o !

[e

OCCURRENCE AND PROPERTIES OF IRON AND TITANIUM OXIDES IN

SOILS ALONG THE EASTERN SEABOARD

OF SOUTH AFRICA -

by

‘oo FA  ROBERT WILLIAM FITZPATRICK .

M.Sc. Agric. (Natal)

Submitted in partial fulfilment
of the requirements for

the degree of

DOCTOR OF PHILOSOPHY

in the

Department of Seil Science and Agrometecrology

University of Matal

PIETERMARITZBURG

OCTOBER,

1978



(i)

= DECLARATIOR -

1 hereby certify that this research
is the result of my own original
investigaction, except as

acknowledged herein.

R. W, FITZPATRICK




CHAPTER

- CONTENTS -

DECLARATION .. .s K

LIST OF FIGURES AND MAPS -

LIST OF TABLES ‘d an
LIST OF PLATES - -
ACKROWLEDGEMENTS . -
ABSTRACT . s an .e
GENERAL INTRODUCTION .. “e

DISTRIBUTION, COMPOSITION AND CEYSTALLINITY OF

COETHITES . ws .

1.1 Introduction s oy

1.2 Materials wa .

1.2.1 Hatural samples
1.2.2 Synthetic samples

1.3 HMHethods .. e

3!
l!i
I-.!I-
+3.4 X=-ray diffraction
k)
3
3

«3.6 Thin sections ..

=i LA B e B =

1.4 Results and dimcussion

Ii-iil
II*‘E M" L | LI
l.4.3 Farricretes e
l.4.4 Concrotions i
P Crumts .. i
l.4.6 Pipeatems .3
1.4.7 PFerruginous bauxita
: l.4.8 Saprolites e
l.4.9

1.5 Owerall discussion o

Iiﬁ cﬁﬂﬂlullﬂﬂl L] W

THE DISTRLBUTION AND NATURE OF SECONDARY MAGNETIC

MINERALS " ‘s .

2.1 Introduction ..

Sample pretreatment
Effect of 5 M MaOH pretreatment
Chemical extraction

Electron microscopy

i W

* ¥

LR

Infrared ipltttﬂt:upr o

L ]

L]
L
LR
L
LR

L

LI

L J

¥

L

& &

.y

L

L

LN

L

& &

& &

Sesquloxidic soil clays and ;[:31

& ¥

- e

Coethite formed in weathering limestone

-

- *

o

LK

LR

(ii)

75

75



CHAFTER

2.2

2.3

2.4

L

= CONTEMTS -
(Contd.)
Materials vk as . -
2.2.1 Hatural samples " an
2.2.2 Synthetic samples s .
H.ELhD‘d.H . ® aa aa =W = B b
2.3.1 Sample pretreatment .. i
2.3.2 Magnetic susceptibility - .
2.3.3 X-ray diffraction (XRD) i .
2,3.". ChEIJi.EEl EIEI'EEL'.T.EII'IH- o " s & &
2.3.5 Total chemical analysis e
2,3.6 Electron microscopy .. .s .
2.,3.7 Thino gections .. - - -
Results and discussion o
2.4.1 Distribution and mode of occurrence ..
2400 Hagpetlc bands A
2.4.1.2 Magnetic concretions =
2.4.1.3 Hagnetic opague single gtaln
particles .8 58 Vi
2.4.1.4 Magnetic clay-size fraction
2.4.1.5 Magnetic bulk topsoil samples,
attributed to heating i
2.45.2 X=ray diffraction amalysis .. i
2.4.2.1 Oxidation of magnetite and
Ti-magnetite.. A3 2
2.4.2.2 Crystallinity.. % 0F
2.4.3 Magnetic susceptibility anmalysis
2.4.4 Chemical analysis
2.4.48,] Total chemical analysis P
2.4.4.2 Selective dissolution analysis
2.4.5 Optical examipation .. i )
2:8.3.1 MHorpholopgy of magnetic bands
and concretions —k .’
2.4.5.2 Weathering of magnetic opaque
single grains in ferruginous
bauxites and soils derived
from basic igneous rocks ..
Conclusions

(iii

PAGE HO.

P

i
79

g0
80
81
a1
81
a2
a2
B2
83
B3

83
84

By
BE

BE

0

i

99
193

103
105
108

108

116



= CONTENTS -
(Contd.)

{iv

PAGE WO.
BOIL MINERALS IN THE Fey0y - TiDy - Hy0 SYSTEM
WITH SPECIAL REFERENCE To SYNTHETIC PREPARATIONS
AT NEAR AMBIENT CONDITIORS .. e . s - 19
3.1 Introduction a e = s
3.2 Materials and methods .. 121
3.2.1 Synthetic Fe-Ti oxides - i 121
3.2.2 ©Soil samples and clay analysis . 122
3.3 Results and discussion 'e ‘o . 124
31.3.1 Comparison of lrnthltic and natural
Ti oxides o i 124
1.3.2 Freshly prepared Fe-Ti n:idt:.. 4 128
3.3.3 The effect of aging Fe-Ti oxides at
Toom TEmperature , 132
3.3.4 The effect of aging r.-11 u:idl: at pHIE
and 70 °C for 70 days.. o3 134
3.3.5 The effect of aging Fe-Ti onides at pﬂ 53
and 70 °C for 70 days.. = oy 134
3.3.5.1 Composition range 0<Ti/Ti+Fe< 0,20 (34
3.3.5.2 Composition range 0,20 e
{Tlni+r.5 u ?u L] L] Iﬁﬂ
3.3.5.3 Composition range 0,70
€Ti/Ti+Fe< 1,0 . i 143
3.4 Conclusions 145
FORMS OF PEDOGENIC TRON AND TITANIUM AND THEIR
PISTRIAUTION TN RELATION TO CLIMATE AND TOPOCRAPHY 147
4.1 Introduction ¥ it .a - b 147
4.2 HResults and discussion i .n o 148
4.2.1 "Primary Fe and Ti™ .. ol 148
£.2.2 Secondary layer silicate Fe and Ti o 150
4.2.) Organic Fe and Ti . . F 151
4.2.4 Oxidic Fe and Ti - e ik 151
4.2.4.1 Protoferrihydrite and ferrihyderice 151
. 4.2.4,2 Pseudorutile, anatase and rutile 159
il:li 3 E“ﬂ-tmtﬂ' " ow & W !ﬁl
.2,4,4 Haematite and its trnnn:n:mn;inn
to goethite .. A . 161
4.2.4.5 Maghaemite and its transformation
to goethite .. . r 168
4,2.4.6 Lepidocrocite.. ¥ L |68
£.3 Comclusion ae o ae 2l b 173



APPENDIX

= COMTENTS —
(Contd.)

PROFILE DESCRIPTIONS AND SAMPLE INFORMATION OF
REPRESENTATIVE S0ILS AND FERRUGTIHOUS BAUXKITE e

PREPARATION AND CHARACTERISATION OF SYMTHETI
mIBEE " & - & * 8 - " a o - w

(1} Goethite, aluminous goethite and mixed
Fe-Ti oxides prepared from chloride
galts aged at pHI3 - oy o

{ii) Haematite .. P e -
E=BAY DIFFBACTION AMALYEIS . s .
REFERENCES - -f - - -

aolioo

{v)

PAGE NO.

175

184

184
189

10

192



1.3

1.5

l.6

1.7

1.8

2.1

2.2

2.3

2.4

(vi)

- LIST OF FIGURES AND MAPS -

PAGE NO.

Generalised soil map of study area .. . % 2

Generalised sketch showing hnﬂlup: from coast to
high Drakenmsherg ¥ i ‘ ‘s . 3

Map showing sampling sites of various goethite
containing materials, distribution of ferricretes
and ferruginous bauxites in study area . . 10

Relationghip between shift im the d(111) goethice
peak and Al content of goethite - i e L

X-ray diffraction patterns of (a) syothetic goethite,

{b) synthetic Al=goethite (6 mole X ALOOH), (cp) and (c)
goethite flake (cf. Plate 1.1 A) formed in weathering
limestone (No. 262) (cy) ficted flush into an X-ray
aluminium sample holder amd {c) after being finely ground
to & powder and in randomly orientated form, (d)

ferruginous bauxite (No. 62 c) pretrested with 5 M HaOH

at Qﬂ uu fﬂr 2 hﬂ.’lfl- & @ & = - &8 ‘&

Infrared apectra of (a) synthetic goethite (b) synthetic
Al-goethite (6 mole % ALOOH), (e) poethite flake

{ef. Plate 1.1 A) formed in weathering limestone (No. 261)
and (d) hrru:iam: bauxite (No. 62 e) pretreated with

5 M NHaDH at 90 C for 2 hours o a s 17

Histogram indicating the relative proportions of
Al-substitution in goethite, calculated from the 4(111)
line shift for 183 samples .. Ee 5 23 il

Belationship between width at half height ["!B} amd
mole I AlOOH in goethite, using che d(111) line for
IB} qll. L - w L - s L LI b!

Relationship between width at half height (“20) amd
ghift in the d(110) line of goethite for 200 samples 66

Relationship batween dtlH] and dum} of goethite for
1B3 samples i . . 7l

Map showing sampling sites of various magnetic
materials, distribution and abundance of maghaemitic
concretions e - i e e i 78

Relationship between width of half height (°20) amd

shift in the d(220) line of magnetite and maghaemite
for 6] magnetic samples = = i " 93

Relationship between magnetic susceptibility (¥) and
colour for 3| pon-ferromagnetic sesquioxidic soil clay
(<2 um) samples i = i A, - 102

Fertous ironm and titanium contents of synthetic and
selected representative matural samples from sample
collection . - e . o o 104



FIGURE HO.

3.1

3.2

3.3

3.4

1.5

3.6

3.8

3.9

3. 10

bl

- LIST OF FIGUREE ARD MAPS -
{Contd . )

X-ray diffraction patterns from synthetic Fe-Ti oxides

REelationship between Ti /Tiy and MCD (}) for anatase
101 {caleulated from the WHH of the anatase 101 X-ray
rEflEEtiﬂl‘l'] i . v E 5" aw s @

Relationship between Tig/Tip and NH -oxalate
extraction time (hours) e . ¥ ‘s

Negative and pusltlue charge variation with pH in
relation te compesition of freshly prepared Fe-Ti
oxides e - 8= i i

Megative and positive charge variation with pH in -
relation to composition of Fe-Ti oxides aged at 70 C
and pH 5,5 for 70 days .e ‘e 3 e

Variation in specific magnetic susceptibility (¥}
with the composition of freshly prepared and aged
(70 °C at pH 5,5 for 70 days) Fe-Ti oxides o

Belationship bertween ammonium oxalate extractable

Ti and Fe to total Ti and Fe (M_ /M) and the
composition of Fe-Ti oxides agea at 70 °c and pH 5,5
for 70 days ' . .e e o

i-ray dlffractlun patterns of synthetic Fe-Ti oxides
aged at 70 “C and pH 5,5 for 70 days and Erom
Indonesian paaudarutile e .s e -

Infrared spectraof synthetic Fe-Ti oxides aged at
70 “C and pH 5,5 for 70 days. i s i

¥-ray diffracrion patterns a[ synthetic Fe-Al oxides
and Fe-Zr oxides aged at 70 °C and pﬂ 5,5 for 70
days i ¢ P

Variation in unit cell parameters (a, and cg) for

(vii)

PAGE HO.

125

127

123

131

131

133

133

136

137

139

pseudorutile in the composition range 0,20 <Ti/Ti+Fe<0,70

(prepared from Fe-Ti oxides agﬂd at 70 oC and pH 5,5 for

70 days} it = i s i,

X-ray diffraction data evaluation (cm relative intensity

and width at half height) in relation to ﬂnmpuﬁitian
(Ti/Ti+Fe ) of the crystalline species present in the
t1tann-furr1ﬂ system after ag;ng in vitre for 70 days

at 70 % (pH 5.,5) and heating in air at 250 °C for | day

and 14 days .. .o .e

w . oo nw

Map showing sampling sites of various [errihydrite and
hasmatite containing materials, and distribution of
ferricrete containing haematite 3

W w

142

144

152



(viii)

= LIST OF FIGURES AND MAPS -

{Contd.)
FICURE NOD. FAGE RO.

4.2 X-ray powder dilfraction patterns of (a) gel-liks
precipitate from Cedarville, (b) crusts from Sani
Pass and (c) thin crusts from Palm Beach .. - 154

4.3 X-ray powder diffraction patterns of natural
untreated ferrihydrites From various localities .. I 56

&.& X-ray powder diffraction patterns of natural and
synthetic ferrihydrites before and after various

aging treatmenca tn piéro % I i = 158
4.5 X-ray powder diffraction patterns of hzematites

from various sources e 5 e o 164
b.b IR spectra of haematites from various sources = 165

4.7 Map showing sampling sices of various lepidocrocite
containing materials, and distribution of the Highland
Montane region where high amounts of lepidocrocite
are found in "slope gley™ soils . ‘i an 170

4.8 X-ray powder diffraction patterns of the (020)
reflections for synthetic and various types of
lepidocrocite containing materials . e 172

App. 2.1 NH -oxalate— pH3}, extractable (ox) Fe or M (Ti and Al)
::areased 48 a percentage of the total (HCl) Fe or M
present in synthetic gela. A. Feo extracted from ferric
and mixed gels. B, Ti and Al extracted from mixed pels.
Where: (a) Pure ferric gel: (i) prepared using Til:lﬁ
(5, 10 and 20 ¥ in Ti/Ti+Fe; (ii) prepared using

““13 (5 and 10 X in Ti/Ti+Fa); (iii) prepared usi

AIC1y (5 and 10 % in AL/Al+Fe) . e = 188
1 Generalised soil map of study area (scale - 1:1 000 000 See
folder
1.1 Map uifmiu sampling sices of various goethite containing | at
materials, distribution of ferricretes and ferruginous back
bauxites in study area (scale = 1:1 000 000) cover



1.3

.4

1.5

1.6

2.1

2.2

2.3

2.4

2.5

- LIST OF TABLES - (1x)

Sample location, description, and chemical and
mineralogical composition of goethite containing
materials formed in weathering limestome (Iw). .. 18

Sample locatiom, description, and chemical and
mineralogical composition of geode samples (geo). .. 3

Sample location, description, and chemical and
mineralogical composition of ferricretes (hp) e a7

Sample location, description, and chemical and
mineralogical composition of ferruginous
concrations {cn) . H P bk b I8

Sample location, description, and chemical and
mineralogical composition of ferruginous crusts (cr) 41

Sample location, description, and chemical and
mineralogical composition of ferruginous pipestems (ps) 43

Sample locatiom, description, and chemical and
mineralogical composition of ferruginous
b.ﬂ:.it:‘ th’.j =& & & == L (L} LR 'iﬁ

Sample location, description, and chemical and
mineralogical composition of saprolites (so) Al 53

Sample location, description and chemical and
mineralogical composition of clays from sesquioxidic
lﬂil. t:l] ll.'d llm {E} & & ® W R 5!'

Comparison of XRD (this thesis) and MGssbauer
{Golden, 1978) data for 2 Transvaal sesguioxidic
'ﬂii’ " - . L -e LR LR -9 5‘

Amounts (mass I) of magnetic and nonmagnetic
concretions from 5 horizons of & different soils B5

Sample location, description and mineralogical
composition of magnetic =amples ‘e ‘o - 1

Yariation of XRD data for the (211) and (220) lines

for magnetite after refluxing synthetic magnetite for
3 months. i o N . b i 96

Magnetic susceptibility values of selected ferromagnetic
sadiples after treatment with WHy-oxalate-pHl, CBD a
0, oxalic acid at 90 °C for Ih .. A o 101

A comparison of Fe, Ti and Mn extracted from selected
magnetic samples by 0,2M-ammonium oxalate-oxalic acid
-pH} (Fey and Tig), CBD (Fey, Tig and Mny), HC1 a
“EH'.‘.I' Ti'li‘l‘.:l and H“'ECl] and 0,2M oxalic acld at 90 “C

for Ih e 2 - 1 v s | 06



3.2

1.4

4.1

4,2

= LIST OF TABLES -
{Contd . )

Sample collection and Ti and Fe extracted from
subseil clays by acid ammonium oxalate ﬁ"ﬂ and
Feo), CHD (Fegq) and total Ti (Tip).. :

Munsell colours of freshly prepared I‘lf‘l‘i
coprecipitates and after aging at 70 °C (pH 5,%)
El}rmd". - # 8 & w8 " a o

X-ray diffraction and infrared absorption data for
goethites in the aged aynthatic Fe-Ti oxides of
composition 0 < Ti/Ti+Fe < 0,10

Comparison between the three sharpest XRD lines for
pseudorutile im the synthetic Fe-Ti oxides of
composition 0,20 < Ti/Ti+Fe < 0,70, Indonesian
pseudorutile amd ASTM 19-635 Data reported for
pseudorutile .. e il = s =

Relative abundance of Fe apd Ti compounds in soils
along the eastern seaboard of South Africa .e

Sample location, description and XRD data for
haematites from various sources .o - -

(x)

130

138

141

149

162



- LIST OF PLATES -

{Certain captions have been summarized)

(xi}

PAGE NO,

Photograph of a cross section of altered limestone

(No. 262) [rom Umzimkulu Lime Co. quarry, Port

Shepatone . . ‘e Y b =k 19

D. Scanning electron nii:nrlrlph: (SEM) of uppermost

surface (a) of the goethite flake showing the

irregular, porous, spongy surface texture and

globular goethite at progressively increasing

magnifications B{x 32), C(x 120) and D (x BOO) -~ 12

SEM view of brown upperside surface (a in Plate 1.1 A)
of goathite flake showing further detail of globular
morphology at higher magnification (x 1600} e

SEM view of yellow, lowerside surface (b inPlate 1.1 A)
of goethlte flake (x 1600) and C, higher magnification
of the latter (x 3 200) indicating a less spongy
surface texture and a less pronounced globular goethite
morphology than on the upperside surface {a) e

E. Transmission electron micrographs of the <2 um
fraction of part of the goethite flake shown in

rl.t. I I 'ﬁ- -w - % - . L " - -
Photograph of fossil ferruginized ammonites derived
from Cretaceous bedrock at Uloa, =--— o i

Photograph of a hard, shiny pyritized goede/nodule
(No. 177) from a layer within a deep proiile in a
railvay cutting at Uloa e 3 g3 .i

Photograph of exposed surface ferricrete (No. 206)
on plateau above Steelfoort River valley 8 km west
n'[ Etﬂtnlll'... — # = E ®E 5B &=

Fragment of vesicular ferricrete (No. 195 b) derived
from granite, collected near Piet Retief, --==- ..

Fragment of vesicular ferricrete underlying a yellow

apedal horizon of Glencoe soil from the ﬂtnipuun.
Fl'llfl-l' '.I..’- 5 - W ¥ 'R o

Concretionary ferricrete (No. 35) (hard plinthite
horizon) underlying "bleached” E-horlizon of Wasbank
soil, % i .

o L B &

C. Profile of vesicular ferricrete underlying the
A horizon of a Klipfontein soil in a quarry near
htf"t th! 2“5]. T —— & 5w Wi @

SEM of void from the upper layer (x 320) ===== "

.: close-up SEM view of rectanmgular particle (arrow
n D} g B

L L LI | L LI ]

24

4

24

26

24

24

31
k1]

31



1.6

1.7

- LIST OF PLATES =
(Contd.)

Vesicular ferricrete outcrop, 15 km east
of Newcaatle along road to Utrecht (No. 2530) e

Clese—up view of hard upper part (0-40 cm)

ﬂf 'ﬁ'l e —— s u o o o - -

E. SEM of void in R at progréssively imcreasing
magnification, € (x 160), D (x 320) and E (x BOO) ..

Close~up view of vesicular ferricrete underlying
humic A-horizon of Momanci soll associated with

the Early Cainozoic "African” cyclic erosion surface
and developed from Table Mountain sandstone at
fihini rlll. Ial b} " w BB R - W -

D. SEM of void in Cibini ferricrete (A), at
progressively incremsing magnifications B (x 160),
C (x 320) and D (x 800), === - . .

Angular, plate=like fragmemts of [erricrete

concentrated in the stoneline of a Farningham soil
exposed in a road cutting 15 km west of Umzimkulu
along the road to Franklin (No. 72).:. ‘e e

Fragment of "snuff-box shale" ferricrete from hardpan
ferricrete material below the A-horizon of a
Klipfontein soil near Albert Fallas (No. 171}, aa

Angular, ferruginous concretions from Rensburg soil
near Albert Falls (No. 19) separated into three
broad textural classes,

L L o

Thin, friable ferruginous crust between underlying
gleyed clayey foot-slope or colluvial material and
overlying friable material (soft plinthite) ==—=
below E horizon of Longlands soil, exposed on
river bank near Pietermaritzburg (Ro. 179),. wa

Fragment with soft, yellowish-red, weakly cemented,
sandy ferruginous crust between cream coloured
friable, partly leached acolianite im Clansthal
s0il from imsized cliff overhanging sea near
Richards Bay (Mo. 183).. W o s .

Typical relict, large, hard, hollow pipestems
in a freely drained Clansthal soil near Umhlanga
Rocks (Mo. 52), - s - e

D. Thin friable pipestems of more recent origin
in Warrington and Dundee soils from Palm Beach
(B;.No. 193) and Pietermaritzburg (C; No. 200)
respectively, - o e o

L

Small,fairly hard, yellow-brown pipestems surrounded
by orange coloured haloes of clay containing

lepidocrocite in gleyed soil matrix from the B23
horizon of an QGuwerf soil near Loteni (Ko. 142)

{xid)

32
32

32

33

3

36

16

36

16

16

44



PLATE

2.2

= LIST OF PLATES -

{Contd.)

E. SEM of fracture surface and tubular cavity in

A.

F.

pipestem (x 800) from Loteni, = .e

An exposure of a Farshill seil derived from
dolerite in o railway cutting near Sweetwaters,
Pletermaritzburg, showing a layer of nodules,
fragments and blocks of ferruginous bauxite
"tlh !II} &% & m - o " w &

€. Typical ferruginmous bauxite nodules [ractured
in half before photographing, with porous weathered
dolertie centres or cores and dense, shiny, high
iron outer shells (rinds) from Sweetwaters profile
and near Umzimkalu (Me. 63 ¢) .. . e

Forfion of a weathered dolerite boulder-block
fractured in half to show the core of unweathered
dolerite and abrupt transition to surrounding layers
of weathered dolerite (ferruginous bauxite) from
Sweetvaters profile. .e . .e .

F. Light micrographs (thin sections) illustrating
changes during weathering of dolerite to ferruginous
bauxite in D. .t ,e .t .o .

€C. SEM of fracture surface of [erruginous bauxite
from Sweetwateras (No. 62 c) at progressively
increaning magnifications A (x 160), B (x 800) and
C (x | 600) . - . -t 3

D. Transmission electron micrographe of clay size
material dispersed ultrasonically after gently
grinding a small portion of ferruginous bauxite

from Sweetwaters (62 &), ., i =
of untreated (A and B) and CBD treated lft'-]' elayn
[rom Ruston soil (12M Av).. - i

Fhotograph of a magpetic band in the C horizon of
a Farningham soil in a road l:ul::i.ng I0km north
of Ixopo (No. 199) At “e .

Large rounded magnetic fragment or nodule [rom

a stoneline in a Griffin soil, B22 horizen (Ne. 103)
exposed in a road cutting Jkm south of Richmond,
fractured in half before photographing. o

Thin section light micrograph of magnetic band.

E. SEM of fracture surface and cavity of magnetic

band from sample We. 199 at progressively 1n:rul£n|
magnifications ,~=———- e e it

TEM of clay-size fraction (<2 ym) dispersed
ultrasonically after gently grinding a portion
of magnetic band from sample Mo. 199 3l

Photograph of hard, shiny magnetic concretions from
a Farningham soil, B2l horizon near Howick (No. 42)

SEM of fracture surface and cavity of a concretion
from sample Wo. 42 i . i

W

(xiii)

PAGE NO.

i

a7

&7

47

47

49

bl

109

109
109

109

109
1



2.3

2.4

1.1

i,

2

c.

b,

B.

C.

A

(xiv)

- LIST OF PLATES -

{Coned. )
PACE NO.

TEM of clay-size fractiom (<2 um) dispersed
ultrasonically (10 min. at 20 K Hz in distilled
water) after gently grinding several magnetic
concretions from sample Mo. &2a. .. . . 1
TEM of clay-size fraction from Mo, 42a (cf. C above)
EII'.E'I.' I I th tIEﬂ.tlIl!l!t “lt-h ﬂm; L] L LN III

Thin section light micrograph of dolerite core in a
ferruginous bauxite boulder-block from a Farmhill

scil exposed in a railway cutting near Sweetwaters,
Pietermariczburg (No. 62a). .. . - v 13

SEM of the "fracture surfoce” of an unweathered opague
magnetic grain isolate from crushed dolerite from
lmpl.‘ an ﬁlﬂq ] & & o W e Ill

Thin section light micrograph of ferruginous bauxite
{Mo. h2b) adjacent to dolerite core. £ e 113

F. SEM of a large opaque magnetic grain in a void

in the ferruginous bauxite (No. 62b) adjacent te

the dolerite core, at progressively increasing
magnifications. .o -a .s ‘e .t 13

E. SEM of magnetic opaque "single grain" isolates

from the Farmhill soil (No. BBGE), C horizonm (om

Mikes Pass, south aspect), of the ~62 = 500 ym fraction

at progressively increasing magnifications. .'s 13

Electron micrographs of goethite prepared from Fe - Ti
oxides with 20 in Ti/Ti + Fe aged at 60 °C and pil3
for 30 days and dialized against distilled water. 135

Photograph of drainage ditch near Cedarville (No. 13)
showing a strong brown (7,5 YR 5/8) sludge-like

or gel-like precipitate {i.e. "ochreous deposit™}

presently being deposited from spring water issulng

from a crack In the side of the ditch. K .t 153

B and €, TEM of ensheathed filaments of “iromoxidizing™

D.

bacterium mainly Sphaerotilus encrusted with proto-
ferrihydrite from sample No. 1], at increasing
magnification. AL i A i o 153

TEM of protoferrihydrite from sheath sCructure at

high magnification showing typical #mall spherical=-
like pacrticlesa. .'s i i - b 153

Photograph of drainage dictch near Palm Beach (Ne. 232)
ghowing thin dark reddish-brown (5 YR 5/4) friable

crusts "caked" on the side-wall of the ditch

(arrowed), and on the left hand side of the geological
hammer a more recent brown gel-like precipitate has

been deposited and has a shiny, surface appearance. 155

TEM of [errihydrite from sample Mo. 232, ., 4 155



4.3

App. 1.1

App. 2.1

Ce.
D.

= LIST OF PLATES -

(Contd.)

(xv)

2
%

|

TEM of ferrihydricte from sample Mo. 234, .. .

Photograph of dark, rusty friable ferrihydrite-
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Profile of an Ouwerf soil exposed in a road cutting
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thin plate-like goethite-rich crusts (arrowed)

and a 5 to 10 em wide band of lepidocrocite-rich
orange clay above and below the thin crusts. #e

Close-up view of goethite-rich crusts from A and
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covering of lepidocrocite on their lower surfaces,
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Farningham soil east of Ermelo photographed after
fracture to show hollow centre (arrow) with locse
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and yellow layering is composed of crystalline
haematite and goethite, respectively. it

TEM of large lath-shaped crystalline lepidocrocite
crystals with serrated edges from ferruginous geode
fragment {(cf. D). S A - - -

F - GC. TEM of clay-size material dispersed ultrasonically
from orange coloured clay band showing typical
elongated plates of lepidocrocite, serrated on twe
opposite edges. In G smaller lepidocrocite crystals
are sdsorbed on basal planes of silicate flakes,

A

B.

Hass-movement terraces (terraceties) — Afro=alpine
region near Sani Pass T

Compact Layer at depth of 110~125 em in Blinkklip

(humic phase) soil (No. 106) above Sani Flars
1“ L".uth - - L L & @ * # LI

Profile of Milford soil (No. 166) near Naudesnek==--

Fragment of basalt from Milford soll B?3 hori
g g orizon

L o oa WA aa

Electron micrographs of goethite prepared from:

- precipicated ferric oxide gel. pHI3 aged for 30 hours:

coprecipitated alumino-Ferric oxide pel (5% 4
+.70) 13, aped far %0 hogrer L L AHA

precipitated ferric oxide gel, pHld, aged for 30 days.

LR o

i55

155

169

169

169

169

169

176

176

176

176

185

185
185



FLATE

App. 2.2

= LIST OF PLATES -

(Contd.)

Electron micrographs of goethite prepared from
Fe-Ti oxide gels, pHl3, aged for 30 days (60 °c)
and dialized agninat distilled water with:

. 5T in Ti/Ti+Fe; e A o o

5% in Ti/Ti+Fe and oxalate treated: i
10T in Ti/Ti+Fe; . o it ™
10% in Ti/Ti+Fe and oxalate treated; ¥
208 in Ti/Ti+FPe; e e . .
20% in Ti/Ti+Fe and oxalate treated. .

Davice used for preparing disorientated powdered
samples For X-ray diffraction measurement————-

LN

L

L

(xwi)

:

187
187
187
187
187
187



(xvil)
ACKNOWLEDCEMERTS

1 wish to express my sincere gratitude to

Professor J. le Roux, Associate Professor in the Department of Scil Science
and Agrometeorology, and Supervisor of this project for his contioued interest
during this iovestigation and for his critical appraisal of the draft
manuscript. 1 wish to express my gratitude to him for much encouragement

over the past ten years;

Professor U. Schwertmann, Director of the Institute flir Bodenkunde, Techmnische
Universitlit, Minchen for his encouragement and advice while he was on study
leave for B months at Natal University in the Department of Soil Science

and Agrometeorology. It was my privilgge to work with him, and the access

to his wide knowledge of iron oxides has been of inestimable value;

Professor M.E. Sumner, formerly Head of the Department of Soil Science and
Agrometeorology, University of Matal, for his interest, valuable guidance
and encouragement over & number of years prior to, and during part of this
investigation;

Dr. M.C.F. du Plessis and Dr. C.N. MacVicar, Director and Deputy Director
respectively, of the Soll and Irrigation Research Institute, and the Department
of Agricultural Technical Services for allowing the writer to study part-
time under the auspices of the University of Matal and for permission to

use the results of research projects for thesis purpomes;

Individuals of various Departments at the University of Natal for technical
assistance rendered during this investigation;

Mrs. M.G. Gilliland and Mr. V.H. Bandu of the Electron Microcope Unit,

Dr. E. Kyle (infrared analysis) and Mr. W.E. Helfer (magnetic susceptibility
analysis) of the Department of Chemistry,

Mr. P. Seymmbu (thin sections) of the Department of Geology,

Messrs. B. Martin and R. Poonsamy (photographic facilities) of the Departmant
of Geography, and to collesgues and staff of the Department of Soil Science
and Agrometecrology;

Messrs. M. Dhani and J. Schoonraad, Department of Agricultural Technical
Services, for assistance with the reproduction of the Plates and the thesis:

Messrs. K. Maurer and B.H. Armitage of the Town and Regional Planning
Commission for their assistance in the art-work on Fig. 2}

He. P. Waugh of t@e Soil and Irrigation Research Institute for her invaluable
technical help, willing assistance in the preparation of maps and diagrams
and for typlng parts of the thesis;

Mre. D. Judkins and Mra. A.J. Humphreys for kindly typing the thesin;

Alison, my wife, for her encouragement and help throughout the inveatigation
and for typing the initial drafc.

oolop



(xviii)

ABSTRACT

The object of this work was to study the interrelationships between
the various forms of Fe and Ti oxides, their pedogenic environment,
composition, and crystallinity in soils and related materials along the
eastern seaboard of South Africa. For this purpose it was necessary
(i} to construct & generalised soil map of the area {scale 1 : 1 000 00O0)
in order to relate mineralogical data to pedogenic information,

(ii) to conduct detailed laboratory examinations on a wide range of samples
from the study area, and (iii) to prepare various synthetic oxides in order

to interpret more accurately pedogenic results,

Chapter | is concerned with distribution, composition and crystallinity
of goethites. Over 200 goethite containing samples from a variety of
diverse environments along the eastern seaboard of South Africa were described
in detail and examined mainly by X-ray powder diffraction (XRD}, and by
one or more of the following methods: IR, thin section, electron optical
{SEM and TEM) and chemical extraction amalysis. The distribution of
goethite-rich ferricretes and ferruginous bauxites is shown in a map at
a scale of 1 : 1 000 000,

Aluminium-substituted goethite ranging from 0 to about 32 mole X
ALOOH was identified mainly by XRD line shift and chemical extraction in
one or cther form (i.e. in weathering limestone, pecdes, ferricretes,
concretions, crusts, pipestems, ferruginous bauxites, saprolites, sesquioxidic
goil clays, vughs in gleys and mottles in plinthite) in virtually every
goil zone and major soil type in the area. These various accumulations of
goethite, formed in different climatic amd weathering comditions, were grouped
according to their amount of Al=-substitution and crystallinity (as determined
by XRD line broadening). Al=-substitution in goethite formed in weathering
limestone (i.e. high pH) and in geodes (i.e. pure system) was generally low,
although the goethite occurring in the latter was the more crystdlline.
Goethite formed in acid freely drained enviromments was generally high in
Al-substitution (15 to 32 mole I ALOOH) and increased in the following order:
saprolites and freely drained dystrophic sesquioxidic soil clays < ferruginous
bauxites < dystrophic Avalon and Glencoe soil clays. Goethite formed
in more poorly drained sites (i.e. under redox conditions) and in organic-
rich envirorments was generally lower im Al-substitution (3-15 mole I ALOOH)
amd could be arranged in the following order: pipestems and crusts < ferricretes

concretions, gleys and high base status soil clays (e.g. sesquioxidic
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mesotrophic soils and possibly organic-rich Afro-alpine soils).

This study revealed that the degree of Al-substitution and crystallinity
of goethites may reflect the enviromment in which it has formed and serve as
an indicator of the direction of pedogenic processes.

Chapter 2 deals with the distribution and nature of secondary magnetic
compounds. In the study area 5 types of magnetic materials (maghaemite-rich)
were identified according to origin, morphology, mineralogy and composition:
(i) bands in saprolite (highly ferromagnetic with strong XRD superstructure
lines), (ii) concretions (ferromagnetic with XRD superstructure lines),

{iii) opaque single grains [h.i.;hlr ferromagnetic, high 4{220) spacings,

high Fa(Il) and Ti(IV) contents, no XRD superstructure ‘lim] (iv) clay-
size [ractions E_wukly ferromagnetic, low d(220) spacings, no superstructure
Hnn:] and (v) bulk surface horizons of soils attributed mainly to heating
by ground fire (ferromagnetic).

Field and laboratory (magnetic susceptibility, XRD, chemical, light
microscope and electronoptical) data indicated that all five types occur
mainly in freely drained soils in the Mistbelt and Highland Montane regions
and that they show a definite soil-climate-terrain zonality. In these
regions the yellow-brown apedal horizons of the Griffin and Clovelly soils
contain lower amounts of magnetic minerals in the clay-sized fractions,
concretions, and opaque simgle grain particles than in the red apedal
horizons (decreasing in the C horizon) suggesting that maghaemite is
transformed via solution to goethite.

Poorly crystalline maghaemite (i.e. MCD £ 300 R) was selectively
removed by Ix| h extraction with CBD, whereaas treatment with oxalic acid

o
(0,24, 90°C for | h) selectively extracted higher amounts of crystalline

magnetic material from the opaque single grains than in the concretions
and bands.

Evidence for three modes (i.e. via solution, topotactic and heating
by ground fire) of magnetic mineral (i.e. relatively pure maghaemite,
Ti- and Al-substituted maghaemite and cation deficient Ti-magnetite)
formation in a considerable range of magnetic materials from various
sources is discussed.



(xx)

Chapter 3 deals with soil minerals in the rluj-rinzwﬂiu system with
special reference to synthetic preparations at near ambient conditions.
In order to establish a working model for pedogenic titanium and titano-
ferric oxides, a series of mixed iron and titanium oxide coprecipitates
ranging in composition between 0 < Ti/Ti+Fe < | vas synthesized by precipitating
Fe and Ti nitrate with '.'IH:II and aging under varying condicions of pH,
temperature and time. XRD, IR spectroscopy, magnetic susceptibility,
charge distribution, electron optical and selective chemical dissolution
methods were used to characterize both the freshly prepared and aged Fe-Ti

oxides.

The freshly prepared Fe-Ti oxides consist of an Fe-rich (Ti-
ferrihydrite) phase (Ti/Ti+Fe € 0,70) having pH dependent positive charge
and a Ti-rich X-ray amorphous phase (Ti/Ti+Fe > 0,70) with permanent and
pH dependent negative charge. Both phases are completely soluble in acid
ml#-uulatn (2 h extraction in the dark) vhereas the dissolution of
poorly crystalline anatase is related to its mean crystallite dimenslon as
calculated from the width at half height of the amatase (101), refleccion for
crystallites < 50 1. Hﬂi—mmhu soluble Ti was therefore considered as
having been derived from these phases in soils. It was particularly high in
the clay fractions of soils developed under the cool montane climate of the
Afro-alpine zone and lower inm soils of warmer subtropical regions which
contains mainly anatase, rutile and pseudorutile.

On aging at 70°C and pH 5,5 for 70 days three main crystalline phases
were detected depending on the Ti/Ti¢Fe ratio: (i) Goethite and haematite in
the composition range 0 < Ti/Ti+Fe < 0,20. low amounts of Ti (<5 mole I)
inhibits haesatite and results in goethite formation of higher crystallinity
as compared with the Ti free system (determined by line broadening).

As Ti/Ti+Fe increases the 2,450 X reflection of goethite shifts to 2,445 %
and the vibrations at 890 and 795 cm ~ shift to lower frequencies (875 and
TAD m-l'_l possibly indicating Ti incorporation snd formation of Fe-0-Ti bonds.
(ii) Psendorutile in the range 0,20 < Ti/Ti+Fe < 0,70. As Ti/Ti+Fe increases
there is a marked decrease in the unit cell parameters t‘aﬂ and :n‘.l » The IR
spectra exhibit broad absorption bands which vary in shape with composition
changes. (iii) Ferriferous anatase and anatase in the range 0,70

Ti/Ti+Fe < 1 ,0. As Ti/Ti+Fe decreases XRD and IR specctroscopy show structural

modifications in the anatase structure.

The origin of pseudorutile has long been attributed to topotactic
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alteration of ilmenite. These experiments show that a wide range of Fe-Ti
oxides may form by removal of Fe and Ti from primary Ti-bearing silicates
or oxides followed by coprecipitation and crystallization in the weathering

solution.

Chapter 4 gives an overall assessment of the distribution and formation
of the various pedogenic forms and types of Fe and Ti and their association
with each other with special reference to climate and topography.

From combined soil survey and detailed mineralogical investigations
of various materials from divergent spoil-terrain-climate regions in the
study area, several forms of pedogenic Fe and Ti have been identified:
primary, secondary layer silicate, organic, and oxidic (protoferrihydrite,
ferrihydrite, pseudorutile, anatase, rutile, goethite, haematite, maghaemite and

lepidocrocite).

Goethite is the most widespread and common iron oxide in the soils,
saprolites, ferruginmous bauxites and ferricretes. There is a relationship
between the magnitude of Al-substitution in the goethite structure, erystal
size and mode of formation. In red soil materials (i.e. moil clays,
saprolites, ferricretes, concretions), the goethite presence is usunlly masked
by differentially disordered Al-substituted (mostly) haematite.

Maghaemite (Ti- amd Al-substituted), psewdorutile and anatase occur
mainly in freely drained soils in the Mistbelt and Highland Montane regions
vhereas lepidocrocite is found in “slope gley" soils in the cooler Montana
and Highland Montane regions. Protoferrihydrite and ferribhwdrite has been
identified by XRD in gel-like precipitates and thin crusts respectively, mainly
in drainage ditches throughout the study area. Generally, relatively
higher amounts of pyrophosphate (i.e. organic complexed Fe and Ti) and
Iﬂlﬁ-ﬂﬂlnte—pﬂ] (ferribhydriic and amorphous Ti) extractable Fe and Ti occur
in Afro-alpine soils than in soils from the other soil-terrain-climate regions.
Various types of 'hrri.hyﬂtiu. goethite, hasmatite, maghaemite and
lepidocrocite have been identified in the study area according to their
mineralogical properties (i.e. amount of isomorphous substitution and
erystallinity) and origin. Secondary silicate Fe is found mainly in black
clays where Fe is incorporated in the smectite structure.
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Several examples illustrating the relationship between soil colowr,
iron oxide form (transformation from ferrihydrite, haematite and maghaemite
to goethite) and soil climate (as determined by altitude, aspect and topography)
are given to show the distribution of red materials (haematite and maghaemite)

in contrast to the yellow brown materials (goechice).

oolloo



GEMERAL INTRODUCTION

For the past six years the writer has bheen asgsociated with the
various phases of a land type' gurvey along the éastern seaboard of
South Africa (see inset locality map, Fig. 1). The total area is
approximately 117 000 sq. km and extends from long. 29° E. to 33" E.
and from lat. 2578. to 31° 8. The western boundary is defimed by the
Lesotho border and the Scutheastern Tramsvaal district boundary and the
eastern boundary is the Indian Ocean coast and Swaziland border; whereas
the southern and northern boundaries are Transkei (except for Umzimkulu)
and Swaziland/Mozambique borders, respectively. Surface features of the
area show remarkable diversity (see Fig. 2)}. Within 200 km the tcuﬁ-ry
ranges from impressive mountains at an altitude over 3 000 m through
striking plateaux (e.g. Highveld), Upland Regions, Basin Plainlands,
incised river valleys and Coastal Hinterland to Coastal Lowlands (Turmer,
1973). The area is complex, having great variety of paremt rock, and
marked differences in climate and vegetation over short distances (Fig. 2).
It is outside the scope of this discussion to give n comprehensive account
of these various soil forming facters. The following excellent references
deal with the physiography (Turner, 1973}, geomorphology (Kinmg, 1967},
geology (du Toit, 1954; Haughton, 1969), vegetation (Acocks, 1953;
Edwards, 1967) and bijpclimate (Phillips, 1973) of the area, respectively.

The interaction between these [actors has resulted in the development
of a varied but repetitive pattern of a large number of different kinds of
soils in this area (Fig. 1). Moreover, a major characteristic of these
soils is the abundance of Fe snd/or Ti compounds in one or other form
either in the clay, silt or sand fractions or as concretions and ferricretes.

The interest aroused from field ohservations strongly induced the writer toe
undercake the present study.

The origin and distribution of pedogenic iron and titanium compounds
are better understood when viewed in the light of certain generalised soil

A land type denotes land over which soil pattern, terrain form and
macroclimate each exhibit a marked degree of uniformity. Land type
maps (scale 1 : 250 000) and inventories are obtaimable from the
Government Printer, Pretoria and Director of Agricultural Information,
Department of Agricultural Techmical Services, Pretoria respectively.
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patterns., For this reason a generalised small-scale soil map (Pig. 1)*

has been prepared, based to a large degree on information about the area
gathered during the land type survey by the writer. The maps by de Villiers
(1962), van der Eyk, MacVicar and de Villiers (1969), and Beater (1957, 1959
and 1962) were used as a source of informatlion where no new data were
available. This map provides no more than a basis for relating ssmple sites
and for discussion. For this reason, much attention is given in the 19
soil mapping units (see legend in Fig. 1) to soil colour, soil catenary
sequences, plinthite and weakly developed groups of soils.

The South African soll classification system (MacVicar, de Villiers,
Loxton ét al., 1977) uge several criteria (e.g. soil ecolour, plinthic
character and gley) which intimately involve the presence or absence of
various forms of iron oxides™. Furthermore, this system, unlike for
example Soil Taxonomy (Soil Survey Staff, 1975), regards ferricrete as a
diagnostic horizon (hard plinthite} and consequently it serves to
distinguish between soils at a high level of classification (i.e. soil
form). Iron oxides (amd Ti-oxides) nmot only play an important role as a
cementing agent and in affecting soll structure but also in plant nutritionm
by acting as sorption sites for anions (e.g. phosphate) and cations (e.g.
essential trace elements).

Despite the fact that the presence, appearance and behaviour of iron
compounds are used as _ important criteria in classifying soils and in
studying their genesis, they are also some of the least understood '."_F“'_-'EE;
Very little information is at present available on the distribution and
nature of the Fe and Ti compounds to be found in soils along the eastern
seaboard of South Afriga. The main reason for this lack of knowledge is
perhaps due to the difficulties encountered by several workers (e.g.
de Villiers and van Rooyen, 1967; Fouche and Fﬁliéhll, 1975) in
identifying these extremely fine-grained oxide minerals. Physical :
separation of poorly crystalline oxides in the clay fraction of g.ni't: is
very difficule, because they are intimately "mixed" with clay minerals
and organic matter. In consequence most soil mineralogists in South’

Africa have not conducted detailed studies on these minerals or have

Drawn at a scale of 1 : | million (see map in folder in back cover)

The term oxides in this thesis includes all compounds in the system
Fa103 ' Hzﬂ and ‘1‘1‘.'.’!2 « B0 respectively.



preferred to speculate on their occurrence and composition, thus cthere is
a moticeable lack of precise information. For these reasons as well as
the developing awareness of the important role these oxides play in secil
physico-chenical reactions, it seemed pertinent to investigate them in
greater detail.

From the pattern of iron oxide distribution, valuable information
on present-day and former climates may also be deduced. According to
Schwertmann, Fischer and Taylor {1974) a definite zonal and intrazonal
distribution of the various iron oxides meem to exist in woils:
Goethite : Soils of Ennl: and temperate humid climates

3 Tropical soils

: Hydromorphic soils in subtropical climates
Haemative : Tropical and subtropical soils
So0ils of mediterranean climates

Lepidocrocite : Nom-calcareous, hydromorphic soils of temperate
climates (psesudogleys)

Maghaemite : Tropical and subtropical soils

Ferrihydrite : Acid soils of cool and temperate climates rich in

organic matter.

Several workers (Norrish amd Taylor, 1961; WNorrish, 1973; Davey,
Russell and Wilsen, 1975:; Beneslaveky, 1957; Ficzpatrick and le Roux,
1976; Perinet and Lafont, 1972; Schwertmann, Ficzpatrick and le Roux,
1977) have indicated that pedogenic Fe {and Ti) oxides differ in
composition and crystallinity from tha #o called "pure end-menbers"
mainly as a result of isomorphous substitution of foreign elements
{mainly Al) for Fe in their structuras. MNorrish and Tayler (19561)
suggested that since Al=-substitution shortens unit cell dimensions, the
aluminium probably reduces crystal size or crystallinity, increases
surface area and hence surface reactivicy (e.g. phosphate fixing capacicy).
Recent studies by Colden, Bigham and Weed (1977) on synthetic goethites
indicate that the reactivity and bonding of anions on goethite surfaces
are not only related to surface phenomena, but are also strongly influenced
by cértain structural phemomens vesulting from the isomorphous substitution
of Al. Furthermors, the presence of catioms, (or anions) may inhibit or
promote the formation of some Fe (Schwertmann and Taylor, 1977) or Ti
oxides. Therefore it is important to determine (i)} how far the Fe (and Ti)
oxides deviate from that of the pure end-member composition, (ii) the range



and preference of substitution of iron by other elements (e.g. Al, Ti and
§i), (iii) the influence of isomorphous substitution om crystallinity,
and (iv) the influence of enviromment on composition and crystallintiy.

1t has become increasingly clear (see Schwertmann and Taylor, 1977)
that to fully understand the formation, properties and transformation of
pedogenic ironm oxides, studies csmnot be undertaken solely om matural
materials, but should involve laboratory synthesis experiments as well.
Synthesis experiments conducted as closely as possible to near pedogenic
conditions may serve as a basis for determining the composition and
structure of pedogenic oxides and also to some degree elucidate possible
conditions of their occurremce. Unlike Fe and Al systems, related synthetic
studies involving Ti and in particular mixed Fe-Ti systems are seriously
lacking. For this reascn, data ’ required on Ti and mixed Fe-Ti syscems
in vitre in order to monitor the "natural system" and determine the
mineralogical composition of pedogenic Ti and Fe-Ti oxides more precisely.

The objectives of this study are to determine the distribution and
mode of occurrence of various forms of pedogenic irem and titanium compounds
in the study area, and their properties and association with each ether.



CHAFTER 1

DISTRIBUTION, COMPOSITION AND CRYSTALLINITY OF GOETHITES

Il Introduccion

Goethite is by far the dominant and most widespread form of pedogenic
iron oxide (Schwertmann and Taylor, 1977) and is the msin yellow-hrown
pigment in soils and saprolites. Consequently it may originate and persisc
in a wide variety of diverse environments, ranging from temperate to
subtropical regions (Schwertmann, Fischer and Taylor, 1974). Furthermore,
it has boen reported in nature to occur in association with haematite
(Schwertmann, 1971), maghamite (Taylor and Schwertmann, 1975a) and
lepidocrocite (Schwertmann and Ficzpatrick, 1977; 1Iwasa, 1965).

Diverse environmental conditioms along the eastern seaboard of
South Africa (Fig. 2) wvhich have given rise to a great variety of sesquioxidic
soils (Fig. 1) together with a wide range of pedogenic iron—rich accumulations
(e.g. ferricretes, concretions, ferruginous bauxites etc.) provide an
excellent opportunity to study the mineralochemical characteristies of
goathites, in different pedogenic enviromments and from a single area. In
view of this widespread occurrence of goethite in solls, and its important
role in fertility studies, it is somewhat surprising that little specific
attention has been paid to its occurrence, properties and funetion in
South African soils. The heavy minerals (de Villiers, 1962; Verstar, 1964),
layer phySosiiicates (van der Merwe and Heymcteck, 1955; de Villiers and
Jackson, 1967; le Roux, 1973; Fey, 1974; Fitzpatrick and le Roux, 1977)
and amorphous alumino-silicates (van Reeuwijk and de Villiers, 1970; Fey
and le Roux, 1976; 1977) bhave attracted, by comparison, more interest and
study .

Correns and Engelhardt(1941) presented evidence (reduction in umit
cell size) for the isomorphous substitution of Al for Fe in “sedimentary™
goethites and Beneslavsky (1957) cobserved similar goethite in Ferruginous
bauxite. Several workers (Morrish and Taylor, 1961; Davey, Russell and
Wilson, 1973) have reported that soil goethite may also contain structurally
incorporated Al. According to Norcish and Taylor this could account for the
Finely divided nature of soil goethites and also contribute significantly to
the surlace reactivity in soils. There is alsc some evidence that V and Mo
(Taylor and Giles, 1970; HNorrish, 1975}, Ni (Roorda and Queneau, 19733



Norrish, 1975) and Ti (see Chapter 3) could also replace Fe in the goethite
structure but in lesser amounts. Although the high stability of goethite in
goils has been attributed mainly to its inherent structural and thermodynamic
stability (Schwertmann and Taylor, 1977), isomorphous substitution of foreign
glements for Fe may also account for this stability, possibly by releasing
lattice strain.

With exception of Kihnel, Roorda and Steensma (1975) and Nahon ef al.
{1977) very little work has been done in relating range of crystallinmity and
Al-gubstitution in goethite, respectively, to different kinds of pedogenic
conditions repsonsible for goethite crystallization. HNo information on this

aspect is avallable in South Africa.

For these reasons, a detailed study of goethites from a variety of
weathering enviromments and soil climates is important, and could enable one
not only to elucidate the genesis of pedogenic materials more cleasrly, but
also provide a basis for fertility studies. The objectives of this chapter
are, therefore, to (i) determine the variability in the mineralochemical
composition of goethite as a function of pedogecchemical enviromment, with
particular reference to isomorphous substitutiom of Al and, (ii) determine

to what degree Al-substitution is a function of goethite erystalliniey.

1.2 Materials

1.2.1 HKatural samples

Over 100 samples suspected of containing goethite (i.e. as suggested
by yellow-brown colours ranging mainly between 7,5 YR to 10 YR) were
collected from a wide range of pedogenic materials. For the purpose of this
study these samples were grouped according to their morphology and origin,
as follows: (1) goethite formed in weathering limescone and hence referred
to as "limestone weathering" (lw); (2) geodes (geo); (3) ferricretes (hp)*;
(4) concretions (em)®; (5) crusts (er); (6) pipestems (ps); (7) Ferruginous
bauxites (ba)*; (8) saprolices (so)®; (9) soil clays (c1)*; (10) gleys (G,
bg) or "underclays™. Where necessary, further subsamples from each group were
taken by isolating or subdividing certain characteristic features such as

conspicuous colour or texture zones in materials. Concretions were collected

- Symbols used according to abbreviations given by MacVicar, de Villiers,

Loxton et al. (1977) p. 139=141.



by hand-picking or by wet-sieving to remove adhering soil material. Magnetic
concretions were separated with the ald of a hand-magnet, and yellow-browm
and red concretions separated by hand-picking.

Sampling sites of various kinds of goethite containing materials, as
well as the distribution of ferricretes and ferruginous bauxites, are shown
in Fig. 1.l1. Pertinent site information relating to each sample or specimen
collected is given in Tables 1.1 to 1.9. The soils selected for study are
found in a wide range of enviromments with vegetative cover ranging from
Afro-alpine grassland at an altwtide over 3 000 m to thornweld (open Acacia
sdvanna) in dry valleys and to coastal forest (Fig. 2). The soil samples
used were taken from diagnmostic horizoms (MacVicar, de Villiers, Loxton
et al. 1977). Representative profile descriptions and other informarion of
soils and ferruginous bauxite are given in Appendix 1.

1.2.2 Synthetic samples

In order to provide an adequate range for comparison with natural
samples, synthetic goethite and aluminous goethite samples were also prapared
(see Appendix 2).

1.3 Methods

1.3.1 Sample pretreatment

The relatively low goethite content in certain of the samples, together
with the coincidence of some of the broad X-ray diffraction lines of goethite
with those of other minerals, meant that certain physical and chemical pre-

treatments were necessary. The concentration techniques used depended on the
nature of the sample:

(1) Cosented (indurated) iron-rich samples (e.g. ferricrete, concretions,
geodes and some pipestems, "limestone weathering” and crust samples). OCoethite
in these materials was considered to be “paturally” concentrated and XED
measurements (Appendix 3) could be made without prior chemical pretreatment.

Samples (fragments) were fimely ground by hand in an agate mortar to pass a
300 mesh sieve and used as such, for study.

(i1) Weakly cemented, friable irom-rich samples with high amounts of guartz
(e.g. in crusts, pipestems, saprolites, gleys). Samples vere first Llightly
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ground by hand in an agate mortar to break up large fragments and lumps
{heavy grinding was avoided wherever possible so as not to pulverize gquart:
particles). Clay-size (< 2 um) fractions were separated for study after
ultrasonic disaggregation (10 to 15 min treatment) by sieving and repeated

settling in dilute aqueous suspension.

(iii) Materials where kaolinite and/or gibbsite predominate (i.z. 50 to
90%) (e.g. soil clays, ferruginous bauxites and some saprolites). Samples
were weakly ground, sosked overmight in water or 0,0003 M NaOH and then
treated ultrasonically for 10-20 mimutes. The clay (< 2 ym) fraction vas
separated from all soil samples as well as the fine (< 0,2 um) fractions
from selected samples by centrifugation (Jackson, 1968). Strongly ferro—
magnetic particles (e.g. magnetite and Ti-magnatite ware separated from
the dispersed bauxite sample suspensions by three successive extractions
with a gmall horseshoe - magnet). The dispersed soil clay and bauxite
samples were then either freeze—dried or dried on a water bath and lightly
ground to a powder using an agate mortar.

All soil clays and bauxites (except for Fe-rich rinds on bauxite
nodules) were pretreated with 5 M KaOH for one hour at 90°C (method gimilar
to Borrish and Taylor, 1961} in order to selectively dissolve kaolinite and
gibbsite. Residues were weighed.

1.3.2 Effect of 5 M NaOH pretreatment

A sequence of 5 M NaDH pretreatments WeEé carried out to investigate
the relative ability of goethite to tramsform to haematite as a function
of sample type. For this purpose four kinds of goethite 'Eﬂ'llltﬂ.iniﬂﬁ materials
were selected on the basis of their purity and dngraﬁm of line broadening,
Treatments with 5 M NaOH were as follows: (i) heated in teflon dish on
water bath for | hour, (ii) heated in screwtop teflon bottles submerged
in water bath at 90°C for | hour, (iii) same as (ii) E;r 3 hours, and.

(iv) boiled in nickel beaker on hot plate for | hour.

1.3.3 Chemical extractions

Selected representative samples (50 to 100 mg) before and after
pretreatment (as in 1.3.1) were extracted with {i) 10 ml of 0,2 M acid
(pH 3) ammonium oxalate in the dark (Schwertmann, 1964) on an end-over-end
shaker for two hours, (ii) two successive |5 minute treatments with citrate-
bicarbonate dithionite {CBD) (Mehra and Jackson, 1960}, (iii) 10 =l 0,1 M



Ha-pyrophosphate (pH 9) for 12 hours on an end-over-end shaker, and

{iv) 5 ml boiling 5 M HCl for 5 - 10 minutes (stromgly cemented samples
only). After centrifugation in a Sorvall ultracentrifuge at 10 000 X g
for 10 minmutes or sedimentation [&+g1 {iv]] the extracts were analyzed
for Fe, Mn and Al by atomic absorption and Ti by the Tiron method (Pruden
and King, 1969).

| 3.4 X-ray diffraction

XRD analysis, using a Phillips P.W. 1050/70 instrument with CoKa
radiation and & graphite monochromator, was conducted om all pretreated
gamples (1.3.1) in randomly orientated form (pressing samples in aluminium
and/or PVC holders against a Eilter paper surface, see Appendix 3. Patterns
were run from 23° 20 to 46° 28 at a scan rate of Iﬁ per min. The spacings
and widcths at half height (WHH) of the (110), (130) and (111) goethite
peaks were determined (Appendix 3). Lead pitrate was added to some selected
samples as an internal standard for the measurement of the (l11) spacing of
goethite (Morrish and Taylor, 1961). Semiquantitative estimations of goethite
and other minerals were made from peak heights of the XRD patterns using

standard minerals (i.e. relative estimations done visually).

1.3.5 Infrared spectroscopy

I R absorption spectra of selected samples were obtained from KBr

disks using a Perkin Elmer Model 457 grating infrared spectrophotometer.

1.3.6 Thin zectionsg

Optical observations were made on thin sections of a coherent dolerite

and adjacent resin-impregnated highly weathered ferruginous bauxite.

1.3.7 Electron microscopy

The external morphology of selected samples (mainly on limestone
weathering samples, ferruginous bauxites, pipestems and ferricretes) were
inveastigated with the aid of a Hitachi §5M-2 scenning electron ;icruicnpe
(5EM). Thin fragments, flakes and chips were cemented to 15 mm diameter

brass stubs with silver cement, and then sputter coated with a thin film of
gold-palladium. ' :

Transmission electron optical observations (TEM) using a Hitachi
Hu=11E instrument were made on selected samples. Samples were first

dispersed ultrasonically in distilled water and spotted onto colledion or
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carbon (for large crystals) coated 200 mesh per inch copper grids.

i.4 Besults and discussion

In Tablés 1.1 to 1.9 the wide range of goethite containing materials
are described, together with their chemical and mineralogical composition.
Aluminium, irom, manganese, titanium, nickel and cobalt were only determinad
in CBD and MCl extracts of selected representative samples. In all the
samples, goethite was successfully identified by XED. In every case the
strongest line (110) was observed; but in some soil materials both the
(111) and (130) spacings were too broad and where haematite or lepidocrocite
were present, the (130) and (111) spacings respectively could oot be
measured. In accordance with Norrish and Taylor (1961) these d-spacings
did not alter after treatment with 5 M NaDH.

The 4(111) and 4(130) spacings obtained for pure synthetic goethite
(i.e. Appendix 2) are 2,452 and 2,608 X respectively, which are slightly
larger than those given by the ASTM card index, but agree fairly well with
the work of Thiel (1963), Jonas and Solymar (1970) and Golden (1978). The
relationship between the Al content extracted by CBD and HCl (e.g. ferri-
cretes) from selected natural samples after pretreatment with 5 M NaOH and
the shift in the d(111) spacing is in good agreement with the line joining
d{111) of goethite and diaspore (Fig. 1.2). Furthermore, the data for
synthetic Al-substituted samples (i.e.6 and 10 mole T ALOOH) aged at 90°C
also doincide fairly well with this line. The line, using data of Thial
(1963) which is based om synthatic products aged hydrothermally, seems to
yield higher values for Al=substitution (Fig. 1.2). For thase reasons the
line joining d{111) and d{130) of goethite and diaspore was used for
determining the degree of Al-substitution in the samples (Tahles 1.1 to 1.9)
from the following equations: d(111) = 2,452 - 0,001377 (Al mole %) and
d{130) = 2,698 - ﬂ.nﬂlﬁﬁ1:nl mole X). In view of the various experimental
calibration curves which exist in the literature (Thiel, 1963; Jonas and
Solymar, 1970; Golden, 1978) for estimating the ALOOH content in goethites
from line shift [i.e. equations relating d(hkl) and Al-substitution] the
actual d-spacings for each sample have also been recorded in Tables 1.1 to
.9, 1In general the gharper the peak (i.e. low WHH values) the more
accurate the peak spicing gan be measursedi

XRD) patterns and IR spectra of some synthetic (pure goethite and
aluminous goethite) and natural (goethite formed in weathering limestona
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Relationship between shift in the d{111) goethite peak and Al content
of goethite; where: ® = synthetic goethite (App. 2), ¥ = limestone
weathering, B = geode, B = ferricrete, O= concretions, % =
crusts, [ = pipestems, A = ferruginous bauxite, + = saprolite
and X = poil clay; X, and & = untreated samples (“~-. indicates
that d-spacing could not be measured accurately and was therefore
estimated to be slmilar to X; ), X = treatment with 5 M NHaOH on
water bath for | hour, Xy, 1y and dy= treatment with 5 M NaOH at
90°C for | hour, and T d{111) = 2,452 = 0,001377 (ALOOH mole I)
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and ferruginous bauxite) samples of different aluminium content are

presented in Figs. 1.3 and 1.4 respectively. In agreement with Norrish

and Taylor (1961), Beneslavsky (1957), Thiel (1963) and Davey ¢t al. (1975}
there is a decrease in the (1230} (2,696 %) and C111) (2,451 - §! spacings of
goethite with imcreasing Al-substitution (Fig. 1.3). None of these workers
report a similar relationship for the strongest goethite line (110) at

4,186 . 1t was decided also to determine this spacing, especially in view
of the wide range of materials being investigated. Apart from the large
number of oxide (e.g. haematite and maghaemite) and silicate (e.g. vermiculite
minerals which coancide with the goethite 1R absorption band at B%90 ci-!
{even after 5 M NaDH treatment) a definite shift may still be detected in
certain samples (Fig. 1.4). According to the relationship of Jonas and
Solymar (1970) the shift in the 8%0 cn-l band to 929 em | for the [erruginous
bauxite sample corresponds to a substitution of Al for Fe in goethite of

20 mole T which agrees with both chemical and XRD [shift in the (111)

spacing| data (Table 1.7).

1.4.1 Goethite formed in weathering limestone

Ferruginous veins in limestone deposits at Marble Delta near Port
Shepsctone (Placte 1.F A) and fossil ferruginized coral reets and mollusca
{Plate 1.3 A) from weathered Cretaceous deposits were examined (Table 1.1}
in order to provide data on the formatiom of goethite in a limestone
enviromment. The fossil faunas (including ferruginous amonites, see
Plate 1.3 A c¢) at Uloa have been stodied by King (1970) and Frankel
(196ha). They merely indicate a EaED}—rich marine enviconment with probably
a rather muddy, but not extréemely anaerobic, bottom condition. Pieces of
silicious fossil-wood, rich in veins of iron were sampled in COretaceous

Beds at Mzamba (Mo. 229). All these materials occur at varicus localities

along, the éoastal (marine) margin (Fig. 1.1) and are described briefly in
Table 1.1.

An untreated flake from a ferruginous vein in limestone at Marble
Delta (Plate 1.1 A a-b) was examined by SEM and XED (flake fitted into
X-ray sample holder). In addition, an untreated crushed sample (+ B2 um)
of this material was also analyzed by TEM, IR and XRD methods. Plate 1.1 B
shows an SEM view of the brown upper surface of the flake (Plate 1.1 A a)
under low magnification and indicates a homogensous, irregular, porous or
spongy surface texture. Higher magnification (Plate 1.1 C and D, and
Plate 1.2 A) and the lowerside surface (Plate 1.2 B and C} reveals that



i, PR R, X=ray diffracticon pattérns of (a) synthetic goethite,
(b) synthatic Al-goethicte (6 mole T ALOOH), (cy) and (c)

goethite flake (c.f. Plate 1.1 A} formed in weathering lime-
stone (No. 262) (c|) ficted flush into an H-ray aluminium
gample holder and (c) after being finely groucnd to a

powder and in randomly orientated form, (d) ferruginous
bauxite (Mo. 62 ¢) pretreated with 5 M HaOH at 90"C for

2 hours
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Fig. 1.&:3 Infrared spectra of (a) synthetic geoethite, (b) synthetic
Al-goethite (6 mole % ALOOH), {c) goethite flake (c.T.
Plate (.1 A) formed in weathering limestone (Ho. 262 and
{d) ferruginous bauxite (No. 62 c) pretreated with 5 M NaOH
at 90°C for 2 hours

both have a knobbly or globular-like surface morphelogy. XRD of the upper
sutbace (Fig. 1.3 ¢y} shows the presence of goethite only, with the (110)
line at 4,186 & (strongest line) suppressed and the (111} line at

2,451 & enhanced indicating preferential oriencation of geethite crystals
on the "plobular surface". Furthermore, the goethite erystals on this
surface show somewhat greacter line broadening than for the whole crushed
sample (Table 1.1, Fig. 1.3). Trace c on Figs. 1.3 and 1.4 gives XRD
and IE patterns,; respectively of the untreated powdér sample (portion of
the flake crushed) and are simlilar to the patterns of pure synthetic
goathite (trace a in Figs. 1.3 and 1.4), However, although no Al was
detected in both CBED and HC1 extracts (after pretreatment with 5 M NaOH)



Table 1.1 Sample locatiom, deseription, and chemical and mineralogical composition of goethite containing macerials
formed in weathering limestons {1w)
Chemical composition” Mineralo 4 (110} d {130} d (111)
Bubsanple  Soil Sub 1a Munsell Fa ’f 'I-'HH mh H wh i
No. tone  Loeality ™ tﬂ?‘“ colour % Go Qe He R Fag 1 293 | (%289
(Pig. 1.1 (Fig. 1) crip (posder % Foycy T Fener v nlnnﬂ‘ Mum‘
. A i
61 15 Port Flake {I-3ma) 10 ¥R 5}! 7,2 AG,B 0,15 0,003 D = &,177 012 2,694 3,0 0,18 2,449 2.2 0,13
Shepatona’ PL 1. 1A
erualied 5
13 ort Flake (2-Jmm) 10 YR “/B n.d, n.d. n.d. nd. 0O = 4,177 0,22 2,684 .4 0,286 2,450 1,5 0,24
Shepatone ! yullew-brown
wrfage, b in
Fl. 1.1At 5
178 15 Port  Soft yellew 10 ¥R /8 41,7 51,3 0,16 0,003 D - 4,180 0,19 2,680 6,2 0,10 Z,Akb 4,4 0,08
Shepstone’ velns 5
188 15 Port  Mard brown 10 YR */8 39,7 47,9 0,17 0,004 - 4,185 016 2,693 4,1 0,08 2,448 2,9 0,08
nqu.hnr' wveing 5
&0 i1 Mhuzi Soft yollew 7.59%YR /8 25,5 468 0,20 0,004 D A £, 078 063 2,894 34 D50 2,449 2,2 0,41
runes
178 19 Mounzini® Sofc run MY s nd o nd.nd. DA £,177 Q&6 m.d. n.d. n.d. 2,846 4,6 0,46
mmew (< Bblu)
129 1% Mzamba® Ealt yollow 10 YR Ilifl n.d. a.d. m.d. n.d. D 5D 4,178 03 2,892 4.8 0,36 2,451 O,7 0,3
wieTo- roneE
in pieces ol
Tonsl ] —wpod "
186 19 Uloa®  Wery hasd ST /8 md, nd.n.d. 8d, D T £,192 023 2,704" -3.4" 0,3 2,451 0,7 0.3
Ferruginous
ammenite
(F1.1.3 Ac)

' Basesent Coeplex crystalline limsstons deposics at Marble Delta area, Ustiskclu Lime Co. quarry {wvesthering of dark brown coloured,

highly ferruginous dolomits)
¥ Cretacecus deposits whers ceral reafs and mflusca have had their calcium carbonate replaced by pﬂhitt {c.f. Eing, 1970)
¥ XRD data (c.f. trace cyom Fig. 1.J) was obtained by placing flake into an X-ray aluminium sample Bolder {frame) and nrp:lnq the

Feg = CBD extractable Fe;
o = goethice;

IND: D = dominani;

Gz = guarts;
b = co-dominant;

flushly fitted surface directly to X-ray
Fagry = HCl sxtractable Fe and

He = haesatice

§0 = gub-dominant {15-M1T)

A = accessory [5=153) ;

Te, = MHi-oxalate (pH)} extractable Fe;

T = trace (0-3I);

* Determined from the limesr relationship betwesn the d(011) and d(130) spacings of poethire and diaspore (Fig. 1.2)

dassatite interferenca

fn.d. = ooe ﬂEI’.ﬁ'l'l[llﬂ

- & pot detocted

g1



19







21

there is nevertheless a slight shift in all the measured d-spacings to
higher angles (Figs. 1.2 and Table 1.1). The reason for the slight shift 1
to lower d-spacings and the globular surface morphology is not evident,
but it could be speculated that Ca andfor Mg carbonate may have played a
role, possibly in che nucleation of goethite. Sample No.262 was digested
in 5 M HC1 and gave the following composition (in percemt): Fe = 46,8;

Ti = 0,03; Ca=0,05; Mg = 0,04; Mn = 0,47 and P = 0,33, Small amounts
of these elements together with 5i (mot measured) could have heen
incorporated into the goethite structure explaining this unexpecred

d=spacing shift in the absence of Al.

Comparing the globular morphology shown by Eswvarsn (1971) (his
Fig. | ¢) and Eswargn and De Coninck (1971) (their Figs. 10 a & b) with
the similar morphology of goethite (confirmed by XRD) showm in Plates 1.)
and 1.2, it seems possible that they were viewing goethite and not
"amorphous Fa" as suggested. Furthersore, it is noreworthy that Norrish
(1975) shows an SEM of a soil goethite grain (his Fig. &) with very similar
globular morphology.

Transmission electron micrographs of the < 2 um fraction from
sapple No. 262 reveals considerable wvariation of goethite crystal shapes
and sizes (Plate 1.2 D & E) and confirms the relatively low WHH walues
given in Table |.l. There is a close similarity between these large twinned
and acicular (some broken fragments) geethite erystals shown in Plate 1.2 D
& E respectively and aged synthetic goethites prepared at high pH
(Atkinson, Posner and Quirk 1968, Cornell, Posmer and (uirk, 1974; see
also Appendix 2).

The low "n""HEI. ratios for a few representative samples also
indicate that the iron oxides are crystalline (Table 1.1). XRD confirmed
that goethite is the only iron oxide present, except in the ferruginous
ammonite sample (No. 186) which contained some haematite {Table i1.1). 1Ia
synthetic laboratory experiments, Schellmann (1959) concluded that
adsorption of Ca and Mg ions on a freshly precipitated iron gel directs
aging to haematite. Thus except for sample No. 186 the main possible
mechanism for goethite formation is via siderite {Fz[.'nj}. The low degree
of Al-substitution in the gosthite structure (Table 1.1) also suggests
a relatively "Al-free" environment.
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Most of the geodes or “ironstone nodules” occur at various depths
in layers (e.g. stooelines) within the soil mantle. In the literature
(e.g. King, 1970) these are often considered to be erosional remnants of
ferruginous horizens of former more extensive "lateritic"” or highly

weathered materials.

These geodes average 2 — 10 cm sn diameter and are genecally
spherical to ellipsoidal in shape. When broken in half they are seen
to consist of @ hard, surface rind or crust of goethite (and/or haematite)
| = 10 mm thick and may bave either a hollow centre with imvard pointing
iron oxide graims or crystals (Nos. 19, 170 and 213) or a scolid core of
iron pyrites (Fe5) (No. 177, see Placte 1.1 Ba).

King (19%1 and 1970) considers the rounded Eerruginous gravel layer
with several pyritized nodules {Plate 1.3 B) between middle to late
Cretaceous and fossiliferous Miorene beds at Uloa to be erosional remnants
of ferruginous profiles from the Early Cainozoic surface. Similar rellct
layers of ironstone nodules or geodes with cores of pyrite cryitals
surrounded by hard rinds ol goethite and haematite occur in deeply
wenthered soils derived from Middle Beaulori sandstone in the Drakensberg
Highlands of Natal. The pyrite in these nodules is considered to be
inhericed (i.e. geological) and possibly formed by early marine diagenetic
bacterial reduction. The progressive replacement of FeS with goethite amd
formatinn of the surfacre rinds is associated with soll development. Thus
thetie geodes pravide evidence not only of current soil conditions but also

ol pasl processeEs.

Optical, electron-optical and XKD observations on hand-picked iron
okide grains from the hollow centres of peode samples(Nos. 213 and 19,
st Chapter 4) show highly crystalline lepidocrocite crystals with cubic
morphology. This type of "macro-crystal" morphology strongly indicates
that Fe§ hias been completely pseudomorphed and suggests that these geodes

rould have formed from FeS weathering.

The geode subsamples are composed dominantly of guartz and very

ceyatalline goethite (Table |1.2) which acts as a sirong cement lng agent.
In most of <he samples there is only a very slight shift in tha (111)
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goethite spacing, representing only 0,7 mole I ALOOH. Correspondingly
there is small variation in the (110) spacings. However, the increase
in the (111} and (130) spacings (i.e. negative ALOOH values) for sample
Mo, 177a could be due to substitution of [-'EE'r for F23+ in the goethite

gtructure. The larger variation in the (130} spacings is not understood.

%RD line broadening (small WHH values; Table 1.2) suggest that the
goethite is very crystalline. This is supported by the low FeuJFe“ﬂ]
catios (Table 1.2). These results strongly suggest that goethice formed
from FeS weathering or in an Fe5 enviromment is relatively pure (i.e.

Al-free) and ceystalline.

|.4.3 Ferricretes®

The distribution and geographic relationships of ferricrete along the
coastal region of Natal has been studied by Maud (1965;1%8 a,b) and, Frankel
and Bayliss (1966). Apart from this, reference is made by MacViecar (1962}
de Villiers (1965), King (1967}, and Loxton and van Straten (1973) when
considering erosiopal surfaces or scil distribution patterns. However,
litrle is known about the chemistry and mineralogy of these ferricretes

and their "inlamd" distribution.

Using information collected by the writer®™ and all other available
information (Maud, 1965; 1968 a,b; van der Eyk, MacVicar and de Villiers,
1969) a map showing the distribution and density of occurrence of ferricrete
was compiled first on working plans of various scales, then collated and
drawn at a scale of 1:1 million™® (see Fig. 1.1, which has been reduced
from a scale of 1:1 million}. As ipdicated in Fig. 1.1 Eerricrete occurs
over widely scattered areas through a considerable soil (Fig. 1) and

climatic ramge.

A feature of this area is net only the widespread occurrence of
farricrete . but also its great variety i.e. vesicular, cellular, pisolitic,
nodular, "snuffbox" patterned and platy (stoneline fragment) Forms. This

variety can be explained in terms of several factors, such as, derivationm

- Strongly indurated material containing predominantly Fe and varying
amounts of Al and 5i, together with widely varying amounts of included
sand and rock fragments (i.e. ferriferous duricrust or hard plinthite)

i Buring land Cype surveyvs

s

see map in back cover Eolder



from a variety of rock types (i.e. diabase, dolerite, sandstone, shale,
granite and seclianite), occurrence on various ercsional surfaces (ranging
from Recent to Early Cainozoic) and topographic positions (plateaux, valley
sidés, footslopes and valley bottom). Furthermore, they may either be
exposed (e.g. outcrop) or found associated within a wide variety of soils
(ranging from poorly to freely draimed, and within various layers of
coastal dune soils). The selected samples are reasonably represeatative
of the range of types of ferricrete and soil in which they [requently occur
(Table 1.3; Plates 1.3 = 1.7).

The topographic position combined with soil pattern (Fig. |} may
explain to some extent the discribution (Fig. 1.1) and some of the
variabilicy in the various morphological types of ferricrete. 1ts absence
on the high Drakensberg in the Afro-alpine zone (see Fig. 2 and Fig. | soil
zone 1), suggests that temperate envirommental conditions do not favour
ferricrete formation. Furthermore, in view of evidence of buried fossil
permafrost horizons (Fitzpatrick, 1978; see also Appendix 1) it is likely
that this area has suffered a temperate climate for a considerable period
of time (i.e. since the Pleistocene and possibly even late Tertiary). It
would appear therefore, that ferricrete only occurs in areas varying from
a litetle above sea level to 2 280 m (7 500 fr), in a I:‘iin;al'_E ranging from
humid to arid, decreasing at progressively higher elevations. The latter
phenomena may be due to lack of intensive weathering and/or an adequately
"dry" season, which is apparently necessary for ferricrete formation.
Furthermore, in soil zone 2 (Fig. |) adjacent to the Afro-alpine zone (soil
gone |) only fragments of vesicular and platy ferricrete (i.e. remmnants)
occur in stonelines of deeply weathered scils (see Placte 1.7 A).

Most ferricrete arcas shown in Fig. 1.l have soil above the ferricrete,
and gemerally the soils are genetically associated with specific types of
ferricrete. For example, freely drained humic soils on the Table Mountain
sediments Early Tertlary plateaux (soll zones 3 and 14; Fig. 1) are
ansociaced with reddish-brown vesicular ferricrete (Plate 1.6 A). According
to Maud (1965) these sesquioxidic soils (e.g. Inanda soil) are derived by
re-weathering of this ferricrete. However, MacVicar {(1978) claims that there

is no reason why the Table Mountain sediments should not give rise to these
soils.

Where ferricrete occurs In bottomland positions {n soil zones 7 and B
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{Fig. 1}, i.e. drier areas in the valleys and central parts of the study area,
the soil profiles usually contain predominantly Mm-rich pisolitic fervicrete

underlying an E-horizon (Plate 1.3 F}.

As shown in Fig. 1.1 the occurrence of ferricrete does not coincide with
ferruginous bauxite. The lack of ferricrete in the "well drained" ferruginous
bauxite landscapes is possibly due to both the absence of a seasonally
oscillating ground water table and slow drainage conditions which are

apparently necessary for ferricrete to [orm.

Although six "homogeneous" types of ferricretes have been recognized in
the study area on the basis of their fabric, one type may comtain inclusions
of the other (e.g. Plate 1.3 C). However, the concretions incorporated in
this predominantly vesicular ferricrete from the Steelpoort blateau (Ho. 206}
are relatively lower in CBD extractable manganese than in the homogenecus

pisolitic ferricretes (Table 1.3).

The pisolitic ferricretes examined are generally higher ip Mp Eﬂmdi
Table 1.3) because Mn is a mobile element under hydromorphic condicions and
accumulates in depressions or along banks of rivers where these ferricretes
are found. In general, these manganiferous samples (e.g. pisolitic ferri-
cretes and Ixopo stoneline fragments) usually contain goethite as the only
erystalline iron oxide (Table 1.3). In addition, these materials generally
have higher K-ray line broadening than the other types of ferricretes [puerage
WHH of (111} line is 0,63 againsc D,&ED 24 and average WHH of (110) line is
0,51 against D,Eﬁn 2&] suggesting that low erystallinity is related to high
Mn,; contents. The presence of high amounts of Mn possibly interferes with

the pucleation stage of poethite crystallization.

Vesicular ferricrete is best deseribed as a brittle slag-like material.
It varies considerably in colour (ranging from yellow-brown to marcon-red)
and in the amount and sizes of the voids (Plates 1.3 to 1.6) and in fragments
of rock (mainly quartz fragments) cemented together by iron oxides (Plate
1.3 C and D). There is little difference In goethite crystallinity {(as shown
by line broadening) and amounts of Al substituted in the goethite structure
{Table 1.3) between the brown (29) and yellow {(30) zones from the Steelpoort
valley sample (Flate I.3 E}). However, in the Cibini sample (Mo, 181 a,b and c;
Plate 1.6) higher amounts of Al are incorporated into the goethite structure
in the reddish-brown parts (18,2 mole I AlOOH) than in the yellow-brown parts
(5,8 to B,0 mole ¥ AlIOOH). This demonstrates the complex nature of the
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cibini or Table Mountain sandstone derived ferricrete and that & wide range
of Al=substitution can exist in close proximity. The high amount of Al-
substitution suggests Lo some extent this material formed (partly) by
weathering under relatively freely drained conditions (sections 1.4.7 and
1.4.8).

The distribution of trace elements (Mi, Co, and Ti) in CED and HC1
extracts for a selected range of various ferricreces was found to fluctuate
vwidely. Both removal and enrichment of Co and Ni was found to occur.
Generally in wesicular ferricretes Ni is enriched (especially in sample
No. 16] derived from basalt with 1,0 X Ki and in the Cibini sample No. 181b
derived mainly from Table Mountain sediments with 0,6 X Ni). The substitu-
:td; of Ni for Fe in such goethites has been the subject of considerable
np;ﬂdlntiun (Rporda and Queneau, 1973). 1n agreement with previous work
(Ficzpatrick, 1974)Co {s most abundant in pisolitic Mn-rich samples and
ranges from 0,08 to 0,17 T (Sampla No. 73). This Mn—Co association is in
sccordance with the data of Taylor and McKenzie (1966). In agreement with
Frankel and Bayliss (1966) ticanium is concentrated to some eéxtent in both

types of ferricretes. The average HCl extractable element content of the
selected samples are:

Ve Mn - JE | i 5

Ferricretes T T 1 1 x

Vesicular-cellular (12 samples) .. 32,1 0,05 0,01 0,3 0,22
Fisolitic (B samples) AT e | 0,96 0,95 0,04 0,15

-

The deeper portion (35 - 90 cm) of the Belfast profile {(Mo. 203) with
reticulate yellow-brovn velns and gleyed patches (Plate 1.4 A Il-n:l £ :
contains relatively poorly crystalline goethite (according to WHH values)
with lower Al-substitution (Table |.3) than in the harder upper (10 - 30 cm)
portion (Plate 1.4 A and B). This change in composition amd erystallimicy
at varying depths s probably caused by formation under different hydro—
logical and weathering regimes. The upper layer with better goethice
erystallinity and higher Al-substitution possibly formed by im situ
weathering and pseudomorphic alteration of primary [erromagnesisn minerals
{i.e. rapid removal of 5{ under well drained conditions) (see also section
1.4.7). Whereas in the poorly-drained lower zone the ralativaly lower
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amount of Al-substitution ls possibly due to mobilization of Fe under
reducing conditions together with the solubilization of Al in the presence of
organic matter under acid condition, followed by their separate precipitation
and concentration as hydrated oxides under subsequent oxidizing conditions
within this zone of oscillating groundwater.

Clusters of euhedral and cubic-1like quartz crystals (possibly
erystobalite) are observed by SEM in volds of ferricrete from Che upper
part of the Newcastle profile (Plate 1.5 C and D). These particles are
strongly cemented together and are coated by crystalline Al-goethite (Plate
1.5 B; Table 1.3). Similar groups of euhedral quartz crystals were
aobserved by Kihoel #t al. (1975) by SEM in a "strongly silicified laterice"
from Indonesia. However, they report a "quasi smorphous" goethite matrix
whereas in the Newcastle ferricrete woll cryntalline aluminous goethite is
observed by XRD (Table 1.3). Eswareh and De Coninck (1971) reported on a
void liped with similar amooth cubic crystals (their Fige. 6 a and b) amnd
suggested that these were crystobalite.

A few cubic and polyhedral quartz particles were alsc observed in the
lower portion of a cavity in the Cibini sample (Plate 1.6 B and C) whereas
no cubic particles were detected in the Belfast sample (Plate 1.&).
According to Stephens (1971) the presence of secondary quartz or crystobalite
can possibly be attributed to particular processes of evaporation and
tranaplration under suitable climate and topographic conditions which cause
an increase in concentration of silica. It is possible that such climate

conditions prevailed at the Newcastle site for crystobalite to form.

Closer examination under high magnificarion of large particles (Platea
1.4 E, |I.5E and 1.6 D) ahows successive coatings or overgrowths of goethite
(particularly in Plate 1.4 E) with finer particles on them. The fine
particles also appear to be goethite since in plane reflected light they
were seeén Lo dissolve in 5 M HCl. This data suggests that most of che
goethite, vhich is present as a dense :unpl:f matrix and as linings of voids
and pores in these ferricretes, forms on impregnation (e.g. addition of Etz

from outside, i.e. from slepe seepage etc) on a frame-like network of mainly
quartz and kaolinite particles.

The hard, dense compact nature of these ferricretes is probably
associated wirh alternate wetting and drying conditions (i.e. fluctuating
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water table). Moisture is required largely for the mobilization of Fe and
crystal rearrangement whereas a dehydration step possibly prevents large
separate crystals from forming (e.g. as cbserved {n pure aqueous synthetic
systems, see Appendix |) and promotes more compact and dense erystal growth.
Desiccation of the sesquioxidic coprecipitates pessibly accounts for the
cracks or "fissures" clearly visible in Plates 1.4 D, 1.5 E and 1.6 D.
Furthersore, incorporation of some Al (5 = 10 mola % AlOOH) into goethite
crystals allows smaller crystals to form which possibly also promotes dense
crystal growth.

The two subsamples from the Albert Falls snuffbox ferricrete (Plate 1.7
B) have well-crystalline, almost pure (i.e. low Al-substituted) goethite
(Table 1.3) and in this respect closely resemble the geode samples. The
laminated pattern morphology fis formed from leaching cut of Si and
subsequent concentration of iron (as goethite and haematite) in the lower
Ecca shales (i.e. fossilized by Fe-impregmation). Low ridges of almost
intact snuffbox ferricrete occurs along the margins of some dissected
foothills in the Albert Falls valley. Furthermore, oumerous soil types in
this area have high amounts of broken fragments of this material either
scattered throughout the profiles or in stonelines (similar to Place 1.7 A)
presumably derived by progressive truncation.

l.4.4 Conerations

Concretions® are generally considered to be an impertant feature in
soila and for this reason it is common to record their presence in profile
descriptions. Various types of concretions are frequently encountered in
these soils, ranging in size, shape, colour and magnetism. In fact from
the coast to the foot of the high Drakensberg the occurrence of concretions
is more the rule than the exception (i.e. concretions are absent in the
Afro-alpine tract; w#oil unit | im Fig. V). Hence they are present in a
wide range of soil types, including Vertisols, hydromorphic plinthic soils
and freely drained acid spoils (Table 1.4). Certain soils in the region
have diagnostic horizons which comtain concretions comprising as much as
over 30 - &40 per cent of the soil volume. Apart from studies on the i

distribution and chemical composition of coastal concretions by Beater (1940)

" The term "concretion" as it is used here does not necessarily imply

concentric layering (similar to Taylor and Schwertmann, 1974 a and ¢)
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and Frankel and Bayliss (1966) little work has been dooe on the relevance
and mineralogy of concretions alomg the eastern seaboard of South Africa.
Representative samples were collected from typical arecas of occurrence
(Fig. 1.1) and are described briefly in Table 1.4.

Concretiona from profiles overlying both pisolitic manganiferous
ferricretes (i.e. Wasbank soll,No. 15 and Appam soil, No. 73) and vesicular
ferricretes (i.e. Glencos moil, Mo. 29) contain goethite and haematite with
markedly similar X-ray line broadening and d-spacing (i.e. degree of
isomorphous substitution of Al for Fe) to that of the underlying ferricretes.
This can be attributed to their rospective wimilar mode of formatign and
fllustrates the genecic association between the soil and underlying

ferricrete. .

Most of the angular concretions in the Rensburg soil (Plate 1.7 C) are
similar in hardness, density, organization (layering) and mineralogy (Table
1.4) to concretionary [ragments [rom anuffbox [erricrete (Plate 1.7 B) layers
which occur upslope from these soils. It is reasonable to conclude therefore
that these angular concretions are weathered !rl'i;mnu of these souffbox
ferricretea layers which have been transported by erosien (colluviation) and
become rounded, especially with decreasing particle size (Plate 1.7 C).

The colour (i.e. yellowish-red hues nf_ erushéd samples) and XRD data
(Table 1.4) indicate that most concretions contain predominantly goethite in
association with variable proportions of haematite, in non-magnetic, and
maghaemite in magnetic concretions. Several types of concretions (e.g.
magnetic, non-magnetic, round, angular, yellow-brown or red) may occur
togethar in ona horizom or profile. Extensive field observations (see
Chapter 1) indicate that magnetic concretions are strongly associated with
well drained solls In the Mist Belt regions, but not in the Afro-alpine tract
(Fig. 2). Furthermore, plinthic or hydromorphic soil zomes (see Fig. 1.)
generally contain fewer red coloured concrecions and Ilnrgur amounts of
yellow ones especially in the Al and B2] horizons. Most varieties of
concretions examined had a hard yellow-brown surface zone or covering of
iron oxide of varying thickness. Higher proportions of goethite were
identified in these surface zones (with haemactite and maghaemite rich
interiors), but in some concretions it was not possible to separate the
coating because of the very thin yellow-brown surface coating. This
indicates that the haematite- or maghaemite-rich cores are gesithite impreg-
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nated or “"goethitized" and are coated remnants of previous weathering.

Except for the round yellow-brown > 2 mm and | - 2 mm concretions from
the freely drained Griffin profile (Mo. 103 a and b respectively), which
contain goethite with over 20 mole I A100H, generally in most other soil
concretions the degree of Al-substitution of goethite resembles that of
ferricrete (see Tables 1.4 and 1.13) suggesting similar mode of formation. It
is submitted cthat cthese hard non—magnetic yellow-brown concretions im the
Griffin profile are probably formed by partial impregnmation of iron (i.e.
resistant coating of goethite) on ferruginous bauxite, saprolite or seil,
since these latter materiale contain goethite with a high degree of Al-
substitution (see sections 1.4.7 to 1.4.9). 1In contrast, goethite in the
strongly magnetic (maghsemite-rich) concretions (see Chapter 2) from the same
Criffin profile and horizon are seen to have a much lower degree of isomorphous
substitution of Al for Fe (Table 1.4), due to & different mode of formationm,
possibly by oxidation of a "Fe ((IT)- Fe (1) system" (Taylor and Schwertmann,
1974 b).

1.£.3 Crusts

Thin ferruginous cruste are widespread (Fig. 1.!) and can be divided
fnto roughly four types according to their accessory material as follows:
(i) crusts on saprolites (see Plate 1.7 D); (ii) cruste formed in weathering
limestone (e.g. Plate 1.7 E); (iii) crusts on the surface of maghaemite/
magnetite bands (see Plate 2.1 A); and (iv) crusts adjacent to lepidecrocite-
rich bands (Plate 4.3 A). Representative samples of each type are described
briefly in Table 1.5.

In general, the soft to friable ferruginous crusts are considered to
some extent Lo be more recently precipitated iron oxide (i.e. precursor) than
in related harder older ferricrete or limestone weathering material. For
exasple the soft crust consisting of parallel layers overlying weathered foot-
slope colluvium (Plate 1.7 D) which formed by successive seepage of running
wvater over a less permeable layer has high I'Iu."'I d ratios and relatively poorly
crystalline goethite (as measured by XRD line broadening) (Table 1.5), 1In
contrast, the harder crusts developed on saprolites on plateaux or on crests
(i.e. Nos. 255 and 49) have lower Fe /Fe, ratios and contain lln'rllf'.l.'}l'ltlllinl
goethite (lower line broadening) (Table 1.5). Furthermore, a soft and hard
ferruginous weathering crust, derived from aeolianite near Richards Bay shows
4 similar pattern (Table 1.5). The first (Nos. IB3 and 184) softer crust
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formed between layers of weathering agolianite (Flate 1.7 E) has less Fe, and
leas well-crystalline goethite. The other (No. I85) is harder, more yellow
and contains a better crystalline goethite. The former has higher FtufFli
ratio (0,112 against 0,031) and higher X-ray line broadening [ﬁﬂﬂ of the

Gy line 0,61 against 0,337 28] (Table 1.5).

The unusually high &110), d(130) and d(111) spacings observed for goethi
in the thin crusi sample (Mo. 199) on the surface of and close to the
: 24 g

maghaemite band (Plate 2.1 A) is possibly due Lo Fe s imcorporation inte the

¥
goethite structure EFEE = 1,52}

In all the cruste which contain some lepidocrocite (Tahle 1.5), the two
FeDOH polymorphs are considered to be closely associated and to have formed
simultaneously (Schwertmann and Fitzpatrick, 1978). An explanation for this
is based on synthetic experiments by Schwertmapn (1959) where increasing
amounts of m? in a gas mixture produced higher amounts of goethite than
lepidocrocite, (e.g. in better serated interface sandy layers wvhere crusts
are developed). This is possibly due ta goethite forming via siderite (FeCO,
rather than via green rust (Schwertmann and Tayler, 1977). In addition, the
type of thin ferruginous crust that is formed in Ouwerl soils near Impendla
{see Plate 4.3 A and B) has somewhat similar morphological (Plate 4.3 B) and
mineralogical (l.e. assoclated with lepidocrocite) features resembling that
of a thin iron pan from a Stagnopodzol near High Force (North of England)
(Table 1.5). This suggests a similar mode of lormation, with Fe heing reduce
under anaeroblic comditlons (i.v. retarded dralnage due to the impermeabilicy
of underlying gleys) and lepidocrocite and goethite forming on reoxidation

(i.e. in better aerated zones such as more sandy layers adjacent to clayey
layera).

l.4.6 Pipostems

Three types of "fossilized" fervuginized pipestems or pedotubules
(Brewer and Sleeman, 1963) occur throughout the region (Table 1,6) namely:
(i) large, ulEj hard, hollow, relict pipestems (Plate |.B A) occurring at
various depths (up to 8 m ) in deep red coastal soils (soil zone 19 in
Fig. 1), (ki) thin friable pipestems of more recent origin with tubes or
pipes filled with root material and occurring in hydeomerphic vlei soils
(Flate 1.8 B and D), (iii) small, [airly hard pipestems surrounded by Drange
haloes of clay containing lepidocrocite occurring in pseudoglev soils in the
Highland Hontane region (Plate 1.8 C).
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Plate 1.8: A - D. Phorographs of ferruginous pipestems from various

-

localities ip Matal:

A. Typical relict, large, hard, hollow pipestems in a freely drained
Clansthal soil near Umhlanga Rocks, N-coast (No. 52). These pipestems

are scattered throughout the soil up to a depth of 8 m.

B and D. Thin friable pipestems of more recent origin in Warrington
and Dundee soils from Palm Beach (B. No. 193) and Pietermaritzburg
{C. Mo. 200) respectively with many of the narrow tubes or "pipes"
partly filled with root material. Various shapes reminiscent of plant
coob patterns are evident.

C. Small, fairly hard, yellow-brown pipestems (arrowed) surrounded
by orange coloured haloes of clay containing lepidocrocite (darker
zonés surrounding pipestems) in gleyed soil matrix from the B 23

horizon (gley cutanic) of an Ouwerf soil near Loteni (No. 142).

E. 8canning electron micrograph of [fracture surface and tubular cavity
in pipestem (x BOO) from Loteni (large arrow in C. No. 142 b) showing

foseilized,; ferruginous internal fabric (e.g. epidermal cellular material).



&4

Bl'“‘_l’

01234586789 %W

ARRANAANAN
ENE X

0123456782917

A

0123458678870




45

The characteristic external form (i.e. branching pattern shown in
Plate |.8 A, B and D) and internal forms (i.e. partly filled with decayed
root material; SEM view of hollow centre showing fossilized epidermal
cellular material in Plate 1.8 E) presented here suggest that these materials
originate from root systems. It is thought that Fe is precipitated preferen—
tially within the rhizosphere and on the root epidermis either by oxidation

of Fuz' or in the presence of certain organic humates.

Failure to detect haematite and the prevalence of goethite in the
pipestems examined, together with the presence of some lepidocrocite in
certain samples (Table 1.6) suggests that the micro-conditions in the rhizo-
sphere {(i.e. pH, FEDE and kinds of organic humates present) strongly favours
the crystallization of goethite with & relatively low degree of Al-substitu-
tion over that of haematite (Table 1.6).

l.4.7 PFerruginous bauxite

Ferruginous bauxite is found in scatvered, plateau areas between
| 000 and 2 000 m elevation, roughly 50 to 100 km parallel to the coastline
(Fig. 1.1)". ALl these areas receive about | D00 mm or more of rainfall per
year and have adequate grass (mostly) or forest cover to inhibit surface
runoff and erosion. They occupy old land surfaces (possibly Tertiary) and
are derived mainly from dolerites of various "textures". In localized areas
Eer.'.:uginuus bauxites are derived from lidianite (e.g. Weza ared, Middle Ecca
sandstone (e.g. Pletermaritzburg escarpment) or Table Mountain sediments
{(e.g. in s0il zomes 3 and 16; Fig. 1) (Table 1.7). Apart from the Table
Mountain sediment nodular bauxite which is relatively poor in Fe, the
selected samples are representative of the range of types of ferruginous

bauxite and their parent marerials and are dﬂnntlhud+hrin[13 in Table 1.7.

In a typical and fairly representative profile containing ferruginous
bauxite at Sweetwaters near Pietermaritzburg (Plate 1.9 A) the lithological
succession from bottom to top is: (i) unweathered dolerite, (ii) a red
and/or yellow mottled 1o speckled kaolinitic zone (see section 1.4.8 bielow) ,
(iii) ferruginous bauxite boulders! and/or nodules (Plats 1.9 A to D), and
{iv) freely drained red or vellow kaolinitic soil (Balmoral or Farmhill soils).

Fey conducted detailed prospecting work on ferruginous bauxite im Hatal
and Transkei (private commumication)

T sea Appendix |
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Plate 1.9: A. An exposure of a Farmhill scil derived from dolerite
in a railway cutting near Sweetwaters, Pietermaritzburg, showing a
layer of oodules, fragments and blocks of ferruginous bauxite
(geological hammer rests on bauxitic layer) (No. 61).

B and €. Typical ferruginous bauxite nodules fractured in half
before photographing, with porous weathered dolerite centres or
cores and dense, shiny, high iron outer shells (rinds) from
SBweetwaters profile (B, with thin rind, ranging from | = & mm)
and near Umzimkulu, along the road to Franmklin (C, No. 63 ¢, with
thick rind, ranging from 5 = 10 sm). Boundary between the dark,
hard rinds and brittle to friabhle lighter-coloured imterior
ferruginous bauxite is sharp, and is usually demarcated by a thin
purplish=black layer or coating of Mooxide.

D. Portion of @ weathered dolerite boulder-block fractured in half
to show the core of uneeathered dolerite and abrupt transition to
surrounding layers (or shells) of weathered dolerite (ferruginous
bauxite) from the Sweetwarers profile (Mo. 62 & and b).

E and F. Light micrographs illustrating changes during weathering
of dolerite to ferruginous bauxite in D. In thin sections of parent
rock, dolerite (E) and adjacent ferruginous bauxite (F) feldspars
are replaced by gibbsite (light coloured, lath-shaped) and ferro-
magnesian minerals replaced by aluminous goethite (dark coloured).
Note in E, magnetite and ilmenite appear black; Fe-silicates appear
dark grey with speckles, and feldspars appear white to very light
grey. Ordinary light x 65.



47

01 2 3 4 5CmM




48

The mottled kaclinitic zone (lithomarge or saprollite) which represents the
maximup extent of ground water fluctuation undergoes less intensive

"lessivage” (leaching intensity; Millot, 1970) than ferruginous bauxite.

Most of the ferruginous bauxite in the study area has formed by tn
situ weathering of the original parent rock under particularly severe
"lessivage™ resulting in a brittle, yellow=-brown porous massive residuum
{(Table 1.7). This is evident from the sharp front type of weathering (e.g.
complete transition [rom rock to bauxite extends over a distance of less
than two millimeters as shown in Plate 1.9 D) togecher with the preservation
of parent rock cleavage planes (Plate |.9 B) and crystal outlines. As seen
from thin sections of parent rock (dolerite) and adjacent ferruginous bauxite
{(Plate 1.9 E and F) the original feldspar areas are pseudomorphously replaced
by gibbsite (white to light grey areas) and the iron-silicates (auglitea and
hornblende) by goethice {(dark grey areas).

The SEM of fracture surfaces of ferruginous bauxite show large pores
(Placte 1.10 A) with lath-shaped and "cruciform" feldspar grains replaced
{pseudomorphed) by gibbsite (Plate 1.10 B and € respectively). The aluminous
goethite crystals although fairly well formed and easily detectable by XRD
(Fig. 1.3 d; Table 1.7) are generally much smaller as can be observed on
some of the transmission electron micrographs (Plate 1.11 A to C). Plate
1.11 C and D show typical pseudohexagonal-like crystals of gibbsite and in
Plate 1.11 C aggregates of finely grained crystalline aluminous goethite
are evident. In all these ferruginous bauxite samples there was no evidence
af halloysite using XRED methods. However, elongated tubular crystals,
strongly resembling halloysite (similar to those identified by Torrent and

Benavas, 1977) were obeserved (Plate 1.11 A and D) on some of the transmission
electron micrographs.

As seen in Table 1.7, generally goethite in ferruginous bauxite
samples contain roughly between 20 and 25 wmole ¥ AIOOH in solid sclution,
Beneslavaky (1957) found Al contents of about 20 mole X in USSR bauxites.
Compared with soil clays of similar high levels of Al-substitution (Table
1.9) the goethite in ferruginous bauxite samples are relatively more °
crystalline (as determined from line hruad!nin;] (Table 1.7). This is
possibly due to the formation of Al-goethite in bauxites under conditions
where free drainage in permitted and Fe and Al coprecipitate close to their
source (i.e. within wveathered augite or hornblende crystals). Furthermore,



Plate 1.10: A = C. B8EM of fracture surface of ferruginous bauxice
from Sweetwaters Bhb2c) at progressively Increasing magnificacions
A(x I60), B (x BOO) and C (x | 600) showing pores (A) lined with
large lath-shaped feldapar grains which have been replaced (pseudo-
morphed) by gibbsite. B and C are detailed electron micrographs of
pores showing that the lath-shaped and "cruciform" (clearly evident
in C) morphology of feldspar is retained. The small globules or
droplets and possibly the surrounding matrix comprises mainly

finely grained aluminous goethite.




“h.- ;.

ﬂ;b}

”“".E
N (-T Sl S,
.;"I' - -f'\,ﬁ-li

-;:' -- fki[ o |

- _,._._,..,__._hﬂ,_&.___ S ¥

"'F

l'"- L I




Plate 1.11:t A - D. Transmission electron micrographs of clay size
material dispersed ultrasonically (5 min. at 20 K Hr in discilled
water) after gently grinding a small portion of ferruginous bauxice
from Sweetwaters (Nablc)and spotted onto carbom coated copper grids.
A and B show elongated, tubular halloysite crystals (mot detected
by XRD} with crust and core (x 60 000). The large single opague
particles in C (x 40 000) and D (x 20 000) show typical pseudo—
hexagonal=like crystals of gibbsite. The opaque, gramlar-like
aggregates of finely grained aluminous goethite are clearly evident
in A, B and C. Bar is 0,5 um.
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there is also very little movement between the Al and Fe as this mode of
weathering (i.e. ¢ situ bauxitizatlon) consists essentially of the removal
of 81, Ca and Mg (Keller, 19643 Millot, 1970).

Many of the highly weathered soils in the ferruginous bauxite zone
(Figs. | and |.1) may contain mumerous ferruginous bauxite nodules ranging
in wize from 2 to 50 em in ﬂilﬂtit.ﬂ tend to concentrate mainly in
stonelines (Plate 1.9 A). The nodules have a roughly round to oval shape
with a shiny, wavey surface (Plate 1.9 B and C). The dense, hard outer
crusts (rimds) ranging from | to |10 mm in thickness surround a much lighter
brown coloured, brittle porous materiaml, very much like that of typical
ferruginous bauxite, sometimes with uoweatharsd dolerite cores (Plate 1.9 B
and C). The hacd goethitic rinds act as a protective coating and were
probably formed when fragments or boulders of [erruginous bauxite were
moved (e.g. by colluviation) to a zong of intermittent water saturatiom
where iron was déposited in the outer pores of the bauxite. It is furthar
suggested that most of the iron was not derived from the "host" ferruginous
bauxite but was supplied from adjacent sources. Hence the hard rinds and
brittle interiors indicate a different mode of formation. X-ray and
chemical analysis of the leached ferruginous bauxite interior and cuter
{rind) precipitation zones of several modules examined (Table 1.7) show
compositional differences. There is a relatively higher degree of Al-
substitution in goethite of the leached interior sones (resembling that of
ferruginous bauxite boulders and fragments) as compared to the rinds (Table
1.7). Furthermore, the Fe content {Fﬂml‘j of the outer rind is higher than
that of the imnner portions of the nodulas, approximately 30 and 20 per cent,

respectively (Table 1.7). Similarly, higher !!Eu'i values pccur in the rind
(Table 1.7).

It is suggested that the demse outer goethite rind is formed by the
mobilizacion of [errous iron, derived mainly from adjacent areas anmd partly
from the "host" bauxite during periods of water logging, which penetrates
and coprecipitates as an Al-goethite mass in the cracks and pores of the
outer matrix of the "host" ferruginous bauxite material. Therefore, it is
impossible to physically separate the "primary" (in o1ty weathersd material)
and “secondary" (reprecipitated material) Al-goethite in the rind. The
incorporation of primary Al-goethite in the rinds may to some extenl nxplain
the relatively higher degree of Al-substitution measured in the rinds
compared with that of ferricretes which are formed under hydromorphic
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conditions. It is of interest to note that the only occurrences of boehmite
vere detected in rinds (Table 1.7) possibly due to secondary Al reprecipita-

tion followed by a "drying" out stage. .

The fact that these bauxites contain high amounts of goethite (average
about 30 to 40%) with up to 25 mole T AlOOH in solid solution is significant
to the economic viability of these materials. This is because the Al
incorporated in the goethite structure is pot recoverable by the normal
Bayer process (i.e. treatment under styong alkaline conditiona). For this
reason the amount of Al substituted inte the goethite (or haematite)
structure is critical in determining the economic potential of this bauxite

{Beneslavsky, 1957; Spencer, 1973).

1.4.8 Saprolite

Regardless of geology most of the high rainfall and older land surfaces
in the study area usually have a mantle of fairly deeply weathered rock.
This weathered rock is considered to be saprolite because most of the textures
and structures of the parent rock have been preserved but nearly all original
minerals have been replaced during weathering. Although both saprolite and
ferruginous bauxite are associated with well drained conditions and have
formed by in ity weathering they differ in consistency and mineralochemical
composition. Ferruginous bauxite is brictle ("biscuit-like" consistency) and
is predominantly gibbsite and geethite with minor amounts of halloysite,
ilmenite, anatase and titanomagnetice minerals (see sectiom 1.4.7)}. In
contrast, ferruginous saprolite is sufficiently soft to be easily removed
with a spade and may erode fairly rapidly where the protective "wpper" solum
has been destroyed; and it is composed chiefly of kaolinite and halloysite
minegrals with various amounts of goethite, vermiculite, guartez, anatase,
ilmenite amd titanomagnetite minerals (Table 1.8). Hence, rough ocutlines
of grain boundaries occur where coarse kaclinite replaces micaj finer
kaolinite replaces feldspar, goethite replaces augites, pyroxenes and
amphiboles, and where "unaltered" quarte graims are found. With
few exceptions (notably No. 10B) the powder colour 1s yellow (i.e. hues
range between 7,5 YR and 10 YR) and the dominant crystalline irom oxide is
aluminous goethite (Table 1.8). The amount of oxidic iren (Pad} appears to
be related to the kind of parent rock. For example, doleritic saprolite is
highest in Fe, whereas granite saprolité (high in micas and quartz) is

lowest and shale saprolite intermediate (Table 1.8).
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Most of the |13 ferruginous saprolice samples examined (eight) contained
goethice with between |5 and 20 mole ¥ A1OOH substitutiom and five with
between 6 and 9 mole £ A1OOH. Hence, Al=substictution in saprolite samples
are generally lower than in ferruginous bauxite samples possibly due to
differences in hydrology or leaching intensicy. The formation of kesolinite
in mottled saprolite generally corresponds to wore silicious stages which
seem to coincide with the maximum extéent of ground water fluctuation. Im
contrast [erruginous bauxite forms in a relatively better drained situation.
However, crystallinity of Al-goethite (from XKD line broadening) as a
function of degree of Al=-substitution in saprolites and bauxites (Tables 1.8
and 1.7 respectively) seema to be similar (see also Figs. 1.6 and 1.7). The
similar goathite cryatallinicy is possibly accounted for by the fact that
similar space ia made available for Al-goethite crystal growth by removal
in solution of silica and alkali and alkaline earth metals during the in gitu

dissolution of ferromagnesian silicaces.

1.4.9 Sesquioxidic soil clays and gleys

Over most of the area the soils are strongly to slightly acid and are
highly leached (van der Eyk, MacVicar and de Villiers 1969; Fitzpatrick, 1974).
The most common soils on gentle to steep slopes in the Highland Montane and
Mistbelt areas (Fig. 2) are yellow and red apedal, freely drained, dystrophic
soils (Fig. |,map symbol No. 2). Of the other soil groups the yellow and grey
hydromorphic solls usually with plinthite and ferricrete (Fig. 1, map symbol
Nos. & = B) occur on gentler slopes on sandstones and shales in Basin Plain-
land and Plateau (Highveld) regions (Fig. 2). The red mesotrophic clay
soils (Fig. |, map symbol Nos. 4 and 12) typically occur at lower altitudes
and under somevhat drier conditions (Riverime) (Fig. 2), whereas the yellow
brown, humic soils (Fig. |, map symbol NHo. 1) occur at high altitudes (above
2 180 m) in the Afro-alpine zone (Fig. 2). Humic soils on Table Mountain
sediments (Fig. |, map wymbol Nos. 3 and 14) occur at moderate altitudes
parallel to the coastline in the Coastal Hinterland (Fig. 2). HRed and grey
sands (Fig, |, map symbol Wo. 19} occur mear the shoreline in the Coastal
Lowlands (Pig. 2).

Representative noll samples were taken from these soil zones throughout
the area (Fig. 1.1}, and have been arranped into four ﬁruups B SEC out In
Table 1.9, as follows: Afro-alpine soils (pH ranges between 5,1 and 6,3);
dystrophic red and yellow-brown freely drained soils (pH ranges hotween 4,1
and 5,1); dystrophic, yellow-brown hydromorphic (plinthic) soils {pH ranges
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between 4,2 and 4,9); mesotrophic red apedal/structured soils (pH ranges
betwean 4,5 and 6,8) and gley soils (pH ranges between 4,4 and 6,3).

Saveral researchers, notably de Villiers and van Rooyen (1967) and
Fouche and Folscher (1975) have suggested that irom oxides in red and yellow
apedal freely drained, dystrophic soils are amorphous. However, the ratio of
Fe,/Feq in the solums of sll the soils examined, except those from the Afro-
alpine zome (Fig. |, map symbol Bo. 1) is low, being less than 0,10 (Table
|.9:; Fitzpatrick, 1974). This suggests that there is no or lictle ferri-
hydrice (formerly referred to as "amorphous iron") and that the iron oxides
are at an "advanced stage"™ of crystallinity (Blume and Schwertmann, 1969
Schwertmann, 1965, 1973).

The vellow-brown Afro—alpine soils with higher pH (see Table 1.9), base
saturation snd organic matter contents, are at a relatively lower degree of
development compared with the other soils under discussion (see Appendix 1).
It is significant that the Afro-alpine soils have goethite with very high XRD
line broadening (i.e. low crystallinmity). This tends to support the view that
in these soils, goethite is poorly crystalline, which corresponds with their
relatively high Fenfred ratios, probably due to the effect of the relatively
"colder" remperaste climare on the weathering and consequent release and
erystallization of goethite especially in the presence of high organic matter
(Schwertmann, 1966; HKodama and Schnitzer, 1977). However, the rilﬁtiualy
low amount of axidic irom lfcd} together with the fact that chlorice,
vermiculite and smectite could not be selectively dissolved by 5 M HaOH
treatment (Table 1.9) made i1t difficult to make accurate measurements of the
(110) goethite line, and it was not possible to detect the (111) and (130)
lines (Table 1.9).

Ficzpatrick (1974 p.124) observed broad d(110), d{11]1) and 4(130)
spacings for goethite that shifted to higher angles for several yellow-brown
and red Transvaal sesquioxidic soil clays after treatment with 5 M NaOH,
indicating the presemce of Al-goethite (similar to Morrish and Ta}rlr.ltr. 1961).
The magnitude of spacing shifte (and degree of line broademing) was not
determined by Ficzpatrick (1974), and hemce the ALOOH content of these soil
goethites was not estimated. The very high amounts of Al measured in the
CED extracts (i.e. Al;) of chemically untreated clays from Transvaal and
Hatal sesquioxidic soils (Fitzpatrick, 1974 p.119; Fitzpatrick and le Roux,
1976; Fey, 1974; Fey and le Roux, 1977) often exceed the maximum substitu-
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tien of approximately 33 mole I AL0OH reported for synthetic Al-goethites

by Thiel (1963) and, Jonas and Solymar (1970) and do not seem to match X-ray
line shifts (see Fig. 1.2), However, after pretreating a selected range of
s0il clays with 5 M NaDH at 90°C for | hour (similar to NWorrish and Tayler,
1961) and determining Al and Fe in the CBD extracts, there is a fairly good
correlation between line shift and Al content of natural goethites (Fig. 1.2).
The Al0OH content of goethite, determined mainly by XRD line shift in soil
clays varies greactly (Table 1.9), and ranges from approximately 5 mole %
{high base status soils) to a maximum of approximately 31 mole ¥ (measured
for samples from Avalon and Glencoe soils) which corresponds clese te that
of Morrish and Tayler (1961) and the maximum reported for symthetic Al-

goethites by Thiel (1963) and others.

Using Mossbauer spectroscopy, Golden (1978) recently confirmed the
occurrence of finely particulate Al-goethite in the fine clay fractions of
four samples (Nos. 16Y¥, 25 Al, 25Y and 25R)* from two Transvaal sesquioxidic
goils previously characterized by Fitzpatrick (1974) (see also Tables 1.9
and 1.10). Golden (1978) found that the Mossbauer spectra of synthetic Al-
goethite showed a decrease in effective magnetic field {Haff} at the irom
nucleus with increase im Al-substitution, and derived the following equation
relating “Ef[ and Al-substitution (mole ¥ ALDOH) at 77K: Heif = 500 - 1,77 {Al).
Using this formula and the Haf[ values measured by Golden (1978; his Tabla
4.14) on the fine clay fractioms of 25M Yell. br. ap. and 254 Red ap. the
amount of Al-substitution was calculated (Table 1.10%. Data obtained for
Al-substitution in this thesis (see Tables 1.9 and 1.10) for the fine clay
fractions of 254 Yell. ap. (24,7 mole ¥ ALOOH) and 25M Red ap. (18,9 mole %
ALOOH) agree quite well with the values obtained by Mossbauer spectroscopy
(i.e. 27,6 and 23,7) mole T ALOOH respeccively. However, the Al-substitution
values calculated from Golden's Mossbauer data for the fine clay fractions
(< 0,2 um) of 16M Yell. br. ap. and 25M Orthic, are much higher than those
decermined by the writer om the whole clay fractions by XRD (see Tables 1.9
and 1.10). A possible reason for this is that the fine clays contain a
higher degree of Al-substitution than the whole clays (see Tables |.% and
1.10) suggesting, as Worrish and Taylor (1961) found, that the smaller

particle sizes contain higher Al-content.

=T - FEE il

. In this thesis (see Tables 1.9 and 1.10) these samples are referred to

as 16M Yell.br.ap., 25M Orthic, 25M Yell.br.ap. and 25M Red ap.
respectively
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Table |.10 Comparison of XRD (this thesis) and Mossbauer (Colden, 1978)

data for 2 Transvasl sesquioxidic soils

XRD Mossbauer
B i

le Diagnosti d(111)! ALOOH  AlOOH eff  ALDOH

e ataenl. maction? g mole 2 mole 2" at 77K male 1°
el

16M Cv  Yell.br.ap. c 2.413 21,1 27,0 n.d. n.d.

FJ/C n.d. n.d. n.d. &47 2.9

2% 6f  Orthic c 2,423 21,1 27,0 a.d. n.d.

F/C n.d. n.d. n.d. L4 33,3

Yell.br.ap. g 2,421 21,5 28,8 n.d. n.d.

F/C 2,418 rl 1.5 a5l 7.7

Red.ap c n.d. n.d. f.d; n.d. n.d.

F/C 2,426 18,9 24,3 458 23,7

1 from Fitzpatrick (1974); and in Table 1.9

where C = ¢lay size fraction and F/C = fine clay fraction

determined from the linear relationship between the d(111) spacing of
goethite and diaspore (Fig. 1.2; Table 1.99; d(111) = 2,452 = 0,001377
{Al mole 1)

determined from the eguation relating Al-substitution and d(111);
d(111) = 2,453 = 0,00011 (Al mole X); from Golden (1978; his Table &.1)
¥ from Golden (1978; his Table 4.14) 4

determined {rom the equation relacing Al-substitution and

]EllH i H." = 500 = 1,77 (Al mole X) (Golden, 1978)

The exceptionally high values for Al-substitution inferred by Fey and
le Boux (1977) (their Table &) for asveral Matal sesquioxidic solls were based
solely on extracting the “chemically untreared™ clay fraction (i.e. matural
clay) with CBD (Fe, and AL;) and subtracting the NH -oxalate (pH 1) extract-
able Fe and Al (l.e. Fu, and Al ). They did not attespt to measure shife inm
the (1011) or {(130) d-apacinga nor did they measure Fe and Al in the CED
extracts after treatment with 5 M NaOH as Morrish and Tayler (1961) originally
did. The higher values of ALOOH determined in CBD extracts [or samples not
treated with 5 M NaOH i_'ll in Fig. 1.2) and compared with the corresponding
samples after treatment with 5 M NaOH (i) on a water bath for | hour (X, in
Fig. 1.2) and (ii) at 90°C for | hour, are probably due to solution of finely
particulate gibbsice or silicate miperals. This possibly explains the high

values [or Al=-substitution which Fey and le Roux (1977) inferred from CBD
data only.
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Only a limited number of topsoils and subsoils from the same profiles
were examined in order to compare and evaluate the effect of higher organic
matter content of the upper solum on goethite formation. The pattern for
Al-substitution in the A horizons of 3 freely drained (non plinthic)
dystrophic soils (Table 1.9) compared with that of the B22 and B23 horizons,
indicare that there s slightly less Al-substitution and generally more
poorly erystalline goethite in the A horizons. This may correspond Lo some
extent to the dissolution of "primary Al-goethite"™ (see section 1.4.7) by
arganic matter and reprecipitation of poorly crystalline goethite in the
presénce of organic matter possibly with less Al-substitution.

The orthic and yellow apedal horizons®™ overlying plinthite (i.e. Appam,
Bormandien and Ruston solls) have the highest amount of Al {n the goethite
structure (Table |.9; Figs. 1.5 and 1.6). Additional evidence for this
relatively high amount of Al-substitution is obtained from both chemical
analysis (Fig. 1.2) and the relatively large shiits in the (110) diffraction
line (Table 1.9, and Figs. 1.7 and 1.8). The reason for the high degree of
Al=substitution in these soil horizons is mot clear but this may be associated
with a higher degree of weathering (possibly due to ferrolysis). Furthermore,
the fact that goethite in the red "haematitic™ mottles in the soft plinchite®
is lower in Al-substitution (i.e. from 110 line shift) and is similar to
ferricretes (i.2. plots marked on Fig. 1.7 lie close to the ferricrete
positions and the yellow matrix plots between ferricrete and soil clays)
Suggests that the mottles may in part be relicet ferricrete fragments which
are in the process of being weathered by ferrolysis (Brinkmas, 1970) to a
highly Al-substiruted goethite im the yellow horizen.

Transmission electron micrographs of untreated and CBD treated soil
clays from a Ruston soil (12 M Av) are shown in Plate 1.12 A, B and €

respectively. In Plate 1,12 A a general view is given of the < 2 ym fraction
of ferruginous red mottles in the woft plinthite with large alectron-dense
masses (almost silt size) which are clay particles strongly "cemented
together" by Al-goethite and haematite. In contrast, the untreated clay
sample [rom the overlying yellow-brown apedal horizon (Plate 1.12 B) is "more
dispersed" with very fine grained Al-goethite adsorbed on the surfaces and
edges of clay particles (mainly kaclinite and some halloysite). Extraction
of sesquioxides (mainly Al-goethite) from the latter clay by CBD increased

b MacVicar, de Villiers, Loxton et al. (1977)



Plate 1.12: Trapnsmission electron micrographs of clays from a Ruston
soil (Ho. [2 M Av).

A. Untreated clay from ferruginous CFed = 8,8 %) red mottles in
goft plinthite showing large electron-dense, highly flocculated
clusters o¥ masses of clay particles strongly "cemented together"

by aluminous goethite (and some haematite).

B. Untreated clay from wellow=brown apedal horizom {Eed = 4.7 I}
showing smaller and more dispersed electron dense clusters tham in
A, with clay particles (mainly kaolinite) coated with finely grained
aluminous goethite (i.e. adsorbed on surfaces and edges of clay

particles).

C. CBD treated clay from yellow-brown apedal horizon showing highly
dispersed and "cleaned" kaolinite (hexagonal plates) and possibly

hal loysite (emall thin laths). Bar is 0,5 um.
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dispersion and "cleaned" the kaolinite and halloysite particles (Plate 1.12 C).
In general agreement with Summer (1961), Greenland, Oades and Sherwin (1968)
and Jackson et al. (1973), this demonstrates that Fe {and Al) oxides act as

a cementing agent (e.g. in mottles & plinthite) and as apggregating agent in
so0ils with fine granular structure through the interaction (adsorption)

mainly of positively charged colleidal iron and negatively charged clay

minerals.

Electron optical examination together with mean crystallite dimension
[aa ealculated Erom the line broadening of the {111} and (110) paaks] show
that these Al-goethite particles are small (< 150 R} and this is generally
supported by Mossbauer spectra (Goldem, 1978).

In the light of recent findings (Fey, 1974; Fey and le Roux, 1976) that
Hatal strongly weathered soils generally contain small quantities of
“"amorphous" aluminosilicates (which have a high capacity for phosphorus
retention), it is very likely that the finely particulate Al-substituted

goethite is of utmost importance in anion adsorptionm.

The red structured and red apedal high base status soils are generally
lower in Al-substitution and have a relatively high line broadening (WHH)
{Table 1.9). The relacively low Al-substitution values in these soils are
attributable to environmental conditions (e.g. higher pH; Table 1.9)
controlling the slow release and wptake of ﬁ13*1 These soils wsually contain
some smectite and vermiculite, no gibbsite and generally have lower amounts
of kaolinitic minerals compared with the dystrophic, red and vellow soils
(Table 1.9). A similar low range of Al-substitution (between 0,0 - 4,0
mole I in "lower zones"; 7,5 - B,5 mole ¥ in "intermediate zones"; and 10,1-
11,0 mole 2 in "uppermosat zonesa") was obtained by Zeissink (1969) in a
"smectitic laterite" [5IC) profile (smectite and serpentine in the parent

material decrease upward in the profile).

Goathite hand-picked from pores, veins, streaks and vugh fillings in
gley materials found in hydromorphic seils in low lying (swamp areas) or
other poorly drained areas are low in Al-substitution (between 2 apd 10
mole ¥ ALOOH; Table |.9). Some of the Al-goethite in the gleys (e.g. Ho.
208) may form in iron-rich saprolite (i.e. in pitu alteration of Fe-silicate

minerals) but in an environment where water movement is sluggish and leach-

ing of silica is impeded.
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Aluminous haematite (Schwertmann, Fitzpatrick and le lnu:.-lﬂi?;
Chapter 4) is present in all the horizons with a hua between 2,5 YR and
7.5 YR {i.e. the Al-goethite is generally masked by lesser amounts of Al-
haematite) but is absent from those with a hue of 10 YR where only goethite
is present (Table 1.9). Additional evidence for haematite, and in relatively
small amounts compared to goethite was alsc obtained by Colden (1978) using
Mosshauer spectroscopy at 77K in sample 258 (i.e. 25M Red ap.). Under
present day weathering conditions it appears that the red soil colours
(haematite) For example in Griffin soils (e.g. Mo. 25M) are being replaced
(i.e. transformed) by yellow colours (yoethite) (see Chapter &). This
goethite is possibly stabilized by incorporation of Al imto its structure.

1.5 Owverall discudsion

The disteibution of goethite contuining marerials (Fig. 1.1) described
in Tables 1.1 to 1.9 in relation to the soil zones (Fig. 1) shows that they
have a wide range of occurrence (l.e. soil-climate situstions) amd vary in
morphological, chemical and mineralogical characteristics (i.e. in weathering
limestone, geodes, ferricretes, concretions, crusts, pipestems, ferruginous
bauxites, saprolites, soil clays and gleys).

Histograms for most of the samples analysed (Fig. 1.5) reveal a wide
range in Al-substitution (between 0 and about 32 mole T AIOOH). This negates
a recent statement by Nahon #f al. (1977) that, "lower substitution rates
(3 = 10X) are certainly known but they concern a type of Al-goethite little
represented in mature."™ As shown in Fig. 1.5, the various kinds of pedogenic
goethites can be roughly grouped according to amouwnt of Al-substitution as
follows: geodes < limestome weathering < pipestems and crusts < ferricretes,
Ean:tntiunn.giiy: and high base status soil clays (S5d) < saprolites and
froely drained dystrophic soil clays < ferruginous bauxites < dystrophic
plinthic soil clays in yellow-brown apedal (B22) horizons. This grouping is
related to the different weathering and depositional enviromménts.

In Fig. 1.6 WHH (crystallinicy index) is plotted against Al-substitution
|expressed in mole % ALOOH s determined from the shift in (111) spacing] and
in Fig. 1.7 WIH iw plotted against the shifc in (110) spacing, for over 185
different goethite samples described in Tables |.l te 1.9 ( in Figs. 1.6 and
.7 they are indicated by symbols used in Fig. 1.1). 1In spite of the general
scattering of the points, Fig. 1.6 shows that a broad correlation (r = 0,51
p < 0,001) exists between the crystallinity of the samples (as expressed by
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line broadening or WHH) and their Al coatent. However, within sach group or
kind of goethitic sample there is very little, if any significant correlation.
More significant is the fact that these figures group these samples of known
origin into several categories with some overlap and this can be observed
more clearly by constructing trend lines for each group of goethite material
through points in the appropriate area,

Goethicte samples derived from the weathering of limestone are all
grouped at low Al-substitution values as expected (Al free enviromment).
However, the low hlﬂ

with the relatively large shift in d=spacings and in turn the excessive line

content measured in some samples is not in accordance

broadening for cercain samples (Figs. 1.6 and 1.7). Similarly, the crust
samples show a very variable and erratic distribution of points, generally
lylng towards low Al-substitution and wich very poor crystallinity. The data
for these samples therefore suggest that factors other than Al-substitution
may control the formation of goethite erystals with low d-spacing and poor
crystallinicy, especially in certain specific environments. For example,

a large number of "interfering compounds" are known to exist in soils even
at low concentrations (Schwertmann and Tayler, 1977), such as, Ni, Cr, Ti,
Mo, V (Korrish, 19753), adsorptiom or nucleation effects of sllicates
(Schellmann, 1959; Schwertmann and Taylor, 1972), phosphate (Scheffer et al.,
1957) and Ca and Mg (Taylor and Grayley, 1967) and some organic compounds
(Schwertmann, 1963/1970).

The geodes are characterized both by a high crystallinity (low WHH)
and a low AIOOH content. The ferricretes form a definite intermediate group
rangs, with a clustering of the data from 3 to 14 mole T ALOOH substitution
(Fig. 1.6). There is some evidence that goethite with higher H"d content is
alightly less vrystalline (higher WHH velues) suggesting that Man interferes
with crvstallization. The goethite in concrecions generally fall within the
same field as [erricretes, possibly due to similar mode of formation. They
are both presumed to form mainly under hydromorphic comditions (i.a. impreg—
nation of I.’I:‘ from outside under fluctuating water-table conditions).

The fields occupied by saprolites and ferruginous bauxites, which both
form under conditions of free drainage, are clearly discernible In Figs. 1.6
and 1.7. Compared with soil clays they are relatively more eryatalline and
there is a general trend in the ferruginous bauxite fleld towards higher Al
for Fe substitution. The analogous crystallinity may be atcributed to their
similar mode of formation which is associated with pseudomorphic replacement
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of primsry iron-silicate miverals (i.e. augites and hornblandes) by Al-
goethite. This involves the transfer of 8i, Mg and K awvay from the decom—
posing grain and the coprecipitation of aluminous goethite close to its
source under complex interstitial Eh = pH conditions. The lower "lessivage®
(i.e. relatively higher ground water=table) could account for the lower
Al-subastitution in the saprolites.

Although soil clays have a very wide range of Al-substitution and
crystallinity, they may ba zomed or split into four definite groups as showm
in Figs. 1.6 and 1.7: the dystrophic yellow-browm plinthic soils (Avalon and
Clencoe) with highest Al-substitution, the low base status seils (5d) and
gley material with lowest Al-substitution, and the dystrophic red and yellow
freely drained wolls with intermediate Al-substitution. In topsoil and B2l
horizons with high organic matter contents and where "recent" weathering is
superimposed on previous tn situ weathering (e.g. bauxites and saprolites),
Al-goethite still appears as the most stable Fe-oxide product but with
slightly less Al-substitution and lower crystallinmity (Fig. 1.8). BHence,
there is the possibility of organic matter interference in goethite formation
and crystallinity., Dara for humic-rich Afro-alpine soils is similar and
tends tocluster together in Fig. 1.7 (Cv)., They are not plotted in Fig, 1.6
because the (111) line could not be measured.

Mearly all the marterials describéd above which have forméd in & wvater—-
logged environment andfor are coupled with seasomal fluctuation in water-
table level (i.e. most ferricretes, concretions, crusts, pipestems, gleys
and rinds on ferruginous bauxite nodules) will tend to form "secondary
goethite" lower in Al-substitution. In the case of the ferruginous bauxite
nodules the rinds with lower Al-substitution (secondary Al-goethite) probably
form when the nodules are exposed to an hydromorphic enviromment. This is
due to the fact that Al and Fe are not mobilized and precipicated by the same
chemical] processes and as a result will tend to segregate during secondary
alteration of primary Al-goethite under poorly drained conditioms (e.g. Al is
not effectéd by variations in rédox potemntial).

Several kinds of goethitic marerials with different degrees of Al-
substitution may coexist side by side in one soil profile (e.g. a single
highly weathered soil in the study area may contaln various forms of goethite
in one or more of: saprolite, the interior portion and rinds of ferruginous

bauxite nodules, concretions, fragments of ferricrete, soil clays in BZZ and
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and Al horizons and pipestems) or even in various zones in a single fragment
of ferricrete. GSimilarly, Nahon et al. (1977) have detected differences in
Al-substitution (particularly in Al-haematites) in various horizons and
"facies" in a ferricrete profile from Senegal, Furthermore, they suggest,
with little evidence, that Al-goethite with 16 = 22 mole X ALODH dissolves
and recrystallizes into goethite and kaolinite. This is not entirely inm
sgreement with the results presented above which indicate that gemerally
lower amounts of Al are incorporated in secondary goethites and that Al-
goethite is more the rule than the exception. Kihnel ot al. (1975) found

a general decrease in goethite crystallinity with depth in "laterites" from
the Philippines and Indonesia. They mention that both profiles formed ¢m
gitw, and show that the goethite in the "altered rock" {m lowest In crystal-
linity. Unfortunately, they do not provide detailed descriptions of these
profiles, mor do they give the actual d-spacings or degree of Al-substitutlonm,
but from their XRD patterns (their Fig. 3) a shift to lower angles is clearly
evident indicating possible Al-substitution with inmcreasing line broadening.
It is suggested that their "altered rock™ and "uppermost horizon" resemble

the saprolite and ferricrete material, respectively, described in the present
investigation.

Treatment of a selected range of samples® with 5 M NaOH on a water
bath for | hour and at 90°C for | hour (cf. 1.3.2) selectively dissolves
kaolinite in soil clays very much wore readily than highly crystalline
gibbsite in ferruginous bauxite. In agreement with Norrish and Taylor (1961)
this treatment did dot appear to transform the goethite or alter its
d-ipacings. Hore severe KaOH treatment I'.'!Dnﬂ for 3 hours and boiling for
| hour) almost completely dissclved gibbsite in ferruginous bauxite and did
“not alter the goethite structure. Similarly, the highly Al-substituted
goethite in the Ruston soil (12M) also strongly resists alteration and/or
transformation even after boiling for | hour in 5 M RaOH. However, in soil
clays which contain some haematite and goethite (usvally wich high WHH
values) a proportion of geoethite decreases and that of hazemsrite in:.rﬂ:;l
with increasing time and temperature of WaOH digestion. This transformatiom
from goathite to haematite therefore seems to depend to some extent onm the

presence and/or amrunt of haematite in the sample which possibly acts as a

o limestone weathering (No. 262), ferricrete (No. 30), ferrugimous Bauxite

(Ko. 62 b) and various scil clays (kaolinitic Nos. 25M B22 and |2M B22;
haematitic Nos. 4M and |12M red mottles; smectitic Xo. 241)
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o pucleus for l:l.'ll‘l-fﬂl:-!inn. In addition, the relative resistance of the

various kinds of Al-goethites to transform to haematite appears to be related
to some extent with degree of crystallinity (WHH). The Al=-goethite in
ferruginous bauxites is generally very much more resistant to transformacion

than sell Al-guethite.

In several samples, especially in soil clays with 2 : | layer minerals
ind which are inherently low in oxidic Fe {e.g. Afro-alpine soils) it was mot
possible to observe and measure the weaker goethite lines [llll} or {LW& due
to insufficient concentration of goethite and the fact that 7 : | layered
minerals resist 5 M NaOH digestiom. In certain soils therefore it was only
possible to measure the strongest (110) goethite line. For this reason due
te the apparent lack of information om (110) spacings in matural wamples, it
was considered important to investigate the magnitude of the shifc (if amy)
and its line broadening. Although the writer is unaware of any established
relationship between the (110) lime shift and ALOOH content in natural or
synthetic goethites there appears to be a gignificant correlation between
(110) and (111} with:
dyyr = 0,742 dyp =~ 0,656 (r=0,884; n= |83 p<0,001)
suggesting that Al-substitution does effect the (110) line by shifting to
highes ¢-spacings. Furthermore, the plot of (110} ve. {111} (Fig. 1.8)
shows that these samples fall into several distinct groups, (similar to
Figs. 1.6 and 1.7). The ferruginous bauxite samples (Fig. 1.8) fall within
an "almost"™ horizontal band, indicating a larger shift in the (110) spacing.
This can possibly be interpreted as being due to the preferential incorpor-
ation of Al in a cercain direction within the goethite crystal structure
presumably due to the ionic environment in the psevdomorphous replacement
of primary lronm-silicates, whereas in wost of the other samples Al probably
nubsticutes for Fe uniformly throughout the goethite structure (i.e. lso-
dimensional). According to Taylor and Schwertmann (1978) Al-goethite
prepared from a carbonate system is more iso-dimensional than that prepared
from KOH or MaOH (i.e. acicular crystals, see also Appendix 2}'“"";1:'
that different modes of formation can produce goethite crystals with different
morphology. This observation is in general agreement with the morphological
data (SEM, TEM and thin sections) of the various natural goethite containing

materials which show a wide variation in goethite morphology and cryscal
size.
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I.& Conclusions

Several kinds of pedogenic goethitic materials (in weathering limestone,
geodes, ferricretes, concretions, crusts, pipestems, ferruginous bauxites,
saprolites, sesquioxidic soil clays and gleys) have been described and
identified along the eastern seaboard of South Africa indicating that goethite
can form and accumulate under different conditions and is widespread.

Except for soil clays from the Afro-alpine zone and some of the soft
ferruginous crust samples, the ratios of NHy-oxalate (pH 3): CBD extract-
able iron (Fe,/Fey) were low (gensrally less than 0,1). This supports the
XRD data which shows that goethite is mostly present in crystalline form.

The relatively high Fe,/Fey values for the Afro-alpine scil clays and crusts
are probably actributable te iron oxide formed mainly under relatively low
waathering intensity and high organie il%tir conditions whereas the low ratios
{l.e. crystalline oxides} can be lttrihut;ﬂ to increased weathering usually
of older land surfaces.

Thin sections together with SEM and TEM show differences in morphology,
size and occurrences of goethite and/or Al-goethite in a wide range of
materials.

Unless kaolinite and gibbsite are removed from soil clays, ferruginous
bauxites and most saprolites by 5 M NaOH digestion prior to XRD analysis
there is lictle chance of determining the d-spacing (and hance the degree
of Al-substitution) and line broadening (WHH) whereas in indurated materials
(i.e. geodes, crusts, ferricretes, concretions and pipestems) chemical pre-
treatment was not necessary because the iron oxides are sufficiently
“naturally” concentrated.

The effect of 5 M NaOH treatment was tested using different temperatures
and times on & wide range of selected materials. Although d-spacings did not
alter -Etay relatively mild treatment, transformation of goethite to haematite
did occur in some samples with more drastic treatment, especially where poorly
crystalline goethite was present together with some haematite. The relative
resistance of Al-goethite to transform to haematite seems to be @ function of
crystallinicy (WHH) and type of material.

The degree of Al-substitution in goethite of various samples (ranging
from 0 to about 32 mole 1) was determined mainly by shift in peak position
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using the linear relationship between the d(hkl) spacings of pure goethite
and diaspore. This relationship was used because current experimental curves
tend to give widely varying values that are higher than those from the
goethite=diaspore relationship, Thus, further combined XRD, Mossbauer and
chemical studies should be conducted on both synthecic and natural materials
in order to obtain & more precise working curve.

It is difficult to develop a completely adeguate theory of the chemical
and mineralogical processes involved in the formatiom of pure and aluminous
goethitos. MHowever, knowledge of the distribution pattern of various goethite
containing materials in different pedological environments provides supple-
mentary evidence for interpreting the complex geochemical process of genmsis,
and allows certain conclusions to be drawn.

This study has revealed several pertinemt points about the degree of
Al-substitution of goethite and environmental relationships. Large differ-
ences exist between the degree of Al-substitution for acid freely drained
gibbsitic (i.e. ferruginous bauxite) and kaolinitic (i.e. dystrophic sesqui-
oxidic soils and saprolites) samples and the cemented or "hydromorphic”
(f.e. ferricrete, concretions, gleys and crusts) samples. Thus, goethite
formed in a freely drained scid enviromment has a high degres of Al-
substitution (15 to about 32 mole % ALOOH) whereas goethite formed in a
hydromorphic or high pH environment has a lower degree of Al-substitution
(0 to 15 mole T ALDOH). This indicates that the degree of Al-substitutiom
is malnly coatrolled by ionic enviromment, which in turn is strongly

influenced by several pedological factors such as type of source material,
efficiency of leaching and pH.

The influence of Al on goethite crystallinity is indieated by the
broad linear relstionship between Al-substitution and XRD line broadening
(r=0,5¢ p < 0,0001). The relatively low carrelation between Al-substitution
and WHH muggests that factors other than Al (e.g. other cations and anions or

organic matter) probably also control the formation of goethite cryntals of
poor crystallinity. The relationship between line broadening (WHH) and
Al-substitution grouped these mamples Into several categories, and this
suggeats that it may be useful in further distinguishing the kind of goethice
in these ferruginous materials. For exasple primary Al-goethite in bauxites
and saprolites (where Al-goethite forms by in aitu pseudomorphic alteration
of Fe-rich primary silicates under freely drained conditions) is ralatively
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more ¢rystalline than what could be referred to as "secondary” Al-goethite
in soil clays with the same degree of Al-substitution.

The results presented demonstrate a considerable range of properties
in goethite {(Al-substitution, crystallinity and worphology) from a wide range
of pedogenic environments and sugpest that further studies of these variacions
ghould be carried out inm relation to Soil genesis especially on samples from
further afield. Furthermore, since goethite is the most common and stable
form of Fe-oxide in soils the effect of Al-substitution on chemical and

physical properties warrants still further detailed study.
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CHAPTER 2

THE DISTRIBUTION ASD NATURE OF SECONDARY MACNETIC MINERALS

25l Introduction

Despite the frequent occurrence of magnetic minerals (e.g.
magnetite, Ti-magnetite, maghaemite and Ti-maghaemite) in soils from
Natal (Beater, 1940; Frankel and Bayliss, 1966; de Villiers and
van Rooyen, 1967), the Southeasterm Transvaal (Fitzpatrick, 19743
Fitzpatrick and le Roux, 1975; 1976), Australia (Frankel, 1966b;
Faniran, 1970; Taylor and Schwertmann, 1974a), Canada (Fawluk, 1371;
Pawluk and Dumanski, 1973), France (Chrétien, 1967), Germany
{(Schwertmann and Heinemann, 1959), England (Dades and Townsend, 1963),
USSR (Bokolovata anmd Polteva, 1968), Hawaii (Matsusaka and Sherman,
1961; Matsusaka, Sherman and Swindale, 1965), Holland (van der Marel,
1951), Japan (Kojima, 1964) and Cambodia (Mitsuchi, 1976), several
explanations for their formatiom have been offered (Dades, 1963;
Mullins, 1977; Schwertmann and Taylor, 1977). There is considerable
uncertainty regarding the mechanism of formation of pedogenic magnetic
minerals and their composition (Taylor and Schwertmann, 1974a).

Le Borgne (1955, 1960), van der Marel (1951}, and Schwertmann
and Heinemann (1959) and others mentioned that burning in the presence
of organic matter is one of the possible mechanisms for the formation
of magnetic minerals in topsoils. However, Oades and Townsend (1963)
reasoned that this mechanism could not account for the widespread
occurrence of magnetic minerals in soils, and suggested that they
formed pedologically (i.e. via ferrous iron in the presence of organic
matter at ambient temperatures). Taylor and Schwertmann (1974b) in a
study of synthetic Fe(II)=-Fe(Ill) oxide and ﬂz systems at low temperature
and pressure, suggested that the dominant wode of maghaemite (i.e.

considered to be the major pedogenic magnetic mineral in soils)
formation is via solutien.

On the other hand, Bonifas and Legoux (1957), Matsusaka &t al,
(1965) and Ficzpatrick (1974) suggested that low temperature oxidation
of magnetite and Ti-magnetite (i.e. topotactic oxidation) to maghaemite
and Ti-maghaemite, respectively might also be a possible mechanism.
De Villiers and van Rooyen (1967), and Matwusaka ¢t al, (1965) postulated
that maghsemite (and Ti-maghaemite) in highly weathered soils may have
formed by the dehydration of lepidocrocite. Several ﬂﬂ'liﬂ'l.' hyputhpl:
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have been suggested, and the problem is mot yet resolved.

Several workers (e.g. Tite and Linipgton, 1975) have suggested
that the presence or absence of magnetic minerals in soils (determined
mainly by magnetic susceptibility) can be used as indications of soil
forming processes, However, Mullins (1977) is of the opinion that
because of the uncertainties of the precise conditions favouring
pedogenic maghaemite formation, its general use as an indicator of
soil forming processes should be treated with caution. In additionm,
Oades and Townsend (1963) and Mullins (1977), are of the opinion that
interpretations of soil forming processes using magnetic susceptibility

methods suffer from certain limitations.

Magnetic minerals in soils have been reported to occur in close
association with goethite and haematite but mot lepidocrocite (Taylor
and Schwertmann, 1974a) and in widely varying forms ranging from bulk seil
material (e.g. Le Borgne, 1960), concretions (e.g. Beater, 1940; Taylor
gnd Schwertmann, 1974a), clays (e.g. van der Marel, 1951; Oades and
Townsend, 1963) and as opaque single grains (Katsura et al. 1962;
Fitzpatrick, 1974). Furthermore, several of these forms have also been
reported to occur in a wide range of climates (e.g. ranging from temperate
to subtropical). Thus, one of the basic problems to resolve is that of
the relationship between these various "worphological” forms of pedogenic
magnetic samples (e.g. concretions, opaque single grains etc.) and their
weathering enviromment. Hence, the identification and characterization
of various forms of naturally occurring pedogenic magnetic samples from
a single area, with widely varying topography and climate, such as along
the eastern seaboard of South Africa (ef. Fig. 2), should provide an
excellent opportunity to study the distribution and mineralochemical

characteriscics of magnetic minerals in different enviromments.

An attempt has been made by Schwertmann and Taylor (1974a) to
selectively dissolve pedogenic maghaemite by boiling in oxalic acid,
but the method was not quantitatively standardized. Hence, an attempt
will be made, in this study, to test and standardize this method by
using synthetic magnetite and maghaemite, and a wide range of natural

magnetic materials.

The objective of this study is to describe the occurrence and
characteristics of soil magnetic materisl in the study area and its

association with other iron oxides [using visual magnetic attractionm
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in the field, ¥-ray diffraction (XRD), magnetic susceptibility, chemical
analysis and electron micruscnpy] in erder to elucidate the envircnmental
and pedogeochemical conditions for the formation, transformation amd

preservation of soil magnetic minerals.
2.2 Materials

2.2.1 Hatural samples

During the course of the land type survey several toposequence
and macro-transect (i.e. climosequence) studies were made at about
2000 sites in the study area. The presence or absence of various
morphological types of magnetic material was established at these sites
in the field, by:

(i) dipping a small horseshoe-magnet into the soil to attract:

{a) magnetic concretions’ (cn)®,

(b) magnetic opaque single grain particles (sg), and

(e} either the bulk soil andfor clay-size fraction (c1)*, and
{ii) testing various bands or lemses in saprolites (usually in

road cuttings or quarries).

The distribution and relative amounts [eupresﬂeﬂ as sbsent to
very few (< 1%}, few (1 - 5%) or common (> 5%)]of magnetic material in
soils was estimated visually in the field using a hand-magnet. Each
site was plotted on 1:50 000 topocadastral sheets (i.e. land type field

maps) and the amounts recorded.

More accurate estimates of the proportion of various magnetic
particles (i.e. concretions and opague single grains) in each particle
size range was obtained by wet sieving, hand-picking and weighing, for
a selected range of soils [cf‘ 2.3,1 (ii) and Table 2.1].

Sixty three ferromagnetic samples from different sites throughout
the study area that best illustrated the magnetic bands in saprolites,
concretions, clay-size fractions, and opaque single grains in silt- and
sand-sized fractions, were carefully selected for laboratory study and
are listed in Table 2.2. Locations of these samples are shown in Figs. 2.1
and 1.1

-

* The term "concretion” as it is used here does not necessarily imply

concentric layering (similar to Taylor and Schwertmann, 1974 a and ¢).

* Symbols used according to abbreviations given by MacVicar, de Villiers,
Loxton et al.{1977) p.139-141.
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Profile descriptions of representative soils used in this study
are given in Appendix 1, and relevant descriptive® and mineralochemical
data of most of the clay-size fractions studied are given in Tables 1.9
and 2.2.

In addition, samples of "pure" natural magnetite were obtained
from:
{i) Wards Watural Science Est., Rochester, N.Y. (Marmora,
Canada) and
{ii) a sedimentary depesit in the Middle Ecca beds near
Sheepmoor (cf. Visser of al., 1947).

Two sesquioxidic soils from Gregory Falls, Australia (Krasnozem)*"®
and Ribeirdo Preto, Brazil (Latosol Roxo)** were also included for

comparison.

2.2.2 Synthetic samples

Synthetic magnetite of known composition [22,97% Fe{(ll) and
48,521 FE{III}] was obtained from D. M. Farrell (Mineral Sciences
Division, Canada), who prepared it by reducing "Mapico Black™ (made
by Columbian Carbon Company, New York, N.Y.) at 400 °Cina cn:cuz
atmosphere of 10,6: 89,4 (volume %) with a Flow rate of 2,0 £/min,
for 3 hours (cf. Farrell, 1972, his Table 1, RME Ho. 5).

Maghaemite was prepared from the magnetite (RMB No. 5) by heating
in air at 315 °C for 30 minutes (similar to Farrell, 1972, his Table 2).

One g of synthetic magnecite (RMB No. 5) was preground for 15
minutes in a water slurry using an agate mortar and refluxed in 300 ml
distilled wacter for three months in order to study some of the changes
(if any) that may occur as magnetite weathers or becomes oxidized. The
mineralogical changes were Followed by XRD.

* Coloursof all samples were determined by the use of Munsell colour

charts

#
Samples were kindly supplied by R.J. Lsbell (Australia), end A.C.

Moniz and P. de Souza Santos (Brazil)



2.3 Methods

2.3.] Sample pretreatment

The relatively low concentration of magnetic minerals in some
gamples meant that certain physical and chemical pretreatments were
necessary. Depending on the mature of the sample the following
prefreatments were carried out:

(i) Strongly magnetic bands and large fragments. The magnetic
minerals (i.e. maghaemite and magnetite) in these materials
are sufficiently concentrated "naturally" for XRD
measurements (Appendix 3) to be made without prior chemical
pretreatment, Therefore samples were [inely ground by hand
in an agate mortar to pass a 300 mesh sieve and used as
such for study.

{ii) Samples with ferrcmagnetic concretions and/or opaque single
grain particles. Soils were first disaggregated ultrasonically
in the presence of 0,0001M N OF, and quantitatively separated
by centrifugation (Jackson, 1968) and wet sieving into
various particle-size fractions; > 2mm, 1-2mm (coarse sand),
0,5 1mm (medium sand), 0,062-0,5mm (fine sand), 2-62ym (silc),

and € :I_{':l-l,] 5

The strongly ferromagnetic fractions from each particle
size fraction were separnted by tem or more successive
extractions with a small horseshoe-magnet covered with plastic.
The magnetic red and/or yellow-brown concretions as well as
the opaque (black) single grain particles were separated from
each magnetic sand fraction by hand-pickiog with the aid of

a low-power binoculsr microscope and treated as im (i) for
XED analysis.

(i1i) Parent rock and surrounding weathered material. Chips of
umnveathéred rock (dolerite and basalt) as well as the adjacent
weathered isovoluminous material (biscuit-like ferruginous
bauxite® and friable saprolite) were pulverized in an agate
mortar te pass a JOD mesh sleve. Samples were then soaked
overnight in 0,0001M IIH#{:H and treated ultrasonically for
15 minutes. The strongly ferromagnetic fractiom was separated
by at least ten successive extractions with a small horseshoe-mag

*See section 1.&.7




{iv) Soil clays. BSeveral soils clays separated in (ii) were
pretreated with 5M NaOH for one hour at 90 °C (method similar
to Morrish and Taylor, 1961) in order to selectively dissolve
kaolinite and gibbsite because of the generally low

concentration of magnetic minerals.

2.3.2 Magnetic susceptibility

The magnetic susceptibilities of the soil clays and concretions”

were measured by the Gouy method (ef. Lewis and Wilkins, 1960 and others)
at room temperature using, (i) pyrex tubes (2,5mm internal diameter and
100mm in length) stoppered at one end with masking tape, (ii) an
electromagnet with a pole gap of 25mm and a pole diameter of 30mm with

a Field stremgth ol 107 gauss, (iii) mercury (L1) cobaltitetra-thiocyanate
Hglo (CNS), erystals [prepared according to the method of Figgis and
Nyholm ngsa) as cited by Lewis and Wilkins (1960)] as a calibration
standard with

X390 g = [ﬁl.ﬁ.ﬁ:]u_ﬁ c.g.5. units at 25 9. Both the magnet and the
balance were epcased in insulated boxes to minimize air current effects
and to maintain consistent humidity.

2.3.3 X-ray diffraction (XRD)

XRD anslysis, using a Phillips P.W. 1050/70 instrument with
Cok a radiation and a graphite monochromator, was conducted on samples
{2.3.1) in randomly orientated Form (pressing powder samples in
aluminium and/or PVC holders against a filter paper surface, see Appendix
3). Patterns were run from 23° to 46”7 28 at a scan rate of 1/4° per min,
The spacing and width at half height (WHH) of the (220)** magnetite/
maghsemite diffraction peak was dectermined (see Appendix 3).

Semi-quantitative estimates for maghaemite, magnetite, haematice,
goethite and other minerals were based upon relative intensities of
diagnostic X-ray diffraction peaks.

2.3.4 Chemical extractions

Methods used for extracting samples with citrate-bicarbonate-
dithionite (CBD), MHy -oxalate (pH 1) and HC]l are outlined in section 1.3.3.

*Concretions and bands with high magnetic susceptibilities were "diluted"

with quartz powder (pure quartz grains were pulverized in an agate mortar)
prior to measurement.

**In accordance with Taylor and Schwertmann (1974a) the (220) line was
used instéad of the most intense line because it was generally free

from interferences
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%XRD measurements were made on selected representative samples
{100 to 500 mg) before and after treatment with (i) CBD (as in 1.3.3),
(ii) 0,2 H.Hﬂﬁ—nuqlate -oxalic acid (pH 3) in the dark for 2 hz:. (i.e.
Schwertmann, 1964; as in 1.3.3), (iii) 0,2 M oxalic acid at 90 C for

1 hour.

2.1.5 Total chemical analysis

Total Fe, Ti and Mn contents of selected samples wereobtained
by dissolving one hundred mg of sample in concentrated HCl and determining
Fe and Mn by atomic absorption and Ti by the Tiron method {Pruden and King,
1969}, Ferrous iron was determined separately using both the wet chemical

technigue of Pruden and King (1969), and by titrating the ferrous iron with
potassium dichromate, using barium diphenylamine sulphonate as indicator.

2.3.6 Electron microscopy

The morphology of selected samples was investigated with the aid
of a Hitachi 58 - 2 scanning electron microscope (SEM)}. Thin flakes
from magnetic bands, concretions and ferruginous bauxite, and magnetic
opaque single grain particles separated from the 0,062 - 0,5 mm fraction
of C and B2 horizons of soils®, and from pulverized dolerite, were
mounted on |5 mm diameter brass stubs using either silver cement or'double-

sticky" tape, and then sputter coated with a thin film of gold-palladium.

Transmission electron optical chservations (TEM) using a Hitachi
Hu = 11E instrument were made on selected samples. Magnetic bands and
conoretions were first gently crushed and dispersed ultrasonically im
distilled water and the < 2um fraction spotted on carbon coated 200 mesh
per inch copper grids.

2.3.7 Thin sections

Optical observations were made on thin sections of coherent solid
dolerite and adjacent resin-impregnated highly weathered ferruginous
bauxite, and magnetic bands.

*Before the magnetic opaque single grains were mounted they were cleaned of
surface "debris"™ (i.e. coatings of fine particles in the clay=-size range
attached mainly by electrostatic forces) by further ultrasomoration for 5
minutes (sonoration periods longer than 10 minutes increasingly altered the
original surface texture). The 5 minute sonoration treatmpent removed enough
of the surface "debris" to permit examination of the surface texture of thes
particles, but did not remove the "strongly attached" surface "overgrowth"
particles.
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a.4 Results and Discussion

2.4.1 Distribution and mode of occcurrence

In the study area, the pedogenic magnetic samples were divided
into five groups sccording to their morphology and origin as follows:
(i) magnetic bands (bm), (ii) magnetic concretions (en), (iii) magnetic
opague single grain psrticles (sg), (iv) magnetic clays (cl), and (v)
magnetic bulk so0il samples.

2.4.1.] Magnetic bands

Magnetic bands or lenses occur mainly in freely drained saprolites
found in deep road cuttings or quarries and range in shape, thickness
(4 to 50 em), length (10 to 170 em), colour (black to grey in the centre,
and reddish=brown to yellowish-green om the edges), texture (hard, compact
and cemented to loose and powdery), end magnetism (Table 2.2; Flate 2.1A4).
Al1 15 of the sites where magnetic bands were located, occur in Mistbelt
reglons (Figs. 2 and 2.1) and are associated with highly weathered yellow
end red soils (Fig. |, map symbol Mo. 2Z). Most of the magnetic bands
examined have yellowish-brown, ferrugimous cruste of varying thickness
(2 -5 cm) covering the bands. Higher propoertions of goethite were
identified in these crusts (Table 1.5), which tends to form a resistant
coating on the bands. The goethite in these crusts which probably formed
by weathering of the magnetic hands, has very high d(111) and d(110) spacings
(i.e. "negative AIOOH values"; cf. Table 1.5), suggesting that Flh is i
incorporated intoe the goethite structure.

These magnetic bands probably origimated as "black band ore” in
bogs and marshes into which streams had carried iron in solution, as colloids,
in suspension, and by traction (Visser et al., 1947). With subseguent
dolerite intrusions, these sedimentary primary ores were probably
metamorphosed togethér with the sediments, resulting in hard, dense magnetic
bands. Subsequently, weathering of the primary magnetic ore (i.e. oxidation)
and the formation of secondary goethite occurred as the ore became exposed
by Tertiary and Quaternary erosion cycles. According to Visser et al.
(1947) these sedimentary magnetic ore deposits occur at only & few

localities in the Coal Measures and are not confined to any one particular
horizon of the Middle Ecca beds.
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2.6.1.2 Magnotic concretions

In the study area, soll concretions are generally widespread, and
may form substantial percemtages of the whole soil profile and/or diagnostic
horizon or specific particle slee fractions (Table 2.1; Chapter 1)".
Although it is common in profile descriptions or at observation sites to
record the presence of concretions®, the presence and/or abundance of
magnetic conerétions are not routinely recorded. However, during the
course of the land type survey (while making routine field observationms)
many soils in the study area were found to contain large quantities of
magnetic concretions ranging from fine-sand to gravel-size (Table 2.1;

Fig. 2.1).

A high content of magnetic concretions are generally associated
with the yellow and red freely drained dystrophic soils (Fig. I, map
symbol No. 2§ Flg. 2.1) and may comprise up to about 54% of the total soil
(Table 2.1}. Several types of magnetic concretions (e.g. colour, shape
and "magnetism”) have been identified in these soils and seem to be
associated with specific soil types or horizons. Low amounts of magnetic
concretions (< IX) are gemerally found in Vertisols (Table 2.1; Fig. |1,
map symbol Nos. 9-11; Fig. 2.1) and in yellow and grey hydromorphic soils
with plinthite (Table 2.1; Fig. |, map symbol Nos. 6-8; Fig. 2.1) and in
weakly developed seils (Fig. |, map symbol Mos. 14-18; Fig. 2.1).

The distribution pattern in Fig. 2.1"" shows a soil-climate-terrain
zonality of magnetic concretions, They are particularly prevalent in the
Mistbelt and part of the Highland Moatane reglons, in highly weathered
yellow and red solls (Fig. |, map symbol No. 2) on crests and midslopes.
In contrast, they decrease with both increasing and decreasing sltitude
toward the Afro-alpine region on the one hand, and Riverine and Coastal
Lowland regions, respectively (Fig. 2). Although Beater (1940), and
Frankel and Bayliss (1966) report the occurrence of magnetic concretions
“in soils overlying Ecca shales” and in rhe "vilinity of Gingindhlovu™
respactively, they do not give any indication of the distribution and
abundance.

"ef. profile descriptions by: MacVicar (1962), de Villiers (1962), van
der Eyk, MacVicar and de Villiers (1969), Beater (1957, 1959, 1962)
and Fitzpatrick (1974).

**More detailed studies may modify these patrerns, which to a large
axtent follow the generalised soil map (Fig. 1), but from the numerous
field observations ( - 2000) it should nmot change markedly.




Table 2.1 Amounts (mass I) of magnecic and non-magnetic concrecions from 5 horizons' of four different soils
I Ransburg® (No. 19* Ruston’ (No. I2M) Griffin® (Ne. 103) Farningham' (No.42)
Particle Varcic Yell.br.ap. Yell.br.ap. Hed ap. Red ap.
| =
Er:::zun Onicus Koo “Won- Non— Nom— Non-
magnetic|Magnetic gnatic | Magnetic magnetic | Magnetic |magnetic | Magnetic| magnetic | Magnetic
z 1 4 4 4 I I 4 4
Reddish=
b 1,2 1,3 5,5 B, 7 34,3
-] 1 m D e ————— l!"? I"I zu'.i ﬂ.15 23'5 —————————
Yellowish 8,2 6,2 4,3 2,4 3,2
Reddish-
brown 1,0 0,4 3,1 5,6 14,9
1 - 2 mm 7.5 0,5 12,4 0,0 2,8
Yellowish 1.4 4.1 1,0 1,2 0,6
Reddish=-
0,5 = 1 tma| t;‘f’"“ 1,3 0,1 4,6 0,0 0,8 0,4 2,3 1, 0,5 0,6
yallow
Total % 27,5 1,8 37,1 0,5 14,6 12,4 16,2 17,0 26,8 33,6

'Yell.br. = yellow-brown; ap. = apedal;

“Mistbelt

(Fig. 2)

*Riverine (Fig. 2);

"Basin Plainland (Fig. 2);

LH
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No magnetic concretions and magnetic bands have been detected
in the Afro-alpine zone (Fig. 2.1). Similarly, the relatively young
soils of the Coastal Lewlsnd and Riverine regions where scil pattern
differences generally follow geological boundaries (Beater, 1957, 1959
and 1962) the amount of magnetic concretions range from absent to few
(Fig. 2.1). Generally, relatively few magnetic concretioms (< 5I) occur
in the gently rolling Coastal Hinterland and Basin Plainland regions
(Figa. 2 and 2.1), In the Afro-alpine regiom, the soils are mostly
young (Fig. |, map symbol No. 1) and contain high amounts of slightly
altered primary magnetite and Ti-magnetite derived from basalt (e.g.

single grain particles) in the sand- and silt-size fractions.

The presence of both magnetic bande and comcretioms in the Mist=
belt and Highland Montane regions and in highly weathered, freely drained
soils closely associated with basic igneous rocks indicates that they may have
a similar mode of formation. Geochemically the Mistbelt and Highland
Montane regions may have a slightly "reducing character” as evidenced by
the contimious (i.e. throughout the year) presence of moisture in the soils
or the relatively moist conditions which prevail, although the presence of
goethite and haematite (ef. 1.4.9) suggests that conditions are predominantly
oxidizing. Such environmental conditions could well be {deal or optimal
for the formation of maghaemite. According to Taylor amd Schwertmann
(1974a), and Schwertmann and Taylor (1977} slow oxidation and simultaneous
dehydration conditions, together with an ample supply of ":. (il.e. from
the weathering of primary ferro-magnesian silicates found in basmic ignecus
rock ) appears te favour maghaemite formation.

Large rounded magnetic fragments or nodules (cf. Place 2.1B)
coated with hard resistant goethite rinds occur mainly on the soil surface
orf in stonelines but may also be scattered throughout the upper parts of
the polum of froely drained red and yellow soils in the Misthelt regions.
It appears (rom the "matrix morphology™ of the interior of these rounded
fragments, their rather large size, hardness and mineralogy (see below) that
they are similar to the magnetic bands. It is possible that these rounded
fragments are weathored fragments of the magnetic bands or layers which
have become exposed by erosion, broken up and have been transported by
colluviation and become rounded.

In the Mistbelt amd Highland Montane regions where relatively

higher amounts of magnetic concretions generally occur, lower amounts seem
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to occur in soils Jiderdylle sandstone or granite compared with those
overlying basic igneous rocks. In additiom, the yellow-brown apedal E:EE
WI:npniI horizons contzin fewer red coloured magnetic concretions
and larger amounts of yellow omes, whereas in the red apedal horizons
higher proportions of red magnetic comcretions occur (Table 2.1).
Similarly in Griffin soils (i.e. yellow-brown apedal horizon overlying

a red apedal horizon) lower amounts of red (and yellow) magnetic
concretions occur in the upper solumn, incressing im depth to the B23

but are absent in the saprolite. This suggests a transformation from

the red concretions (magnetic and non-magmetic) which contain haematite
and /or maghaemite to yellow ones (predominantly goethite), going up the
profile.

2.4.1.3 Magnetic opaque single grain particles

Magnetic opaque single grain particles generzlly range in size
from coarse silt through to fine (mainly) and coarse sand (0,03 - 2,00 mm),
have shiny, black, metallic-like colour or lustre and when powdered usually
have a dark purplish hue (Table 2.2). Although these magnetic single grain
particles are fairly common in soils throughout the study area, higher
amounts are generally found in freely drained sesquioxidic soils derived
from banic igneous rocks. Van Rooyen (1964) reports up to Bl ,8% (by weight)
opaque magnetic minmerals in the fine gand fraction (0,074 - 0,211 nm) of &
Criffin soil derived from dolerite-shale colluvium in the Mistheltr region.
Bimilarly, in petrographic studies by Verster (1964) relatively high
amounts of "magnetite” were noted in fine sand fractions from highly
weathered sesquioxidic solls. 1In addition, these particles are also
often found as a black "coal, dust=like" residue in dry water channels

after rains or on the beds of rivers adjacent to soils derived from basic
igneous rocks.

The occurrence of similar looking metallic-like opaque grains im
solid basic igneous rocks (e.g. dolerite) suggests that these grains in
soils could well be primary residual weathering products {(i.e. detrital)
partly inherited from basic igneous rocks, Very little information is
available on the weathering of natural primary magoetite and/or Ti-
magnetite from igneous rocks (dolerite and basalt), especlally under
subtropical conditions. Therefore, an attempt was made to study the
mineralogical changes asscciated with the chemical weathering of primary
magnetic oxides, by examining the magnetic opaque single grain particles



in both the primary basic igneous rock and adjacent m #itu weathered
material (see below). In addition, a laboratory weathering experiment
using synthetic magnetite (cf. 2.2.2) was carried out in order to
"monitor" the natural system. Thus, maghaemite (and magnetite) has the
almost umigque property of being presemt in some form or other im both
basic igneous rocks and soils derived from them. Generally, lower amounta
of magnetic opaque single gralns seem to occur in bottomland (i.e.
hydromorphic) soils and in plinthic soils overlying sandetons (e.g. Fig. |,
map symbol Mos, 6~8). Furthermore, there is a general decrease of magnetic
oxides (l.e. magnetite and maghaemite) relative to ilmenite and anatase in
the more hydromorphic soils due to "goethitization™ and a depletion of the
magnetic oxide content as a resule of reduction and dissolution.

2.4.1.4 Magnetic clay-size fraction

Clay-size fractions from certain sesquioxidic red soils (i.e.
Hutton and Shortlands forms) and ferruginous bauxite samples, derived
from basic ignecus rocks, may be ferromagnetic (i.e. may be attracted
by & hand-magnet) whereas clay-size fractions from yellow-brown apedsl
soils are not. More quantitative information of the magnatic components
in clay-size fractions was obtained from XRD and magnetic susceptibility
analysis (see below).

2.4.1.5 Magnetic bulk topscil samples, sttributed to heating

During field studies it was observed that bulk topsoil material
(particularly near the surfece.and up to a depth of only 2 to 3 em in
{reely drained soils) in the Mistbelt and Highland Montane regions were
relatively more stromgly attracted by a haod-magnet (i.e. the whole soil,
including magnetic comcretions and opague single grain particles) thanm
from those in the Riverine regions. Le Borgne (1955, 1960) aml others
suggested that the increase in topscil magnetism is possibly due mainly
to the application of heat (veld fires) in the presence of orgenic matter.
Heating sodls in a reducing (or partly reducing) atmesphere (i.e. in the
prasence of organic macter ,or under a bed of ash) forms strongly magnetic
oxides (maghaemite and/or magnetite), the amount being a function of the
degree (i.e. rate) and duration of heating, and the type and amount of
ferruginous mimeral (i.e. goothite, hammatite or lepidocroeite) or
organic matter present initially. Nearly all soils throughout the study
area have suffered some form of repeated heating, either because of forest
or veld fires and repeated clearing of land through burning off of under-
growth or of stubble. Cenerally, magnetic bulk topsoils were found to be
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especially common where much seils were kvown to be heaced by ground fire
{e.g. in fire break zones), in contrast to arcas under natural forest
{(i.e. on moist south facing slopes inm the Mistbelt and Highland Montane
regions) or in old pine plantations where ground fires have not occurred
in recent times. For thess reasons, the formation via heating of the
ground surface appears to be a more plausible explanation than pedogenic
formation (i.e. via ferrous iron imn the presence of organic matter ac
ambient temperatures as suggested by Oades and Townsend, 1963). However,
further ressarch is required before the genosia of the magnetic minerals
{(probably maghaemite) in these topsoils cam be fully explained.

The relatively higher proportion of "finely divided magnetic
minerals" attributed to heating of surface horizons of soils In the
cooler regions (Mistbelt and Highland Montane) is possibly due to
the higher organic matter comtents of these soils, and the relatively
slower rate of burning which possibly provides ideal m:ﬂﬂi ratios for
the formation of maghaemite from finely divided goethite (cf. Chapter 1)
ard organic matter (i.e. by reduction). In comtrast, the soils in the
dry Riverine regions have relatively low orgamic matter contents, and
veld fires in these regions temd to burn more rapidly.

The same trend described above, has also been observed [requently
in soils that have suffered recent burning and which were originally covered
with natural grass vegetation. It iz fairly common im the Misthelt and
Highland Montane regions, for the surface layer of soils which have
suffered recent veld burning (and which are highly magnetic) te have a
slight "brick-red" or pinkish-red colour, This phenomenon is relatively
uncommon in the Riverine regions, due mainly to the lower organic matter
contents and sparees vegetatiom cover.

From the former discussions it can be concluded that the total
magnetic moment of & bulk soil sample is made up of several components.
This is particularly so in the Mistbelt and Highland Montane regions
where solls may contain substantial amounts of comcretions, opague single
grain particles and magnetic bands. For this reason, sccurate or
quantitative measurement by magnetic susceptibility methods on whole or
bulk soil samples in order to estimate the "magnetism" ateributable to
that produced by heating suffers from certain limitations, unless the other
magnetic componenta are selectively removed. This contention is supported ,
in part, by Oades and Townsend (1963).



2.4.2 X-ray diffraction analysis

All the selected magnetic samples were examined by XRD as a
preliminary to further work. The results are shown in Table 2.2 where
the 4(220) spacings for maghaemite and ﬂﬂﬂtitt‘. WHH values for the
{220} line and MCD" are given, together with amounts of accessory
minerals, sample descriptions and localities (samples are listed in
groups in the following order: wsynthetic magnetite and maghaemite,
natural magnetite, magnetic bands, magnetic comcretions, magnetic opaque
single grains and clay-size fractions).

The d4(220) spacings obtained for pure synthetic magnetite and
maghaemite are I,EE?R amd I,ESIR, respectively (Table 2.2). This is in
good agreement with the spacings quoted for magnetite (2,9678) and
mghaemite (2,9508) in the 1972 ASTM data file.

The d(220) XRD spacings for the sample collection varies between
2,931 and 2,971 (Table 2.2), and the unit-cell parameters {a,) calculated
from cthe 4{220) line, varies from 8,293 to B.iﬂ?i. rElputtlvglj-

This wide range in d(220) and an values (Table 2.2 and Fig. 2.2)
may be due to several factors: (1) acontiowous polid solution series
between magnecite [4(220)=2,967R; a =6,396R] and maghaenire [d(220)=2,950R
au-a.ami 13 %s0 that some of the higher d(220) and n values are possibly
from cation deficient (oxidized) magnetitem (or Ti-magnetites) or from
maghaemites (or Ti-maghaemites ') posaibly containing some magnetite
{or Ti-magnetite), or {(ii) isomorphous substitution of Al for Fe in the
maghaemite structure to give lower d(220) or a values (Beneslaveky, 1957).
*The d(220) line was chosen in preference to the most intense line because

it was generally free from interferences by haematice and ilmenite.

*Mean crystallite dimension, as calculated from the (220) peak using
the Scherrer feormula:

MCD=KA/{B - b) cosf In which K is constant (0,9), } the wavelength
of the X-radiation, B the measured width at half height (WHH), b the

insteumental line broadening (see Appendix 1) and @ the Bragg angle of
the respective line used.

**Values ranging from 8,30 to 8,35 have been reported in the literature
for maghaemite (cf. Lindsley, 1976; his Table L-4). This discrepancy

tor a5 is in line with the general disagreement and confusion regarding
the structure for maghaemite.

i+ﬂtides in which Ti(IV)+Fe(Il) replaces 2Fe(lll) in maghaemite.
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The two most outstanding characteristics of the opaque single
grain particles, as compared with the other forms of magnetic materials,
are their relatively higher d-spacings (Table 2.2, Fig. 2.2), and Ti{™M
and Fe(Il) contents (Fig. 2.4) suggesting that they are catiom deficient
oxidation products of Ti-magnetite.

In contrast, the ferromagnetic clay-size fractioms from soils
and h:m;imu: bauxites have the lowest 4(220) spacings ranging from
2,91% (i.e. a_ = 8,298) to 2,9438 and high line broadening (Table 2.2).
Similarly, Buunhwkr (1957) observed a low 8, value of 8, 228 for
maghaemite in ferruginous bauxites from the USSR, and suggested Chat the
maghaemite structure was considersbly altered in size by Al substitution.

The magnetic bands have d(220) spacings (i.e. 2,941 to 2,9558)
fairly close to that of synthetic maghaemite {I.E‘Sli}, whersas the
magnetic concretions have a wide range of values varying from 2,932 to
2.9533 (Table 2.2, Fig. 2.2). Taylor and Schwertmann (1974a) also
observed d(220) spacings for maghaemite in the lower range (between 2,538
and 2,95&.1] for Australiasn magnetic concretions and suggested the possibilic
of isomorphous substitution of Al for Fe in their samples. Similarly,
Pawluk and Dumanski (1973: their Table 2) also record a relatively low
4(220) spacing for maghaemite (2,94]) in magnetic concretions from a
"poorly drained" soil of Alberta (Canada).

2.4.2,1 Oxidation of magnetite and Ti-magnetite

In the XRD pattern of synthetic maghaemite formed by low
temperature (~ 250 °C) oxidation of synthetic magnetite, it was possible
to detect tetragonal lines (i.e. superstructure lines) which are forbidden
in magnetite (van Oosterhout and Hooljmans, 1958; Braun, 1952). This is in
agreement with findings of previous studies on maghaemite formed by low=
temperature oxidation of magnetite (Feitnecht and Lehmann, 195%9). The line
broadening (i.e. WHH) of the (220) line for Lhe synthetic maghaemite is
similar to that of the original synthetic magnetite (i.e. ﬂ.iﬂnlﬂ; Table 2.1
In addition, small amounts of haematite were also detected in the synthetic
maghaemite sample indicating that some transformation to haematite has also
taken place. According to extenmive work by Colombo et al. (1965), and
Gazzarrini and Lanzavecchia (1969) magnetite oxidation can produce a mixture
of magnetite, maghaemite and haematite depending on the initial haematite
impurity, stacking faults in the initial magnetite and the rate of owidatior
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Moisture content may also influence the rate of transformation (Farrell,

1972; 0'Reilly and Readwan, 1971).

According to Stacey and Banerjee (1974) the oxidation of
magnetite is achieved by a topotactic transformation® (i.e. the amionic
or oxygen cubic structure remains unchanged) and for each Fe(II) ion
that diffuses out of the magnetite lattice and is converted to a Fe(ITT)

iom, lattice vacancies are formed:

3+ _ I+ 4 3+
Fe, Fe 0, oxidation Feg /4 E:I 13 0,
————l*-
(magnerice) (maghaemite)

where [ ] represents vacancies produced from 1/3 of the original Fe(IT)
sites in magnetite. Maghaemite does not have an exact cubic spinel
structure because these vacancies are ordered along a particular [mn]
axis and the repeat-distance is 3 X the cubic unit-cell parameter. Hence,
the erystal structure for maghaemite is tetragonal due to its vacancy
superstructure which is not present in the cublc spinel structure of

magnetite.

Most significant, is the fact that several magnetic bands and
concretions from soils in the Mistbelt regions display relatively strong,
but somewhat broad superstructure lines (samples in Table 2.2 marked by
subscript "s"). However, Taylor and Schwertmann (1974a) stated that
they did not cbserve any superstructure lines for magnetic concretions
from Australia, and consequently reasoned that the maghaemite in their

samples had a random arrangement of vacant sites.

In contrast, no superstructure lines were detected in any of the
magnetic opaque single grains, or clay-sized samples (Table 2.2) possibly
due to 2 different mode of formation. The latter is partly supported by
the work of Bernmal et al. (1959) who detected 3 varieties (i.e. structures)
of synthetic maghaemite depending on the process of preparation: (i) only
magnetite lines are observed (true spimel structure) (ii) superstructure
lines are observed which can be indexed on the assumption of a cubie
primitive cell ({iii) superstructure lines are observed which can be
indexed with a tetragomal cell in which c=3Xa®* (Van Oosterhout and

e
"phenomenon of mutual orientation of two or more crystals of different

species resulting from solid state transformation or a chemical
reaction” (Bailey, 1977).
®

which appears after slightly more than two thirds of the hﬁ ions

have been owidized.
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lience, a variety of maghaemite structures (pure) is possible,
depending on the method of formation. In addition, the Incorporation
of Ti and/or Al in the maghaemite structure may also produce a more
random distribution of the vacancies. Furthermore, not all of the
structures reported for maghaemite (i.e. ordered vacancies, primitive
cubic and tetragonal) have been found for titanomaghsemites.

The XED data presented im Table 2.3 after refluxing preground
synthetic magnetite for ) months shows only slight decreases in d-spacings
(i.e. decrease in cell mize) together with increases in line broadening
(i.e. WiH), suggesting weak oxidation and limited formation of cation
deficient spinel (perhaps as a surface layer only). BHNo superstructure
lines were observed, possibly due to the weak development of the cation

deficient spinel.

Table 2.3 Variation of XRD data for the (311) and (220) lines for
magnetite after refluxing synthetic magnetite for 3 wonths

d d

an 220
B 2 20 R 28
Synthetic magnetite’ 2,532 o.22 2,966 0,20

Refluxed for 3 months, side of £lask® 2,528 0,26 2,962 0,24
Refluxed for 3 months,bottom of flask’ 2,520 0,26 2,064 0,24

k. After pregrinding synthetic magnetite (ef. 2.2.2) for 15 minutes
in a water slurry in an agate mortar.

2, Sample material scraped off the interior walls of the flask
after refluxing the preground synthetic magaetite for 3
months.

s Bulk of ssmple material recovered from bottom of Flask after

refluxing the preground synthetic magnetite for 3 months,

Readman and 0'Reilly (1970), and 0'Reilly and Readman (1971)
have produced non-stoichiometric or cation deficient Ti-magnerites by
pregrinding titanomagnetites in a water slurry followed by oxidation in
alr at tomperatures < 300 °C. From their kinetic oxidatien dats they
speculated that wet ground samples could be "appreciably oxidized at
Toom temperature over a period of mﬁ ¥", and that Ti ions have no
stabilizing effect due to “wacancy comcentrations".
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Hence, under favourable pedogenic conditions (i.e. time for
prolonged ‘oxidacion at ambient temperatures, pl, Eh and moisture status)
detrital Ti-magnecite and/or magnetite could become oxidized to cation
deficient Fe-Ti spinel oxides with the general formula h‘Ti.h L 2
(where at+b+c=1 and [T| denotes a vacant lattice site). This oxidation
mechanigm has been partly demonstrated by comparing the XRD (Table 2.2),
chemical and optical analysis (below) of magnetic grains extracted from
crushed solid dolerite (No. 62a) ond basalt (No. B8a) with those extracted
from adjacent weathered ferruginous bauxite (No. 62Zb) and saprolite (No. BE
In both instances the d(220) line and hence the cell size decreased in goin
from the magnetic material extracted from the crushed rock to those extract
from the weathered material.

Furthermore, XRD analysis on the magaetic opaque single grains
from various particle size fractions of several solls (Table 2.2) indicates
that the d(220) spacing decreases contimously with decreasing particle
size (i.e. from coarse to fine sand fractions, cf. Mos. 246 and &M in
Table 2.1) suggesting increasing weathering of magnetic grains according
to particle size (Fitzpatrick, 1974; Fitzpatrick and le Roux, 1975; 1976),

A striking feature of the magnetic bands and coneretions from
the Mistbelt region (Fig. 2.1 and Fig. 2) {s that their mineralogy is
essentially similar (i.e. with superstructure lines)., This could be
attributed to similar mode of formation and, it poesibly alswo illustrates
a genetic association between them (e.g. that the concretions are derived
from the bands).

According to Colombo et al. (1964) and others, the oxidation
product of magnetite is depend@nc on the specific surface, crystalline
perfection and amount of absorbed water in the original magnetite. .Ilﬂll.lil
of this, and the data presented above, two main modes of formation are
possible: (i) the original magnetite produced by precipitation from agueous
solution (i.e. via green rust) oxidizes quickly (i.e. almost completely)
te maghaemite frequently producing XRD superstructure lines (i.e. in magnet i
bands and concretions) and (ii) the magnetite or Ti-magnetite inherited from
basie ignecus rocks 18 oxidized slowly (i.e. partly) to cation deficient
spinel compounds analogous to maghaemite (i.e. in magnetic opague single
grains). The first mode of formation has been demonstrated to some extent
by Taylor and Schwertmann (1974a) in synthetic studies on Fe(I1) = Fe(III)
oxlde and DI Bystems al low Lemperatures and pressures whereas the second
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mode of formation at near ambient temperaturcs has been partly simulated
in the laboratory by refluxing preground synthetic magmetite for 3 months
in distilled water as well as in the experiments by Readman and 0'Reilly
{1970) on wet ground Ti-magnetite prior to oxidation in air at < 300 .

2,4.2.2 Ceyatallinity

The WHH of the d{220) XRED peaks (i.e. indicator of degree of
crystallinity and particle size) of various face-centred cubic minerals
in 63 samples from several different localities and weathering enviromments
in tha atudy area demonstrate s wide-range of values between 0,15 and
0,90°28. This cange in line broadening (i.e. WHH) for these samples
corresaponds to a mean crystallite dimension (MCD) of between 1278 o
> ym (Tablae 2.2) as calculated from the (220) peak using cthe Scherrer
formula. Taylor and Schwertmann (1974a) obtained a much narrower range
(0,35 - 0,55°28) for Australian magnetic concretions.

The plot of WHH versus d({220) shows that these samples fall inte
four fairly distinct subgroups with very little overlap (in Fig. 2.1 the
various sample types are indicated by symbols used in Fig. 2.1). Despite
the sample groupimg and general scattering of points im Fig. 2.2 there ia
a broad negative correlation (r=-0,64, p < 0,001) between the crystallinity
of the samples (i.e. WHH) and 4(220) spacing. In addition, there is better
correlation (r==0,81, p < 0,001, o=25) between WHE and d(220) for the
combined magnetic bands and concretions vhercas the magnetic opaque single
grain particles are less correlated (r=-0,50, p=0,01; n=27).

In Fig. 2.1 the WAH values generally increase progressively from
two origine, more or less in the regions marked maghsemite and magnetite.
This can possibly be interpreted as being due to the influence of Al (i.e.
in the magnetic concretions and clay-size fractions) and Ti (i.e. in the
magnetic opaque single gralin particles) on the crystallinity of maghaemite
and cation deficient spinel oxides (i.e. Fe and Fe-Ti oxides), respectively.
However, Ti-magnetites and/or Ti-maghaemites may also contain several other
substituted -cationa such as Mn{IV), Mn(I1), Mg(II), Ca(IT), Ce{11I), V{IL1)
and Si(IV) but in only small amounts (Buddington and Lindsley 1964).

In the majority of the veakly= to non-magnetic clay-size Fractions
from red horizons in freely drained sesquioxidic soils (cf. Table 1,9),
maghaemite (or magnetic mimerals) is present in relatively small amounts,
is very poorly crystalline or fine-grained, and accordingly it is diffieult



to obtain satiafactory quantitative resules vsing standard X-ray powder
techniques. However, in some of the relatively strongly ferromagnetic
clay-size fractions from red horizons in freely drained highly ferruginous
soils, derived from basic igneous rocks (e.g. Table 2.2, Wos. &Me and 42j),
fairly strong but extremely broad d{(220) pesks were ideantified (Tabla 2.2).
Further examples of this include red soils from Australia and Brazil

(Table 2.2). It is poesible that in these clay-size fractions Al may
substitute in the maghsemite structure, as in goethite (see chapter 1)

and promote structural disorder which hes the effect principally of
wveakening and broadening XERD reflections. This viewpoint is reinforced

by the fact that mo superstructure lines have been identified in the clay-
glze fractions suggesting that with iocreasing structural disorder they
become weak amd disappear.

Besides the possible distinction of the magnetic samples of
different origin, the plot of WHH versus d(220) also suggests mode of
formation,e.g. that the maghaemite and/or Al-maghsemite in the closely
grouped magnetic concretions and bamde formed wvia solution by rapid
oxidation of very finely divided pure magnetite (hence superstructure
lines). Furthermore, the poorly crystalline Al-maghaemite in the clay=-
sized fractioms possibly also formed via solution (hence the incorporatien
of Al in the structure), whereas the maghiemite and Ti-maghaemite in the
magnetic opaque single grains are formed by topotactic and epitactic
alteration of detital primary Ti-magnetite derived from igneous rocks.

2.4.3  Magnetic susceptibility analyais

Hagnetic susceptibility has proved to be a valuable technique
in providing “"quantitative information" about the presence and/or shsence
of magnetic compounds im soils (Le Borgne, 1955; Matsusaka and Sherman,
1961; Oades and Townsand, 1963; Tite and Linington, 1975). Applications
to pedology have been reviewed by Mulline (1977) who stated that an
important factor in the interpretation of maguetic susceptibility data of
iron compounds in soils is the type of method used to determine magnetic
susceptibility. Purthermore, Oades and Tovnsend (1961), and Mullins (1977)
emphasized the need for care in interpretation of results in quantitative
padological studies based on magnetic susceptibility.

In this investigation the Gouy method was employed principally
to determine the magnetic susceptibility of small samples generally
containing low amounts of ferromagnetic minerals in the clay-size fractions
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of soils., According to Mullins (1977) this method is not suitable for
samples containing high amounts of ferromagnetic minerals. For this
reason, only approximate magnetic susceptibility values are given for
the highly ferromagnetic samples such as the magnetic opague single
grains, bands and concretions (Table 2.4). MNevertheless this method
indicates that the magnetic opaque single grain particles have a very
much higher magnetic susceptibility than the magnetic concretions,
which in turn is relatively higher than the ferromagnetic clay-size
fractions (Table 2.4).

The red soils with ferromagnetic clay-size fractions which
generally give fairly strong, very board d(220) peaks (Table 2.1) have
relatively high magnetic susceptibility values (Table 2.4). 1In Fig. 2.3
the magnetic susceptibility of 31 non-ferromagnetic soil clay samples are
plotted against colour (n* Lfﬂ}+. Descriptions, locations, and Munsell
colours’ of samples are given in Table 1.9. However, although only very
weak d{(220) peaks are evident in the non-ferromagnetic clay fractions
{i.e. traces of maghaemite) from most red horizons from sesquioxidic
freely drained soils listed in Table 1.9 (usually after 5M NaOH treatment)
they are nevertheless strongly paramagnetic (Fig. 2.3). Therefore, to
gome extent, there is & problem in detecting small amcunts of poorly
crystalline maghaemite by XRD techniques. In all yvellow apedal horizons
no maghaemite peaks were detected in clay fractions (Table 1.9) and they

are very weakly paramagnetic (Fig. 2.3).

With one exception (No. I6MY) all the non-ferromagnetic clay-
pize fractioms from the yvellow-brown apedal horizons lie in the same
field {marked Y) of Fig. 2.3. Whereas the field marked R represents
non-ferromagnetic clays from the red horizons from soils closely comnected
with or derived from basic igneous rocks. XRD analysis (Table 1.9)
indicates that the latter samples contsin fairly high amounts of finely
divided Al-haematite which could also contribute to their relatively
higher magnetic susceptibility (Mullins, 1977; Lindsley, 1976).
However, the clays from the red apedal horizons of Ne. GF2IR and red
mottles of No. Avl2, derived from granite and sandstone respectively,

both contain haematite, but have very low magnetic susceptibility walues.

* H'L/C = Munsell colour notations converted to a single number

(Hurst, 1977; cf. Fig. 2.3)
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Table 2.4 Magnetic susceptibility values of selected ferromagnetic
samples after treatment with NH -oxalate-pH3, CBD and

0,M oxalic acid at 90 °C for Ih

Untreated Hﬂh'ﬂlliltl CBD Oxalic
Sample 1 pH3 acid
No.' e ¥. 10" x. 10 x.10% 90 °C,Ih
&
C.8.8. C.g:H. C.B:5- X-10" c.g.u8.

4Ma sg ~ & 500 QOO nd nd ned
4Mc S8 -~ 2 200 000 nd nd ned
amd sg - | 500 0OO nd nd nd
Bc sg - 2 250 000 nd nd nd
199 bn - 3 700 000 nd nd nd
103d cn -~ 2 950 000 -~ 2 900 000 - 2 700 000 150
hla cn - 2 250 000 - 2 100 000 - 2 050 00O 95
WMe el 650 620 12 29
42 el 530 ATO 6 15
246K el 90 420 § 17

)s for sample location, description and mineralogical composition

cf. Table 2.2

. where: g, bn, cn and cl as in Table 2.2; nd = not

determined

In the same way as haematite tranaforms to goethite (i.e. the so-called
"yellowing" of red soil materlals described by Schwertmann, 1971)

maghaomite also appears to convert to goathite under more hydromorphic

conditions (e.g. Avi2)

iz less stable than haematite,

of in the presence of organic matter (e.g. Griffin
soils) and possibly even more readlly so, as in Avl2 mo (since maghaemite

f.0. A “t? = =163,6 and =177,7 k cal mole™?,

respectively; Schwertmann and Tayler, 1977).
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2.4.4 Chemical analysis
2.4.4.]1 Total chemical amalysis

Because monomineralic separation of titanomagnetite,
titancmaghaemite and ilmenite were impogaible®, total analysis by
classical wet chemical techniques (2.3.5) were necessarily made on
bulk magnetic isolates. The resulting data therefore have limitations

but several items of interest can nevertheless be deduced.

As expected the average Ti and Fe(ll) content of the magnetic
opaque single graine are much higher than in the other magnetic samples
{(i.¢. concretions, bands, and clay-size fractions; Fig. 1.1}.‘ The
higher Ti and Fe(Il) contents of the magnetic opaque single grains
reflect to some extent the relatively higher Fe(Il) and Ti(IV)
substitution in the maghaemite structure. However, it ahould be noted
that where {lmenite is present in the sample (cf. Table 2.2) the total
Fe(II) and Ti(IV) are not strictly related to the Ti-magnetite and/or
Ti-maghaemice phases. HNevertheless, total chemical analysis reflects
to a very large degree the differences between the magnetic opaque
gingle grains and other magnetic forms (Fig. 2.4). A somewhat similar
increase in Ti(IV) and Fe(Il) content was reported by Mitsuchi (1976)
for the more stromgly magnetic fractions (i.e. possibly opague single
grains) separated from Cambodian Ferrabols.

The dats for sample No. &M (Fig. 2.4) also shows a progressive
decrease in Ti(IV) and Fe(ll) contents on going from the coarse (Mo.4Ma),
medium (No.4Mb) and fine (No.4Mc) sand to silt (No.iMd) magnetic fractiom.

This is probably due to increasing oxidation of titanomagnetite [i.e.Fe(IT)
— 'Fuﬂllﬂ and a certain smount of Ti being released from the Ti-magnetite

and Ti-maghsemite structures.
]
Several types of textural (i.e. trellis, sandwich and composite)

intergrowths or exsolution lamellae of ilmenite in Ti-magnetite and
Ti-maghaemite occur in igneous rocks (Haggerty, 1976). This explains
to some extent the high ilmenite contemts in the magnetic opaque single
grains in samples derived from dolerite and basalt associated with the
Karroo system (i.e. majority of samples) but is rare in sample No. &M
derived from Ti-magnetite of the Bushveld Igneous Complex (Table 2.2).
For this reason the total analysis of magnetic isolates from the latter
sample could be plotted on FaO-Fe,0,-Ti0, ternary disgrams (Fitzpatrick
1974; Fitzpatrick and le Roux 1975; 1976).
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Even when the Fe(ll) contents in Fig. 2.4 are expressed as a
percentags of the total Fe they are all very much lower than 13.3%
(i.e. that given for magnetite) and range from 0 to about 20% confirming
the XRD data (Fig. 2.2) that the samples plot more in the maghaemite
range of the maghaemite - magnetite series.

The data presented in Fig. 2.4 also tend to group the magnetic
bands and concretions together on the one hand ,and differentiate them
from the ferromagnetic clay-size fractions with lower Fe(IT) and slightly
higher Ti (due mainly to anatase and rutile) contents.

There is still a lsck of precise information concerning the
solid solution relationships and formatiom (unmixing) of the various
phases in the rlﬂ-#lzﬂj-fiﬂl system involving magnetite, Ti-magnetite,
maghaemite, Ti-maghaemite, ilmenite and haematite (cf. Buddington and
Lindsley, 1964; Lindsley, 1976; Haggerty, 1976). For this reason, a
better understanding of the composition and behaviour of these complex
“srimary” Fe-Ti oxides on weathering, would be of great inLerest not
only to the petrolegist but also to the pedologist, since these minerals

are the principal origimal carriers of Fe and Ti in soils.
2.4.4,2 Selective dissolution analysis

Because the mein XRD peak for maghaemite (31]) almost coincides
with the haematite (110) and ilmemite (110) peaks it is often nn‘:‘p;l-ll‘!
to selectively dissolve either maghaemite or the other two oxides to
concentrate the oxides or eliminate interference in order to determine
their d=-spacings. One of the methods tested by Taylor and Schwertmann
(1974a) to dissolve maghaemite was to boil the samples in oxalic macid
(no specified extraction time or concentration was given). This treatment
was reported to be partly effective. They also extracted magnetic
concretions with several sequencial CED treatments and treatment times.

In agreement with Taylor and Schwertmann (1974a) the magnetic
concrecions and bands, and in particular the magnetic opague single
grains (and synthetic maghaemite and magnetite, and natural magnetite)
were penerally relatively more resistant to CAD extraction than the
non-magnetic goethite-rich samples {I:hl,_:_I-E . 1 ratios in Table 2.5
are higher thap those in Tables 1.3 to 1.9). The ruﬂmﬁfn 4 ratio is
between 2 to 10 times higher for the magnetic opaque single grains than
for the bands and coneretions (Table 2.5). This is due to the fact that
the single grains contain relatively high amounts of Pe(1l) (Fig. 2.4) and



Table 2.5 A comparison of Fe, Ti and Mn extracted from selected magnetic samples by 0,2M -ammonium oxalate-oxalic

acld-pH 3 {Fe, and Ti,] CBD I:Fld.. Tig and Hndj, HC1 I!'Im:l, Timj. and ""Il::l.]' and 0,2 M oxalic acid at 90 “c
for 1h
R ; ¢ . ve, " i . 0,2 M oxalic acid 920 “c, 1h
Fl Type® %o “4 “uecl1 Fepe, iHE% HnHC} *a Fe Mineralogy’
Ha, 8 or 4 or d d Fe
1 7 T ar d 7 v x 7 Mh Hae Go Mt
Magnetitce syn, 62,50 29,1 45,2 2,148" - - n.d, 2,24 64,3 - - T
Maghaemi te Byn. 0,49 25,6 58,4 o,019* - - n.d. 2,28 45,2 A - -
Magnetite nact. 5,85 4,0 54,5 l,463% te tr n.d. 13,63 38,1 2 = - A
199 ¢ bn 1,31 38,6 49,5 0,026 0,11 0,04 0,02 1,28 36,3 A D A -
103 d cn 0,09 31,8 51,3 0,002 0,13 0,08 0,01 1,61 50,2 T A Eh -
e en 1,08 41,4 42,4 0,025 0,16 0,01 0,01 1,02 37,1 ;- A sp -
£ en 103 37,1 45,2 0,025 0,22 0,01 0,02 19 34,5 T A 8D -
g en 0,70 33,5 48,3 0,014 0,13 0,03 n.d. 1,44 36,2 T sD 5D =
h en 0,65 43,2 50,5 0,013 0,19 0,03 n.d. 1,17 31,6 T SO 8D
42 a en 0,36 45,0 52,2 0,007 0,23 0,05 0,03 1,16 30,1 T D A -
b cn 0,51 37,7 40,2 0,013 0,18 0,07 0,01 1,07 9.4 T sD A -
d cn D88 &4,0 50,8 0,009 0,17 0,03 n.d. I 415 Y p s A -
e cn 0,30 19,2 45,9 0,007 0,20 0,05 n.d. 1,43 36,2 T sp T -
g en 0,46 23,2 43,0 0,011 0,57 0,07 a.d. 1,85 31,9 T s T -
b cn 0,36 22,1 24.7 0,015 0,72 0,05 n.d. 1,12 17,7 - D T -~
62 a 52 0,40 31,5 39,3 0,089 0,89 0,03 0,1 11,23 24,5 T - - A
b sg 0,25 10,0 26,6 0,025 0,41 0,00 0,06 2,66 .0 T A A -
e sg 0,07 13,5 28,6 0,005 0,57 0,02 0,05 2,12 20,2 T A A=
44 a g 3,69 5.5 45,2 0,082 3,15 0,17 0,30 10,04 35,7 T T - A
b Sg 2,15 10,4 40,0 0,213 3,21 o,12 0,21 1,85 32,4 A A - =
88 e BE 1,90 B.4 51,7 0,226 L. 30 0,15 e 6,15 42,2 T T - -
&M e el 0,20 17,3 23,7 o,012* 1,35* 0,19* 0,01 1,37 12,5 - 50 T -
42 j el 0,41 13,9 17,8 0,029 0,39 o,11* 0,01 1,28 11,0 - 80 A -

I. for sample location, description and mineralogical composition cf. Table 2.2.
2., where: syn. = gynthetic, nat. = natural, and bn, cn, sg and cl as in Table 2.2; tr = trace; n.d. = not determined
3. wvhere: Mh, He, Go and Mt; D, CD, 8D, A, T and -, as for Table 2.2
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are therefore weakly soluble in CBD. Similarly, relatively low F'u"'d or HC
ratios were obtained for magnetic bands and concretions, whereas higher
ratios are associated with the opaque single grains due to their higher
Fe(II) contents. Baril and Bitton (1969), and McKeague, Brydon and Miles
{1971) and Gamble and Daniels (1972), reported similar data for Fe
extracted from magnetite. It is significant that oxalate soluble Ti

follows the same pattern as Fe for the magnetic opaque single grain particles

(Table 21.3)

The low ratios (i.e. lunfrnd‘:ll.ﬂl}l recorded for bulk soils
containing magnetic opaque single grains, suggests that the Ti-magnetite
and/or Ti-maghaemite with high Fe(Il) contents in these scils are coated
{or protected) by resistant crystalline secondary or omidized products
of Ti-magnetite (see below). Apart from the fact that grinding increases
the surface area of these magnetic opaque single grain particles which
tend to concentrate mainly in the 0,026 to 0,5 mm fraction (1.4.1.3),
grinding may also remove crystalline iron oxide coatings (e.g. goethite
patena) and expose a core of magnetic oxide minerals with high Fe(Ll)
contents which are more susceptible to oxalate dissolution. Furthermore,
when magnetic opague single grains from MHosm. Afc and iMb were sequentially
extracted with “d bafore grinding (i.e. to remove oxidic Fe, mainly
goethite, haematite and some maghaemite) and then subjected to 0,2M
NH -oxalate-pH ) treatment, higher amounts of oxalate soluble Fe were
obtained (i.e. 4,21 and 3,422 hn for 88c and 4Mb, respectively) again
suggesting that some of these grains may have a core of relatively
unoxidized Ti-magnetite or Ti-maghaemite with high Fe(II) content.

Although crystalline concretionary maghaemite is moderately
resistant to both CBD (3x1/4h) and NH -oxalate-pH 3 extractiom, it is
significant that finely divided or microcrystalline maghaemite (i.e. MCD
¢ 3008) in concretions and clay=size fractions are selectively removed
(i.e. the WHH decreases or the peak disappears even after a Ix!/4h CED
extraction, cf. Table 2,2). Oades and Townsend (1963) found that extraction
of soil clays with relatively mild dithionite treatment reduced the magmetic
susceptibility, possibly due to removal of poorly crystalline maghaemite.
Similarly, in the ferromagnetic fractions of clay-size samples (MNos. &M
and &2) CBD removed maghaemite and reduced the magnetic susceptibility
considerably, to very low values (Table 2.3).
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Treatment with 0,2M oxalic acid at 90 °C for | h selectively
removed most of the maghaemite as determined by XHD (Table 2.5) and
magnatic suscaptibility (Table 2.4) resulting in a relative coacentration
of the other Fe—oxide minerals (Table 2.5).

The magnetic comcretiona and bands generally contain relatively
lower amounts of ACl extractable Mn and Ti than for the magnetic opague
single grains and clay-size fractions (Table 2.5) in accordance with
the total Ti contents (Fig. 2.4). The low 'I"hl.m.1 values indicate that
the concrétions were probably formed inm a relatively well aerated
environment (i.e. similar to the bulk soils where weak reducing conditions
result only occasionally in very wet seasons). The low HH‘.’] values
could suggest that they are not derived from Ti-magnetite whereas in the
magnetic opague single grains the high HCl extractable Ti (and Mn®) could
mean they are formed from the weathering of detrital Ti-magnetite.

2.4.5. Oprical examinmation

An attempt was made to examine each form of magnetic sample by
light microscopic methods (thin sections and petrographic), and by SEM
and TEM to see if any differences (or similarities) in external morphology
could be observed. Except for the SEM work of Pawluk and Dumanski (1973)
on fervomagnetic concretions in a poorly drained soll of Alberta (Canada),
and Scieglitz and Bothwell (1971) on magnetite and other heavy minerals
from lacustrine beach and dune deposicts, licttle work has been done on
the surface textures of pedogenic magnetic minerals.

2.5.5.1 Morphology of magnetic bands and concretions

The thin sections of the magnetic bands (&nd concretions) have
an overall very dark-brown appearance with numerous small holes and cracks
(Plate 2.1 C),indicating to some extent a porous-like material, For the
most part, the material is almost opaque especially in the very dark-
brown areas, suggesting that these areas are fairly densely iron
impregnated. Mo particulsr structure can be seen in the thin section
except in many holes, small, round, almost opaque particles about 2 - 5
um in size may be seen. In several holes, the small opaque particles
are scattered in the middle and increase in number toward the edges.
Some of the less opaque, or less densely impregnated areas lining the
walls of the holes, show small (<2 um) birefringent crystals, probably

* This could represent Mn present in the primary (Buddington and Lindsley,
1964) or highly altered (weathered) magnetic Fe-Ti oxides.



Place

2.1: A. Photograph of a magnetic band in the C horizon of a

Farningham seil in & road cutting 10km norch of Ixopo
(No. 199). Bote hand magnet attracted to the band,
immediately to the left and at the handle-join of the
geological hammer.

B. Large rounded magnetic fragment or module from a
stoneline in a Criffin soil, B22 horizon (Mo, 103) exposed
in & road cutting 3km south of Richwond, fractured in half

before photographing.

€. Thin section light micrograph of magnetic band.
Ordinary light X 65.

D amd E. SEM of Eracture surface and cavity of magnetic
band from sample No. 199 at progressively increasing
magnifications, D{X BOO) and E (X 1600).

F. TEM of clay-size fractiom (<2 um) dispersed
ultrasonically (10 min. at 20K Hz in distilled water)
after gently grinding a portion of magnetic band from
sample Mo. 199, Bar is 0,5 um.
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goethite, suggesting more recent goechite impregnation.

Plates 2.] D and E, and 2,2 B are SEM photographs of the
interior surfaces of a magnetic band (No. 199) and concretion (No. 42),
respectively., A number of areas on these respective surfaces were
examined but no features strikingly different from those shown were
ocbserved. They both seem to consist of many pores (cf. also Plate
2.1 C€) surrounded by “pore infillimgs" with individual rods, or stubby
bundles (i.a. clusters or aggregates), of the order of <2 um, closely
packed or often intergrown with each other. Ferromagnetic concretions
of similar micro-dtructure patterns were described by Pawluk and
Dumanski (1971). BSeveral spheroidal-like particles are noted in
Plate 2.1 D particularly in the lower left hand cormer. Although
the nature and origin of these particles are not kmown, their shape
is similar to anatase particles observed by Weaver (1976), However,
crystalline maghuemite comprises the dominint mineral in these two
samples with minor amounts of haematite, guartz, ksolinite, goethite

and trace smounts of anatase (Table 2.2).

The similar external morphology of the fracture surfaces of
the bands and concretions (and large rounded fragments) together with
their similar XRD patterns (i.e. superstructure lines) again suggest
that the magnetic concretions are possibly related to (L.e. posaibly
derived from) bands.

Plates 2.1 F and 2.2 C are TEM of representative fields of
untreated magnetic particles in the clay-size fractions (<2 ym) from
bands (No. 199) and comcretions (Mo. &42a), respectively. The particles
(mainly maghaemite) are highly aggregated, opaque and iscdimenaional,
and resemble the electron micrographs of natural and synthetic maghaemite
described by Schwertmann and Taylor (1977). Treatment of the clay-size
fraction from the concretions (Mo. 42a) with a | x 1/4 h extraction
with CBD selectively removed much of the subdominant haematite and traces
of goathite in the sample, and superficial poorly erystalline maghaemi te
(i.e. decrease in XAD line broadening; Table 2.2) resulting in greater
dispersion(Plate 2.2 D). Some of the particles in Plate 2.2 D show
slight cuble-like outlines. This is to some extent in asccordance with
the reasonably sharp (WHH = u.:u“za: XRD lines and the fairly strong
superstructure lines for maghaemite in this sample which refleces the

relatively large crystal size and apparent good development of the
crystals.



Plate

2.2: A. Phorograph of hard, shiny magnetic concrecions

from a Farningham soil, B2l horizon near Howick (Me. 42).

B. SEM of fracture surface and cavity of a concretion
from sample Ho. 42 (X 1600).

C. TEM of clay-size fraction (<2 um) dispersed
ultrasonically (10 min., at 20 K Hz in distilled water)
after gentcly grinding several magnetic concretions from

gample Mo. 42a. Bar is 0,5 jm.

. TEM of clay-size fraction from Mo. 42a (cf. C above)
afrer | x |h treatment with CBD., Bar is 0,5 pm.



111



12

2.4.5.2 Weathering of magnetic opaque single grains in ferruginous

bauxites and soils derived from hasic igneous rocks

As expected, the grains (i.e. mainly Ti-magnetite) observed
in thin sections (Plate 2.3 A), and by SEM after being "isolated" or
extracted magnetically after crushing (Plate 2.3 B) umveathered
dolerite, show smooth, sharp edges and surfaces (i.e. "agate-like"
fracture surfaces) with no solution pits. The small "frosted" grains
observed on the surface of the magnetic grain in Plate 2.3 B have
resulted from crushing. Whereas in the thin section of weathered
ferruginous bauxice (No. 62b) adjacent to the dolerite (ef. Plates 1.9
and 2.3 C) the most obvious chemical alterations of the large opaque
magnecic particles® (mainly Ti*maghanuite+} are cracks, rounded edpes
and cornmers, and etched or pitted patterns on the surfaces of graina
(see also Plate 2.3 D). The SEM examinations of the magnetic particle
tn aitu (Plate 2.3 D-F) at progressively higher magnifications indicate
several solution cextures such as large apd small irregular pits, and
"blob-like" overgrowths which lack obvious crystal facies (Plate 2.3 F).

It is postulated that these are maghaemite or Ti-maghaemite
overgrowths and form as numerous incipient crystals on detrital magnetite
or titanomagnetite grains (possibly as epitactic overgrowths) by
precipitation. These apparently small erystals on the surface of the
titanomagnetite grain (Plate 2.3 F) could eventually develop into
overgrowths with well defined crystal facies (see below) providing

the physico—chemical conditions (redox, pH etc.), space and time permit.

Magnetic opague single grain isolates from the 0,062 — 0,5 mm
fraction (i.e. [ipe sand fraction) of & Farmhill socil, C horizon
{Ho. BB Gf c) derived from basalt, show mainly irregular particles
with: (i) highly etched banded portions (arrowed in Plate 2.4 A) with
discontinous surfaces resulting from the splitting of primary
titanomagnetite and (ii) masses of intergrown and separate crystals
or particles which occcur as aggregates or clusters in "pore Eillings"
(Plate 2.4 A — E). The latter occur above and below the banded portion

* Several of these particles are visible to the naked eye.,
¥ Following SEM studies the grain was carefully removed using
tweezers under a low-power binocular microscope, powdered in

an agate mortar, and examined by XRD analysis.



Plate

2.3: A. Thin section light micropraph of dolerite core in

a ferruginous bauxite boulder-block from a Farmhill so1l
exposed in a railway cutting near Sweetwaters, Pietermaritzburg
{(No. 62a; cf. Plate 1.9) showing an opaque (black) unweathered
{i.e, unetched) titanomagnetite grain. Ordinary light X 70.

B. SEM of the “"fracture surface" of an umweathered opaque
magnetic grain (possibly titanomagnetite) isolate from

crushed dolerite from sample Mo. 62a. (X 224). The small
loose particles on the surface of the grain are considered to
be introduced during sample preparation, primarily by grinding.
The lines in the lower portion of this micrograph represent

electronic noige resulting from s defective scan generator.

C. Thin section light micrograph of ferruginous bauxite
(No. 62h) ad jacent to dolerite core (cf. Plate 1.9 D-F)
showing weathered (i.e. etched)opaque single grain particles

(possibly titanomaghaemite). Ordinary light X 65.

I~ F. GEM of a large opaque magnetic grain (possibly
titanomaghaemite) in a void in the ferruginous bauxite

(No. 62b) adjacent to the dolerite core, at progressively
increasing magnifications, D (X 154), E (X 770) and F (X 3080),
Arrow in D shows outline of magnetic grain. '
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arrowed in Plate 2,4 A, and are shown at progressively higher magnification:
(Plate 2.4 B - D), which appear to show features of weathering similar to
that chserved in the ferruginous bauxite fragment, but possibly at a more
advanced weathering-stage.

Detailed SEM examination of the banded portion shows a highly
eracked, etched and pitted surface with fairly large granular particles
on the surface (i.e. possible epitactic crystal overgrowths) of the order
of <2 ym. Close examination in a void above the band {rhe square area
marked on FPlate 2.4 C), reveals that these clustered particles show some
face development in the form of rough subangular platelets (Plate 2.4 E).
The d(220) XRD line for maghaemite in this sample (Table 2.2) is fairly
sharp (WHH = 0,20 20) reflecting its relatively large particle sirze
{i.e. MCD = Iﬁl!lﬁ}. Despite the relatively sharp 4(220) XRD peak no
superstructure lines were observed, possibly due to the high amounts of
Ti and Fe* in the sample (Pig. 2.4).

It is postulated that, with time,the primary magnetite and/or
Ti-magnetite particles from basalt or dolerite parent materials weather
to form soil maghaemite- and/or titanomaghaemite-rich clusters or
aggregates with relatively high Fe(II) and Ti(IV) contents, mainly in
the silt and fine sand fractions of freely drained soils particularly
in theMigtbelt and Highland Montane regions:

These SEM and thim section observations indicate to some extent
that the formation of maghasmite and /or Ti-maghaemite may occur through
dissolution of magnecite or Ti-magnetite. The formation of maghaemite
and/or Ti-maghaemite on the surface and in pores amd cracks of weathered
primary magnetite andfor Ti-magnetite particles suggests that oxidation is
not attributed solely to topotactic alteration of the latter but possibly
also by epltactic crystallization from solution. This will have the effect
of reducing the mucleation energy for maghaemite and/or Ti-maghaemite
formation considerably.

The surface texture on magnetic opaque "single grain" particles
from different localities and weathering enviromments (i.e. ferruginous
bauxite and sells) is different, and therefore may be a marker value to
the pedologint of degree of weathering and "reserve" of such particles.
Hence, in the same way as quarctz has been used (e.g. Krinsley and Doornkamp
1973} in studying relationships between surface texture and possible
environmental facters, It is suggested that magnetic opaque single grains
may also ba usad.



Plate 2.4; A — E. SEM of magnetic opaque "single grain" isolates
from the Farmhill soil (Mo. BBGE), C horizon (on Mikes Pass,
south aspect), of the -62 - 500 ym [raction (fine sand
fraction) at progressively increasing magnificatioms A
(X 77), B (X 154), C (X 770), D (X 1540) and E (X 3080;
magnifications of square area in C), showing the complex

microstructure of these grains.
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.5 Conclusions

The distribution and occurrence of several pedogenlc magnetic
materials in the study area were grouped according to their morphology
and origin (i.e. bands, concretions, opaque simgle grains, clay-size
fractions and bulk topsoil samples) and both field and laboratory data
show a clear soil - climate = terrain zonmality.

XED analysis indicates that each of these magnetic samples
broadly represent maghaemite and magnetite in an lsomorphous replacement
seriss; i.e. the magnetic bands and some of the concretions, approaching
the ideal maghaemite unit cell of the type: !':ri;} D.”‘Jn.ﬁ with
guperstructure lines, whilst the concretions and clay-size fractions with
high WHH values progressively diverge to lower d-spacings indicacing
substitution of Al for Fe in the maghaemite structure; on the other hand
the magnetic opaque single grain samples temd to approach the “ideal™
magnetite/Ti-magnetite d=spacings but generally most of these samples have
lower d-spacings indicating cation deficient Ti-magnetites with general
formulae: n!aILh D: “ﬁ where a+*b+c=1 or substitution of Ti{IV)+Fe(ll)
for 2Fe(111l) in the maghaemite structure.

The considerable substitution of Al and Ti in the maghaemite
structure presumably leads to relative disorder within the structure
which possibly in turn leads to (i) & lower energy of formatiom and

(ii) the absence of superntructure lines.

These pedogenic magnetic samples are clearly differentiated
into four gubgroups wvhen the d4(220) spacings are plotted againat tha
WHH (i.e. index of crystallinity): (i) clay-sized fractioms (strongly
disordered and with low d-spacimgs), (ii) concretions (disordered to
well ordered , i.e. those with superstructure lines), (iii) bands
({relatively well ordared due to occurrence of superstructure lines),
{iv) opague single grain particles (wide range of order and erystallinicy).

A rough distinction between the various morphological types
of magnetic samples can also be made from chemical anmalysis; opague
single grain particles usually having higher Fe(IT) and Ti(IV) contents
than the clay-aize fractions, bands and concretions. The bands and

concretions generally have higher Fe(ll) and alightly lower total
Ti{IV) than the clay-size fractions.

El‘ denotes a vacant lattice site ,
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The superstructure lines detected in several magnetic bands
and concretions in soils from the Mistbelt regions suggests that the
maghaemite in them is possibly formed by rapid oxidatiom of finely grained
original magnetite which formed by precipitation from aqueous solution.

A laberatory weathering experiment carried out by refluxing
wet ground synthetic magnetite for 3 months,demonstrated that magnetitce
can oxidize to cation deficient Fe-Ti spinel oxides at near ambient
conditions. This information together with mineralogical and chemical
evidence (i.e. XRD, chemical and SEM analysis) on magnetic opague single
grain particles from solid igneous rocks and adjacent veathered materials
suggests that the magnetic opaque single grains are formed by topotactic
and epitactic transformation of detrital magnetite and Ti-magnetite under
favourable pedogenic conditions (i.e. time, Eh, pH and moisture status).

The effect of ll-lrmlal.t-pﬂ 3 , CBD (Ix1/& h and 3Ix1/4 h)
and 0,2 oxalic acid (90 °C for | b) treatments were tested on a wide
range of selected magnetic samples. The selectivity of these methods
in extracting the various oxides was largely an function of the type
of materinl (i.e. crystallinity and composition). For example, poorly
erystalline maghaemite (i.e. MCD < 300K) was selectively removed by
Ixi /4 b (and 3x1/4 h) extraction with CBD in the clay-size fractions
and concretions. Oxalic acid selectively extracted higher amounts of
magnetic material from the opaque single grains [ high in Fe(11)] than
in the concretionms and bands.

Examination of opaque single grain particles by SEM revealed
details and complexities not discernible with a petrographic or low-
powver bimocular microscope. The surfaces of magnetic opague single
grain particles (examined fn gftu) in both ferruginous bauxite and the
62 to 500 ym fractions from soil horizons are porous, amd rough with
ridges, knobs, furrows, and pits which are indicative of both solution
and precipitation surfaces. In contrast, the ocuter surfaces of the

magnetic copcretions are generally relatively smooth, shiny and compacet.

The magnetic single grain opaque particles in ferruginous
bauxite and soils are presumed to contain a high propertion of oxidized
or weathered detrital magnetite or Ti-magnetite from igneous sources
(i.e. cation deficient Fe-Ti spinel oxides) since they are composed of

loose silt—to clay-size clusters which are closely associated with the
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etched and cracked surfaces of relatively large grains, and in addition
have intermediate 4(220) spacings between maghaemite and magnetite with
high Fe(Il) and Ti(IV) walues.

A reasonably similar origin or wode of formation is indicated
for the magnetic concretions and bands by their closely similar XRD and
micto-morphology (thin section, SEM and TEM). Some of these magnecic
concretions appear to be derived from the magnetic bands.

The maghaemite in the clay-sized fractions (determined mainly
by magnetic susceptibility), concretions (XRD) and opagque single grains
ig higher in the red than in yellow=-brown apedal horizons, and generally
increases wich depth in Griffin soils with a maximum in the red apedal
horizon (decreasing in the C horizen), This suggests that maghaemite can
possibly be partly dissolved in soils (i.e, depending on effective surface
area which explains its relative stability in concretions and cores of
magnetic opaque single grains) under the (nfluence of organlc macter
(and hydromorphy) and be transformed via solution to goethite.

The exact mode of maghaemite formation is not clear from the
data obtained in this investigation, However, these results imply that
the maghaemite and cation deficient Fe=Ti spinel oxides detected in these
soil magnetic samples ron possibly form by both secondary (via solution)
and topotactic formation, Finally, a third mechaniem of maghaemite
formation in surface horizons of soils in the Mistbelt and Highland Montane
regions can be actributed mainly to heating by ground fire (i.e. influence
of heat and reducing conditions in the presence of organic matter and
finely divided goethita).

The distinction between secondary maghaemite (i.e. via solution
formation) and oxidized magnetite and/or Ti-magnetite (i.e. topotactic
formation}, based on mode of origin, is to a lorge extent reflected in
certain features of chemical composition, XRD pattern and electron
optical morphology; taken together these features alsc illustrate that
these minerals and mode of formation may grade from one form to the other
but that they nevertheless can be distinguished.

The results presented demonstrate a considerable range of
properties in magnetic oxides [Fe(1I) and Ti(IV) contents, d=spacings,
crystallinity, magnetic susceptibility, and -inru-n:phnlu;y] from a wide
range of pedogenic enviromments in the study area, and suggest further
avenues of research which could profitably be followed.
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CHAFTER 3

SOIL MINERALS IN THE FEIDE- Tiﬂi *'ﬂlﬂ SYSTEM WITH
SPECTAL REFERENCE TO SYNTHETIC PREPARATLONS

AT NKEAR AMBIENT CONDITIONS

3.1 Incrodoction

Regardless of parent material, titanium {s invarisbly detected in
soils. Titaniferous oxides are generally considered as inert materials in
soil development and this has often been used to establish the degree of
depositional uniformity in soils., MHowever, several workers (Sherman, 1952;
Sudom and 5t. Arnaud, 1971; Fitzpatrick and le Roux, 1976) have suggested
that Ti may be mobilizged in all fractions during soil weathering; recently
Bain (1976) observed high amounts of X-ray amorphous and cryptocrystalline
'l'iu2 in a peaty podzol., Further work is needed in characterizing the mobile,
amorphous and poorly-crystalline Eractions of Ti in soila.

In recent studies dealing with titanium in soils and clays much
emphasis has been placed on the fact that Ti is commonly combined with Fe.
Selective dissolution studies by Sayin and Jackson (1975) indicate that
anatase in Georgia kaolinite contains small amounts of Fe., Weaver (1976)
using electron probe techniques, supported this view. Moreover, several
forms of secondary crystalline iron oxides containing structurally
incorporated Ti (e.g. titanomaghemite, titanchaematite, pseudobrobkicte and
pseudorutile) have been detected in soils (e.g. Katsura et al., 1962;
Walker at gl., 1969; Fitzpatrick and le Roux, 1976). Their Formation is
thought to result mainly from the topotactic oxidation of primary minerals
. (e.g. titanomagnetite or ilmenite) and not to any great extent by
coprecipitation and crystallization of Fe and Ti in the weathering solutiom.

Divergent views exist on the exact nature and genesis of these alter-
ation products, particularly ilmenite (Palmer, 1909; Cverholt et al., 1950;
Bailey ot al., 1956; Lynd, 1960; Bykov, 1964; Temple, 1966; Grey and Read,
1975). Bailey et al., 1956 and Lynd, 1960 suggested that all alteration
produfts of ilmenite should be termed leucoxene and qualified as being

either an amorphous or crystallipe Fe - Ti oxide®, However, detail X-ray

b DeVilliers (1962) reports appreciable amounts of leucoxene together

with ilmenite in the heavy mineral fractions of several highly
weathered yellow amd red soils of Hatal,
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studies of single grains of altered ilmenite by Temple (1966) and more
recently by Grey and Reid (1978) has led to broad agreement that in mature
a distinct intermediate titaniferous product referred to as pseudorutile
“‘zﬁs""a = previously called arizonite) is involved in the alteration of
ilmenite.

The difficulty in synthesizing pseudorutile free of other Fe and Ti
oxides which coincide with some of its XED lines, together with its poorly
crystalline nature, have been major problems in characterizing this inter-
mediate alteracion product (Lynd, 1960; Karkhanavala and Momin, 1959; Grey
and Reid, 1975). Little information is available on pedogeochemical
conditions under which Fe and Ti may coprecipitate and crystallize from
the weathering solution to form these mixed "alteration" products.
Furthermore, it is oot yet known what effect Ti and Fe have on the formation
of iron (e.g. goethite and haemstite) and titanium (e.g. anatase and rutile)
oxides respectively, at ordinary pressures and temperatures.

Numerous synthesis studies have been undertaken at high temperatures
and pressures to determine the stability fields of 'I_'i'.l:'.l2 polymorphs and
Fe-Ti minerals (Buddington and Lindsley, 1964) during magmatic oxidaction
{i.e. in chemical petrology). Karkhanavala and Momin (1959) hydrothermally
crystallized small amounts of pseudorutile at 300°C and 1200 1b. per og.in,
and concluded that it was "not the preduct of atmospheric oxidation".

These results are considered to be of little value in determining the
conditions and type of Fe-Ti phase which will form during the alteration of
titaniferous primary minerals under earth surface conditions.

Except for the work of Weiser and Milligan (1934) on pure Ti systems,
little work has been done on the precipitation and crystal growth im Ti (IV)
solutions undergoing hydrolysis, particularly in the presence of other
metals. Several synthetic studies have been carried out om mixed Fe-Al
{e.g. Gastuche ef al., 1964) and Fe-5i (e.g. Herbillon and Tram Vinh An,
1969) systems ¥n vitro.

Jhe objective of this study is to examine a series of syntheric Ti and
Fe-Ti oxides® aged under different conditions, in order to obtain & better

The term oxides in this chapter includes all compounds in the system

Tiﬂl.ﬂzﬂ' and Ftiﬂj.ﬂzﬂ respectively.
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understanding of possible Fe-Ti weathering products and their presence in

soils.

3.2. Materials and methods

3.2.1 Synthetic Fe-Ti oxides

Details of the method used for preparing mixed Fe-Ti oxide co-
precipitates from their respective chloride salts (and aged in 0,2 M KOH)
are given in Appendix Z.

Chloride contamination was avoided by employing & titanyl nitrate
solution, prepared ss follows: A fresh Ti oxide precipitate was obrained
by adding a 10 per cent ammonia solutiom to 0,5 M Ti[:l# (Merck, AR) wmril
the pH of the solution was in the range 5 — 6. The resuvlting dense white
précipitate was centrifuge-washed five cimes with deionised water and then
dissolved in 5 M Hﬂﬂj. A fresh Ti oxide was once again precipitated with
"Eﬁ solution, centrifuge-washed with deionized water until a negative
chloride test (Agﬂﬂgﬁ was obtained, redissolved in 5 M Eﬂ].!., and diluted
to a concentration of 4,79 g Tifl. The synthetic fresh Citanium oxide free
of chloride) was finelly prepared by the addition of a 10 per cent HH,
solution to the titanyl nitrate solution until the pH was in the range
5 — 6. The white precipitace was centrifuge-washed thoroughly wich
deionized water and either freeze-dried immediately or aged in polyethylenme
bottles as follows: (i) at room temperature (= 15':'!]} for 30 and 70 days,
(ii) at 70°C for 70 days, both at pH 5,5 and 12,0.

The synthetic fresh ferrihydrite (formerly called smorphous ferric
hydroxide) was prepared by the addition of a 10 per cent KH, solution to
0,1 ¥ FetHﬂ}3 solution (Merck, AR) until the pH ranged between 5 - 6.

Nine mixed Ti(IV) - Fe(IIl) oxides of compositions 5, 10, 20, 30, 50, 70,
80, 90 and 95 mole I Ti/Ti + Fe respectively, were prepared in exactly the
same manner except that titanyl nitrate replaced iron in the initial
solution in different proportions (for comparison several Fe-Al and Fe-Zr
coprecipitates were prepared in a similar way using nitrate salts). The
freshly precipitated oxides were centrifuge-washed with deionized water
until dispersion and either freeze-dried immediately or aged in polyethylene
bortles as follows: at room temperature or at 70°C for 70 days, The pH
was adjusted to 5,5 by adding mm3 or NH OH every third day, and water
added =t intervals to compensate for evaporation. The samples were then
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washed free of excess salts and freere—dried.

Fifcty mg of sample was dissolved in concentrated HCl to ascertain
total Fe and Ti and duplicate samples were extracted (i) with 10 ml NH =
oxalate (pH 3) im the dark (Schwertmann, 1964) on an end-over-end shaker
for two hours and then centrifuged; and (ii) with one 15 minute treatment
with eitrate-bicarbonate-dithionite (CBD)(Mehra and Jackson, 1960). The
extracts were analysed for Fe by atomic absorption and Ti by the Tiron
method (tests for NH -oxalate interference in Fe and Ti determinations

were negative).

X-ray powder diffraction patterns were obtained from gently pressed
specimens of random orientatiom using a Philips PW 1050/70 instrument fitted
with a graphite monmochromator, and CoEkn radiation at a scan rate of 1% /min.

(Appendix 3).

Infrared spectrs were run in KBr pellets using a Perkin Elmer
model 457.

Magnetic susceptibility was measured by the Gouy method using mercury
{T1) cobaltitetrathiocyanate !:E-n{ﬂls'.lﬁ as a calibration standard at I}ni:
and 2000 gaoss.

Charge distribution of the oxides were dﬂ-r-i;-d by eguilibrating
100 to 300 mg samples overnight with 10 ml 0,75 M KC1 (pH adjusted to 5 or
10 wich HC1 or KOH) followed by a further two centrifuge-washings. The
suspensions ware then centrifuge-washed five times with 10 ml of 0,05 M KC1
adjusted to the appropriate pH. The pH of the [inal washing wvas measured,
and tha tube plus contents weighed immediately after decantation.
Suspensions were then centrifuge-washed five times with 10 ml 0,22 M
m“ﬂz“’r Potassium and Cl were analyzed in the combined extracts, made
up to 50 ml with 0,22 @ {HHA}ESD‘“ by flame emission and with an Aminco-
Cotloye chloride titrator, respectively. Negative and positive charges
were calculated after correction for occluded sale,

3.2.2 Soil samples and clay analysis

Twelve solls were selected from a climatotoposequence in the study
area (see Table 3.1, Appendix | and Fig. 1.! ). Samples of the clay
fraction (<0,2 ym) were obtained by monlc disparsion and sedimentation,



TABLE 3.1: Sample collection and TL and Fe extracted from subacil clays by acid ammonium oxalate 1;'!:"!],*__| afid "gl .
CEO, "‘Iﬂl and total Ti I':'itl
SOIL TYPE GREAT GROUP LOCALLTY . ALTTTUDE T, T4, T, Fe, Pe, Fe
(Mo, in MATERIAL (m) . " TL % \ Fo
Fig. 1.1)
Featy podzol Cryhumod Ardbrecknish® Chlorite- - 1,95 5,40 0,3 6,08 8,62 0,70
schista
Blinkklip Cryumbrept Leaotho Basalt 3 300 0.12 0,41 0,29 1,87 5,02 0,317
{106 Ma)
Makuya Cryumbrept Sani pass Basalt 1 000 0,11 0,40 0,27 1,58 6,03 0,26
{235 Cw)
Hewport Haplumbrept Mikes pass Basalt 2 620 0,05 0,62 0,08 2,09 10,32 0,20
{105 Cw)
Ouwerf Fragiaguult Mikes pass Basalt 2 580 0,03 1,26 0,02 0,34 8,66 0,04
{236 Pn)
Farmhill Ombriorthoix Bichmond Ehale/ 1 050 0,03 0,71 0,04 .32 10,37 0.04
(103 GE) Dolerite
Farmhill Umbrr i orthoo Hichmond Shale/ 1 050 0,02 1,04 0,02 0,37 10,38 0,04
(103 Gf) Dolerite
Vazi Plinthaquept Fiet Hlt:l--f. Sand stone 1 370 0,04 0,81 0,08 1.50 3,60 0,41
(13 M Lo)
Vari Plinthaguept Windy hil Sand stone 1 DED 0,07 1,94 0,05 3.04 22,88 0,11
(66T La)
Clovelly Haplorthak Dududu Granite B850 0,05 0,29 0,16 1,51 14,%7 0,10
Shortlands Rhodoxeral f Alberr Palls Dolerite €70 0,01 0,28 0,04 0,32 8,11 0,04
(241 s4)
Fernwood Quartzipsamsent HRichards Bay Eolianite &0 0,09 1,05 0,11 3,08 7,40 0,42
inear 183)
Clansthal Dystrochrept mn-:ﬂ“ n:: Eolianite 50 0,03 0,66 0,06 0,65 15,41 0,04

* sample from Scotland supplied by Bain (1976)
? Bottomlans soils in toposequences where 11 M G and 99 Ia are the upland soils respectively (see Fig. 1.1)

74
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without pre-trestment, and freeze-dried. A Ti-rich clay sample (<1,4 um)
from a peaty podzol reported on by Bain (1976) was also used. Fifty mg
subsamples of clay were (i) dissolved in H,50, (Pruden and King, 1969),
{ii) extracted with CBD, (iii) extracted with ﬂ#-ﬂlllltl (pH 3); and
the extracts analyzed as for the synthetic oxides. Clays (and selected
synthetic oxides) were also treated with 5 H NaOH ac 90°C for 1 hour
(Horrish and Taylor, 1961).

3.3 Results and discussion

3,3.] Comparison of syntheric and natural Ti-oxides

The freshly prepared titanium oxide obtained by precipitating titanyl
nitrate {(chloride free)} with li‘li].. was found to be amorphous to X-rays
(Fig. 3.1 h) and stayed so after aging ar pH 12 for 70 days at room
temperature and 70°%¢. However, at pH 5,5 and at room temperature (Egﬁﬂci
for 30 days it showed the strongest lines of anatase although very broad
{Fig. 3.1 i). The line broadening corresponds to a mean crystallite
dimension (MCD) of 20 - B0 &, as calculated from the (101) pesk using the
Scherrer formula.® The crystallinity of the anatase improves after aging
for 70 days at room temperature (Fig. 3.1 j). This observation is in
general agreement with the results obtained by Weiser and Milligan (1934)
after 210 days of aging. There is some evidence that traces of Cl delay
the cransformation of amorphous Ti-oxide to amatase and this may be the
reason for the slower rate of anatase crystallization they observed.

It is difficult to accurately locate the anatase peaks a2t low levels
of erystallinity (Figs. 3.1 h and i, WHH >2,0° 26 or McD <50 £ ). This is
especially so when interfering clay mineral (e.g. chlorite) peaks are
present, which make XRD interpretations less certaim (Bain, 1976). The
rate and degree of anatase crystallization increased greatly whem the
amorphous Ti-oxide was aged at 70°¢ for 70 days (Fig. 3.1 1).

Thus, having demonstrated that X-ray amorphous Ti and anatase with

3]
MCD = (B-b)Cost inm which K is a comstant (0,9), A the wave length
of the X-radiation, B the measured width at half hoighe (WHH), b the
instrumental line broadening (see Appendix 3 ) and & che Bragg angle
of the respective line used.
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X-ray diffraction patternd from synthetie¢ Fe-Ti oxides.
Traces a=h are for freshly precipitacted oxides with:
(a) 0%; (b) V1OZ; (c) 20%; (d) J0X; {(e) 50%; (f) 70R;
(g) 90%; (h) 100X in Ti/Ti+Fe respectively.

Traces i=~1 are for the freshly precipitated pure Ti-oxide:

(i) aged at room temperature (pH 5,5) for 30 days

{j}) aged at room temperacure [(pH 5,5) for 70 days

(k) as for (j) but pretreated wich 5 M NaDH ar 90°c
for | br.

(1) aged at 70°C and pH 5,5 for 70 days.

where A = anitase; F = [errihydrite
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varying MCD could be prepared, these polymorphs were used to monitor and
test NH -oxalate (pH 3) and | M HCI as extraction resgents for obtaining

a measure of the degree of crystallinity. The fresh, X-ray amorphous gel
(Fig. 3.1 h) was found to be completely oxalate soluble {ﬁufl'it = L]'
(Fige. 3.2 and 3.3 ), while both the anatase aged for 70 days at 70 C

{(Fig, 3.1 1} and erystalline .-i.'lll:ul;r are insoluble [Tin."‘l'it =0) im
oxalate after two hour extraction time (Fig. 3.2). The relacive dissolution
of extremely poorly ordered snatase in oxalate is related to the MCD of
anatass [as caleulated [rom WHH of the anatase (101) X-ray reflectionl! for
erystallices <50 K, i.e. vt }?.D“ 28 (Fig. 3;11;} Thus, anatase with MCD
>50 R or with WHH <2,0° 28 are resistant to oxalate dissolution (Fig. 3.2)
even after successive extractioms (Fig. 3.3). The X-ray smorphous Ti-oxide
and the anatase with WHH ?!.Dﬂ 28 was completely soluble in I N HCl, but

the HCl dissolved Ti seemed to hydrolyze extremely rapidly (in some cases
after standing for only 5 hours). Both these compounds are soluble in
“1‘1'5 which agrees with previous work (Doleater af al., 1970; Sayin and
Jackson, 1975). Therefore, acid NH -oxalate is the more selective extractant

&
for X-ray amorphous Tininnd microcrystalline anatase,

Based on these findings for synthetic materials this reagent wvas used
to selectively extract similar materisl from a wide range of soil clays.
The results together with 'Id' and Ti are given in Table 3.1, The ratio
Tiﬁ!TlL was used becauss previous work on Transvaal highly weathered soils
(Fitspatrick and le Roux, 1976) using Eirilﬁ, indicated that only minor
amounts of Ti are associated with kaolinmite. The peaty podzol gave the
highest Tiuand Tiaftit. Moreover, the total Ti was only partly omalate
soluble, which probably indicates that it is microcrystalline as suggested
by Bain (1976). Frem the data in Fig, 3.2 the MCD of the anatase in the

peaty podzol appears tu be about 25 %. All the Ti in this seil clay vas
extracted by H,TiF,.

2 b

The Makuya and Blinkklip soils (formed under an afro-alpine climate)
adlso have relatively high oxalate soluble Ti values (Table 3.1). In
contrast, most of the other test soils gave low 'l.’iuf'lit and Finf!ld values,
which suggest that both the Ti and Fe oxides are crystalline. XHD data for

Ti_ and Ti_ represent total titanium and KH, -oxalate (pH 3)
extractabl® Ti respectively, Fe, Tepresents CBD extractable Fe.

t Obtained by courtesy from S.A. Titan Co., Rep. of South Africa.
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same but aged at room temperature for 20 days;

same but aged at room temperature for 30 days;

same but aged at ?l.'.lu{: and pH 5,5 for 70 days.
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Mumbers refer to T Ti/Ti+Fe
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these and several other related soil clays after 5 M NaOH creatment

{see Table 1.12) indicate that the major titanium mineral present is
anatase with only minor amounts of rutile (probably decrital) and
pseudorutile (detected in sample at locality site No. 256 Huj Fig 1,1).
According to Sayin and Jackson (1973) NaOH treatment may dissclve or etch
finer anatase particles., Since 5M NaOH pretreatment is used to concentrate
the Fe-oxides in sesquioxidic clays, with high amounts of kaolinite and
gibbsite, prior to XRD the effect of this pretreatment on poorly crystal-
line synthetic anatase was tested. The XRD patterns before and after
alkali treatment remained essentially the same (Fig. 3.1 j and k) and no
Ti was detected in the NaOH extract. However, the reslstance of muscovite
and other similar 2:1 layer silicatea to alkali dissclution suggests that
the H,TiF, dissolution method {(Dolcatlor, et al., 1970 and Sayin and
Jackson, 1975) is more suitable for concenmtrating crystallina 'l'ill:l2 in
clays which are not dominated by kaolinite and/or glbbsita.

There is a significant linear correlation (r = 0,61; p = 0,02)
between Tinlfit and Flanld (Table 3.1) suggesting that Ti follows a
similar pattern to Fe in the crystallisation process in soils. 1t is
further evident that soils of cooler regions have high l&nf!ad and
Ti /Ti_ . These observations suggest that crystallizacion of pedogenic
iron and titanium oxides are inhibited by cool temperature conditions
and possibly also by interference of organic matter (Schwertmann, 1966)
and/er coprecipitation of Fe and TI.

3.3.1 Freshly prepared Fe-Ti oxides

The colours of fresh and aged mipwbgf-Ti oxides ranging in
composition from 0 < Ti/Ti+Fe <1 are given in Table 3.2, and range from
browvn to plin yellow to white with decreasing Fe content. Compared with
these coprecipitates, physically mixing the two freshly-precipitated end
members resulted in more reddish-pinkish hues suggesting that the co-
precipitates are not merely physical mixtures of Ti and Fe but possibly
chemical combinations of Ti and Pe. Aging of the freshly prepared oxides
at pHS,S and 70°C also resulted in colour changes (Table 3.2).

The XRD data are shown im Fig. 3.1 a~h., The pure Fe oxide (Fig. 3.1 a)
gives & pattern with two broad bands corresponding to proto-ferrihydrite
{Chukhrov, et al., 1972). The coprecipitates with 0 <Ti/Ti+Fe <0,30 also
resemble ferrihydrite (Pig:. 3.1 b and ¢). However, as the Ti/Ti+Fe ratio
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increases, the characteristic ferrihydrite pattern progressively weakens
{and the two main lines gradually shift towards lower angles, suggesting
Ti substitution) to give an essentially X-ray amorphous pattern with a
very broad hale between 25° 26 and 35° 20 (Fig: 3.1 e - h). The net
positive charge measured at pH 4,7 - 5,0 of the pure ferrihydrite and the
*Ti=ferrihydrites" remained fairly constant up to a compomition of
Ti/Ti+Fe = 0,70 at which point a net negative charge was measured which
continued to increame sharply (Fig 3.4). A demixing of Fe or



Table 3.2: Munsaell colours of freshly prepared Fe/Ti coprecipitates and after aging at 70%¢ (pH 5,5) for 70 days

Freshly prepared coprecipitates

Aged coprecipitates

Ti/Ti+Fe
Colour
0,00 Dusky rad
0,05 Dusky rad
0,10 Dark raddish brown
0,20 Dark red
0,30 Dark red
0, 50 _Y¥ellewish - red
0,70 ‘Reddish - yellow
0,80 Yellow
0,9%0 Pale yellow
0,95 Pale yellow
1500 White

T m———

2,5 YR /4 ~ 26
2,5 TR 3!&

5 ¥R 5!5

7,5 YR %/8

10 YR ?fﬂ

2,5 ¥ 814

5 X EIE

5y By

Dark red

Dark red
Yellowish — red
Yellowish - red
Raddish — yellow
Yellow

Pale yellow

White

Munsell nocacion Calour Munsel]l notation
10 R 312 Dark red 10 B 4!5 . afﬁ
10 R /3 P T i85 vm e

&
2,5 YR /4 Dark red - red 2,5 YR °/6 - /6

2,5 IR 3;& - afﬁ

2,5 TR /6

5 v8 /e
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substitution of Fe in an amorphous—-like titanium phase could account for
both the apparent decrease in ferrihydrite (which has a high positive
charge at pH 5) and the increase in ner negative charge with increasing
amounts of Ti. The formation of a separate negatively charged amorphous
Ti-Fe phase and positively charged (pH 5) ferrihydrite phase could be
snalogous to that proposed for synthetic aluminosilicate (e.g. Cloos

et al., 1969).

The pure freshly prepared titaniom member has a moderately high
negative charge st pH 10 which decreases at pH 5 (Fig. 3.4). This pH
dependent charge is attributed to dissociation of Ti-OH groups. The
négative charge of the Ti-Fe phase could play an important role in
controlling the Fe or Fe=Ti polymerizarion, The effect of negatively
charged clay minerals in controlling Al polymerization has beenm discossed
by several researchers.

All freshly prepared oxides are completely soluble in oxalate
{Tiufrit = I, Fe /Fe = |) which confirms the "poorly ordered" nature as
showm by XRD pactterns (Fig: 3.1 a = h). Furchermore, this conforms with
the data of Schwertmann and Fischer (1973) for synthetic and natural
ferrihydricea,

In agreement with results of Prasad and Ghildyal (1975) ferrihydrite
has a high magnetic suscepribility (Fig. 3.6) which is probably due to the
low degree of order resulting from weak bonding f:.;. exposad Fe (III)
?ulyn-rt}ﬂ There is a steady decrease in magnetic susceptibility with
increasing Ti content (Fig. 3.6). The titanium which is diamagnetic,

simply acts as a diluent in the freshly prepared coprecipitates as far as
the magnetic susceptibility is concerned.

3:3.3 The eftect of aging Fe-Ti oxides at room temperature

Ia the composition range 0 <Ti/Ti+Fe <0,3 where ferrihydrite is
préesent, the XRD pattern remained essentially unaltered after aging at
room témperature for 70 days at pH 5,5, and the gels were also oxalate
soluble. However, at Ti/Ti+Fe ratios >0,70 anatase was detected
(Fig. 3.1). With decreasing Fe in the composition range of 0,30 <T1i/
Ti+Fe £0,70, the (101) line of anatase becomes sharper and the product
is progressivaly less oxalate soluble (Fig. 3.2). This is probably due
to decreasing interference of Fe in the formation of anatase, Thus, in
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the composition of freshly prepared (o) and aged {'.'l]"c

at pH 5,5 for 70 days) (X) Fe-Ti oxides

Tm o« Fe mole =i
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the high Fe systema which are mainly ferrihydrite, crystallization
proceeds slowly, while in the systems rich in Ti, crystallization takes

place at a faster rate to form anatase.

3.3.4 The effect of aging Fe-Ti oxides at pH 12 and 70% for 70 days

The coprecipitates in the composition range 0 < Ti/Ti+Fe < 0,30
aged at pH 12 and ?{IFE for 70 days, contained relatively high amounts of
oxnlate soluble Fe and Ti (i.e. amorphous Fe-Ti) while in the oxalate
réfidues large goethite crystals were detected by XRD (WHH of the 11]
line = 0,22 ©28) and electrem microscopy. These observations are in
general sgreement with oxalate extractiom data for owides prepared from
FeCl, and 'rim# and oged at pH 12 and 60°C for 30 days (Appendix 2).
Because of the increased aging time, tempersture and Gl free system
employed here, the oxalate soluble values are slightly lower. The
electron micrographs (Plate 3.1) show the large goethite crystals®
coated or embedded in amorphous Fe-Ti oxide.

3.3.5 The effect of aging Fe-Ti oxides at pH 5,5 and 70°C for 70 days

The amounts of Fe and Ti removed by oxalate after aging the oxides at
pH 5.5 and 70C for 70 days were extremely low (Fig. 3.7) and constituted
le#s than one per cent of the total Fe and Ti in the aged oxides (e.g.
l’lm.i'l’lt < 0,013 Tiﬂ.FTi: < 0,002), Furthermore, compared to the non-aged
oxides there is a marked reduction in both charge (Figs. 3.4 and 3.5) and
magnetic susceptibility (Fig. 3.6). These cbservations which indicate a
marked degree of crystallizarionm for the whole composition range (e.g.

0 < TifTi*Fe < 1) are confirmed by both XRD (Figs. 3.1, 3.8 and 3.12) and
IR (Fig. 3.9) results. Furthermore, aging at 70°C and pH 5.5 resulted in
& alight increase im acidity probably as & result of the further hydrolysis.

3.3.5,1 Composition range 0 < Ti/Ti+Fe < 0,20

When the pure ferrihydrite was aged at 70 and pH 5,5 for70 days
both goethite and haematite were detected by XRD (Figs. 3.8a and 3.12) and
IR (Fig. 3.9) in agreement with previous work (Schellmasn, 1959;
Schwertmann, 195%). However, on increasing the Ti/Ti+Fe ratio to 0,05,

Dr. W.J. McHardy (personal commnication) has carried out microanalysis
on these single goethite crystals, after removing amorphous Fe-Ti with
HCl, and found that Ti is incorporated in the goethite structure.
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Plate 3.1: Electron micrographs of goethite prepared from Fe~Ti
oxides with 30% in Ti/Ti+Fe aged at 60°C and pH 13 for 30 days
and dialized against distilled water. Line in prints indicates
lym. By courtesy of Dr. W.J. McHardy, Macaulay Inst., Aberdeen
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Fig. 3.8: X-ray diffraction patterns of synthetic Fe-Ti oxides
aged at 70°C and pH 5,5 for 70 days with:
(a) OF; (b) 5%; (e) 10R; (4) 20%; (e) J0X; (f) 50%;
(g) 70T; (h) 80%; (i) 90%; (§) 95%; (k) 100% in
Ti/Ti+Fe respectively, 2nd (1) Indonesian pseudorutile
where: A = anatase; ©C = goethite; H = hasmatite

crystalline goethite is favoured, with a slightly lower X-ray line
broadaning while haematite is inhibited (Figs. 3.8, 3.9 and 3.12).
contrast goethite rather than haemsatite was suppressed in the Al-Fe
coprecipitates in the composition range 0,05 < Al/Al+Fe < 0,30 when aged
for 70 days at pH 5,5 and 70°c (Fig. 3.10; see also Schwertmann et al.,
1977). A possible explanation for this ia that the Al-ferrihydrite

structure might be less distorted than the Ti-ferrihydrite structure.
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Fig. 3.9: Infrared spectra of synthetic Fe-Ti onides aged at
70°C and pH 5,5 for 70 days. Legend as for Fig. 3.8
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On increasing the Ti/Ti+Fe ratio in the composition range 0,10 <Ti/
Ti+Fe < 0,20 the goethite pesks become progressively weaker and broader
wntil Ti finally ishibics goethite crystallization. Herbillon and
Tran Vinh An (1969) found that sinz inhibited the crystallization of
"amorphous r-lnlﬂ to haematite.

There is a slight unexpected decrease in the d-spacing of the
goethite (110) and (111) lines, together with a corresponding increase
in crystallinity (determined by line broadening) as the Ti content
increases, up to Ti/Ti+Fe = 0,10. The fonic size of Fe (III)(D,54 i}
and Ti (IV) (0,68 %) are very similar and it is possible that small
amounts of Ti ([ % 5 to 10 mole 1) may stabilize the goethite structure,
A very striking feature is that the shift in d-spacing to higher angles
with inereaning Ti content is similar to that observed with increasing
Al substitution i{n the goethite structure (e.g. Thiel, 196) and others).
However, much higher amounts of Al (up to 33 mole I) may be incorporated
in the goethite structure, possibly because of the relatively smaller
ionic radivs of Al (0,57 %).

Table 3.3: H-ray diffraction and infrared absorption data for goethites
in the aged synthetic Fe=Ti oxides of composition
0 <Ti/Ti+Fe < 0,10

Ti/Ti+Fe d10 gy IR
R Wi 2 i
28 928 B90*  795%  gsg*
0,00 4,187 0,41 2,451 0,34 B50 195  seat
0,05 4,182 0,27 2,449 0,26 B82 7190 &0t
0,10 4,177 0,34 2,445 0,26 B75 THO 6157
* goethite

T haematite interference

The TR sbsorpeion mexima at 890 and 795 cw™! due to 0-H bending
vibrations for structural hydroxyls in gosthite (Marshall and Rutherford
1971) shift to lower frequencies and also broaden and decrease in intensity
48 the proportions of Ti in the aged oxides increases (Fig. 3.9 a - c;
Table 3.3). Jonss and Solymar (1970) (seo also Fig. 1.4) have observed
shifea to higher frequencies in the position of the maxima of these rwo
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Degrees 28

Fig. 3.10:  X-ray diffraction patterns of synthetic Fe-Al oxides
and Fe-Zr oxides aged at 70°C and pH 5,5 for 70 days
with:

(a) 0Z; (b) 5%; (c) 10%; (d) 20% in Al/Al+Fe
and {e) 5%; (f) 10% in Zr/Zr+Fe respectively

where: G = goethite; H = haematite
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peaks with increasing Al for Fe substitution in the goethite structure.

Coprecipitates of Fe and Zr (IV) (iomic radivs = 0,80 X) in the range
0,05 § Zr/ZrsFe £ 0,10, aged for 70 days at pH 5,5 and 70%c gave suppressed
haematite reflections but the (111) goethite reflection showed a slight
ghift towards lower angles, suggesting isomorphous replacement of Ir for
Fe in the goethite structure (Fig. 3.10 e and f). Im addition, the line
broadening of the (111) goethite line was larger for the aged Fe-ir oxides
than for the Fe-Ti oxides.

3.3.5.2 Composition range 0,20 < Ti/Ti+Fe § 0,70

The complicated nature of the intersediate composition range

(i.e. from 0,20 < Ti/Ti+Fe % 0,70) with rather broad XRD peaks (Fig. 3.8)

which Iilitlfﬁl:ilt peak distinction and peak height measurement (hence
" the hatched sces in Fig. 3.12) has a pattern that resembles very closely
natural In&mesian psevdorutile (Fig 3.8 1). According to Grey® and Reid
{1975) pseudorutile has only a moderate degree of crystallinity and this
is confirmed by the broad X-ray diffraction lines in Fig. 3.8 and also by
the relatively higher negative and positive charges (Fig. 3.5) observed
for this composition range. Furthermore, the magnetic susceptibility
values (Fig. 3.6) correspond closely to that [or Malayan ilmenite which
had undergone marked alteration to pseudorutile or “arizomite™ (i.e.
< 40 % 1078 e.g-8., Flinter, 1959).

The success in synthesizing pseudorutile im witro by aging a Fe-Ti
coprecipitate for 70 days at pH 5,5 and 70°¢ is probably mainly due to the
role of the aqueous soletion creating favourable conditions for the
rearrangmment of the Ti and Fe atoms which is essentislly precluded for
reactions at higher temperatures and pressures in the dry state (e.g.
Buddington and Linisley 1964) and is only partially successful under
hydrothermal comditio s (Karkhanavala, 1959; Karkhanavala and Momin,
1959). Under dry conditions and high temperatures (e.g. llﬂﬂnf-‘-} trans=
Eormations are mainly topotactic. The identification of pseudorutile in
these in vitro aging experiments suggests that pseudorutile (and anatase)
can form at asbient temperatures, In addiction, it demonstrates that

- According to Grey (personal communication) this sample contains

traces of rutile (Fig. 9 1; for comparative purposes the XED of
all the samples in Fig. 1.8 were run at the same intensity settings).
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higher temperatures (e.g. magmatic or hydrothermal) are not a necessary
requirement for the crystallization of psewndorutile or that it (s strictly
an alteration product of ilmenite, as many mineralogy text books imply.

With increasing titanium content the d-spacing shows a shift to
higher angles (Table 3.4) indicating a definite decrease in the unit cell
parameters as the Ti/Ti+Fe ratio increases (Fig. 3.11).

- = .

The yshift ‘n d-spacings to higher angles for both pseudorutile and
goethite »* lﬂ <reasing Ti content is mot clear. A possible explamatiom
is th
charge neutrality as a result of Ti substituting for Fe®.

¥ orat ilon of hydroxyls into the structure in order to maintain

Table 3.4: Comparison between the three sharpest XRD lines for pseudo-
rutile in the synthetic Fe-Ti oxides of composition
0,20 < Ti/Ti+Fe < 0.70, Indonesian pseuvdorutilé’ and ASTM
19-615 Data reported for psendorutile
Peeudorutile Indonesian Ti/Ti+Fe
ASTM Psevdorutile’

Wo. 19-635 Ti:Ti+Fe = 0,69 | 0,20 D430 0,50 0,70
2 1 1 i i i 2
1,69 10 1,69 1471 1,70 l,69 1,69
2,49 fi 2,49 2,54 2,32 2,51 2,50
2,19 3 2,19 2,1 2421 2,20 2,19

t  sasple supplied by Crey and Reid (1975)

An attempt was made to measure permanent positive charge (which
could arise from the isomorphous substitution of the higher valence
cation Ti%" in the Fe-oxide structures) by a method adapted from
I-!.-m-f U!E!l as follows: 200 to 300 mg samples were equilibrated
overnight with & ml 0,005 M EC1 (pH 10~11). The difference in
chloride content between the supernatant and original solution
raflects the positive or negative adsorption of chloride. However,
no net positive adsorption of chloride was measured, This conld
possibly be due to the strong negative adsorption which is reflected

by the microcrystalline nature and in turm the
of the oxides, high surface areas
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3,3.5.3  Composition ramge 0,70 & Ti/Ti+Fe < 1,0

In the composition range 0,70 < Ti/Ti+Fe < 1,0 anatase wvax the
main oxide detected by XRD (Figs. 3.8 and 3.12).

The IR spectra shown in Fig. 3.9 provide further evidence for the
anatase phase (348 cm '), The low magnetic susceptibility values for the
pure Ti phase compares favourably with that of synthetic anatase reported
by Pankey and Senftle (1959)/T.e. (0,04 + 0,0003) x 107 7. The relatively
low Tig/Tip ratio (< 0,001; FPig. 3.7) confirmed the crystallinity of the
snatase, while the low Fe,/Fe, ratio suggests that the Fe is incorporated
in the snatase structure since no other phase was detected. The WHH of
the anatase (101) line increases as the Ti/Ti+Fe ratio decreases,
suggesting that higher amounts of Fe progressively inhibit anatase
crystallization (Fige. 3.8 and 3.12).

Evidence for possible Fe replacement for Ti in the snatase structure
was also obtained by heating the freshly prepared coprecipitates at 250%
for 10 days which once again resulted in smaller amatase crystals with
increasing iron content as shown by the general incresse in line broadening
(Fig. 3.12). Thus, although anatase and ferriferous anatase show similar
XBD lines they differ in WHH on heating in air or aging im vitro and
this is related to erystallite size. Anatase formed by aging amorphous
'IiI:II in vitro at 70°C and pi 5.5 for 70 days has less line broadening
than anatase produced by dry heating at 250°C for 10 days (Fig. 3.12).
This suggests that the rearrangement of Ti atoms to form crystalline
anstase and especially ferriferous anatase {s apparencly more effective
in aqueous suspension than by dry heating even at high temperatures.

Coprecipitates of Zr and Ti in the composition range 0,05 < Ir/
Ir+Ti < 0,10 aged at 70°C and pH 5,5 for 70 days resulted in anatase with
very broad but ‘eyméfe#®sd (101) peaks with WHH 4,5°26. Furthermore, a
alight shift to smaller angles was chserved, suggesting that Zr replaces
tpartly) Ti in the anatase structure. It has been suggested by Valeton
(1972) that in bauxites Zr may replace Ti in the anatase structure.

CHD extracts very small amounts of the total Ti {Fl:d = 0,90%) from
the pure poorly crystalline anatase phase (e.g. Ti/Ti+Fe = | with & WHH
of &), vhereas oxalate dissolves 30Z of the total T (Fig. 3.2), There
is a fairly good relationship (Fig. 3.2) between Ti, and the MCD of
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of anatase (101) below 50 X, WHH > 2,0 °28, regardless of composition,
This relationship does not hold for CBD soluble T when Fe is present
in the system. Thus, a {airly crystalline anatase with a WHH of

2,8 °26 and a composition of Ti/TisFe = 0,80 has a Ti_ = 4,08 (Fig.3.2)
and Ti; = 2,13, The relacively higher amounts of CBU scluble Ti from
the ferriferous anatase phase (repardless of crystallinity) is probably

due to preferential removal of Fe from the anatasé structure by Fe

reduction.
Ad
s Anstase (350 1) — Pem ompshcoton om
© Pasusorutie - Ti-hematte L2894)  -=- Width ot hat hewgt. aged in witro
0 A Hematite (2694 w= Width ab half hesghi; 25%0°C for 1 day
& Gostnite (481} == Width ot hall height | 250°C for 14 doys

Fig. 3.12: X-ray diffraction data evaluation (cm relative intensity
and width at half height) in relation to composition
(Ti/Ti+Fe I) of the crystalline species present in the
titanoferric system after aging in vitro for 70 days
at 70°C (pH 5,5) and heating in air at 250°¢ for
| day and 14 days
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3.4 Conclusions

Titanium may occur in certain seils without being sufficiently
crystalline to be detected by XRD techniques. An estimate of these
poorly crystalline forms of Ti0, can however be obtained by chemical
extraction technique. Extraction of a series of synthetic Ti oxides
with acid ammonium oxalate {2 hours in the dark)confirmed that oxalate
selectively removes X¥-ray amorphous T:i.l.':lz and partly dissolves micro-
crystalline anatase with MCD < 50 & or WHH 2 2,0 °20. This method
is superior to other commonly used reagents (e.g. HCl or HETiFﬁ} and
enables one to characterise more fully the nmature and amounts of
secondary titanium oxides ranging from X-ray amorphous 'Iiﬂ2 to poorly
erystalline and erystalline anatase, and to relate these findings to

soil development {e.g. in a soil-climate-toposequence).

The positive and negative charge of the freshly coprecipitated
titanoferric oxides appear to be analogous to that proposed for synthetic
emorphous aluminosilicates, Furthermore, it is suggested that the
composition of the starting Fe-Ti oxide has a pronounced influence on

the crystallization of the £inal product upon aging.

Coprecipitates of Fe and Ti aged at high pH (> 10} and 70°C was
found to be present primarily as an amorphous phase adsorbed on large
goethite crystals (with minor Ti isomorphous substitutiom). Aging at
lower pH (5,5) and 70°C for 70 days, Fe and Ti combined to form crystalline
phases (e.g. goethite, haematite, pseudorutile and anatase) depending on
the Ti/Ti+Fe ractio. The transformation of freshly prepared oxides to
erystalline products was monitored by XRD and IR, and showed correspond-

ing decreases in solubility in oxalate, negative and positive charges, and
magnetic susceptibility.

Paeudorutile can be successfully synthesised under agueous conditions
at pH 5,5. This suggests that it may form not only from the weathering or
decompogition of primery Ti-containing oxides (e.g. ilmenite) but also from
the more weatherable Ti-bearing silicates (e.g. sphene, hornblende or
biotite) under earth surface conditions (e.g. in bauxites and Ti-rich beach
sandg). This would involve removal of Fe and Ti from the primary mineral
followed by precipitation and crystallizatiom of Fe-T1 oxides rather than
by topotactic oxidation of primary Ti-oxides. Thus, Fe-Ti coprecipitates

ranging in composition from 0 < Ti/Ti+Fe < | may be present in the immediate
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"micro-weathering zone" (e.g. cracks) of an ilmenite or sphene crystal.
The composition of the weathering solution (TL/Ti+Fe ratio) and hence
the cryscallization product will be dependent largely on the rate of
removal of iron from the primary mineral which is controlled by the
prevailing Eh-pH conditions. Under reducing conditions irom is rendered
mobile in the Eerrous state anmd is relatively more mobile than titanium,
A certain amount of iron is required to form pseudorutile via solutionm
and when the irom is removed by weathering, the titanium atoms rearrange

to anatase which may contain small amounts of Fe (< 5%).

In the light of these results an appreciatiom of synthetic Fe-Ti
oxide mixtures, precipitated and aped under conditions comparable to
natural enviromments, is critical in studies on the genesis of weathering
processes and soil formation. The application of synthetic studies of

this kind to studies of secondary Fe-Ti weathering products is suggested.
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CHAPTER &
FORMS OF PEDOGENIC IRON AND TITANIUM

AND THEIR DISTRIBUTION IN RELATION
TO CLIMATE AND TOPOGRAPHY

4.1  Introduction

The study area provides an excellent landscape in which to examine
the distribution and genesis of pedogenic Fe and Ti. It contains many
sharply divergent landforms (Fig.2) im which a wide range of soils (Fig. 1*
and various forms and types of Fe and Ti omides have developed. Within
200 km the vegetative cover (Fig. 2) changes from coastal forest (Coast
Lowlands}, to Acgota savanna in the valleys (Riverine and drier Basin
Plainlands), and to Afro-alpine grassland at an altictude over 3 000 m
(Lesotho Plateau). The complexity of soil forming factors in the area
resultsdn a varied but repetitive pattern of a large number of different soils
(Fig. 1) which conform remarkably closely with the present day bioclimate of
the area (Fig. 2). However, there is some evidence that several soils in the
area may also be representative of periods during which pre-weathering and
colluviation of parent materials took place (de Villieca, 19621; 1965).

It has therefore become apparent that the specific forms of iron and
titanium compounds can only be identified after careful field obmervation,
detailed sampling and laboratory investigation (see Chapters | = 13).

Samples were selected from several altitudinal sequences (i.a. climo-
sequences) to encompass several soil enviromments. In addition, mumerous
toposequeénces amnd over 200 specific proliles were sampled in detail (e.g.
mottles, comcretions, modules, bands, crusts, saprolites, pipestems ond
ferricretes etc.) during the five year reconnaissance soil survey of this
area. Additional samples in the form of syntheric oxides, (pure Fe; and
mixed Fe-Al and Fe-Ti oxides) and standard Fe minerals were used to provide
an adequate range for comparison.

The various forms of “pedogenic" irom and titanium found in this area have
been classified into 4 main categories: (i) primary, (ii) secondary

layer silicate, {(iii) organic, and (iv) oxidie (ferrihydrite,

*fo illustrate the general soil-terrain-climate relations more clearly
a similar colour code was used in both the generalised sketch showing
the landscape and bioclimate regions (Fig., 2) and in the generalised
goil map (Fig. 1).
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pseudorutile, goethite, haematite, maghaemite, lepidocrocite, anatase and
rutile). The objective of this chapter is to give an overall assessment of
the distribution, formation and relationships of the various pedogenic forms ol
Fe and Ti in the area.

4.2 HResults and Discussion

Data presented in earlier chapters for various goethite, magnetic and
titaniferous compounds as well as that for primary, secondary silicate,
organic, ferrihydrite, haematite and lepidocrocite are summarized and
compared in Table 4.1 for a selected range of soils covering a wide range of
physiographic and bioclimatic regions (Figs. | and 2).

&.2,1 Primary Fe and Ti

The area has undergone weathering since Tertiary times (i.e. undisturbed
by glaciation; de Villiers, 1962; King, 1967) and many of the soils, although
depleted of primary silicate Fe (e.g. sugite)contain weakly to highly
oxidized detrital opaque Fe-Ti oxide grains (e.g. Ti-magnetite and ilmenite)
which may provide some evidence of their parent materinls and possibly the
degree of weathering. Fitzpatrick and le Roux (1975; 1976) detected high
concentrations of Ti-magnetite and Ti-maghaemite (up to 43 mass I) in several
red structured soils. Relatively unaltered "ulvBepinel"™ and Ti-magnetite
persist in the coarse sand fractions of these soils and with decreasing
particle size become progressively altered mainly to cation deficient Ti-
magnetite or Ti-maghaemite by topotactic oxidatlion (Picazpatrick and le Roux,
1975; Chapter 2). The yellow-brown soils of the Afro-alpine zone contain
unusually high amounts of weakly oxidized Ti-magnetite and [lmenite
{(Fitzpatrick, 1978). The soilas in both these areas may be considered to be
relatively young and have irom-rich parent materials with high contents of
magnetite and/or Ti-magnetite (Table &.1).

However, irrespective of textural class, there is a definite decrease
of magnetice telative to ilmenite in successively older red and yellow soils
(Oxisole) which occur in the Highland and Mistbelt areas (Table 4.1). This
is due to increased weathering (i.e. oxidation and transformation to more
gtable oxides such as maghaemite, haematite and goethite) and depletiom of the
detrital magnetic opaque oxides (Fitzpatrick, 1974). The secondary
weathering products may coat or protect these sand size opague Fe-Ti oxides
which eventually, with time, become concretiona. Significant, is the fact
that the pedogenic processes controlling these primary Fe-Ti minerals appear
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to go on operating for a long period of time alter deposition.

4.2.2 Secondary layer silicate Fe and Ti

Pedogenic silicate Fe predomimates in the margalitic sells (vertic
and pnom-vertic black clays} formed in poorly drained or "youthful" areas
mainly from basic igneous rocks. Vast tracts of these margalitic soils
oceur in the Transvaal Highveld (Fig. 23 Fig. |, map symbol No. §) and
are developed under a ralatively high rainfall ranging from 700 to 800 mm
per anmum (Fitzpatrick and le Roux, 1977; van der Merwe and Heystek, 1955).
Isclated patches occur im bottomland positions in the drier regiona (i.e.
Riverine and Basin Plainlands, Fig. 2) throughout the region (van der Eyk,
MacVicar and de Villiers, 1969; Fitzpatrick, 1974) and along the coastal
lowlands (young soils derived from Fe-rich lower Ecca shales® nnd dolerite;”
Beater 1937, 1959, 1962). In the Montane region, the holes and cracks of
fresh to partly weathered basalt rocks in colluvial sediments, are filled
with a vaxy, green to red ferriferous smectitic clay.

The largest proportions of Fe (B7I of the total Fe )} and possibly Ti
in the clay-size fractions of Transvaal Vertisols are iocorporated In partly
chloritized Fe-rich smectite with Fe >Mg +Al in the octahedral sheet (and
interlayer positions), while im the upland non-vertic clays (Mollisol) the
iron is in a more "open structured” chloritized iron-smectite (Fitzpatrick and
e Boux, 1977).

The genesis of these ferriferous smectitic soils is favoured (i) primari
by @ restricted internal drainage regime (i.e. controlled by topography)

{ii} by an iron-rich parent rock, such as dolerite and basalt, and
(1ii) a limlted degree of rock weathering (as suggested by the tendency of
ferriferous smectite to incresse with depth, especially in saprolite).

Small amounts of Fe (£2,0% Fe) may also be incorporated in the
octahedral sheet of kaolinite in sesquioxidic soils. This is suggested
by the incomplete Fe dissolution when clavs are treated with HC1, and the

*Although Beater (1959; 1970) does mot report "free Fe" values (i.e.
Fe,), the high total Fe values (8 to 21 percent FI:'H ) recorded for
cl&riin froctions from margalitic soils suggests talt these soils
dlriv?ﬂ from lower Ecca shales and dolerite contain iron-rich
smectite,
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MBssbauer spectroscopic data of Golden (1978) on sample Nos. 16M and 25M
described by Fitzpatrick (1974)-

6.2.3 Organic Fe and Ti

McKesgue, Brydon and Miles (1971} have shown that approximate
differentiation can be made among organically complexed Fe, amorphous
inorganic Fe and more or less crystalline Fe oxides by seleccive dissolution
of soils with pyrophesphate (pi 10), WH -oxalate (pH 1) and citrate-
bicarbonate-dithionite {CBD), respectively. These methods were also used
to extract Ti (and Mn) by Fitzpatrick (1974). Throughout the study area
the pyrophosphate extractable Fe {Fep} and Ti {Tip} decreased with depth in
the profiles (Fitzpatrick, 1974; Fitzpatrick and le Roux, 1975; 1976). This
may be attributed to the bonding of Fe and Ti by orpanic complexes in the
soils. High amounts of organic Fe and Ti seem to be confined to the humic
Al horizons (up to 70% of the Fed and Tid) of the Afro-alpine soils and
organic-rich surface horizons of hydromorphic scils (Table 4.1}. In most of
the sesquioxidic freely drained soils the oxalate soluble Fe {Peu} generally
exceeds Fe especially in subsoil horizons, which in turn is generally less
than 10% aE Fed and Tid (Fitzpatrick, 1974).

§.2.4 Oxidic Fe and Ti

4,2.4.1 Protoferrihydrite and ferrihydrite

Protoferrihydrite and Ferrihydrite (Chukhrov et al. 1972; Schwertmam
and Fischer, 1973) have been observed in a number of localities throughout th
study area (Fig. 4.1) mainly aleng drainage ditches (Plates 4.1A and 4.2 A) a
water courses. Two types of occurrences wvere found:* (i) brown gel-like
precipitates (Plate 4.1 A) and, (ii) dark reddish-brown rusty friable crus
either "caked" on the sides of drainage ditches (Plate 4,2A) or weakly
cementing unweathered gravel (FPlate 4.2 D) in lithosols that have been cut by
streams in the Montane reglion. In the gel-like samples only two "broad" XRD
lines at - 2,54 and -~ [,47 R are visible (Figs. 4.2 & and 4.3)

*All reddish-brown gal-like samples were collected in plastic
containers whereas the crust materials were scraped free of the

s0il surface and separated from most of surroundine soil by

picking out the material with a knife. Both materials were then
dispersed either by stirring or mild soniprobe treatment in distille
water and the silt and sand particles separated by sedimentation and
decantation, The suspension was concentrated by centrifugation and
either freeze-dried or dried on a water bath.
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Plate 4.1: A. Photograph of drainage ditch near Cedarville (No. 13)

showing & strong brown (7,5 YR 5/B) sludge-like or gel-lile
precipitate (i.e. "ochreous deposit") presently being deposited
from spring water issuing from a erack in thea side of the ditch.

B and C. TEM of ensheathed filaments of “iron-oxidizing" bacterium
mainly Sphaerotilus encrusted with protoferrihydrite from sample
Mo. 13, at increasing magnification. In B and C bar is 5,0 ym and
0,5 um respectivaly.

bD. TEM of protoferrihydrite from sheath structure at high
magnificacion showing typical small spherical-like particles.
Bar is 0,5 ym,
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Degrees 28

Fig.h.2: X-ray powder diffraction patterns of {(a) gel-like
préecipitate from Cedarville, No. 13 (Plate 4.1 4),
{(b) crusts from Sani Pass, No. 234 (Plate 4.2 D), and
{e} thin crusts from Palm Beach, Wo. 232 (Plate 4.2 A);
where: F indicates broad XRD lines for ferrihydrite from
right to left (i.e. with Increasing 920 values) at
e BL5p o~ 2,22 = 1L, - 1713 = b5 oamd - 147 ﬁ

whereas in the crust samples the XRD lines at . 2,54 and ~ 1,47 { are
glightly sharper and the weaker lines at ~ 2,22; ~ 1,97 and - 1,71 ﬁ
are more evident (Figs. 4.2 b and c). Furthermore, the latter samples were

only 80 to 90T oxalate soluble (i.e. Fﬂﬂ} whereas the others are completely
oxalate soluble. According to Chukhrow % al, (1972} and Chukhrow {1973}
ferrihydrite is characterized by 6 XRD lines at 2,50-2,54; 2,21-2,25; 1,96~
.98 1,70=1,72; 1,50 and I,ﬁ?*l,ﬁﬂg whereas ferrihydrite in the initial
stage of crystallization is referred to as protoferrihydrite and is
characterized by only the two strongest lines at - 2,54 and -~ I,ﬁ?ﬂ.

Hence, it is possible that the two types of occurrences identified in this



Plate 4,2: A. Photograph of drainage ditch near Palm Beach (No. 232)
showing thin dark reddish-browm (5 YR 5/4) friable crusts “caked™
on the side-wall of the ditch (arrowed), and om the left hand side
of the geological hammer a more recent brown gel-like precipitate
has been deposited and has a shiny, surface appearance.

A. TEM of ferrihydrite from sample No. 232. Bar is 0,5 pm.
C. TEM of ferrihydrite from sample Mo. 234. Bar is 5,0 pm.

D. Photograph of dark, rusty friable ferrihydrite-rich crusts
waakly cementing unweathered gravel (basalt and TMS) to the
surfaces of larger round basalt fragments from a lithosolic moil
that has been cut by streams near the Sani Pass hotel (No. 234).
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study, namely the gel-like precipitates and crusts may correspond to
protoferrihydrite and ferrihydrite, respectivelv. Schwertmann and Fischer
{1973) identified natural and synthetic samples that were also still in the
protoferrihydrite stage and stated that a contimum exists between amorphous
and crystalline forms, which makes any definition of poorly crystalline forms

somewhat arbitary.

TEM examination indicates that these protoferrihydrites are minute
gpherical particles (Plate &4.! D} similar to those described by Schwertmann
and Fischer (1973), and are embedded or encrusted in sheath structures of
go-called "iron-oxidizing" bacterium (Plates 4.1 B and C, and 4.2 B and )
and comprising mainly Sphaerotilue (i.e. in No. 13, which was examined by
Dr. J.C.G. Ottow, personn@l communication). These sheaths are highly
resistant to H2ﬂ1 treatment, Several workers (Iwasa, 1965: Fiacher and Ot bow,
1972; Chukhrov et al., 1972; Ivarson and Sojak, 1978) have described these and

similar types of micro-organisms with iron encrusted filaments or sheaths.

The water issuing from the sides of drainage ditches and the mother
solutions of the "presently" precipitating gel-like protoferrihydrite, have
a pH range 6,0=-7,0.

Degrees 286

Fig. 4.3: X-ray powder diffraction patterns of natural untreated ferrihydrites
from various localities: (a) Cedarville (Bo. 13} (b) Hella-Hella
(Ho. 150) (e¢) Windy Hill (No. 54) and (d) Sani Pass (No, 2347,
where: F is the strongest ferrihydrite XRD line at 2,54 R
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From several aging experiments on the brown gel-like protoferri-
hydrite from Pietermaritzburg {aging in 0,1 KOH for 30 and 90 days at 70°¢C
before and after H,0, Lreatment and refluxing for 30 and 90 days) it appears
that its crystallization to haematite is severely delayed (Fig. 4.4 a - e) as
compared with the rapid crystallization of synthetic ferrihydrite to
haematite after 15 days refluxing (Fig. &.4 f and g). In addition, after
aging the natural brown gel-like protoferrihydrite in 0,1 ™ KOH no goethite we
produced. This is in agreement with Fischer and Schwertmann (1973}, and
Schwertmann and Tayloer (1977) that ferrihydrite i8 the precursor for haematite,
but not for goethite formation, These experiments also demonstrate the
gtabilizing affect of organic matter * (Schwertmann &t al., 1968; Schwertmann
1969/70) and silicie anions (e.g. Schwertmann and Thalmann, 1976) to
crystallize or transform to more crystalline oxides. The data further sugges!
that haematite may form either very slowly or not at all from this natural
Eerrihydrite material. Furthermore, because goethite rather than haematite
occurs at or near these sites, the ferrihydrite transforms to goethite via
solution. Goethite crystallization at ambient temperatures can only otcur
by destructive dissolution of ferrihydrite and subsequent nucleation of

goethite from solution (Schwertmann and Taylor, 1977}.

High iron activity ratios, FEQIFEd[LwhiEh according to Schwer tmann
{1964; 1973) is an indication of the amorphousness of Fe ﬂnupuundél WETE
obtained for yellow-brown humic soils in the Afro-alpine region ({(Tables 1.9
and 4.1) and for Vertisols in the Highveld region (Fitzpatrick, 1974;
Fitzpatrick and le Roux, 1977). It can be inferred from the large
proportion of FEP in Al horizons and because FeﬂfFEd rAtios decrease down
these profiles, that a high proportion of the oxalate extractable Fe especiall
in the topsoils are complexed by organic matter. However , the F&ﬂ—Fe.ngd in
both the Al and B2 horizons (Afro-alpine soils range from 0,11 = 0,20;
Vertisols range from 0,05 - 0,14) remain relatively high. In both these
soils this is probably a result of the high amount of.Fe which has been
released from the Fe-smectite (Vertisols) or primary Fe-silicate {Afro-alpine
soils) attu:L;tes by weathering t; form ferrihydrite, and the high silicate

(and organic matter) content stabilizes the ferrihydrite and inhihitu

erystallization to haematice. In contrast, the "iron activity ratiocs" of

*The % C in sample No. 13 is 9,5
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X-ray powder diffraction patterns of natural (tracea a-e, for
brown gel-like precipitate, sample No. 233 from Pietermaritzburg)
and synthetic (traces f and g) ferrihydrites before and after
various aging treatments tn vitro. Traces a-e are for the natural
ferrihydrite: (a) untreated, (b) aged in O,IM KOH for 30 days
at Tﬂ?ﬂ. (e) as for (b) but aged for 90 days, (d) refluxed

for 30 days, (e) refluxed for 90 days. Traces g and o are

for aynthetic ferrihydrite: (a) wuntreated, (b) refluxed

for 15 days. where: F is main ferrihydrite XRD line at - z,sﬁﬂ
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A and B horizons in older sesquioxidic red and yellow soils (cf. Table 1.9,
and Fitzpatrick, 1974) are low ( £ 0,05) suggesting that these highly
weathered soils contain mainly crystalline forms of lron oxidea (Tables
1.9 and &.1).

§.2.5.2 Psesdorutile, anatase and rutile

In the same way as ferrihydrite exhibits varicus degrees of
order, and hence solubility in N, - oxalate (pH 1), this reagent wvas
found to completely dissolve synthetic amorphous Ti and Fe-Ti oxides
(i.e. XRD amorphous) and partially dissolve poorly crystalline apatase
(i.e. MCD < 50 R; wim > 2,0 2 8 ); as well as possibly poorly crystalline
psevdorutile (Chapter 3). High contents of amorphous Ti (and Fe) and/or
poorly crystalline anatase (or pseudorutile) were found in the Al horizons
of soils from the Afro-alpine region (cf. Chapter 1, low Tlnﬂ’it'.l. This
is related to the cool climate and high organic content which inhibits
erystallization of Ti and Fe oxides. In contrast, most of the sesquioxidic
so0ils in the rest of the study area have low Tinn’l: and 'Fln.frld (Tables
1.9 and 3,1) suggesting that the oxides are crystalline. This was also
verified by detecting anatase (and goethite) and minor amounts of rucile
by XRD in several soil clays alter removing the dominant kacolinitic material
with 5M NaOH (Table 1.9) and HITLFE. {(Dolcater ot al. 1970; Sayin and Jacksonm,
1975) digestion.

In general  titaniferous oxides are considered to be inert
materials inm soil developmenc. However, in tropical and subtropical soils
titanium minerals are susceptible to wenthering, transformation and
accumslation. Hence Sherman et al. (1964) proposed that Ti be included
with Fe and Al oxides and hydroxides in the well known structural and
energy relationship for soila: "lonic elements— amorphoun —s mineral
colloids —» crystalline minerals".

Indications of rutile (possibly ditrital) and psewdorutile were
observed by XRD (very broad peaks) and light microscopy (opaque ilmenite
and Ti-magnetite grains with complex brownish - grey, poorly crystalline
replacement textures) in the silt and fine sand fraccions of highly

weathered soils. Too few samples were examined for definite conclusions



to be drawn regarding the distribution of rutile and pseudorutile in these
soils. It would appear though from the petrographic studies (grain counts)
undertaken by de Villiers (1962), van Rooyen (1964), Verster (1964) and
Verster (personal communication) that relatively higher smounts of
"leucoxene"® and "altered" opaque minerals® are present in the highly
weathered soils than in those of the Riverine regiom.

Generally chemical weathering results in a decrease in magnetite/
Ti-magnetite and then ilmenite, with a relative increase in "pseudorutile”
and Ti0, (anatase and rutile). Thus in the Afro-alpine soils high ameunts
of magnetice/Ti-magnetite, ilmenite and amorphous Ti (oxalate extractable)
are present, whereas in the Highland Montame and Mistbelt regions, and in
the red coastal dunes, ilmenite, rutile and “pseudorutile” dominate.
Although pseudorutile has been identified qualicatively in some soils by
light microscopysXED data i8 still lacking.

From synthetic studies conducted at near amblent conditions
{Chapter 3) it has been established thar Ti may enter the goethite structure,
and that a "partial"™ solid solution of goethite-psevdorutile-anatase exists.
It could well ba possible that, in nature such a solid solution prevails.
The co-existence of goethite, anatase and pseudorutile (levcoxene) in these
soils suggests that this is perhaps possible. 1t is possible therefore,
that such of the "pseudorutile” in the finer particle sizes occurs as a
poorly crystalline secondary deposition product formed via solution [rom the
weathering of Ti-silicates, while in the coarse ailt in fine sand fractions,
pseudorutile occurs largely as an altered primary ilmenite (similar to
altergtion of Ti-magnetite to Ti-maghaemite). To what extent, Ti-magnetite
and ilmenite are involved in the formation of secondary oxidic Fe and Ti as

compared with silicate Fe and Ti (e.g. hornblende and sphene) {s not yet
knowum .

.l.l.::ur:liq! to Hutton (1977) leucoxene im a nonapecific name for
fine-grained Ti-minerals and recommends that this term should

not be used. Lynd (1960) sugpested that all alteration products
of ilmenite should be termed leucoxene, qualified as being
crystalline or non-crystalline, and that chemical analyais

should give Ti0,, FeQ and Fe,0.; Golding (1961) added §i0,.
Detailed XRD stidies of this'material in single grains of “altered
ilmenite by Temple (1966), and Grey and Reid (1975 indicated that
this Fe-Ti alteration product is poorly crystalline psesdorutile
[F!ITiJHEL
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§.2.4.3 Goethite

Goathite is the most widespread and abundant of the Fe oxides
and is considered the most stable form in the area (Chapter | and Table
4.13. The reason for this high stability possibly arises from the fact
that in most of the highly weathered saprolites and soils the goethite
structure is "stabilized" by isomorphously substituted Al (10 to-25 mole X).
From the examination of over 200 goethitic materials from various enviromments
the degree of Al-substitution (as measured mainly by XRD line shift) appears
to be controlled by its mode of formation. Thus goethite formed under
conditions of free drainage where Fe precipitates close to its source are
highly Al-substituted and range from 15 to-30 mole I Al (combined thin
sections and XRD studies on dolerite saprolites indicate that primary
Fe-pilicate minerals are totally replaced fn aitu by finely divided
Al-goethite) whereas under conditions wvhere there is a definite migration
of Fe due to strongly acid or reducing conditions or by organic matter
complexation the degree of Al-substitution is lower (e.g. in lowland
ferricretes, crusts, pipestems and certain topsoil horizoma)., There is
some evidence that the finely divided Al-goethite in the saprolice ("primary"

goethite) may transform via solution to a less Al-substituted "mecomdary”

goethite.

Soils or materials which contain goecthite only have coloura
ranging between 7.5 and 10 YR but often these yellow colours are manked by
the presence of organic matter or finely divided hematite which tends to

give colours that are redder than 7,5 YR (Schwertmann and Tayler, 1977).

4.2.4.4 Haematite, and its transformation to goethite

Differentially disordered Al-haematite (i.e. differential line
broadening and shift to higher angles of their XRD lines) was identified
in a red freely drained soil clay (Mo. 4M) and in various synchetic
preparations by E'I:huertuann. Fitzpatrick and le Roux (1977) and Schwertmann,
et al. {1978). As seen in Table 4.2 and Fig, 4.5, similar XRD patterns [or
haematites are obtained for a wide range of different kinds of pedogenic
materials in the study area (i.e. several soil clays, saprolites, geodes,
bands, concretions and ferricretes) and synthetic preparations {(cf. Section
3.2.1. and Appendix 2Z). Al-substituted haematites (i.e. shift towsrds



166

In this connection, Francombe and Rooksby (1959) observed and explained

differential line broadening of haematite formed Erom pure goethite by
: o

heating at high temperatures (i.e. > 320°C).

The so-called "yellowing" of red soil materials (i.e. the
transformation from haematite to goethite; Schwertmann, 1971) may be
viewed in this region, from a variety of aspects with increasing detail:
{i} increasing altitude, (ii) £rom north to south aspect, (iii) with
decreasing profile depth, (iv) down toposequences to wetter areas, and
(v) in mottles and concretioms. The dominant soils in the Afro-alpine
region are yellow-brown (10 YR 6/6) soils, which besides organic Fe and
some ferrihydrite contain predominantly finely divided goethite. The
high organic matter content, which decomposes slowly in this humid-
temperate climate, influences the Fe-balance to provide slow hydrolysis
of Fe (I1I) compounds for goethite synthesis (Schwertmann, 1966a).
MacVicar {(1978) has observed a similar "yellowing” tremd in humic soils
derived from Table Mountain sediments on Early Tertiary plateaux (cf.

Fig. &.2; Fig. 1, map Symbols 3 and 14) in moving south of Port Edward.

In the relatively warmer and more humid Highland Montane and
Mistbelt regions {where weathering is stronger and has been active for
very long periods ) three main types of freely drained soils occur;
uniform red (Hutton form), yellow (Clovelly form) and yellow-red (Griffin
form) (Table 4.1, Appendix 1). Generally, the red Hutton soils occur omn
the warmer drier northern aspects while the Clovelly and Griffin soils
pccur on the cooler moister southern aspects (Fig. 2). The Highland Montane,
Mistbelt and Coastal Hinterland plateau regions (older surfaces) arce
dissected by drier younger valleys which generally contain red high base
status soils (e.g. Shortlands form) on freely drained sites (Fig. 2;
Table 4.1). Similar soils are found along the coast lowlands. Taylor
and Graley (1967) and Isbell et al.(1976) have also shown that with
increased leaching (i.e. with increasing rainfall in a climosequence) there
is an increase in proportion of yellow soils relative to red soils.
Transformation from red to yellow-brown also seems to take place on a more
localized scale in yellowing of red mottles in plinthite (which invariably
occurs in a red-yellow-grey soil toposequence), and small concretions (red

haematite cores surrounded by goethite-rich rimds). Somewhal similar patterns
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were observed by Folater, Kalk and Moshrefi (1870) in "ferrallitic savanna™

soils in south Budan.

In accordance with Schwertmann and Taylor {1977) goethite
dominates in cooler (e.g. Alro-alpine region and sputhern aspects
of the Highland Montane and Mistbelt reglons) wetter (plinthic soils)
areas where hasmatite formation is Inhibited through higher concentrations
of organic compounds which either prevents the formation of ferrihydrite
(a necessary precursor for haematite Formation) or inhibits its transformation
to haemstite. Hoematitic soils are formed where there is either a more
rapid decomposition of organic matter (i.e. in warmer or more arid* areas)
or absence of organic matter (subsoil horizons). Furthermore haematite
formation is prosoted whem there is a rapid release of Fe from Fe-bearing
silicates® and/or primary detrital opague oxides®® (i.e. generally in
soils derived from Fe-rich parent materials®**®). Thus in the Mistbelt and
Highland Montane regions yellow horizons are generally poorer inm "weatherabla"
Fe minerals (i.e., derived from parent materizls which are inherently low
in Fe or where the Fe has been depleted due to stronger weathering).

Different hrputhelﬁ exiat concerning the genesis (and origin of
soll colour) of soils with yellow B horizons overlying either a red (Criffin
form) or mottled (Avalon form) horizon. De Villiers (1962, 1964, 1963)
suggested that these profiles comsist of two (or more) depositional layers
which may include "preveathered" or buried soils (i.e. polygenesis).
Furthermore, de Villiers (1962, 1964), MacVicar (1962), van Rooyen (1964)
and Easton (1970) regard the subsoll red colouration in Griffin Fllﬂ.ll HA
evidence of a certain amount of podzolization. However, field and mineralo-
chemical evidence presented here and by Fitzpatrick (1974) indicates that
organic matter and reducing conditions are the main factors controlling the
mineralogical transformation of the red miterials (haematite containing) to
yellow (goethite) via a dissolution-reprecipitation reaction (see also

*Thin sections and electron microprobe studies by Walker (1967) and Walker
and Ribbe (1967) of immature, calcareous Red Desert solls (Baja California)
concluded that irom bearing silicates (e.g. hornblende, biotite amd Fe-rich
amectite) were psevdomorphically replaced by hasmatite.

**Polished surface studies by van Houten (1968) on detital opaque oxide
grains {e.g. magnetite and ilmenite grains) revealed haematite either
coating the grains or in thin lamallae.

“**Other factors which may favour the formation of haematite are the

adsorption of Ca and Mg in the clay fraction (Taylor and Grayley,
1967) and adsorption of oxalate ions by [errihydrite (Schwertmann 1969/70).
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Schwertmann 1971 Sehwertmann and Taylor, 1977). In this regard, it is
significant that Darby (1954) observed yellow-brown subsurface horizons
which appeared to have developed a greater thickness and higher intensity
of yellow colour under long established wattle plantations in the Mistbelt
and Coastal Hinterland regions.

4.2.4.5 Maghaemite, and its transformation to goethite

In the study area 5 types of magnetic materials (maghaemite-
tich) were identified aceording to their mu:phuluﬁy, origin, mineralogy
and composition (cf. Chapter 2}. Indications are that all five cypes
gceur in freely drained red and yellow soils in the Mistbelt and Highland
Montane regions and may be identified in the field by means of a hand
magnet. However, with increasing altitude towards the cool Afro-alpine
region and with decreasing altitude to dry river valleys, the maghaemite
content gradually decreases (Table &.1; Fig. 2.1). Furthermore, in the
Mistbelt and Highland Montane regionms the magnetic material is generally
more abundant in the red than in the yellow horizons and also increases
with depth, suggesting dissolution by reduction and/or complexation and

transformation to poethite (Table 4.1).
4,2,4.6 Lepidocrocite

Ferruginous mottles, bands {Plate 4.3 A), crusts (Plate 4.3 A
and B) and pipestems (Plate 1.8 C and D) containing lepidocrocite are
optimally developed in slope gleys (i.e. Ouwerf soils)® mainly on the
cooler south and south west Facing mid- and foot- slopes of the Highland
Montane region (Table &4.1; Figs. 2 and 4.7 ). This region is characterized
by a mean annuwal temperature range of 13 - 17 “C and & mean annual rainfall
range of 850 = 1100 mm (Phillips, 1973). In contrast, these lepidocrocite
containing materials have not been located in gleyed soils of the drier
and warmer Riverine, Coastal Lowland, and Basin Plainland regions (Fig. 2).
In the Highland Montane regiom lepidocrocite seldom occurs in the very
lowest cacenary positions with permanent or prolonged ground water comditio
although Reerink {1961) identified lepidocrocite in & Katspruit seil (i.e.
bottomland gley soil), There is resemblance between major aspects of the
Ouwerf soil (Appendix 1) and “pseudogleyed" soils reported from other

regions. 1Its presence (and distribution) in the field is easily recognize
by the erange colour 7.5 YR 6-7/4-8.

*of . Appendix | and Schwertmaon and Fitzpatrick (1977, their Fig. 1) for
descriptions of these golls {i.e. Pinedens ouwerf)
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The lower soil temperature, lower evaporation and mlower
water movement 4t these sites canse hydromorphiz conditions which allow
Fe to occur in the ferrous and ferric state and form both lepidocrocite
armd goethite. The orange clay bands (bn) contain highest amounts of
lapidocrocite with relatively low line broadening (Fig. 4.8 Nos. 59,
218, 128 and 58) and Fln!hd ratios (Schwertmann and Fitmpatrick, 1977).
However, the crystallinity of the lepidocrocite (as measured by XRD line
broadening, cf. Fig. 4.8 Nog.36, 132 and 142) decreases when approaching
root channels (Plate 1.8 C and D) due to a high l"[:I]I content which results
in higher amounts of goethite (Schwertmann and Ficzpatrick, 1977).

The type of thin ferruginous crust that is formed in Ouwerf
soils near Impend & (Plate 4.3 A and B) has remarkably aimilar
morphological (Plate 4.3 B) amd mineralogical (i.e. lepidocrocite-rich
covering and goethite-rich matrix with similar dlm-lpucir‘ and WHH cf.
Table 1.5) features resembling that of a thin irom-pan from a Stagnopodzol
near High Force (North of England). This together with the relatively
similar, cooler (i.e. temperate-like) climates and soil type suggests
a similar mode of formation, with Fe being reduced under anaerchic
conditions (i.e. retarded drainage due to impermeability of underlying
gleys) and lepidocrocite and goethite forming on re-oxidation (i.e. in

better aerated zomes such as more sandy layers sdjacent to clayey layers),

De Villiers and van Rooyen (1967) suggested the occurrence
of poorly crystalline lepldocrocite (XRD amorphous) in a yellow-brown
apednl horizon of a freely drained Griffin sail in the Mistholt /Highland
Hontane region, the identification being based on an increase in "magnetie
attraction” after heating. In agreement with these authors no lepidocrocite
was detected by XRD in yellow and red freely drained soils (Table 1.9).
Protreatment of clays extracted from theas soils with H‘EUE (i.e. to
oxidize organic matter) significantly reduced the larpe increase (i.e.
meanured before HIEI! treatment) in magnetic susceptibility after heating
(ef. Fitzpatrick, 1974). This suggests that de Villiers and van Rooyen
(1967) probably formed maghaemite by the ignition of goethite in the
presence of organic matter. Furthermore, Schuertsans and Fitepatrick
(1977) found that poorly crystalline lepidocrocite from "slope gley"
soila is partly HHﬁ-ntllnt- (pH3) soluble, suggesting that {f poorly
crystal line lepidocrocite were present in freely drained soils relatively
higher Ftﬂﬂ"«iﬂ ratios would be expected, which is not the case (gee Table 1.9) .
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SmnuETlt:.J
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B bn 59
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X-ray powder diffraction patterns of the (020) reflections for
synthetic (prepared by oxidation of FeCl, solution) and various
types of lepidocrocite containing materials; where: A-L, Er-pt

and 213-148 represent the sample site, type amd number respectively,
as indicated in Fig. 4.7
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Extromely poorly crystallime lepidocrocite [h.:lf width of
the {(020) line ranges from |,4 - 1,6 "Eﬂ; F-uf!’lmlt n,as] with (020}
reflections shifted to higher d-apacings (Fig. 4,8, No. 148) has been
found at sevoral sites in the reglon in yellowish=-brown precipitates
derived from surface waters (Fig. 4.7). Schwertmann and Fitzpatrick
(1977) found that after “f‘z treatment (removal of organic carbon) the
lepidocrocite converted to goethite slowly at room temperature wvheraas
a coarser crystalline lepidocrocite does not (Schwertmann and Tayler,
1972). Schwertmann (personal communication) has carried out high
resolution electron microscope studies on these samples (No. 148)
confirming XRD data (i.e. broad peaks) that the crystals are very small,
and that they do not lie on cheir basal planes (i.=. 010) but on the
b-axis, and explaining the fact that the basal (020) spacing is suppressed
relative to the (120) spacing.

In contrast, two "geode samples" shown in Plate 4.3 C and D
from the Transvaal (Fig. 4.7, Sites K and J) were found to have a thin
surface coating of very crystalline (WHH = 0,10 'i'ﬂ‘.l lepidocrocite (Flg. 4.8
Nos. 215 and 213) and under the TEM showed very large e¢longated plates
with serrated “cubic=like" crystals (Plate 4.3 E). The cubie morphology
of No. 213 indicates that lepidocrocite may have formed by pseudomorphous
replacement of pyrice.

4.3 Cone lusion

Varicus Fe and Ti compounds (primary, secondary layer silicate,
organic and oxidic f.e, ferrihydrite, pseudorutile, anatase, rutile, goethite,
hasmatite, maghaemite and lepidocrocite) were found in several materials
oecurring in a wide-range of pedogenic emvironments by both field
(distribution, occurrence and morphology) and laboratory (mineralogy
and composition) methods. The presence of these pedogenic Fe and Ti
minerals and/or materials is a feature common to the whole study area,
There seems little doubt that in this area, these various forms and types
of pedogenic Fe and Ti compounds are related to factors such as climate,
topography, hydromorphy and parent material. Organic matter seems to
strongly control the formation, stability and transformation of these
compounds and influence their relatiomship with climate and topography.
Several of these forms and their relationships are easily recognized in
the field by colour and morphology. FPurther important differences include



174
degree of Al and Ti substitution, and crystallinity. A fundamental
aspect about the pedochemistry and genesis of Fe and Ti compounds
is that it may be considered Lo represent the intersection hetween

the fairly divergent disciplines, pedology and crystallography.
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AFPENDIX 1

PROFILE DESCRIPTIONS AND SAMPLE INFORMATION
OF SELECTED S50IL SERIES
AND
FERRUGINOUS BAUXITE

Soil form end series' : Clovelly blinkklip (humic phase)

Great group’ : Cryumbrept

Site Mo. (Fig. 1.1} : 106 Cv/Ma

Soil zone (Fig. 1) 3

Region (Fig. 2) : Afro-alpine; Lesotho Plateau

Elevation t 3030 m

Terrain morphology : Midslope

Horizom Description

Orthic Al 0=-30cm: black (10 YR 2,571 moist) gritty silt loam; weak,

very fine subangular blocky to weak; very fine granular to
porous; very friable when moist; abundant roots and humic
material; many gravelly fragments of basalt; clear wavy
transition (similar to Plate App. 1.1 C).

Yell. br. ap. 30-50cm; dark brown (7,5 YR 3/2, moist) gritty silt loam;

11 B2 massive with occasional weak, coarse platy structure;
porous; friable when moist; few roots; abundant (50-70%)
medium and small fragments of basaltj clear wavy transition.

¥Yell. br. ap. 50-65cm; dark brown (7,5 YR &4/4, moist) gritty silt loam;

111 B22 weak, medium platy structure; friable when moist; weakly
compacted; many medium and small fragments of basalt;
roots rare; diffuse wavy transition.

Yell. br. ap. 65-110cm; as above, but slightly more compacted in places;
111 B23 gradual diffuse transition.
Yell. br. ap.

110-125+ em; dark brown (7,5 YR 4/4&, moist) gritty silc loam;
111 B3 moderate, coarse platy structure; porous with discontinuous
vesicular pores; very compact im places; usually friable
when removed; friable when moist; many medium and small
basalt fragments with coatings of fine sand and silt on
upper surfaces; stone orientation following shape of

goll surface; roots rare (cf. Plate App. 1.1 B and D},

1A:Eutdlng to the system in use in South Africa: MacVicar, de Villiers,
Loxton et gl. (1977); where: yell.=yellow, br.=brown, ap.=apedal, str.
structured.

“According to the system in use in U.5.D.A. : Seil Survey Staff (1975)
The cryic temperature regime is based on unpublished calculated

temperatures for this region, obtained from Dr. R.E, Schulze
(manuscript in preparation).



Placte App. 1.1 A. Mass-movement terraces (terracettes) in the Afro-

alpine region near Sani Pass, formed partly by present-day freeze—
thaw cycles.

B. Compact layer at depth of 110~125cm in Blinkklip (humic phama)
goil (Mo. 106) above Sani Flats in Lesotho showing lenticular or
platy structure (with discontinuous vesicular pores). Length of
knife is approximately 15 cm.

C. Profile of Milford soil (No. 266) near Naudesnek showing the
sharp line of demarcation between the humic surface soll and compact
subsoil horizons. MNumerous fragments of unweathered basalt occur
throughout the profila.

D. Fragment of basalt from Milford secil B2 horizon (No. 166) showing
a capping of fine sand and silt on the upper surface with a "pesc™
of tightly packed stones beneath it.
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-
(i) Bote on the evolution of these soils

The compact horizons in these soils are most strongly developed
at depths of 70 to 130cm, are usually shallower and tend to occur lems frequently
on the warmer north facing s=lopes, whereas on the cooler south facing slopes
they appear to be much thicker and deeper. In addition, these compact "layers"
occur mostly above elevations of approximately 2 280m and in areas having
an Afro-alpine climate. Furthermore, they are usually extremely hard and resinst
digging with hand tools, but crumble easily between thumb and forefinger.
Air-dry clods from these horizons slake fairly essily vhen immersed in water,
soften when allowed to take up water slowly and therefore may meet the criteria
of a fragipan horizon according to Soil Survey Staff (1975).

The compacted horizoms could have been perennially frozen during
part of the Pleistocene period and underwent gradual freezing and thawing to glve
the characteristic lenticular (platy) or massive structure shown in Plate App.
1.1 B (forms as the soil freezes layer by layer, as a result of the redistribution
of moisture), capping of fine material shown in Plate App. 1.1 D ([illing the
space created by the gradual disappearance of ice around stones) and compaction
(stone orientation and tight packing due to ice expantion and contraction from
repeated slow freeze-thaw cycles). The presence or combination of the above
features is used by many workers (FitzPatrick, 1956) to indicate previous permafrost
formation.Another criterion freguenily used is the presence of well formed

"frost wedges", but this has not to date been observed by the auther.

Under the present day climatic conditions in this region freezing does not
extend to the depth at which these compact horizons were observed. This together
with the above morphological features and the great cthickness of this horizonm

im places, indicatea that these layers are related to a permalrost condition
{and are now considered as fossilized permafrost layers).

Although permafrost is absent in the profiles today, contemporary frost
processes {i.e. periglacial) play an important role in the formation of these
soils. This is seen especially in the surface characteristics of the landscape,

such as in the formation of stone stripes (Harper, 1969; Hastenrath and Wilkenson,
1972) and terracettes (Plate App. 1.1 A).

R
More detailed discussion and analytical data of these soils are given by
Fitzpatrick (1978).
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Soil form -T! geries

Great group

fite Mo. (Fig. 1.1}

Suil zone (Fig. 1)
Region (Fig. 2)
Elevation

Terrain morphology

Borizon
Orthle Al

¥ell. br. ap.
B22

Soil form and series’

Great group’

Site Mo. (Fig. 4.7)

Soil zone (Fig. 1)
Region (Fig. 2)
Elevation

Terrain morphology

Horizon
- E ]

Orthic Al

Yell. br. ap.
B22

Gley cutanic
B23

1

Clovelly clovelly

Haplor thox

16M Cv

2

Highveld (high rainfall zome: BOO-900.mm)
2 150 m

Midalepe

" i M "™ B Y s

Description
0-10cm; moist; 951 very dark grey ishbrown (10 YR 3/2 when
meist); sandy loam; weak to moderate crumb; loose when moist
or wet; soft when dry; clear smooth transition tot

10-25cm; moist; 90% yellow-brown (7,5 YR 6/6 =5%/5 when moist);
sandy loam; massive; looad vhen moist or wet; soft vhen

dry; fev medium sized quartz fragments; gradual umdulating
transition to:

25-100cm; wet; variegated pink, yellowish-brown and greyish
waathered shale with stratified geo-structure sllty clay.

Pinedena ouwerf
Fragiaquult

B (Pn; bni%, psial)

2

Montane, Highland Moatane
1 790 m

Mids lope

4 *F

- ¥R B

Description
0-35cm; black (10 YR 3/2 moist); sandy clay loam; weak fine
subangular blocky to weak; porous; friable when moist;
slightly hard when dry; very few medium quartz [rogments;
gradual undulating boundary.

35-95cm; Vellovish-brown (10 YR 5/6-4/4 moist); sandy clay loam:
massive; [riable vhen moist; slightly hard whenm dry; very few
indurated medium ferruginous pipestems; few medium quartsz
fragments; clear undulating boundary.

95-180cm; moint; grey to light grey (10 YR 6/1-7/1); elay
with common, medium, prominent orange (7,5 YR 6/8) mottles:
Eriable and plastic when moist; hard when dry; very few
indurated medium ferruginous pipesteme; fev wedium quartsz
fragments; clear undulating boundary.

180-200cm; moist; grey to Light grey (10 YR 6/1-7/1); clay with
many ,Coarse (2 to fcm thick) orange (7,5 YR 6/8) banda:

friable amd plastic when moist; hard when dry, very few

mediom quartz fragments.

l l'[d. ?. hﬂ! Fﬂ:tu
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S0il form and peries' : Huttonm farningham

Great group’ : Umbriorthox

Site Mo. (Fig. 1.1) ! 92 Hu

Soil zone (Fig. 1) 1 2

Region (Fig. 2) : Uplands, Mistbelt
:

Elevation 990 m

Terrain morpholegy Midalope

Horizon Description

Orthic Al O=4Dem; moist: moist 100X dark reddish brown (5 YR 3/2)
clay loam; fine weak subangular blocky; friable when moist;
slightly hard when dry; few [ine hard iron-wonganese
concretions; gradual smooth boundary.

Red ap. 40-7%cm; moist; moist 952 dark reddish brown (5 YR 3/4);

Bl clay; structureless (apedal); very friable when moist;
very friable when dry; very few fine hard iron-manganese
concrotions; diffuse smooth boundary.

Red ap. 75-110cm; moint; moist 95% red (2,5 YR 4/6); claystructureless

Bl {apedal); very friable when dry; very few fine hard irom
manganese concretions; gradual smooth boundary.

Red ap. 110=145+cm; molat; moist 90% red (10 R &4/B); clay;

B22 structureless (apedal); very friable when dry; very few fine

hard iron-manganese concretions; few large yellowish
ferruginous bauxite boulders.

Description and amalytical data of ferruginous bauxite underlying a Farningham
soil near Pietermaritzburg

Sive Mo. (Fig. 1.1) : 62 ba

Soil zome (Fig. 1) ; 2

Region (Fig. 2) : Uplands, Mistbelt
Elevation : 970 m

Terrain morphology : Midslope

Morphology amd appearance: PBrittle to moderately hard. Massive, medium-
grained, porous, uniform yellowish-brown.

Parent rock: Dolerite

Weathering: Partly preserved joint planes and original dolerite rock structure
indicative of residual weathering

Mineral constituents: (from X-ray diffraction analysis)
Gibbsite and goethite (dominant); gquartez, magnetite/Ti-magnetite/
maghaemite, ilmenite (accessory); kaolinite, halloysite,
anatase (traces D-5I).

Chemical composition:
1|.5!'£ Al D,

2.7 FE;”;
10,92 Eil'.I:‘l (6,4 Quarte; &.5% Reactive ﬁiD}I.
16,41 Loss on ignition

5,31 Tin,

0,61 MHnD

e ——

7.4 Total

| and 2. Loo. eit.
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Sail form and series! : Griffin farmhill

Great group? : pmbriorthox

Site Mo. (Fig. 1.1} : 103 Gf

Soil zone (Fig. 1) -

Region : Uplands, Mistbelt

Elevation : 905 m

Terrain morphology : Midslope

Horizon Description

orthic Al 0-40cm; moist; dark browm ET,T TR 3/2 when moist): sandy
clay;very weak subangular blocky; loose when moist or welj
firm when dry; few fine to medium hard ferruginous
concretions; gradual clear boundary.

fTell. br. ap. 40-55cm; molst; dark browa (7,5 YR 4/4 when moist); sandy

B21 clay; massive (apedal); loose when moist or wet, soft when
dry; few to common fine to medium hard [erruginous concretions;
gradual diffuse boundary.

Yell. br. ap. 35-65cm; as above but strong brown (7,5 YR 5/6 vhen moist)}

B2 gradual clear boundary.

Red ap. 65-B0cm; moist; red (2,5 YR 3/6 when moist); clayjmassive

B3 (apedal); very fine weak yellow streaks; loose whem moist or
wet; soft when dry; common fine to medium hard ferruginous
concretions; undulating clear boundary.

c B0+cm; moist; yellow (7,5 YR 7/B vhen moist); variegaced ved

channels in stratified shale geo—structure [riable when moist
and hard when dry.

Soil form and series' : Imanda inanda

Great group? ! Haplohumox

Site Fo. (Fig. 1.1) 1 99 Ia

Soil zome (Fig. 1) t 3

Region (Fig. 2) t Coastal Hinterland
t

Elevation 1 040 m

Terrain morphology Midslope

Hor izon Description

Humic Al 0-85cm; moist; moist TOOK 'an:i (10 YR 2,5/1); sandy clay;
weak to woderate fine amgular blocky; friable when moist;
slightly hard when dry; few fine hard iromn-manganese
concretions; diffuse smooth boundary.

Red ap. B5=135em; moist; moist 100X dark red (2,5 YR 3/6); clay loam;

B2 mapsive apedal; very friable when moist, slightly hard when

dry; few firm medium insect casts; few fine hard iron-
mAnganese concretions.

S0il form and series' : Avalon ruston

Great group? : Plinthaquox or (Plinthie) Haplerthox
Site Bo. (Fig. 1.1} : 12M Av

Soil zome (Fig. 1) t 7

Region (Fig. 2) t Basin Plainlands; Upland-moist
Elevation t | 300 m

Terrain morphology t Midslope

R 1 . e e e
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Horizon
Orthic Al

Yell. br. ap.
B21

Soft plinthic

§oil form and series’

Great gtnup'

1
fite Mo. (Fig. 1.1) : 15 Wa

Descriprion
(O=34em; molat; 951 very ﬂl& greyish=brown (10 YR 3/2 vhen
moist); sandy loam; weak crumb ; loose when moist, soft
when dry; abundant roots; few fine to medium indurated irom
manganase nodules; gradual smooth tramsition to:

14=95cm; moist; 90T yellowish-brown (10 YR 5/6-4/4 when
moist); sandy loam; massive; loose when moist; soft when dry;
few fine indurated iron-manganese nodules; gradual undulating
transition to:

L,

95=130cm; moist; 40-50% red (2,5 YR 5/8 - 4/8 when moist):
prominent mottles in a yellowish matrix; sandy loam;
common indurated irom-manganese nodules; gradual smooth
transition to:

130=150cm; moisc; light grey marrix and pink to pale red
mottles with some [ine speckles of red (red becomes yellow/
pink and yellow becomes grey with depth); few fine irom-
manganese concretions; gradual transitiom to:

150+cm; wer; gleved wveathered sandstone.

Washank washank
PFsammaquent (on hard plinthice)

foil zone (Fig. 1) 3 1

Reglon : Basin Plainlonds, Upland - moist
Elevation : 1 300 m

Terrain morpnology : Bottomland

Horizon
Orcthic Al

E-horizon

Hard plinthic

Description
0-15cm; moisc; 901 “WEF:* (7,5 YR 4/0 when dry);
951 black (7,5 YR 2,5/0 when moist); loamy sand; weak crumb;
loose when moist or dry; abundant organic matter;
clear smooth transition to:

15-35%cm; moist; 90T grey to dark grey (5 YR 4/4 when moist);
very faint circular yellowish mottles; loamy sand; single
grain; ; very loose when moist or wer; few medium Fe-Mn
concretions; gradual transition to:

15+cn; fervicrete (pisolitic) with many Fe=Mn concretions
cemented together; grey sandy loam.

Soil form and series' : Glencoe appam

Great ;rmp' ! Haplorthox (om hard plinthice)
Site No. (Fig. 1.1) : 1IM Ge (32)

Soil zome (Fig. 1) P

Region (Fig. 2) : Basin Plainlands; Upland = moist
Elevation t 1 300 m

Terrain morphology t Crest

Horizon
Orchiz Al

Deseription
U=30cm; dry; 95% brown (7,5 YR &/2 when moist); sandy loam;
veak crumb; loose when moist, soft when dry; abundant roots;

common medium indurated iron-manganese nodules; gradual
smooth transition to:

1 apd 2. Lo, if.
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Horizon Description
Yell. br. 10-70em; moist; 90% brown (7,5 YR &/4 when moist); sandy
B21 loam: massive; loose when moist, soft when dry; few Toots;

very common medium indurated irom-manganese nodules;
gradual smooth transition to:

Hard plinthic 70-180cm; ferricrete (pisolitic to visicular) comprising
asbundant iron-manganese concretions of varying colour
{red-purple to yellow); common nodules ranging in size from
4 to 70mm, oval shaped with shiny surface; yellow sandy
loam fills vesicular pores; crust is slightly porous.

C |B0+em: mwoist; BST red (2,5 ¥R 4/6 - 3/6 when moist); sandy
clay loam; massive; slightly sticky and soft when wet;
soft when dry; common medium indurated iron-manganese nodules.,

Boil form agﬁ series | Shortlands shortlands

Great group : Rhodoxeralf

Site No. (Fig. 1.1) : 241 &d

Soil zone (Fig. 1) 1 4

Region (Fig. 2) : Riverine

Elevaticon : 780 m

Terrain morphology + Midslope

Horizon Description

Orthic Al O-35cm; dry; moist 1002 dusky red (2,5 ¥R 3/2); clay;

moderate to strong medium subangular blocky; very few black
faint clayskins on ped faces; firm when moist; hard when dry;
very few fine hard iron-manganese concretions; gradual
smooth boundary.

Red sCr. 15-90cm; dry; moist 953 dark reddish brown (2,5 YR 3/4);

B22 clay; moderate to strong coarse to mediom subangular blocky;
few brown faint clayskins on ped faces; firm when moist;
hard when dry; very few fine hard iron-manganese concretions;
clear wavy boundary with tongues.

C 50-10%m; moist; yellowish crumbly weathered dolerite with
few fine tongues of B2Z material.

Soil form and series' : Rensburg rensburg

Great group? : Pelludert
Site NO. (Fig. 1.1} : 39 Rg
Soil zone (Fig. 1) O
_ Region : Biverine
Elevation t M0 m
Terraln morphology : Midalope
Horizon Duscription
Vercic Al 0-105cm; moist; moist 100€ black (7,5 YR 2,5/0); clay;

strong coarde angular blocky and wedge; many very wide
vertical cracks; very sticky and very plastic when wet;
very firm when moist; very hard when dry; common prominent
black clayskins on ped surfaces and shiny grooved pressure
faces (slickensides) especially at lower depths; few fine
to medium hard iron-manganese concretions; very few small
dolerite and angular ferruginized shale fragments; gradual

1 and 2. [oo. oit.
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Horizon Description
Firm Gley 105-130cm; wet; wet B0% olive (5 Y 4/3); common medium
G distinct yellow olive elongated streaks; clay; strong coarse

angular blocky and wedge; very sticky and very plastic when
wet; very [irm when moist; very hard when dry; many
prominent olive grey shiny grooved pressure faces
{slickensides); few fine to medium hard iron-manganese
concretions; common white medium to large hard lime nodules;
very few small dolerite and angular ferruginized shale

fragments.

Soil form and series' : Katspruit katspruit
Great group? Haplaquept
Site No. (Fig. 1.1) : 208 Ka

[

Boil zone (Fig. 1)

Region (Fig. 2) 1 Highveld (high rainfall zone: 800 -900 mm)

Elevation t 2 100 m

Terrain morphology : Bottomland

Horizon Description

Orthic Al 0=-15cm; moist; very dark grey (10 YR 3/1 when moist); clay;

strong fine subangular blocky, fine distinct reddish-orange
gtreaks along root channels, moderately porous;

friable when moist; hard when dry; few small hard
Ferruginous concretions; clear smooth transition.

Firm gley 15-25cm; moist to wet; dark grey (10 YR &/] when moist); clay;

Gl coarse angular blocky to prismatic when dry; massive when wet;
common faint yellowish-orange mottles; friable when moist; wvery
hard when dry; diffuse undulating transition.

G2 25-T0+cm; wet; dark grey (2,5 ¥ 5/2 when moist); gleyed and
with increasing depth blocks become lighter coloured with
greenish hues (5 GY 5/1); clay: massive when wet; few diffuse
fine yellowish brown mottles; friable when moist; very plastic
when wet; hard when dry.

| and 2, loe. ofit
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APPENUIX 2
PEEPARATION AND CHARACTERIZATION OF SYNTHETIC OXIDES

(i) Coethite and mixed Fe-Ti amnd Fe-Al oxides prepared trom chloride
salts aged at pH 13

Freshly precipitated [erribydrite (formerly reterred to as
amorphous ferric hydroxide) was prepared by adding dropwise over 1 hours
at room temperature an equivalent amount of ferric chloride (AR) to 250 ml
of 2 M KDH, vhile stirring rapidly (wmethod similar to Landa and Gast, 1973).
Mixed Fe-Ti and Fe-Al coprecipitateés were prepared in exactly the same
manner, except that (1) 5,10 and 20 X Tll.‘.J.II (AR); (ii) 5 and 10 % 'l'illl._Ir
(aRYy: {iiL) 5 apmd 10 X .ﬁ'r.{:l_.} (AR} replaced iron in the initial sclution.

The [reably precipitaced gels wera e@ither used immediately after
being washed with deionized water until dispersion, or aged in 0,2 M KDH
(pH 13) ac 60°C in pelyechylens bottles for 30 hours and 30 days
respectively, then dh.@aﬂ exhaustively against distilled water. The
dialyked gels were then concentrated in a Sorvall ultracentrifuge at
20 000 x g. A small sample was taken for electrom optical study (with
a Hitachi HU = VIE instrument; dilute aguecus suspensions were dried om
collodion coated 200 mesh per inch copper grids) and the remsinder Freeze

,dried for later use in XRD, IR and chemical s=nalysis.

A 100 mg sample wis dissolved in concentrated WCl to ascercain the

total Fe, Ti and Al and a duplicate sample extracted with a 100 = RH, -
oxalate (ol 3).

When the freshly prepared ferrihydrite is aged at pll 13 and 80°C
relatively crystalline acicular goethite crystals become evident afrer
30 hours (Plate App. 2.1 A). Further aging for 30 days results in
goethite cryscals with a more pronounced (smooth) surface and less
striated or "splintered” appearance (Plate App. 2.1 €). The presence of
crystalline goethite was confirmed by XRD (Fig. 1.3) and IR (Fig. 1.4)
measurements, The low Fe . / Fey ratios (Fig. App. 1.1) also confirm
the crystalline nature of the material, in gemeral agreement with Lapnda
and Gast (1973). Furthermore, the colours change from red-brown in
unaged Fe and Fe-Al oxides to bright yellow in the corresponding aged
oxldes. However, aged Fe-Tl oxides become increasingly red in colour
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Plate App. 2.1: Electron micrographs of goethite prepared from:

A. precipitated ferriec oxide gel, pH 13, aged for 30 hours;
B. coprecipitated alumino-ferric oxide gel (5% in AL/Al + Fe)
pH 13, aged for 30 hours; C. precipitated ferric oxide gel,
pH 13, aged for 30 days. The scale applies to all figures
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with increasing Tl content, suggesting possibla higher amounts of “amorphous’
Fo compounds®.

Electron microscopy demonstrates that goethite crystals formed from
the pure system have "elongsted" acicular crystals (Plate App. 2.1 C)
whereas goethite formed in the presence of Al resulted in much shorter,
stubby crystals (Plate App. 2.1 B, i.e. crystal growth is retarded along the
f001] axis) This is Iin agreement with Thiel (1963) and Morrish amd Taylor
(1961) that substitution of Al in the goethite structure changes crystal
structure (shifted d-spacings; Fig. 1.3) and decreases crystal size.
However, goethite crystals formed in the presence of T (Plate App. 2.1)
are decidedly larger than those in the pure iron and Fe-Al systems (Plate
App. 2.1). Electron micrographs of the Fe-Ti system invariably showed the
goethite crystals to be either embedded in an "amorphous like" mass or
strongly coated by such material (Plate App. 2.2, A,C and E). In sddition,
there appeared to be an increase in the incidence of various types of twinned
goethite crystals. In spite of this admixture of “"amorphous material™ very
sharp XRD peaks wers obtained for goethite in the 5I [mm-l:r,ﬁl"" 28),
J0% (WHE=0,30° 28) and 20% (WHH=0,22" 28) Ti/Ti+Fe samples. However, the
d(111) line showed a wlight but comsistent decrease in d=spacing with increanin
Ti content. Although an explanation for this cannot be given yet, the
poasible incorporation of hydroxyl ions into the goethite structure could be
involved (see Chapter }).

In Fig. App. 2.1, the relative amounts of total Fe, Ti and Al
extracted by oxalate (e.g. h“f!'umll as a [unction of aging time, are given.
The amount of irom extracted by oxalate from the pure irom system is less
than that for the mixed systems (Fig. App. 2.1). The Fe-Ti system shows
almost a linear inmcrease of Ti retaimed by goethite with time, and approaches
between I-4% at 30 days aging. In addition relatively more oxalate soluble Fe
and T{ (i.e. "amorphous" Fe-Ti) is extracted as the Ti/Ti+Fe ratio increases.
Also the amount of Ti extracted by oxalate from the aged Fe-Ti oxides is
greater than the amount of Al extracted in corresponding Fe-Al oxides,
suggesting that AL(IIT) ions enter the goethite structure more easily (and
in larger amounts) than Ti(IV) ions, probably because of the smaller ionic
radius of the A1(TII) iom.

* During the aging of precipitates obtained from ':I'il.':ll. the suspension
turned from black to dark reddish brown (withim 8 hrs) posgibly due to
oxidation of TI(III) to Ti(IV).



APPENDIY 2 (Contd.) 187

F

FPlate App. 2.2: Electron micrographs of goethite prepared from
Fe-Ti oxide gels, pH 13, aged for 30 days I:EEI:'L‘.} and dialized
against distillad water with: A. 5% in Ti/Ti+Fe; 8. 5% in
Ti/Ti+Fe and oxalate treated; OC. 10 ip Ti/Ti+Fe; D[, 10% in
Ti/Ti+Fe apnd oxalate treated: E, 208 im Ti/Ti+Fe; TF. 20% in

Ti/Ti+Fe and oxalate treated. The scale applies to all figures
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Fig- App. 2.1: HHh-uulnlu-pH_'L extractable (ox) Fe or M{Ti and
Al) expressed as a percentage of the total (HC1)
Fe or M present in aynthetic gels. A. Fe extracted
from ferric and mixed gela. B. Ti and Al extracted
from mixed gels. Where: (a) Pure ferric gel:
(i) prepared uaing ““a. (5, 10 and 20% in Ti/Ti+Fe);
(ii) prepared using TiCl, (5 and 10T in Ti/Ti+Fe);
(iii) prepared using M'El]l (5 and 10T in AL/Al+Fe).
freshly precipitated gel;

—eeeeecees pged for 30 hours;
- === aged for 30 days.
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The surface of these large chunky twin goethite crystals becomes
deeply pitted during oxalate trestment (FPlate App. 2.2 8,0 and F).
This pitting was not observed during treatment of pure synthetic goethite
or aluminous goethite. IL appears, therefore, that a strongly chemisorbed
phase (easily removed by oxalate Creatment) “coats "™ goethite crystals
formed in the Pe-Ti oxide gelu. This chemisorbed phase is, in many
respects, similar to chat reported by Berbillon and Tran Vich An (1969)

for silico~fervic gels.

(ii) Haematite prepared by refluxing ferric nitrate

One litre of solution containing 160 g FHIH03]3 . HHID wis rofluxed
(100°c) for 10 days (method similar to Breeuwsma, 1973}, A dense red
precipitate was then obtained by adding 5 M KOH dropwise over 3 hours
until a pH of 7 was reached. The resulting red precipitate was then
centrifuge-washed five times with deionized water. The pH was adjusted
to 5 by adding dilute Hﬂﬂ: and refluxed for a further 15 days. The

precipitated oxide was then finally centrifuged—washed with deionized
water until dispersion and froeze-dried.

The X-ray diffractogrom only shows diffraction peaks for haematite
(see Fig. &4.4).
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APPENDIX 1

X=RAY DIFFRACTION ANALYSIS

(i) Apparatus
¥-ray diffraction vas carried out on a Philips unit with a P.W.

1130/90 generator, P.W.1050/70 goniometer, A.M.R. E3-202/GVW E202-225
graphite monochromater, using CokK a radiation, I,llﬂr divergence slit and
l:l.ln receiving slit and proportional counter.

Standard experimental conditions were 35 kV, 20 mA, scanning speed
of lb 20 per min. for all samples except for ferrihydrite samples
(1,0 2p per min.), paper speed 10 mm per min., and variable ratemeter
settings. Scanning for all samples occurred over the range from 20-45" %8,
except for ferrihydrite and synthetic samples which were run from 10 - 85" 28,

(ii) Sample preparation

Powdered samples (freeze dried or crushed) were packed inte either
rectangular aluminium (Klug and Alexander, 1954) or PVC' (for small amounts of
sample)holders (Plate App. 3.1) by compressing the samples against a filter
paper surface to minimize preferred orientation (Norrish and Taylor, 1962)
using the device® shown in Plate App. 3.1. In order to prevent sample material
from adhering or stickinmg to the surface of the plunger, the plunger surface
wag finely ground, lapped and then polished.

The reference sample used to determine instrumental line broadening
{(b) was prepared from a-quartz which had been ground in an agate mortar and
treated with 54 HCl. The a-quartz (101) line (d=3,34 ) geve & width at nalf
height (WHH) value of 0,14” 20 (f.e. b). Strong line broadening in many samples
reduces the accuracy of d-spacing measurement. [t should also be noted that
the quartz (100) and (110) peaks interfere with the goechite (110) amd (111)
peaks respectively, so that for samples containing more than about 10X quartz
(l.e. given as accessory amounts or higher in Tables 1.| to 1.9), the accuracy
of both the line position and WHH measurements is limited. This problem was
alleviated, as far as possible by repeated soniprobe and gedimentation

treatments in water or 0,001 M HH.I!,.HH'

*® "Darvic" PVC sheeting made by AK & C1

** The writer gratefully acknowledges Mr. C.R. Morewood, of the Faculty of
Science Workshop, University of Matal, who comstructed this device.



Plate. App. 3.1:

Pevice uped for nreparing ‘isorientated powdered samnles for
array diffraction measurement., Samples were packed into either
{(a) rectangmlar aluminium holders (20mm by 15m) or round holders
mate [rom 'Darvic” PYC sheeting (diameter of b and ¢ is 11 and “mm
respectively) and compressed against a filter paper surface to

minirize preferred orientation

(*Faung) £ YIQIIaV
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