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BIOTITE ALTERATION IN DEEPLY WEATHERED GRANITE.

II. THE ORIENTED GROWTH

OF SECONDARY MINERALS

R. J. GILKES AND ANCHALEE SUDDHIPRAKARN!

Department of Soil Science and Plant Nutrition, University of Western Australia
Nedlands, Western Australia, Australia 6009

Abstract—Single grain X-ray and electron diffraction patterns of weathered biotite flakes exhibit groupings
of 001 and hk reflections of biotite, vermiculite, mixed-layer clay minerals, and kaolinite indicating that the
secondary minerals are in parallel crystallographic orientation to the parent biotite. Asterism of biotite
reflections is enhanced by weathering. Gibbsite crystals developed in parallel basal orientation to biotite
flakes. Most goethite in weathered biotite occurs as aggregates of randomly oriented crystals in cleavages
and on grain surfaces. Some goethite is present on micaceous fragments as 0,05-.m size, lathlike crystals
in a hexagonal arrangement with their (100) face resting on the (001) biotite face. Selected area electron
diffraction patterns of aggregates of lathlike goethite crystals contain 0k¢, 1k¢, and 2k¢ reflections due to

undulation of the aggregates and the extreme thinness

of the crystals. These patterns indicate that the close

packed anion layers in goethite coincide with the brucite-like layer of the micaceous minerals.
Key Words—Biotite, Electron diffraction, Goethite, Orientation, Vermiculite, Weathering products.

INTRODUCTION

Gilkes and Suddhiprakarn (1979) showed that weath-
ered biotite in saprolite and pallid zone materials
formed granular pseudomorphs consisting of various
mixtures of biotite, vermiculite, mixed-layer biotite-
vermiculite, kaolinite, gibbsite, goethite, and hematite.
They found that the abundance of secondary minerals
within the grains increased towards the surface of the
soil although grains at different stages of alteration were
present in each horizon. The mineralogy of these
weathering products is similar to that of the altered bio-
tite described by Eswaran and Heng (1976) and Es-
waran and Bin (1978), but little information is available
in the literature on the mechanism of these transfor-.
mations.

Single crystal X-ray and electron diffraction tech-
niques have been used to determine how the structure
of the parent biotite grains influences the nature and
arrangement of weathering products.

MATERIALS AND METHODS

Altered biotite grains were separated from saprolite
and pallid zones of deeply weathered granitic rocks at
Jarrahdale, southwest Australia. Details of soil prop-
erties and separation procedures are found in Gilkes
and Suddhiprakarn (1979).

X-ray diffraction (XRD) patterns of single, ~0.5-mm
size flakes were obtained with Fe-filtered cobalt radia-
tion using a Philips 114-mm diameter camera equipped
with low angle collimator and beam trap. The flakes
were not rotated during exposure and were positioned
perpendicular and parallel to the beam for successive
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photographs. The mounted flakes were next inserted
into a Gandolfi camera (Gandolfi, 1967), and random
orientation diffraction patterns obtained to permit iden-
tification of all minerals present. Some flakes were giv-
en one or more treatments with citrate-bicarbonate-
dithionite (CBD) solution to remove goethite. Several
flakes of fresh biotite were treated with sodium tetra-
phenylboron solution to convert them to vermiculite,
and XRD patterns were obtained of the products.

Selected area electron diffraction (SAD) patterns
were obtained from submicrometer-size grains sepa-
rated from altered biotite flakes using a Hitachi HU IIB
electron microscope. Alteration products and associ-
ated mica substrate from freshly cleaved surfaces of
altered biotite flakes were dispersed in water and de-
posited onto carbon-covered grids. A 20-A thick layer
of tin was used as an internal standard where accurate
measurement of spacings was required.

Some figures showing XRD and SAD patterns have
been modified to improve the photographic reproduc-
tion of weak reflections and increase resolution of
closely adjacent reflections. These features were clear-
ly visible in the original patterns. The notations ASR,
etc. in the figures refer to sample horizons. The notation
—==and — ||| is used in figures to signify respectively
XRD patterns taken with flakes parailel and perpendic-
ular to the beam.

RESULTS
X-ray diffraction of single flakes

Flakes oriented parallel to the X-ray beam gave en-
hanced basal reflections, and those oriented normal to
the beam gave enhanced hk reflections (MacEwan,
1961). Typical XRD patterns for a fresh biotite flake are
shown in Figure 1A, B. Both patterns are complex,
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Figure 1. XRD patterns of single biotite fiakes taken with the
beam parallel (—==) or normal (— [||) to the stationary flakes.
(A, B) Fresh flake from granitic rock. (C, D) Altered flake from
saprolite. (E, F) Altered fiake from saprolite. Spacings are in-
dicated in Angstrom units.

containing many hkl Laue reflections. The strong basal
reflections at 10, 3.33, 2.50, and 2.00 Aoccurona single
axis in Figure 1A. The strong 020 reflections (4.55 A)
occur on continuous streaks in Figure 1B. The streak-
ing of nonbasal reflections (asterism) is a characteristic
of biotite and is due to random defects in structure
(Hendricks, 1940).

Figures 1C, D, E, and F are patterns of flakes from
the saprolite zone which exhibit intermediate stages of
alteration. These flakes contain vermiculite and/or
mixed-layer mineral (14-15 A), kaolinite (7.2 A), gibb-
site (4.8 A), goethite (4.18 A), and biotite (10 A). The
basal reflections of biotite, vermiculite, mixed-layer
clay minerals, kaolinite, and gibbsite are on a single axis
in Figures 1C and 1E demonstrating the parallel ori-
entation of these platy minerals within the flake. Goe-
thite gave continuous rings indicating that goethite
crystals are not preferentially oriented. The hk reflec-
tions of the platy minerals at about 4.5 A and 2.5 A fall
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Figure 2. XRD patterns of dithionite (CBD)-treated single
flakes of highly altered biotite from pallid zone. Patterns were
obtained with the beam parallel (—=) or normal (— |||) to the
stationary flakes or with rotation in a Gandolfi camera. Spac-
ings are indicated in Angstrom units.

on streaks which have become much more intense with
the increased disorder of these minerals due to weath-
ering.

Diffraction patterns characteristic of flakes at an ad-
vanced stage of alteration are presented in Figures 2A,
B, and C. These flakes contained abundant aluminum-
substituted goethite which dominates the diffraction
pattern and obscures lines due to other minerals. Partial
removal of goethite by CBD treatment permitted iden-
tification of other components (biotite 10 A, kaolinite
7.2 A, gibbsite 4.85 A), in parallel orientation. Electron
microscopy showed that some goethite crystals within
opened cleavages are arranged in hexagonal patterns
upon the micaceous substrate (Gilkes and Suddhiprak-
arn, 1979). Removal of the much more abundant, non-
oriented, fine-grained deposits of goethite from the ex-
teriors and highly exfoliated interlayers of flakes by
CBD treatment might have permitted detection of pre-


https://doi.org/10.1346/CCMN.1979.0270506

Vol. 27, No. 5, 1979

ferred orientation in the remaining interlayer goethite.
However, no clear evidence of preferred orientation of
goethite was seen in patterns of the CBD-treated flakes.
Fluctuations in intensity around the goethite diffraction
rings were probably caused by variations in adsorption
of the diffracted beam due to the platy morphology of
the flakes.

Some highly altered biotite flakes from the pallid
zone were repeatedly treated with CBD solution until
no goethite remained. The fragile residues usually con-
sisted of various mixtures of biotite, vermiculite,
mixed-layer clay minerals, kaolinite, and gibbsite.
Some flakes appeared to consist solely of highly ori-
ented kaolinite (Figures 2D and E), but the faint resid-
val asterism (Figure 2F) suggests the presence of minor
amounts of micaceous minerals.

In XRD patterns of altered biotite taken with the
beam perpendicular to the flakes, the nonbasal hk re-
flections of micaceous minerals usually occurred on
well-defined axes (Figure 2F). The 02 and 11 refiections
near 4.5 A defined the direction of the b-axes. The na-
ture of a series of reflections oriented on an axis 30° to
the b-axis, with spacings near 2.5 A, varied with the
relative proportions of micaceous minerals present in
the flakes. Enlargements of typical groups of reflections
at about 2.5 A for a flake from the pallid zone oriented
perpendicular to the X-ray beam are presented in Fig-
ures 3A and B. Possible assignments for the reflections
at ~2.5 A are listed in Table 1 and were derived by com-
parison with published XRD patterns of biotite, ver-
miculite, and kaolinite (see Brown, 1961) and from pat-
terns of K-depleted flakes containing biotite,
vermiculite, and mixed-layer biotite-vermiculite ob-
tained in this work. It is evident that the a- and b-axes
of biotite, vermiculite, and kaolinite exhibit paraliel
orientation which is probably inherited from the ori-
entation of these axes in the parent biotite grain. Al-
though unique hk reflections of mixed-layer clay min-
erals were not noted, these minerals probably retained
the orientation of the parent biotite. Nonbasal reflec-
tions of gibbsite were not found in these XRD patterns
so that the orientation of this mineral remains un-
known.

Selected area electron diffraction

A variety of morphologically distinctive materials are
present in scrapings from the surfaces of cleaved, al-
tered biotite grains and may be simply subdivided into
micaceous fragments and fine-grained alteration prod-
ucts, although a continuous range of intergrades and
mixtures is present. Micaceous fragments with a mi-
crocrystalline, mosaic-like morphology are present in
scrapings from surfaces of CBD-treated, altered biotite
flakes from the pallid zone. These fragments were very
susceptible to damage by heating in the electron beam
but give characteristic SAD patterns when low beam
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Table 1. Indexing of reflections in single grain XRD pat-
terns.
Spacing
(A) Biotite Vermiculite Kaolinite
2.62-2.64 131, 200 131, 20t —
2.54-2.58 — 134, 202 130, 201
2.48-2.52 131, 202 — 131, 200
2.40-2.45 132, 201 136, 204 — _
2.30-2.34 - - 131, 202
2.25-2.28 132, 203 136, 208 —
2.18-2.22 133, 202 138, 206 132, 201
2.00 — 208 203, 132

currents are used. The patterns consist of two hk nets
of reflections in exact parallel alignment but differ
slightly in scale (Figures 3C, D, E, F). The relative in-
tensities of the two patterns varied for different frag-
ments. Accurate measurement of the 060 spacings gave
values of 1.53 A and 1.49 A indicating the presence of
trioctahedral and dioctahedral layer silicates in parallel
alignment. The dioctahedral mineral may be kaolinite
that had developed epitaxially or topotaxially from a
micaceous mineral, thereby adopting the same crystal-
lographic orientation. It is unlikely to be a dioctahedral
micaceous mineral since optical, XRD, and electron-
optical measurements gave no evidence for the pres-
ence of dioctahedral micaceous minerals in these spec-
imens. This interpretation is consistent with the results
of XRD studies of single flakes described above which
also show a parallelism of the a- and b-axes of kaolinite
and micaceous minerals. A greater range of orienta-
tions was seen in XRD patterns due to different instru-
mental factors including the greater angular divergence
of the X-ray beam relative to the electron beam. The
much greater size of XRD specimens (~10~* g) com-
pared to SAD specimens (~10712 g) would also have
allowed a much greater range of orientations to exist
within a single flake.

In contrast to the strong, sharp reflections on well-
defined nets present in SAD patterns of micaceous frag-
ments, some fine-grained alteration products gave com-
plex, weak SAD patterns which could rarely be fuily
interpreted. Minor amounts of 0.1-um size, raftlike ag-
gregates of laths (~0.05 x 0.005 um) gave SAD pat-
terns in which the broad, weak reflections mostly fell
on regular nets (see Figure 4). Most reflections in this
and similar patterns can be indexed on the basis of a
goethite unit cell with the Ewald sphere intersecting
0k¢, 1k¢, and 2k¢ planes of the reciprocal lattice. The
raftlike fragments therefore are parallel arrays of goe-
thite laths resting on their (100) faces so that 0k¢ recip-
rocal lattice points intersect the Ewald sphere in a re-
gion near the center of the pattern. The 1k¢, 2k¢
reflections may also be the result of undulations within
the rafts and elongation of reciprocal lattice points
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Figure 4. (A) A SAD pattern of a parallel array (raft) of lath-
shaped goethite crystals separated from an altered biotite flake
from the pallid zone. (B) Spacings in Angstrom units and in-
dices of the goethite reflections.

along the a-axis perpendicular to the laths (Gard, 1971).
The arcing of reflections confirms that a range of ori-
entations is present. Although synthetic goethites have
generally been found by electron microscopy to consist
of well-defined acicular crystals (MacKenzie et al.,
1971), natural occurrences of small, lathlike crystals
resembling those described here have been reported
(Beutelspacher and van der Marel, 1968).

A more complex SAD pattern containing reflections
due to goethite and a micaceous mineral is shown in
Figure SA. This specimen consists of a fragment of a
micaceous mineral densely coated with hexagonally

Oriented weathering products of biotite
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Figure 5. A SAD pattern of a fragment of micaceous mineral
coated with hexagonally arranged rafts of goethite crystals
(similar to fragment shown in B). Spacings in Angstrom units.
Indices of reflections due to goethite and a trioctahedral mi-
caceous-mineral are shown. Weak rings due to a tin internal
standard were visible in the original pattern.

arranged goethite rafts (Figure 5B). The SAD pattern
consists of a hexagonally symmetrical net of sharp hk0
reflections from the micaceous mineral and broader
arced goethite Ok¢ and 1k¢ reflections. The goethite re-
flections are also arranged in a hexagonal array since
the hexagonal arrangement of rafts on the micaceous
substrate has probably resulted in the generation of
three goethite patterns at 60° relative rotations. This
pattern demonstrates that ¢ (goethite) || b (mica) and
b (goethite) || a (mica). The same relative orientation
of goethite and micaceous mineral was found to exist
for many fragments including those in which the goe-
thite rafts were not hexagonally arranged. This result
is in direct contrast with the absence of preferred on-
entation of goethite in whole flakes which was indicated
by single flake XRD patterns. The difference may be
explained by the optical and electron-optical observa-
tions that most goethite occurs as thick, fine-grained
deposits rather than as thin layers of hexagonally ar-
ranged crystals on micaceous surfaces and by the much
smaller size of the regions contributing to SAD pat-
terns.

——

Figure 3. (A, B) Photographic enlargements of groups of reflections at ~2.5 A in the XRD pattern of a CBD treated biotite
flake from the pallid zone. The XRD pattern was made with the beam normal to the flakes. (C, D) Selected area electron
diffraction (SAD) patterns of fragments of mosaic-like micaceous material from a CBD treated altered biotite grain from the
pallid zone. (E, F) Photographic enlargements of parts of the patterns in C, D showing the associated hk reflections of trioc-
tahedral and dioctahedral minerals. Spacings are indicated in Angstrom units.
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Figure 6. A comparison of the orientation of approximately
close-packed anion layers relative to the crystallographic axes
of mica, kaolinite, and goethite. The relative orientations of
the anion layers shown in this figure are those derived from
SAD patterns.

DISCUSSION

The structure of the parent biotite grain has strongly
influenced the orientation of alteration products within
the altered biotite pseudomorphs present in saprolite
and pallid zones of deeply weathered profiles. Kaolinite
has the same orientation as associated micaceous min-
erals and may have developed by epitaxial or topotaxial
replacement. The major differences in structure and
chemistry between the kaolinite and the micaceous
minerals requires that considerable modification oc-
curred to both cation and anion layers of biotite during
this transformation. However, the preserved orienta-
tion suggests that some of the approximately close-
packed anion layers of the tetrahedral and octahedral
sheets have been preserved. If this was the case, silicon
and aluminum ions and protons would have migrated
through these anion layers to form kaolinite. Magne-
sium and other cations would have migrated out of the
flakes to surfaces where they were released to soil so-
lution. Several mineral alteration processes involve re-
tention of anion layers and diffusion of cations, for ex-
ample magnetite may alter topotaxially to maghemite
(Sidhu et al., 1977).
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The oriented growth of goethite on micaceous min-
eral surfaces as hexagonal arrangements of lath-shaped
crystals is not readily explained as being due to the
preservation of close-packed anion layers. The approx-
imately close-packed anion sheets of the (100) surface
of goethite and (001) surface of the tetrahedral layer of
micaceous minerals are parallel but the axes within
these sheets do not coincide, i.e., ¢ (goethite) is not
parallel to a (mica). This relationship is depicted in Fig-
ure 6. The highly oriented development of goethite on
the micaceous mineral surface cannot be regarded as
epitaxial growth due simply to continuation of the ap-
proximate close packing of this surface. Such an ar-
rangement would lead to parallelism of the b-axes of the
two minerals. However, the goethite close-packed an-
ion sheet may be positioned such that its orientation is
the same as that of the anion sheets containing both
apical oxygen ions of the silica tetrahedra and hydroxyl
ions on the opposite side of the micaceous oxygen sur-
face, i.e., the brucite-like sheet. The relative orienta-
tion of micaceous mineral and goethite would then be
the same as that deduced from SAD patterns.

Other explanations for the preferred orientation of
goethite with respect to the micaceous mineral sub-
strate may be inter alia that goethite develops on the
hydroxyl surface of a kaolinite interface which has been
shown to be highly oriented with respect to biotite.
Alternatively goethite crystals may form on correctly
oriented nuclei developed from iron-rich regions of the
octahedral layer of the micaceous mineral. It is not pos-
sible on the basis of the available evidence to determine
which of these mechanisms is correct, and possibly all
may operate. One clear conclusion is that the structure
of the parent biotite grain exerts a strong influence on
the development of some kaolinite and goethite in the
weathered pseudomorph.
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Pe3ioMe—PeHTIreHOBCKHE H JIEKTPOHHO-IU(pakKiHOHHBIE KAPTHHBI OJHHOYHBIX 3€peH BbIBETPEHHbIX
Yemryek GMOTHTa BBIABWIM TpymnupoBanue orpakeHMH 001 m nk OGHOTHTa, BEpMHKYJHTa, CMEINaHHO-
CIIOMHBIX TJINHACTBIX MHHEDPAJIOB, H KAOJIMHHTA, NOKA3bIBAIOIIKE, YTO BTOPHUYHbIC MAHEPAJIbI HAXOJATCA
B [TAPaJUIeJIbHON KPUCTAIIOrpaduUeCKOH OPHEHTALMA K MATEPHHCKOMY GHOTHTY. ACTepH3M GHOTHTOBRIX
OTpa’keHHi YCHINBAETCS B pe3ysbTaTe BhiseTpuBaHusA. KpHCTaubl rHGOCHTa BLIPOCIH B NapajUie/ibHOH
Ga3anbHOM OpHEHTAIMH K YellyiikaM GHOTHTA. BONLIIMHCTBO reTHTA B BLIBETPEHHOM GHOTHTE HAXOAATCS
B BHfI€ arperaTroB GecnopsiloMHO OPUEHTHPOBAHHBIX KPUCTAJLIOB B KJIMBA)XKE ¥ Ha MOBEPXHOCTSAX 3€PEH.
YacTb reTHTa NPUCYTCTBYET Ha OGJIOMKAX CJOALI B BHAE JISHCTOBHMBIX KpUCTaJUIOB pa3dmepom 0,05 um
B FeKcaroHaJIbHOM ynakoBKe ¢ rpaublo (100), pacnonosxxenHoit Ha 6moTHTOROM rpanu (001). DIeKTpOHHO-
MMPpakIMOHHbIE KAPTUHBI BHIOPaHHOR 30HBI arperaToB JIeHCTOBHAHLIX KPUCTALIOB FE€THTA COAEpKaT
otpaxenus Ok€, 1kf, u 2k¢€ Gnaropaps yRay/supp arperaToB W Upe3BbIYalHOH TOHKOCTH KPHCTAJLIOB.
3T KapTHHLI IOKa3bIBAIOT, 4TO OJIH3KO pPACNOJIOKEHHbIE AHHOHHBIE CJIOH B TETHTE COBNAjJAOT
¢ 6pyCHTONOAOOHBIM CIOEM CHIIOAMCTHIX MHHEPAJIOB.

Resiimee—Einkristallrontgenaufnahmen und Elektronenbeugungsdiagramme der verwitterten Biotit-
blattchen zeigen Gruppierungen der 00l- und hk-Reflexe von Biotit, Vermiculit, Wechsellagerungen, und
Kaolinit, die erkennen lassen, daB die sekunddren Minerale parallel zum Ausgangsbiotit orientiert sind.
Asterismen der Biotitreflexe werden durch die Verwitterung verstirkt. Gibbsitkristalle sind parallel zur
Basis der Biotitblattchen orientiert. Ein groBer Teil des Goethit in den verwitterten Biotiten kommt in
Form von Aggregaten aus regelios angeordneten Kristallen auf Spaltflichen und auf Kornoberfiachen vor.
Einige Goethite treten auf den Glimmerresten als leistenformige 0,05 wm grofle Kristalle in hexagonaler
Anordnung auf, wobei ihre (100)-Fliche auf der (001)-Flache des Biotit aufliegt. Feinbereichselektronen-
beugungsdiagramme der Aggregate aus leistenformigen Goethitkristallen enthalten 0k#-, 1k¢-, und 2k¢-Re-
flexe, die von UnregeiméBigkeiten der Aggregate und von der auBerordentlich geringen Dicke der Kristalle
herriihren. Diese Diagramme deuten darauf hin, daB die dicht besetzten Anionschichten des Goethit mit
der Brucit-Schicht der glimmerartigen Minerale zusammenfallen.

Résumé—Les clichés de diffraction d’électrons et ceux de rayons-X de grains simples de lames altérées de
biotite montrent des groupements (00l) et des réflections hk de biotite, de vermiculite, de minéraux argileux
a couches mélangées, et de kaolinite indiquant que les minéraux secondaires sont cristallographiquement
paralleles ala biotite-mere. L astérisme des réflections de biotite est augmenté par I’ altération. Des cristaux
de gibbsite se sont dévelopes dans une orientation de base paralléle aux lames de biotite. La plupart de la
goethite dans la biotite altérée existe en aggrégats de cristaux orientés au hasard dans des fendages et sur
les surfaces des grains. Sur des fragments micacés, la goethite est présente comme cristaux en forme de
latte de 0.05 xm en arrangement hexagonal avec leur face (100) reposant sur la face de biotite (001). Des
clichés de diffraction d’électrons de régions sélectionées d’aggrégats de cristaux de goethite en forme de
latte contiennent des réflections 0k¢, 1k¢, et 2k¢ a cause d’ondulations des aggrégats et de I’extréme mincer
des cristaux. Ces clichés indiquent que les couches d’anions fortement rapprochées I’'une de I’autre dans
la goethite coincident avec la couche semblable a la brucite des minéraux micacés.
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