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Abstract

Hedenbergit ic pyroxene alters topotaxial ly to the smecti te nontronite fol lowing loss of Ca,

Mg, and some Si, oxidation of the ferrous iron, and hydration. One unit cel l  of nontronite

forms pseudomorphical ly from lt /z unit  cel ls of pyroxene with no volume change; the b axes

in nontronite and pyroxene are paral lel but cpy, equals a,ons so that droo for pyroxene

becomes doo, for nontronite. The nucleation of nontronite proceeds from cracks, but f i rst-

formed domains, which are about 50 X 10 X 3 nm, are distr ibuted homogeneously over small

(micron) areas within the pyroxene. I t  is postulated that these domains form by a process

similar to crystal lographic shear. Si l icon-ferr ic iron, tetrahedral-octahedral chains sl ip

7z[0l]o"* to reconnect as'talc' layers after loss of Ca, Mg, Si,  and O has left  room for

movement. The result ing clear, yel low, nontronite crystals are one-dimensional ly disordered,

and have composit ion (Ko.ouCaoro) (AloouFe!.+noMgo.ur)SisOro(O,OH)4'4.3 HrO.

Introduction

In 1970, realignment of the Barton Highway 12 km
north of Canberra, A.C.T., exposed a pocket of
apple-green clay about lm X 2m in a road cutting.
Samples were collected from the cutting, and a
preliminary study of the outcrop was made by Mr. S.
Ozimic of the Bureau of Mineral Resources. The clay
pocket l ies on a narrow skarn at least 2 km long, is
marked at the surface by quartz and goethite, and has
pyroxene, actinolite, and epidote as major primary
minerals. This outcrop has probably formed from the
Silurian Canberra Group calcareous sandstone.

Pyroxene

The most abundant mineral in the skarn is the
pyroxene hedenbergite; its composition and physical
properties are given in Table l. In most hand
specimens of the skarn the pyroxene grains are

equidimensional, about 0.01-0.1 mm across, and

show good {100} parting. Irregular patches of larger

crystals, or of pseudomorphs of clay and goethite

after hedenbergite, are prominent in the face of the

cutting. These crystals are bladed and radiating, with

{100} well developed, and reach several centimeters
in length. Most of the larger crystals are multiple-

twinned on {100}, although more than ten individuals
in a crystal are uncommon. The twin surface is a ma-
jor locus of alteration of the hedenbergite.

Nontronite

Single crystals of nontronite occur on the (100)

parting surface of the pyroxene. Their occurrence
and morphology might suggest that they are
pseudomorphs after hedenbergite; however, careful
study of the nontronite, and of the process of forma-
tion of the nontronite from hedenbergite, shows that
the nontronite has formed by topotaxial alteration of
the hedenbergite. That is, the detailed atomic struc-
ture of the pyroxene is inherited by the nontronite'
not just its outer form. Because the nontronite has
formed from pyroxene, because the crystals are small,
and because partly-altered pyroxene and fully-
altered pyroxene (i.e., nontronite) are visibly in-
distinguishable, it is not possible to collect large
quantities (say 0.1 g) of nontronite and be sure that
no submicroscopic pyroxene is included. Despite this
difficulty, this section describes the nontronite as it is;
in the next section the alteration process is described,
and the intimate relation between the two minerals
documented.

The nontronite crystals are pale yellow, with
perfect {001} cleavage and hardness less than l,
deduced from the observation that they are more
vulnerable to damage by touch than are talc crystals
of comparable quality. A few exceptional crystals
have grown in vugs, and show prismatic faces (Fig.

2a). The prismatic faces give poor light reflection;
however, both the average of 8 measurements and
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Transmission electron-micrographs show that
small domains (ca 50 X l0 X 3 nm) of pyroxene are
present in much optically homogeneous nontronite,

53.12 so that bulk physical and chemical results are un-
0.36 l ikely to refer to pure nontronite. Analysis D (Table

2e'6e 
l) is the average of 12 analyses made on reflective

o]0, cleavage surfaces of six grains, one of which was later
2'4s crushed, and examined by transmission electron-

i:lj microscopy. No pyroxene was detected by selected
r2.so area diffraction, but some flakes showed the domains

'1oo.oo' referred to above. Analysis C (Table l) is of non-

: :. tronite in polished thin-section formed from the
;.;6 pyroxene listed as analysis A of Table 1. Both the Ca
o]r, content and 2V of this nontronite suggest it has relict
3:31 pyroxene domains.
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the clearest single measurement give an inter-
cleavage angle of 76o. From X-ray measurements,
(012)A(012) calculates at75.9" for nontronite. These
crystals resemble pyroxene laths showing {100} and
{ I l0}; however, a reduction of the pyroxene cleavage
angle from 93o to 76o requires a relative change in
dimension of 30 percent. As wil l be described below,
there is no textural evidence whatsoever for a dimen-
sional change during the formation of nontronite
from pyroxene, and it is concluded that the non-
tronite crystals indeed show the form {012}.

X-ray diffraction study of single crystals and
powdered crystals shows that the basal spacing of
1.42 nm expands to 1.7 nm after soaking in ethylene
glycol, and collapses to 1.0 nm on heating above
300"C. The collapse on heating becomes irreversible
above 350oC. All single crystal reflections of the non-
tronite are streaked parallel to c*, indicating stacking
disorder. The hk section of the reciprocal lattice has
plane group symmetry cmm, and it is concluded from
this symmetry that the disorder is translational only.
The nontronite layer has symmetry C2/m.

The refractive index 7 is low for nontronite (1.58
compared with 1.64 for nontronite containing 32 per-
cent Fe2Os (Ross and Hendricks, 1945)). The index a,
calculated from birefringence calibrated from adja-
cent pyroxene, is l ikewise low. Index of refraction
measurements of smectites are difficult to make
because of penetration of the clay by the immersion
oil. The crystals used in this study absorbed glycol
very slowly, and it is concluded that they would ab-
sorb immersion oil more slowly than would the finer
grained samples recorded by Ross and Hendricks.
The indices reported here represent the material
studied, not the same material saturated with immer-
sion oil, and so do not compare with previously
published values. Density was measured in a density
gradient with a range from 1.9 to 2.4, measurable to
0.003.

The structural formula (Table l, F) is derived
largely from analysis D, 'corrected' to total 100 per-
cent by inclusion of 12.5 percent water as measured
on sample E, and the AlrO, and KrO percentages
from sample C. In adopting this procedure, it is as-
sumed that some water was volatilized by the
electron-probe beam. The corrected analysis was
calculated to the cell content using the measured den-
sity and cell volume. Despite the very approximate
'correction' to analysis D, the structural formula is
remarkably close to an ideal smectite formula in
which the charge deficiency arises in the octahedral
sheet. The crystals have composition (Ca,K)o.r(Al,
Fe8+,Mg )nSi8oro(O,O H )4 4.3H2O.

Alteration

Optical and X-ray Obseruations
Along fractures, the hedenbergite is altered to a

fine-grained random aggregate of yellow nontronite.
Similar alteration occurs along cleavage cracks, par-
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Flc. l. Variation ofproperties with alteration from pyroxene to

nontronite. a. Ca (per 8 Si) us 2Va; b. optic axial dispersion
(universal stage measurements).

ticularly at the ends of the hedenbergite crystals. In
marked contrast, nontronite development along the

{100} parting occurs in crystallographic continuity
with the hedenbergite. During this process, the 0.9
nm D axes of both phases remains common, as does
the 0.52 nm axis (pyroxene c : nontronite a). The
course of the alteration is shown by an increase in the

depth of the yellow color of the forming crystals, by a

change in2V., from 62" in hedenbergite to 160' (biax-

ial negative) in nontronite, and by an increase in op-
tic axial dispersion (Fig. l).

The first developed discrete yellow flakes have a
2Va of about 60o, are soft, inelastic, and striated
parallel to the pyroxene c axis. Their X-ray reflections
are fairly sharp pyroxene reflections, except that the
row a* cannot be detected, and diffuse streak-s occur
parallel to a* in other rows. A broad peak is present

at 1.6 nm correspondin g to dw for nontronite. Its in-

tegral peak width of about 2o 20 (CoKa) suggests
that the nontronite domains are about 5 nm thick
(Guinier, 1963).

As 2Va decreases further, the pyroxene reflections
weaken and the diffuse streaks increase in intensity.
At 2Va - 2Oo, the yellow nontronite crystals have

lost the striations visible in crystals of higher 2V and
appear optically homogeneous. Their reciprocal lat-

tice is in the form of continuous rods along the
original pyroxene rows parallel to a*.

Chemisfty

Al l  chemical  analyses were done using the

Cambridge Geoscan Electron Microprobe at the

Geology Department of the University, Manchester
(F.C.F. Wilkinson, analyst). Very poor polish on

altered pyroxene makes these analyses inaccurate,
but one such analysis is reported (analysis C), as it

represents alteration of the pyroxene of analysis A.

Good nontronite crystals such as were used in

analysis D are far too rare to allow determination of

FeO or HrO. Scrapings from clean skarn surfaces,
however, produced 150 mg of fairly pure nontronite
with 2V between 40o and 60o from which FeO and

HrO were determined. The totals for the nontronite

analyses indicate considerable volati l ization of water

by the electron beam.

T ransmission Electron M icroscopy

The alteration process from pyroxene to non-

tronite was examined by transmission electron-

microscopy, and electron diffraction, on cleavage

Ftc. 2. a. Sru micrograph of a single nontronite crystal; b op-

tical micrograph (reflected) of nontronite (gray) in pyroxene

(whiter), demonstrating constant volume alteration'
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fragments and on ion-thinned samples using an Anr
ru6c electron microscope operating at 100 kV.
Figure 3 shows a series of crushed flakes, ranging
from unaltered pyroxene (3a) to nontronite (3e).
Electron diffraction patterns from partly altered
material (Fig. 3b, c, d) show both pyroxene and non-
tronite diffraction spots. The dark stripes visible in
the micrographs are parallel to the pyroxene chain

ffi" 'l{:ift:;yai;t;j::: ' +:!i!r:!::z'ti:,ti,t:,::t t#F,E#. ̂

?i-!-8"' E!:E:i :AilE 'ffi ci: '{A t:,i'ii#;i F{fin !;, ii:,tE b
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Ftc.  4.  Interpretat ion of  the str ipes in Figure 3.  Dark str ipes:
pyroxene; l ight  st r ipes:  nontroni te.  The narrowest st r ipe is  approxi-
mately 1.8 nm wide,  corresponding to 2 X b for  e i ther st ructure.
a format ion of  few nontroni te domains (c/  F ig.  3b);  b.  enlarge-
ment of  nontroni te domains and format ion of  new ones,  50
percent  a l terat ion (c/Fig.  3c) ;  c  fur ther enlargement of  nontroni te
domains to about 75 percent  a l terat ion (c/Fig.3d)
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F Ic .3 .Tp t r ' tm i c rog raphso f success i ves tageso fa l t e ra t i on ,a l l g ra i ns l y i ngonc leavage  cpx -py roxene
reflections, smc - nontronite. a. fresh pyroxene; b. initial alteration; c estimated to be 7u altered, pyrox-
ene reflections still prominent; d. about 75 percent altered-sample2V between4O" and 50"; e. crushed
nontronite cryslal, 2V = 23", no pyroxene reflections visible.

axis, c; dark field microscopy confirms that the stripes
are alternately pyroxene and nontronite. Figure 4
shows an interpretation of Figure 3 based on
measurements of the micrographs. At the start of
alteration narrow nontronite domains form in the
pyroxene (Fig. 4a). With increased alteration the
nontronite domains widen and new ones form (Fig.
4b, c) unti l the whole crystal is made over to non-
tronite. At 2V : 25", cleavage flakes are essentially
featureless, and selected area diffraction patterns
show nontronite reflections only (Fig. 3e).

Although it is clear from thin-section examination
that alteration is localized at fractures in the pyrox-
ene, there is no evidence in the electron micrographs
that nontronite nucleates at such a fracture or at
grain (twin) boundaries. The nontronite domains are
distributed uniformly over any one flake or section,
varying onlv in quantity from flake to flake, thus
nucleation of nontronite in pyroxene is homoge-
neous.

Volume Changes

In order to calculate the element balance between
the pyroxene and its alteration, a careful search was



made for evidence of volume change during altera-
tion. Optical study shows no warping or distortion,
or expansion or contraction (Fig. 2b). Scanning
electron microscopy reveals minor splitting of some
nontronite brystals along {001} but no distortion of
individual crystals, even where optical evidence exists
of  patchy a l terat ion.  Transmiss ion e lect ron
microscopy shows no dislocations, nor any other

evidence of strain at boundaries between nontronite

and pyroxene domains (Fig. 3). It is concluded that

the alteration from pyroxene to nontronite takes
place at constant volume.

Chemical changes during pyroxene alteration
calculated at constant volume amount to the loss of

95Vo Ca,7 5Vo Mg, and 30Vo Si, Fe remaining constant.
During this process the ferrous iron is oxidized and

1.4 percent hydrogen added. The 2.33 percent FeO in

analysis E is interpreted as residual hedenbergite.

Mechanism

Coherence between the lattices of hedenbergite and
nontronite is evident from their parallel optics, equal

and parallel lattice edges as determined by X-ray

diffraction and electron diffraction, and the absence

of dislocations at domain boundaries (Fig. 3). The

crysta l lographic coherence,  coupled wi th the

morphological evidence for constant volume altera-

tion, strongly suggests that the alteration proceeds

with minimal disruption of the pyroxene structure.
The first nontronite domains are elongate parallel to

the pyroxene tetrahedral chain direction; it is in this

direction that fewest bonds are broken.
In pyroxene the tetrahedral chains and the Ml oc-

tahedra sandwiched between them form structural
units that resemble the talc sheet of a layer silicate. It

is suggested that these structural units retain their

identity during the alteration, in which protons at-

tach to the lateral oxygens of the tetrahedral chains,
thereby releasing Ca2+ with simultaneous oxidation

of Fe2+ to Fe3+.

CazFeS+Si.O,z + 2H+ - Fe8+Si.Oto(OH )" * 2Ca2+

Although this simple process produces almost

exactly the nontronite's talc sheet composition, it

does not explain the interlayer water, and because the

alteration proceeds at constant volume, extra water

cannot be 'pushed' in between the talc sheets. Once

the pyroxene chains have been disconnected by loss

of Ca they are comparatively free to move in the {010}
plane. Breakdown of magnesic octahedra and subse-
quent loss of magnesium, silicon, and oxygen permits

adjacent ferric-octahedral-tetrahedral chain segments

NONTRONITE TOPOTAXIAL AFTER HEDENBERGITE

PYROXENE NONTRONITE

t067

Si Tehoh6dro

Fe Ocloh€d.o

l--l*-*"'
I

Flc. 5. Diagram of the relation between pyroxene and nontronite,

viewed along the chain axis (pyroxene z).

to move into registry and so form a 'talc' sheet. One

and a half cells of pyroxene have the same volume as

one cell of nontronite. so that at constant volume:

L5CanMg, uFer rSirOzo + 6 HrO

- Cao.zuM go.uFeS.+'SirOzo(OH ) 44HzO

* Mg, zsFeo.zuSinOrz * Cau.ru * O,

which is very close to the production of nontronite by
loss of Ca and the Mg octahedra with their flanking
Si tetrahedra.

Figure 5 shows a diagrammatic representation of
the relation between the two structures. The boun-
dary between pyroxene and nontronite domains is
coherent, and similar to a crystallographic shear
plane. A relative shift of Vr|}T) between adjacent
pyroxene chains produces the nontronite'talc' sheet
(Fig. 6).

Discussion

Loughnan (1969) describes silicate weathering
as involving three simultaneous processes: the

t  CS - plore

Ftc. 6. View of pyroxene and

({100} cpx,  {001} non).
nontronite normal to the cleavage.
CS - crystallographic shear.
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breakdown of.the parent structure with release of
cations, the removal of released cations, and the
addition of atmospheric components to form new
minerals. These processes are all confirmed for the
conversion of pyroxene to nontronite, but the
breakdown of the parent structure is minimal, or as
Loughnan wri tes (p. 3l)  " . . .  much of the parent
mineral structure is inherited by the secondary
products."

Fieldes and Swindale (1954) concluded that layer
silicate clay minerals form as residues from micas,
but that "the structures of all other primary silicates
are such that they cannot form layer silicates without
first passing through an amorphous stage." This is
clearly not the case in the formation of nontronite
from pyroxene, and probably not for other transfor-
mations. In extending the model described here, it is
significant that initial alteration occurs as the
development of domains well ahead of the alteration'front,' and that the alteration product has the same
cell dimensions as the parent mineral. The degree of
misfit controls maximum domain size, so that, for ex-
ample, a pyroxene of different composition might be
disrupted by development of nontronite domains
greater than a few unit cells wide because of the strain
at domain boundaries. The resulting body of clay
might be pseudomorphous after pyroxene, but would
not be obviously topotaxial.

Considerations such as these may also bear on the
general problem of mineral stability during weather-
ing. Other things being equal (for example, chemistry
as in kyanite and andalusite or structure as in ac-
tinolite and hornblende), the mineral whose weather-
ing product best fits the parent lattice may persist
longer during weathering. Growth of ill-fitting do-
mains ruptures (or collapses) the parent structure, al-
lowing readier penetration of air and water and so
hastens weathering.

Conclusion

Weather ing of  magnesium-r ich hedenbergi te
removes all the Ca, most of the Mg, and some Si, ox-
idizes the iron, and allows the Si-Fe tetrahedral-
octahedral chains to move in {010}. Coalescence of
chains forms a dioctahedral ferric iron 'talc' layer in
crystallographic continuity with the parent pyroxene.
Nucleation of the nontronite is homogeneous over
areas at least 21r on a side and probably larger. Over
any pyroxene crystal, the newly-formed nontronite
domains all have the same orientation inherited from
the pyroxene, so that when the pyroxene is gone, a
single crystal of nontronite remains.
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