 007 002 018 004 010 038
Mg?* 074 500 0350 073 017 033 030 108 093
Ca®' 047 3.62 026 048 026 085 027 L4 137
Fe 0.09 147 047 041 000 003 031 052 012
Fe* 002 017 006 6013 000 001 017 004 001
AP 0.06 006 001 003 0066 000 000 056 02
Total cations 476 2705 266 391 096 237 198 445 479
F 0,00 000 000 035 000 000 000 003 000
Cr 363 1888 173 262 035 140 131 075 263
NGOy 000 000 000 000 000 000 000 000 000
Br 000 000 000 000 0060 000 000 000 000
NGy 001 000 000 000 001 000 000 000 0.00
PO,* 000 0060 000 000 000 000 000 600 000
SO* 041 249 0.3 018 006 035 021 4356 036
Alkalinity 009 102 046 000 011 053 027 000 075
Total anions 4,14 2239 233 315 073 228 179 513 394
Total cations - Total anions 062 466 034 076 023 010 019 068 0.85
Total ions 890 4944 499 706 169 465 377 959 873

Cation ejxcess {expressed as %) 702 942 672 10,80 1347 2,11 49 711 9.69

A. 10 Trace element concentrations

The congentrations of the trace metals in the water samples were determined using an ELAN

6000 Ind
samples

internal s
for drift
analysis.

uctively Coupled Plasma — Mass Spectrometer (JCP-MS). Field filtered and acidified
were diluted by a 1:1 ratio of sample to 2% HNO; to a total volume of 15 mL. An
tandard of 50 pl of 3. ppm Rhodium was then added to the sample. This is to correct
and for calibration purposes. Samples were shaken to ensure proper mixing prior to
With every set of samples analysed, a standard (with certified concentrations of ions)

and a blank (pure HNQ3) are analysed. In ion chromatography the lower detection limit for
most ionic species is in the ppb. (ug/L) range (Lanyon, 1996) and the percentage error on the
data for a semi-quantitative scan is approximately 20% (pers. comm. A. Spath).

ICP-MS |determines the total concentration of ions in solution thus any colloidal material left
in solution will be ionised and contribute to the concentration determined. As previously
stated in section A. 1, an operational definition of dissolved was chosen and colloidal matter
smaller than 0.45 pm may affect the results obtained.
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A. 11 Silica concentrations

Silica concentrations were determined by quantitative ICP-MS. For quantitative ICP-MS
standards of known concentration are made and a calibration curve is constructed. The
samples were prepared for analysis as described in section A.9. For some of the samples the
dilution factor was increased from 10 to 100 times.

A. 12 Aluminium concentrations

Quantitative ICP-MS and ICP-AES determined aluminium concentrations for all samples and
the blank (10). For quantitative ICP-MS standards of known concentration are made and a
calibration curve is set up. The samples were prepared for analysis as described in section
A.9. For some of the samples the dilution factor was increased from 10 to 100 times. The
Namakwa Sands laboratory, Saldahna Bay, performed the ICP-AES analyses. 20 mL of each
sample was submitted for analysis. The analysis was performed as an analytical check on the
results obtained by quantitative ICP-MS. From the comparison of the data in Table A-5 a
good consistency between the two sets of results can be noted and thus the ICP-MS results are
acceptable.

Table A-5. ICP-MS and ICP-AES Al data

Sample no. ICP-AES ICP-MS

1 <1 6.07
2 <0.1 0.01
3 0.11 0.10
4 0.31 0.29
5 <f.1 0.07
6 <0.1 0.02
7 <1 0.01
& 3.1 2.55
9 0.14 0.13
10 <01 0.05

A. 13 Iron concentrations

Total and ferrous iron (and ferric iron by difference) was determined by the 3500-Fe D-
phenanthroline method as described in Standard Methods. Dissolved iron is defined as that
passing through a 0.45 pm filter but colloidal iron may be included (Standard Methods,
1989). Sample that was field filtered and acidified was reduced to ferrous iron using I mL
concentrated (conc.) HCI and 0.5 ml. hydroxylamine HCI by boiling. Ammonium acetate
(5mL) and 2 mL phenanthroline were then added and the absorbance was read in the
Sequoia-Turner model 340 (1 cm pathlength) at a wavelength of 510 nym after 10-15 minutes
of colour development. Standards of known concentration were prepared and measured in the
same way and a calibration curve was produced. The concentration was then converted to
mg Fe/L by the following formula:

ug Fe

mg Fe/L. =
ml., sample
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This gives the total dissolved iron concentration in the sample. Ferrous iron was determined
by adding 10 mL phenanthroline and 5 mL ammonium acetate to a portion of the field filtered
and acidified sample. The concentration in mg/l. was calculated using the formula above. The
ferric iron concentration was calculated by difference. The lower limit of detection for this
method is 0.01 mg/L.

y = 0.0064x + 0.0216 g

RZ =¢ .99 /

&
o
S

Absorbance
P
=%
L]

o o
=
S o

U H

20 46 60 80 100 120
ng Fe

o

Figure A-1. Calibration curve for iron determination

Samples were also submitted to the Namakwa Sands laboratory for ICP-AES analysis to
check the values obtained for total iron concentration as determined by colourimetry. The
results from both analytical techniques are tabulated in Table A-7 below. From Table A-6 it
can be noted that the two different methods for the total iron concentrations give comparable
results.

Table A-6. Colorimetric and ICP-AES data for iron

Sample no. ICP-AES Colorimetry

i 32 2.9
2 46.6 44.2
3 15.3 4.1
4 12.8 14.0
5 a.11 bl
] 0.58 1.0
7 i4.5 117
8 83 15.4
Y 1.8 35
i0 <@.1 - bdl

Bdl - below detection limit

A. 14 Manganese concentrations

Manganese concentrations were determined by quantitative ICP-MS. The samples were
prepared for analysis as described in section A.9. For some of the samples the dilution factor
was increased from 10 to 100 times.
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A. 15 Zinc concentrations

Zinc concentrations were determined by quantitative ICP-MS. The samples were prepared for
analysis as described in section A.9.

A. 16 Phosphorus concentrations

Ortho-phosphate concentration of the sample was determined according to the Ascorbic Acid
Method 4500-P E in Standard Methods. Acid-washed glassware was used to prevent
phosphate contamination of the samples.

A. 16.1 Principle

Ammonium molybdate and potassium antimonyl tartrate was added to the sample. The two
reagents complex with orthophosphate, in an acid medium, to form a heteropoly acid that is
reduced with ascorbic acid to produce a molybdenum blue colour in solution. Red light
passing through the solution is absorbed depending on the concentration of phosphate present.

8.0 ml of combined reagent, 50 mL. 5 N H,SO4; 5 mL K antimonyl tartrate solution; 15 mL
ammonium molybdate solution; 30 mL ascorbic acid solution, was added to 50 ml of sample.

After 10 min. the absorbance was measured at 880 nym with a reagent blank as the reference
solution (Standard Methods, 1989). A calibration curve was prepared using six standards

treated in the same way as the samples. The minimum detectable concentration is ~10 pg P/L
and with a lightpath of 1.0 cm the approximate P concentration range is 0.15-1.30 mg/L
(Standard Methods, 1989).

A, 16.2 Results

A Sequoia-Turner model 340 Spectrophotometer with a lightpath of 1cm was used to
measure absorbance, at a wavelength of 880 nm, of the standards and samples. The
ortho-phosphate concentrations were calculated using the formula from the calibration curve.

This formula was determined by plotting the concentrations of the standards against their
absorbance values. The concentration values obtained were inputted into the formula below to
obtain the concentration in mg/L.

A-8



Appendix A

1.0

o84 Py

06 4—— - — e e
y =0.8370x

0.4 / R2=0.0987
0.2 |
0.0 / ‘ , ‘ ‘

0.0 0.2 0.4 0.6 0.8 1.0 1.2
T8 PO,

Abserbance

Figure A-2. Calibration curve for ortho-phosphate determinations

A. 17 Water quality guidelines

In Table 4.5, the livestock watering guidelines are those that apply to ruminants and the
~ irrigation guidelines are applicable to Class 1 waters. Class 1 water is defined as “ water that
can be used for even the most sensitive crops and soils without any reduction in yield or the
need for special management practices” (DWAF, 1993).

Table A-7. Water quality guidelines for domestic, irrigation and livestock water.

Constituent Domestic Use mg/L" Irrigation mg/L! Livestock mg/L
pH 6.0-9.0 6.5-8.4 | ns
EC (mS/m) <70 : <40 <154
SAR (mmol/L%%) ns <135 ns
Major Anions (mg/L)
F <1.0 <20 <6
Ccr <200 <105 <3000
Br ns ns ns.
NOy+NO, as N <10 <5.0 <10
PO ns ns ns
SO,™ <400 ns <1000
Major cations (mg/L)
Na* <200 <70 <2000
K <50 ns ns
Mg?* <70 ns <500
Ca® <80 ns <1000
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Table A-7 continued...
Trace elements (mg/L)
Al

As

B

Be

Cd

Co

Cr

Cu

Fe

Hg

Li

Mn

Mo

Ni

Pb

Se

U

Zn

<Q.15

<{.05

ns
ns
<0.005
ns
<0.05
<1.3
<1.0
<0.005

-8

<0.4
ns

ns

i)
<0.62
ns
<10

<5.0
<0.1
<(.2
<1
<0.01

<0.05

<0.1
<0.2
<5.0
ns
<2.5
<0.2
<0.01
<0.2
<0.2
<0.02
<0.01
<1.0

<50
<0.5
<5.0
ns
<0.01
<1.0
<1.0
<5.0
<10
<(.002
us
<10
<0.01
<1.0
<(.1
<0.05
ns
<20

1s = not specified

! from Department of Water Affairs and Forestry {1995)
Livestock as applied to cattle and irrigation as apphed to class 1 water (DWAF, 1993, Vol. 4). Domestic use DWAF (1999), Vol 1,
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APPENDIX B

Analytical methods used for precipitate samples

B.1 Imtroduction

Samples of precipitate were collected from either the clogged pipes found on.the ‘surface or
from the wells (ie. ﬁ*es}x)ﬁ where possible. A sample was not obtained from 5, as there is no
precipitation occurring in this well and from well 9, as there was no precipitate available at
the time of sampling. Well 9 had been previously sampled as this sample was used for the
analysis. Table B-1 lists how many samples were taken from each well.

Table B-1. Precipitate samples -

Well number Mo, of precipitate samples-

i 9 (1A.and 1B).
2 2 {2A and 2B)

3 i

4 1

5 0

6 i

7 3{7A, Band 1C)
3 {

9 0

Fresh samples| were stored in water from the well and dry precipitates were stored in airtight
bottles. Samples were kept in the bottles until required for analysis.

B.2 XRFS|major and trace element concentrations

A portion of precipitate was -dried at 110 °C overnight and then crushed in.a Seibtechnik
carbon-steel swing mill. Some of the samples, 4; 7A; 7B, 7C and 9, were ground down in an
agate mortar as there was not enough sample to go in the swing mill.

A portion of sample was then pressed under 10t pressure into pellet with a Boric acid
prepressed backing. Mixing 4-6 g of precipitate with 6 drops of 4% moviol solution to form a
powder briquette. The boric acid was AR-grade and the moviol is a polyvinyl alcohol. The
briquettes were placed in a desiccator until the analysis was done. Three scans were done on
each sample using three different crystals (LiF200, PET and PX1) to obtain readings from U
through to Sc.|

Fusion disks were prepared by accurately weighing out 6 g of Sigma AR-grade lithium
tetraborate (Li;B4O7) X-ray flux, 0.15 g of acid washed silica and 0.55 g of sample. The
sample-silica-flux mixture was then heated in the automated Claisse Fluxy using program 7
for-8 mins. Six drops of releasing agent (LiBr at 2.5 g/10 ml) was added in order to ensure
release of the fusion disk from the disk mould.
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The system is usually under vacuum to prevent intensity loses caused by the absorption of
long wavelength X-rays by the air and window materials and detection limits for trace
elements lie in the 1 to 10 ppm range under routine operating conditions (Potts, 1987).

The fusion disks and pellets were analysed using a Phillips X Unique IT PW1480 X-ray
fluorescence spectrometer (XRFS) in the department of Geological Sciences at the University
of Cape Town, which was calibrated using ‘international standards, blanks and specpure
compounds (silica and oxides).

The detection limits calculated by:
‘ LLD (ppm0 = 6/m * (I / Tiotar)”

Where m = net peak/concentration, k, = background count rate under the peak in cps and Tiow
=Ty + Ty where T, = counting time for peak in seconds and Ty = total counting time for

background in seconds. Precision (counting statistics) depends on the concentration of the
:;:lements being measured but is generally <2 ppm (1) for most elements.

Four Spectrosil glass standards were analysed with the samples in order to calculate the
background and tube correction factors for Zn, Cu, Ni, Co, Mn, Cr, V, Fe and Ti. Nine
internal standards were analysed in conjunction with the samples to allow for the calculation
of the interference factors (Cu, Zn, Ti-2%, Ti-4%, Cr, Ni, Fe-10% and Fe-5%).

Table B-2. Table of major element lower limits of detection (LLD)

Flement  Seunsitivity (keps/%)  LLD (wi%)

Ni 2.206 433
Mn ' 1.084 13.65
Ti 0.741 22.60
K 4.501 3.13
P 1.040 A
Al 0.323 73.91
Na 0.116 167.56
Fe 1219 18.50
Cr 0.894 7.65
Ca 6.107 4.04
S 0.957 23.76
Si 0316 51,87
Mg 0.309 101.97
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Table B-3.  Average lower limits of detection for trace elements (the LLD for each element
is individually calculated for each sample) ‘

Element LLD (ppm)

Zn 277
Cu 3.33
Ni 4.56
Co 5.18
Mn 3.19
Cr 3.19
V 3.13
Mo 1.58
Nb 1.50
Zr 1.63
Y - L81
Sr 1.70
U 3.78
Rb 1.84
Th 3.93
Pb 522
Pb 8.05
Br 5.30
Se 4.44
Bi 13.64
As 4.66
Ba 1.72

Sc 0.58

B.3 XRD mineral analysis

The mineralogy of the precipitates was analysed using Phillips PW3890 diffractometer in the
Department of Geological Sciences at the University of Cape Town. A portion.of the sample
was ground using an agate mortar and pestle and pressed into an aluminium frame that was
placed in the spectrometer for analysis. The instrument was set to scan over a.20 range from
5° 10 75°, continuously in 0.05% steps of 2.8 sec. duration. Samples are irradiated by means of
monochromatic x-rays emitted by a Cu X~ray tube (Cu Ko = 1.542 A). The diffractometer is
operated at an accelerating voltage of 40kv and a beam current of 25mA.

Cornell and Schwertmann (1996) X-ray powder diffractograms for Fe® oxides (Figure 7.24. in
textbook) were scanned in as an image and then converted to a bitmap. The bitmap was
digitised using a digitising package, WinDIG 2.5 © D.Lovy 1994-1996. WinDIG allows the
user to define three points in space with X and Y co-ordinates and then assigns XY
co-ordinates to each pixel of the bitmap line you choose to digitise. In this case an arbitrary
vertical scale was assigned, as there is no vertical scale in the original figure. The data was
then exported to excel and plotted on the relevant graphs.
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B.4 SEM mineral analysis

Precipitate samples were vacuum-air-dried in a dessicator overnight and then mounted using
a carbon—based glue onto metal stubs. The samples were then returned to the dessicator and
were carbon—coated prior to analysis. A Lecia Stereoscan 440 scanning electron microscope
(SEM), located in the Electron Microprobe Unit of the Physics Department of the University
of Cape Town, was used and was operated at an accelerating voitage of 20kV with the
sarples maintained under a vacuum of between 10™ and 107 torr. Energy dispersive
spectrometry (EDS) was used to obtain spot semi-quantitative chemical analyses of the
precipitate forms and high-resolution morphological images were obtained using a secondary
electron detector. The instrument used is housed in the Electron Microprobe Unit of the
Physics Department of the University of Cape Town.

B.5 FTIR mineral analysis

Samples were air—dried and crushed to a fine' powder using an agate mortar and pestle.
Approximately 2 mg of sample was weighed out and mixed with 200 mg of oven-dried
(110 °C) KBr. The sample-KBr mixture was then ground in an agate mortar and pestle to a
fine powder and pressed in a dye under 10 tonnes pressure for 1 min. The discs were then
placed in the spectrometer and were analysed form a range of 400 to 4000 cm™ at a step rate
of 4 scans per 4.0 cm™.

Analyses were performed on a Paragon 1000 FT-IR that has a single-beam, purgeable, sample
compartment and a maximum OPD resolution of 1 em™. The mid-infrared detector is either a
DTGS (deuterated triglycine sulphate) or a LITA (lithium tantalate) and the system is
operated using a Motorola 68340 integrated processor housed in the Department of Chemistry
at the University of Cape Town.

The infrared spectra obtained are a result of the interactions of the iron oxides with
electromagnetic radiation in a wavelength range of 1-300 pm (wavenumbers 10000-33 cm™).
The interactions lead to the excitation of vibrations or the rotation of molecules in their
ground electronic state. This is associated with stretching of interatomic bonds and bending of
the interbond angles. The infrared spectrum is a plot of percent radiation absorbed vs. the
frequency of the incident radiation (cmi™). FT-IR gives increased resolution and an improved
signal to noise ratio compared to conventional IR spectroscopy (Cornell and
Schwertmann, 1996).

B.6 Transmission electmh microscopy (TEM) mineral analysis

Samples 6, 7C, 8 and 9 were viewed by TEM in order to view the microcrystalline structure
of the precipitates. The precipitate sample was sprinkled onto a drop of distilled water that
allowed all the heavier particles to drop to the bottom leaving the smaller particles on the
surface. The surface of the drop was then touched with the carbon coated Cu-grid to pick up
all the small particles. The grid was dried on filter paper, under a heat lamp, to remove all the
water.

The Cu-grids were analysed using a JEOL Jem-200CX transmission electron microscope
using an electron beam current of 200kV. The sample preparation and analysis was
performed in the Electron Microprobe Unit of the Department of Physics at the University of
Cape Town.
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Appendix B

B.7 Organic carbon determination

The organic carbon content of the samples was determined using the Walkley—Black method
as detailed in SSSSA (1990) (Table B-6). The precipitate was ground in a mortar and pestle
and then transferred to an Erlenmeyer flask to which 10 cm® potassium dichromate is added.
This is followed by sulphuric acid. This digests the soil and an indicator, barium
dipheylamine sulphonate, is added. The mixture is then titrated with iron (IT) ammonium
sulphate until the colour changes to green. The percentage organic carbon is then calculated
using the following formula:

Organic C % = [me” Fe(NH)5(SO4)2 — cm’Fe(NH4)2(SO4); sample] x M x 0.3 x f
precipitate mass (g)

Where M = concentration of the Fe(NH4):(S04), in mol dm’>

Table B-4.  Organic carbon data

Sample pumber % Organic Carbon Amount of sample used (g)

1A 9.04 0.25
IB 4.40 0.25
2A 1.26 0.25
28 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 0.41 0.50
7C 0.16 0.50
8 1.30 0.50
9 1 0.53 0.50
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APPENDIX C

Geological log and water data from previous studies

C.1 Summary of historical water data for wells

Table C-1.  Historical data for wells 2, 5, 6, 7, 8 and 9

Sample number 21! 523 6° 7% g3 923
Well G40118  VR6 VG2  DGI10 DP28 DL17
Date 96 94/98 98 91/98  98/99  90/98
EC (mS/m) 114 9.4 32 21 29 36
pH 6.0 5.9 6.4 59 4.6 6.6
Alkalinity as CaCO; 22 4 26 4 5 43
TDS (calc. mg/L) 730 55 206 108 185 261
;‘;ﬁ;‘ hardness as CaC0O; 417, 51 11 31 76
Major elexﬁents {mg/L)
K 6.0 0.3 10 1.3 1.4 15
Na 165 11.5 31.0 21.0 11.5 40.0
Ca 13 1.9 13 3.5 42 13
Mg 21 1.8 42 3.6 43 10
NH; as N <0.1 <0.04 nd <0.04 nd 0.025
NO; +NO; as N <0.1 0135  <0.1 <0.1 <0.1 <0.1
SO 30 4.6 26 8.0 84 15
PO* nd 0.044 nd 0.013 nd 0.05
F nd 0.2 nd 0.2 nd nd
cr 299 23 60 46 35 89
Fe 9 0.14 0.2 8.4 2.5 58
Mn nd 0.03 3.7 33 1.5 0.65
Si nd- 3.6 nd 49 nd nd
DOC nd Nd nd Nd nd 2.6

nd = not deténnh‘xed

1—- GCS (1996)

2 — Mulder, MP (1995)
3 — Engelbrecht, P. and Jolly, J. (1999)

C.2 Geological logs of wells 2 (G40118), 7 (DG110) and 9 (DL17)














