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Abstract

Palygorskite forms crusts or cutans on the surfaces of soil peds from two regions in Australia, Alice
Springs (Northern Territory) and Eastern Riverina (New South Wales). Electron microscope examina-
tion ofreplicas prepared from cutans showed the palygorskite fibers to be arranged in parallel orienta-
tion within thick mats. Fibers were occasionally observed on top of coarse-grained skeleton grains.
X-ray diffraction showed that, while the cutans contain almost exclusively palygorskite, the mineral
is absent from within the soil peds. The chemical composition of crusts, determined by electron
microprobe analysis, corresponds to that of Mg-rich palygorskite. Chemical examination of transects
through crusts indicates that while the palygorskite content of the Northern Territory crusts is fairly
constant, the mineralogically pure palygorskite in the periphery of the Riverina crust is becoming
gradually intermixed with illite within the crust.

The equilibrium constant of a pure Australian palygorskite (Mt. Flinders) was determined by
dissolution in distilled water under air and nitrogen. The standard free energy of formation (aAFto) is
- 1131.5 kcal/mole. The information from the solubility experiments was used to construct stability
diagrams showing the stability of palygorskite as a function of pH, pMg, and pSi. The composition
of I :l water extracts from soil horizons containing palygorskite coatings, plotted onto one of these
diagrams, falls within the stability field for palygorskite. It is concluded that soil water with a suitable
composition, and not only lake water, can satisfy the conditions required for the formation of paly-
gorskite, and that the pedogenic formation of that mineral is therefore feasible.

Introduction
The very common association of palygorskite

(2 MgO.3 SiO,.4 HrO) with lacustrine sediments
has for a long time supported the belief that the
non-hydrothermal formation of this clay mineral is
feasible only under the alkaline conditions typical of
lakes from arid or semi-arid areas. Millot (1964)
summarized this belief when he stated that this
mineral does not exist in soils but is a neoformation
characteristic for sedimentation basins with an
alkaline character.

The first part of this latter statement needed
revision some time ago when reports of palygorskite
o@urrences in soils from several parts of the world
became known. In the Near East, Muir (1951)
reported the presence of palygorskite in brown
calcareous desert soils from Syria, andBarshad et al
(1956), Yaalon (1955), Ravikovitch, pines, and
Ben-Yair (1960), and Singer (1971) from calcareous
soils in Israel. A decrease in the palygorskite content
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of the clay during the transition from calcareous
Pleistocene deposits into recent red calcareous clay
soils in Cyprus was reported by Osmond and Stephen
(1957). Elgabaly (1962) describes two soil profiles
containing palygorskite in the western desert of
Egypt. The oocurrence of palygorskite in Terra Rossa
soils from the south of France was noted by Michaud,
Cerighelli, and Drouineau (1945); Pickering has shown
that palygorskite is a common component of the
desert loams of Australia (Stace et al, 1968).

In most of these soils, however, the palygorskite
seemed to be inherited from sedimentary parent
material of lacustrine or brackish water origin which
contained palygorskite. Moreover, the mineral ap-
peared to be unstable in most soils and to persist only
where leaching was restricted, primarily in arid areas.
In areas with higher rainfall it seemed to disintegrate
rapidly and to disappear from the solum even where
it was present in the soil parent material (Gremillion,
1965; Yaalon et al, 1966).
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More recent reports on palygorskite occurrences in
soils have raised the question of the pedogenic
formation of this mineral. Van den Heuvel (1966) was
the first to suggest this possibility for soils formed on
a relict basin fiIl near Las Cruces, New Mexico. In
desert soils of Iraq, Al-Rawi and Sys (1967) pointed
also to that possibility. Millot, Paquet, and Ruellan
(1969) and Paquet et al (1969) believe they have
proved pedogenesis of palygorskite in soils from the
arid and semi-arid plains of Morocco since they could
not detect this clay mineral in any of the parent
materials from these soils.

In Australia peculiar occurrences of palygorskite in
soils have been reported (Beattie and Haldane, 1958;
Beattie, 1970) which appear to support this hypothesis.
Palygorskite o@urs in the form of cutans or crusts
coating soil aggregates. The mineral is absent within
the aggregates, strongly suggesting authigenic forma-
tion. These occurrences prompted a closer study of
the conditions for palygorskite formation.

The hypothesis to be examined in this study is
whether a soil solution, having a similar chemical
composition to that of some lakes in which the
mineral forms, could not also constitute a suitable
medium for its formation. Except for Lake Eyre
(Taylor and Pickering, 1962), however, no data are
available on the compOsition of water from paly-
gorskite-containing lakes, and even if existing they
would have been of little help since it is highly im-
probable that the water of these lakes would be in
equilibrium with palygorskite only. The only promis-
ing approach, therefore, appeared to be the experi-
mental determination of the stability fields for pure
palygorskite and, based on them, the evaluation of
the soil solutions.

The study therefore is divided into two parts:
(a) a close examination of the occurrence of paly-
gorskite in some Australian soils; and (b) the determi-
nation of the equilibrium constants for a pure
Australian palygorskite and the evaluation of the soil
chemistry on the basis of the stability fields for this
palygorskite.

Description of Soils with Palygorskite Occurrences

The palygorskite coatings were observed in two
major (and fairly different) soil groups:

(a) Calcareous Red Earths, near Alice Springs, in the
Northern Territory.

The soils are situated on the southern and northern
margins of the Burt plain, adjacent to the MacDonnell

Ranges, and have been described by Jackson (1962)
and Litchfield (1969). The soils occur on alluvial grit
and also on weathered pediments consisting of
Precambrian schists and gneisses. The climate is arid
with an average annual rainfall of 255 mm. The soils
are red-brown to red, with sandy-loam surfaces
changing gradually with depth to clay subsoils with a
prismatic structure. Concretionary carbonate (calcrete)
occurs at a depth of about 160-180 cm. Below that
the soil grades into weathered rock or alluvial grit.
Horizons above the calcrete are acid in reaction. Next
to and below the calcrete, soil reaction is alkaline.
Halite and gypsum are occasionally also present in
the subsoil. Clay minerals identified include kaolinite,
illite, and occasionally smectite and randomly
interstratified varieties. Clay-sized hematite is the
most common ore mineral. The white crusts of
palygorskite occur below the calcrete layer, coating
the soil aggregates and weathered grit fragments.

(b) Red Earth and Red-Brown Earth Soils, in the
Eastern Rioerina, New South llales.

The soils, on gently undulating uplands and sloping
plains north and south of the Murrumbidgee River,
have been described by Beattie and Haldane (1958)
and Beattie (1970). They have developed from layered
deposits of clay occurring as a blanket over diverse
substrates, mainly Ordovician metasediments including
shale, slate, and quartzite into which large granite
masses had been intruded. Butler (1956) proposed an
aeolian origin for this material and gave it the name
of "parna." The present local climate is warm tem-
perate, with a mean annual rainfall of 530 mm. The
soils are subplastic clays with secondary calcareous
deposits. Beattie (l 970) distinguished three consecutive
layers, with the paleosols which developed from them.
Surface exposures ofthe various paleosols are frequent.
Barite (BaSO4) and possibly witherite (BaCO") are
sometimes found associated with the calcite. Mag-
nesian calcite and dolomite sometimes supplement
calcite. Clay minerals identified include kaolinite,
illite, and smectite. The crusts occur on the peds of
some of these paleosolic layers, particularly the
middle one, and are often associated with mangans.

Description of the Coatings

The palygorskite crusts are visible as a white, shiny
material covering fracture surfaces of soil peds, and
sometimes also coating rock fragments. Their thick-
ness rarely exceeds 0.3-0.4 mm. When less developed
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they form fine transparent films (cutans)l. In the
Northern Territory samples, the crusts appear as
small specks, while in the Eastern Riverina they may
cover surfaces up to several square centimeters, and
are associated with mangans. Though close to
carbonate concentrations, particularly in the Eastern
Riverina, they were never observed in the direct
proximity of these concentrations.

Microscopic Examinations

Thin sections were prepared from soil peds with
crusts. Under the petrological microscope the interior
of the peds is seen to consist of skeleton grains,
primarily qvartz, embedded in a matrix consisting of
clay and silt-sized material (Fig. l). The coatings are
clearly discernible on the periphery of the soil ped.
They are distinguishable from the interior by their
fairly homogeneous particle size and their optical
characteristics which resemble those of smectite
(Fig. 2). Preferred orientation appears to exist only
to a limited degree. The transition to the mass of the
ped appears sharp. The coatings are not continuous
but seem to develop only on major fracture planes.
On internal fissure planes they were not present.

Transmission electron micrographs of palygorskite
coatings were obtained by dispersing material scraped
off ped surfaces. The palygorskite fibers are clearly
evident and dominate the field (Fig. 3). Very minor
amounts of other minerals are also present.

Replicas of ped surfaces were prepared in order to
examine the coatings in the undisturbed state. The
replicas were prepared both from surfaces where the
crusts were clearly visible, and also from surfaces
where the coatings were only suspected. In the crusts
the palygorskite fibers are arranged in the form of
thick mats (Fig. a). The mats are not continuous units
but are subdivided into approximately parallel strips.
Within each strip the fibers have again a more or less
parallel orientation. The orientation of the fibers in
adjacent strips is at a sharp angle. Some intertwinings
of differently oriented fibers occur where strips
overlap. On surfaces with cutans only, the fibers are
less numerous, less oriented, and many other minerals
are interspersed amongst them. Occasionally paly-
gorskite fibers were observed situated on top of
coarse-sized skeleton grains (Fig. 5). Using this
replica technique, palygorskite was observed on the
surfaces of peds from some soils where there were no
coatings visible to the eye. It is likely that the paly-

Frc. 1. Photomicrograph of a soil ped cross-section from a
Red Calcareous Earth. The palygorskite crust is visible at upper
center. Within the ped quartz skeleton grains are embedded
in a clay matrix.

gorskite layer is only easily visible when it is relatively
well developed and many soils may have a thin coating
which would not be observed by normal mineralogical
techniques.

X- Ray Dffiaction Examination

Because of the difficulty in obtaining sufficient
material for diffractometry, the X-ray diffraction
examinations were carried out with a 57.5 mm
diameter camera (modified by Norrish to record
low-angle reflections) and Co radiation. Such exam-

Frc. 2. Detail from Figure 1. The crust is seen to consist of
somewhat oriented clay particles, with optical characteristics
resembling those of smectite. Transition from the crust to the
mass of the ped appears sharp.I Terminology after Brewer (1964).
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Ftc. 3. Electron transmission photograph of material scraped
off a crust from a Northern Territory soil.

ination showed that the crusts consist of almost pure
palygorskite. Very weak reflections indicate also the
presence of traces of kaolinite, illite, and quartz,
perhaps because of imperfect separations of the crust
from the underlying material.

Clay from within the soil peds contained as major
components illite, kaolinite, and quartz but no
palygorskite. When illite was present, the identifica-
tion of palygorskite was based on the presence of the
200 reflections at 6.4 A. Detection was improved by
heating the sample in the diffractometer to 140oC,
which increased the line intensity by a factor of 1.8
(Pickering, private communication; Nathan, 1969). In

Ftc. 4. Electron transmission photograph ofa replica prepared
from an undisturbed palygorskite crust. The palygorskite
fibers are arranged in the form of thick mats, subdivided into
approximately parallel strips. Within each strip the fibers have
again a more or less parallel orientation.

the Calcareous Red Earth from the Northern Terri-
tory, kaolinite predominates, while in the Riverina
paleosols illite is the most important mineral. Smectite
was occasionally present in small quantities in the
samples from both areas. Ubiquitous accessory
minerals were calcite and quartz, and in the Northern
Territory also hematite.

Chemical Composition of the Coatings

Electron probe determinations were made on thin
cuts of peds containing coatings. In Table I the
chemical compositions of random points from the
crust seen in Figure 2 are given. The composition of

(B)

FIc 5. A. Palygorskite fibers situated on top of coarse-sized
skeleton grains in replicas of a ped. B. Grit surface from a soil
in the Northern Territory.

(A)
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a random point from the clay matrix from within the

ped is also given for reference. The same table contains

the chemical composition of a palygorskite crust from

the Riverina paleosol. The results represent the

chemical composition of points taken at intervals of

20 p, on a transect from the edge of the crust inward.

The content in Mg of all the points in the Northern

Territory crust and of the outermost points in the

Riverina crust corresponds to that in reported analysis

of Mg-rich palygorskite. These points can therefore

be taken to represent the monomineralic phase of the

crust. Ca content is low, and this is contrary to most

reported compositions of palygorskite deposits
(Gremillion, 1965).

Taking the Mg contents as standards for the degree

of purity of the mineral, the palygorskite content of

the Riverina crust appears to decrease gradually in an

inward direction until reaching values close to those

of the clay matrix in the interior of the peds, at a

distance of 140 pr from the outer edge. This decrease

is accompanied by a parallel increase in the Fe, Ti,

and K contents. These variations in the chemical

composition indicate that the Riverina crust is not

uniform, and that the mineralogically pure palygor-

skite in the outermost periphery is gradually becoming

intermixed with illite and other minerals within the

crust.
The palygorskite content of the Northern Territory

crust seems to be more uniform. Some of the Fe in

the crust may be part of the palygorskite lattice.

Chemistry of the Soil-Water Extracts

Table 2 contains the chemical characteristics of

the l:1 soil-water extracts (after equilibration for

24 hours) from soil layers having palygorskite coat-

ings, and from some adjacent soil layers. All the soils

are alkaline in their lower horizons, and some have

also high salt concentrations. The Si content of the

extracts (determined by the heteropoly blue method)

is generally high, particularly in the Riverina paleosols

where values are attained far out of the normal range

for soils (Bradford, Bair, and Hunsaker, 1970). Mg

contents (determined by atomic absorption) are

relatively low in the salt-free soils, but rise to high

values in the salt-containing soils or layers. Al (deter-

mined colorimetrically by the haematoxylin method

of Dalal, 1972) is always below 0.2 ppm and Fe below

0.1 ppm except in the Riverina paleosols where higher

values are attained. For comparison, data are given

(Table 2) for the lower horizons of a group of fine-

textured alkaline soils from the same areas, but which

do not contain palygorskite.

Equilibrium Constant

Materials

The choice of the Australian palygorskite for the

dissolution experiments was based on the degree of

purity of the mineral. Most of the well known palygor-

skites contain admixtures of other clay minerals,

mainly smectite, and are therefore unsuitable for

T4slr l. Chemical Composition of Palygorskite Crusts Compared to That of Clay Matrices*

Crust  f rom cal .  red earth,
Northern Territory.

Randon points

3 4 ,o:lil,. Edge 2ort 4ou 60u 80u l00u 120u 14ou .:lll.

Microprobe analysis of  crust  f rom paleosol ,  River ina,  N'S'W'

(cornposition in % of oxide is given at intervals, neasured
- 

in microns, fron outer edge;

' - 2 - 3

T i02

Ca0

Kzo

s i 0 2

A1  203
Mgo

Na20

Total

3 . 0 8  2 . 2 2

. 1 1  . 1 0

. 0 8  . 1 4

. 3 6  . 3 9

5 8 . 5 8  6 0 . 2 9

1 1 . 1 9  1 1 . 8 6

9 . 9 4  L 0 . 2 6

. 1 6  . 1 5

8 3 . 5 3  8 5 . 4 4

, 7 4  1 . 6 9

. 0 8  , L 4

. 0 7  . L 4

. 2 4  . 4 6

6L32  59 ,29

7 2 . 7 7  1 3 . 2 0

1 0 . 5 4  9 . 2 5

. 0 9  . 1 3

8 s .  8 7  8 4 .  3 1

. 4 1  . 6 8  1 . 1 5

. 0 9  . 1 0  . L 4

, 2 4  . 1 5  . 3 2

. 6 2  L . 1 2  1 . 1 5

6 2 . 7 7  6 3  .  8 1  5 9 .  5 9

L 2 . 3 3  L 2 . 3 r  L 2 . s 3

9 . 6 2  9 . 7 6  8 . 8 8

. 3 3  . 4 3  . 4 0

8 6 . 4 2  8 8 , 3 9  8 4 . 1 9

L . 8 1  3 . 2 6  5 . 9 0

. 1 8  . 3 0  . 6 0

. 1 8  . 3 0  . 3 0

. 9 2  1 . 4 5  2 . t 8

5 8 . 5 4  6 4 . 6 0  5 4 , t 7

t 2 . 3 8  1 3 . 3 9  1 9 . 3 8

8 . 0 0  5 . 6 0  4 , 2 8

. s 6  . 2 8  . 5 3

82 .2L  89 .27  87 . ss

3 . 4 1  7 . 0 7  7 . 3 0

. 5 7  1 . 8 6  . 8 8

. 3 5  . 3 9  . 3 9

2 . 8 2  2 . 5 0  2 . 3 2

5 7 . 0 0  5 1 . 5 8  5 0 . 7 5

8 . 4 6  2 3 . 6 6  2 3 . 9 5

. 7 0  7 . 7 r  1 . 6 1

. 2 0  , 5 5  , 6 4

7 3 . 5 7  8 9 . 3 3  8 7 . 8 7

1 6 . 1 4

6a

. 5 7

46 .48

1 8 .  2 0

) ) q

. 1 8

86 .7  r

* 
Electron nicroprobe analyses. Analytical methods and corrections according to Sweatnan and Long (1969)'
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Tsrf'n 2. Chemical Composition of Soil-Water Extracts (1 :l) from Soils with Palygorskite Coatings and from Fine-Textured
Alkaline Soils Containing No Palygorskite (in ppm).

S o i l  N o . * * Classi f icat ion Depth
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NT 36

NT P13

NT P15

NT P16

N T 5 2

NT 59

N T 4 4

N T l

N T L 2

NT 26

N T 2 1

NT 27

NT 13

n . d .
n .  d .

0 . 4 7

n .  d ,
n ,  d .

n .  d .
n . d .

0 .  4 0

0 .  l 5

1 . 9 9
0 . 9 4

2 . 3 8
6 .  1 9

4 . t 3
1 0 .  0 6

6 . 4 4

8 . 9 4
n . d .

1 1 8  .  3 4

si02

7.60  46 .0 .
8 . 4 5  2 6 . 4

6 . 8 0  3 9 . 0
8 . 3 5  3 9 . 6

6 . 8 5  4 6 . 0
8 . 1 5  4 6 . O

7 . 4 0  4 0 . 0
8 . 0 5  2 5 . 0

8 . 7 0  6 2 . 0

8 . 4 0  4 8 . 0

6 . 3 0  9 4 . 0
7 . 7 5  7 4 . O

7 . 9 0  1 6 . 0
8 . 0 5  L 6 . 4

7 . 9 5  L 7 . 6
7 .  85  24 .O

7 . 7 s  5 3 . 0

pH
nmho/cn

Soi ls  wi th palygorsk i te coat ings

Riverina Paleosol Brucedale layer

Riverina Paleosol Brucedale layer

Riverina Paleosol Willys layer

Calc.  Red Earth

Calc.  Red Earth

Calc.  Red Earth

Solonetz

Red soi ls  wi th
acid surface

Red and brown
clay soi ls

Red and brown
clay soi ls

Solonetz soi ls

Calcinorphic soils

Calcinorphic soils

Alkal ine soi ls on
alluvial deposits

Calcinorphic soils

Miscellaneous

140-165 cn
165-180 cn*

60- 75 cn
l l3 -133 cn*

60- 90 cm
115-145 cnr

40- 60 cn
140-160 cm*

( 1 ) a t 8 n

(1) at 6 n*

(1) at 20 crn
(2) at -10 rn*

32- 56 cm
83-144 cn*

32- 78 cn
140-160 crn*

88-l l0 cn*

78- 88 cn
108-123 cn*

10- 15 sr

1 . 8  n . d .
6 . 4  0 . L 7

1 0 . 5  0 . I 4
6 . 8  0 . 0 8

4 . 2  n . d .
1 1 . 0  n . d .

I 2 . O  n . d .
1 2 5 . 0  n . d .

2 . 6  0 . 2 0

5 . 0  0 . 1 0

60 0 .  19
L 4  0 .  1 9

8 5  0 . 1 1
3 8 0  n . d .

7 0  0 . 1 6
2 7 5  n . d .

2 7 5  n . d .

Sedinent fron Lake Eyre South

8 .  0 0
7  . 9 5

7  . 7 0

o . L 7  8 . 2 5

2 9 . 3  7 . 6 5

0 . 2 3  7 . 9 0

7 . 2 0  8 . 7 0

0 . 1 3  7 . 8 5

20.0 470
L 2 . 8  1 8 0

L l .4  525

n . d .  < 0 . 0 1

1 . 4 .  n . d .

0 . 2 2  1 . 0

2 . 4 5  0 . 0 7  < 0 . 1

5 7 5  0 . 4 0  0 . 1

5 . 0  0 . t 2  < 0 . 1

4 . 8  0 . 0 8  < 0 . 1

2 . 5  0 . 2 4  0 . 8

Soi ls  wi th no palygorsk i te

17- 32 cr\

10- 22 en

27- 44 cn

26- 46 en

265-287 crn

7 7  . 2

9 . 6

t 7 . 2

8 . 4

28.4

Conduct .

*
Soil layer which contains palygorskite coatings.**
C.S.I.R.O. Division of Soi1s numbet' .

dissolution experiments. The palygorskite chosen
contains appreciable quantities of calcite but is free
from other minerals, as far as could be ascertained by
X-ray diffraction and electron microscope. It is from
Mt. Flinders, near Ipswich, Queensland, and has been
described by Rogers, Martin, and Norrish (1954).

The palygorskite was treated first for four hours
with dilute (0.1 N) HCI in order to remove the
carbonates. Preliminary experiments had revealed
that such treatment increased the Si solubility up to
120-l4O ppm, which is that o.f amorphous silica. The
treaffnent was therefore repeated on new samples,
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this time using H-saturated ion exchange resin. The

material was then Na saturated and dispersed, and

the 12p, fraction separated. The separated clay was
Ca saturated; its chemical analysis is given in Table 3.
As these data show, the palygorskite does not contain
any elements indicating the presence of impurities.
The structural formula (ignited basis) calculated from
these data is:

( Mgr. 7eAls. e2Fes. asTis. 66) Si8. ooo2r

The experimental approach to the dissolution experi-
ment was similar to that of Reesman and Keller
(1965) with adaptations from Wildman, Whittig, and

Jackson (1971). Five grams of the treated clay were
placed into polyethylene containers containing 250 ml
of double distilled water. The containers were then
closed to the atmosphere. Nitrogen in one series, air

in another, was gently bubbled through the suspen'
sion, until equilibrium was obtained. The experiment
was carried out in a controlled temperature room
at 25.0(5)"C.

Values of pH and concentrations of Mg, Si(OH)n,
Al, and Fe were determined aftet 4,8, and 20 hours
and 4,ll,18,25, and32 days. The pH was determined
with a glass electrode in conjunction with a saturated
calomel reference electrode, Si by a modified version
of the hete5opoly blue method (Boltz and Mellon,
1947), Fe aira Irrlg by atomic absorption, and Al by
the haematoxylin method (Dalal, 1972).

Tnslr 3. Chemical Composition of Mt. Flinders Palygorskite
(Ignited Basis)*

nt .  Dercen!

Results

Si concentration rose slowly during the first day

and then levelled off. Mg continued to rise slowly and
levelled off only after ten days. The concentrations
of Fe and Al were nearly steady throughout the
experiment. The pH values tended to fluctuate within
a narrow range and became nearly constant after
eleven days. These trends were common both to the
air and nitrogen treatments.

Calculation of aK and aAF"t

Solubility data for the Mt. Flinders palygorskite

are given in Table 4. For the Mt. Flinders palygorskite,

the dissolution of the mineral may be represented as

a hydrolysis equation:

S i4 .o rA lo .4s  Mgr .gsFgo .  zaOro .  so

* n H,O: 4 Si(OH)4 + 0.46 AI(OH)4-

+ 1.35 Ms'* + 0.24 Fe(OHh + 2.24OI{-

Si4 .  o lA lo .4sMEr .  ssFgo.z rOro .  so

+ 8.09 H,O * 2.24 H* : 4 Si(OH)r

+ 0.46 AI(OH)4- + 1.35 Ms'* + 0.24 Fe(OH)s

and the (apparent) equilibrium constant (aK) was
obtained from this expression. The (apparent) equi-
librium constant aK is related to the (apparent)

standard free energy change of the reaction a For by

the expression:

a\Fos: -RT ln aK :  -1.364 log aK

also aAF * : 2 aLFot products -Z aAFot reactants'
The values of the standard free energies of forma-

tion (aAF",) of the species appearing in the hydrolysis
equation were taken from Reesman and Keller (1965).

The species of aluminum ion in solution was assumed
to be A(OH)^-, because the pH of the reactions was
above 6.70. Table 4 gives the equilibrium constants
and the free energy of formation values for the
palygorskite.

Discussion

Stabilily of Palygorskite

The information from the solubility experiments
with the Mt. Flinders palygorskite was used to draw
some conclusions regarding the stability relations of
the mineral at earth-surface conditions. Using the
approach of Garrels and Christ (1965), the stability
oi palygorskite is expressed in terms of H* and Mg'*

si02

At203

Fe20g

Tio2

Mn0

Ca0

Mgo

P zos
Kzo
Total

moisture loss

ignition loss

Ex.  cap.

70.47

6 . 8 4

) .  o J

0 .69

0 . 0 7

0 . 2 2

15 .  90

0 .  04

0 .004

99 .  90

8 . 9 9

1 3 . 1 8

6 neq/100 g

*Anatyzed 
by X-raY fluorescent

nethods (Norrish and Hutton, 1969).
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Taslr 4. Solubility Data and (Apparent) Free Energy of Formation Value for Mt. Flinders palygorskite*

Solubil lty Data

1og[sl(oH)O] roelng2+l tostAl(oH); l

(Apparent) Free Energy of Fornatlon

plt log aK 
oAFi aAai nal'log IFe (oH) 

, ]

a1r
Nz

-3,27
-3.t7

- 3 .61
-3 .  91

-5  . 43
- 5 . 4 3

- o . r )
- b . l )

8  . 05
8 . 5 5

-3 .  99
-3  . 68

5 . 4 4
5 . 0 2

-1131 .5
-1131 .0

* Aften 32 daye of equilibration ttth aaten mder nittogen oy air.

activity at three different Si activity lbvels. The pH
range of 6-9 is limited to that common in soils from
arid areas. This choice also decreases the error
introduced by assuming the Al and Fe activities to
be constant. This error is srnall since the sotubility of
Fe(OH)s would hardly change at all in this pH range,
while that of A(OH)4- changes only slightly
(Raupach, 1963).

From Fig. 6 it is seen that even at pSi : 2.6, the
saturation solubility of amorphous silica (Garrels and
Christ, 1965), palygorskite would not be stable below
a pH of 5;9 and even then a pMg of 2 would be
required to keep it stable. At a pSi of 3.6, which is
close to the range encountered in normal soils,
palygorskite would not be stable under a pH of 7.7
at high Mg concentrations and 9.0 at low Mg con-
centrations.
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p H

Frc. 6. Stability field of Mt. Flinders palygorskite expressed
in terms of H+ and Mgz+ activity levels at three different Si
activity levels. Al and Fe activities assumed to be constant in
the pH range of G9.

The data in Figure 6 was used to construct a three-
dimensional stability diagram (Fig. 7) showing the
stability of palygorskite as a function of three vari-
ables: pH, pMg, and pSi. From this diagram it is
evident that palygorskite is stable in moderately acid
soils only at very high Si and Mg concentration levels
which are very uncommon in soils. Only at very high
pH levels can (l) the palygorskite stability be main-
tained while decreasing the Mg concentration to
below l0-' mol/liter (at high Si concentrations) or
(2) the Si concentration be decreased to below
l0-n mol/liter (at high Mg concentrations).

Eualuation of Soil:Water Extracts

Figure 8 shows a two-dimensional activity diagram
incorporating the four variables of the system
SiO,-MgO-Al-HrO. The position of the stability field

Ftc. 7. Diagram showing the stability of Mt. Flinders palygors-
kite as a function of pH, pMg, and pSi.
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Frc. 8. Two-dimensional activity diagram for Mt. Flinders
palygorskite, incorporating the four major variables of the
system: SiOrMgO-Al-HzO' The position of the stability field

boundaries were calculated with the aid of the equilibrium
constants attained experimentally. Full circles, composition of
1:1 soil-water extracts from soil horizons containing palygorskite

coatings. Empty circles, composition of 1:l soil-water extracts
of the lower horizons of fine-textured, alkaline soils from the
same areas, which do not contain coatings' Full triangle,
extract from Lake Eyre South sediment.

boundary was calculated with the aid of the equi-

librium constants for palygorskite obtained experi-
mentally. In this diagram were also plotted the
compositions of some l: I water extracts from soil
horizons containing palygorskite coatings. All these
extracts are seen to fall within the stability field for
palygorskite. The composition of the extracts from
soils which do not contain palygorskite are seen to
flank the stability-field boundary line.

Conclusions

The position of the soil:water extracts in the
stability diagram appears to support the field evidence
for the pedogenic formation of palygorskite. Soil
water with a suitable composition, and not only lake
water, can apparently satisfy the conditions for the
formation of this mineral. Dilute waters derived from
rock weathering, draining into a depositional basin
containing sedimentary soils in areas where annual
evaporation exceeds precipitation, would be con-
centrated until values allowing for the precipitation
of palygorskite could be created. Conceivably,
impeded drainage and temporary water-logglng in
heavy-textured, low-lying soils would enhance these
processes. Such conditions have been described for
some of the Northern Territory soils in which paly-
gorskite coatings have been identified (Litchfield,

1969). In the Riverina paleosols they could have been
a feature of the past. Since the slow water-conductivity
of the clay-soils is one of the reasons for the creating
of the water-logging conditions, soil formation
antedates palygorskite precipitation. Therefore, the
palygorskite is found as coatings only and not within
the soil peds.

Sedimentary deposits formed in saline or alkaline
lacustrine environments rich in Si and Mg frequently
contain sepiolite (Wollast, MacKenzie, and Bricker,
1968). Mg-Al equilibrium conditions probably deter-
mine whether sepiolite or palygorskite are formed in
such environments. Stability diagrams calculated by
Wildman et al (1971) indicate that solid Fe and Al
hydroxides are always in contact with soil solutions in
which mafic minerals are weathering. While sparingly
soluble near a neutral pH, these hydroxides support
small concentrations of Fet* and A(OH)"* sufficient
to effect partial alumination of silicate surfaces. The
reason for the formation of chain minerals in prefer-

ence to high-Mg sheet minerals is not clear.
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