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THE STABILITY OP THEIR SMECTITE, PALYGORSKITE AND ZEOLITE PHASES

by Pooran Sayad

Cretaceous to Quaternary sediments cored in Deep Sea Drilling Project 
Legs 22g 23g 24g 25 and 26 in the Indian Ocean were studied. Chemical 
analyses of zeolites (phillipsite (phill) + clinoptilolite (din)), 
palygorskite (paly), mixed layer illite/smectite (MLIS) isolated from 
the sediments and bulk sediments were performed by Energy Dispersive 
X-ray and /3-probe techniques. Bulk chemistry element-comparisons 
(i.e. Ti vs. Al, Cr vs. Ti02 and Fe/Ti vs. Al/(Al+FehMn) indicated the 
basaltic and silicic volcanic material contribution to the sediments. 
The sediments contain authigenic minerals: mainly phillipsite (Miocene 
and younger), clinoptilolite (Cretaceous to Miocene), mixed layer 
illite/smectite and palygorskite. Palygorskite, mixed layer illite/ 
smectite and clinoptilolite assemblages are present in Cretaceous 
sediments. Biogenic silica is relatively abundant everywhere. Opal-CT 
formed from dissolved radiolaria, diatoms and sponge spicules is mainly 
associated with clinoptilolite.

Phillipsite and mixed layer illite/smectite, with a high percentage 
of expandable layer, are thought to be derived from volcanic glass, 
whereas palygorskite can form from mixed layer illite/smectite. In the 
absence of detrital mixed layer illite/smectite (i.e. MLIS with a low 
percentage of expandable layer); authigenic mixed layer illite/smectite 
(i.e. MLIS with a high percentage of expandable layer) results from the 
alteration of volcanics and becomes a sink for Mg2+. On moving into 
more siliceous interstitial waters on burial, clinoptilolite could form 
at the expense of mixed layer illite/smectite and silica. In the presence 
of detrital mixed layer illite/smectite, Mg^"*" released from the alteration 
of volcanics (plus additional Mg2+ from sea water, or hydrothermal solutions 

or Mg-bearing minerals) could react with mixed layer illite/smectite to 
form palygorskite. Clinoptilolite could then form at the expense of 
palygorskite on moving into more siliceous interstitial waters on burial. 
The suggested reactions are:

1. MLIS (authigenic) + Silica (biogenic and/or volcanic) ^ din

2. Phill + Silica^i^j^Qgg^j^^ and/or volcanic) *" clin

3. ML IS ((jgtrita 1)^ ^^^^‘^^(biogenic and/or volcanic)+Mg :;=±pa-ly

4. Paly + Silica^))iogenlc and/or volcanic) ^ clln + M9

Reactions 1, 2 and 4 show negative free energies of reaction, whereas 
reaction 3 is almost at equilibrium using activity data for ions in 
interstitial waters.

Thermodynamically, phillipsite, palygorskite and mixed layer illite/ 
smectite are unstable relative to clinoptilolite, which is favoured by high 
silica concentrations. The stability diagrams indicated that high Mg2+ 
and pH, and low to high silica, are necessary for palygorskite formation 
compared with mixed layer illite/smectite and clinoptilolite.
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CHAPTER I

INTRODUCTION

A. Object of the Present Study

The object of the present study is to investigate the relative 

stabilities of palygorskiteg phillipsiteg clinoptilolite and mixed layer 

illite/smectite (MLIS) as they occur in deep sea sediments.

The standard free energy of formation (A G°f) of a mineral 

depends on its chemical composition and the nature of its chemical bonds. 

Thus AG f values are useful for comparing the stabilities of different 

minerals and mineral assemblage. Previously thermodynamic data for a large 

number of minerals were missing, but slowly this information is accumulating. 

Such data enable predictions to be made of the field conditions of mineral 

formation and to construct stability diagrams. Therefore, with these facts 

in mind, one of the alms of the present study is to develop thermodynamic 

models for predicting the formation and stability of palygorskite, zeolites 

and MLIS in the deep sea environment. The consideration of thermodynamic 

data is a powerful technique when applied to geological problems, for it is 

commonly possible to write reactions in terms of simple components for any 

given mineral assemblage. The more reactions that can be written in terms 

of these simple components, the greater the amounts of information that 

can be obtained from the mineral assemblage.

The Indian Ocean sediments were chosen for study since palygorskite 

and zeolites are known to occur in the basins, on the margins and on the 

ridges of the ocean. Consequently there are several theories for their 

origin. Por example, palygorskite in the north-west of the Indian Ocean 

is thought to be of detrital origin, since its abundance increases towards 

the continent and it is known to form on the continents surrounding the 

Arabian Sea (Kolla et al., 1981; Goldberg et al., 1970). Conversely, 

palygorskite on the flank of the Ninetyeast Ridge is suggested to be of 

diagenetic origin, since it is far from the continent (Couture, 1977a).

In the present study, 90 samples from Legs 22, 23, 24, 25 and 26 

in the Indian Ocean were studied. The selection of samples was based upon 

the presence of zeolites, palygorskite and MLIS in the cores. Chemical 

analyses were carried out as follows:

1) major element analyses for 9 elements (Si, Ti, Al, Fe, Mg, Ca, K, Na, P) 

on whole sediment samples;
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2) trace element analyses for 17 elements (MOg Nb, Zr, Yg Sr, Rbg Ni, 

Mn, Cr, Vg Pbg Asg Zug Cug Bag CegLa) on whole sediment samples;

3) major element analyses of 21 monomineralic clay minerals (mixed layer 

illite/smectite or smectite);

4) major element analyses of 17 clinoptiloliteg 8 phillipsite and

9 palygorskite samples for 9 elements by Energy Dispersive X-ray;

5) CO2 and organic carbon (Corg) determination on all whole sediment 

samples;

2+ 3+
6) iron determlnationSg as Fe and Fe > on all whole sediment samples.

Mineralogical analyses were undertaken as follows:

1) bulk mineral analyses for 10 minerals (quartz, K-feldspar, plagioclase, 

clinoptilolite, phillipsite, total clay, calcite, dolomite, pyrite and 

halite);

2) clay mineral analyses of the < 2 ^m fraction for 5 minerals (mixed 

layer illite/smectite, illite, kaolinite, palygorskite and chlorite) 

on 86 sediment samples;

3) clay mineral analyses of 3 fractions (2 - 0*2 _^m, 0*2 - 0*08 ^m and 

-Ct. 0«08 urn) for 5 minerals on 43 sediment samples.

The stratigraphic details of each site are shown in Figs.1-1 to 

1-4. The sedimentological characteristics of the present study sediments 

are also presented in Table 1-1. The geological time scale used is shown 

in Table 1-2.

B. The Indian Ocean

1. Form -Limits

The limits of the Indian Ocean which are shown in Figure 1-5 are: 

a) to the west, the east coast of Africa from Cape Agulhas (35°S-2O°E) 

up to Cape Guardafui which marks the southern point of the entrance 

of the Gulf of Aden;

b) on the north, the south coast of Arabia, Iran and the west and east 

coast of the Indian Peninsula;
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c) to the south this ocean is in free communication with the Southern 

Ocean, and their separation is represented by the hydrological limit 

of the Sub-tropical Convergence situated at about 40°S latitude.

d) to the east, the coasts of Burma, Malaysia, the principal island arc 

of Indonesia and the west coast of the sub-continent of Australia.

The Indian Peninsula divides its northern part into two great 

gulfs: the Bay of Bengal and the Arabian Sea, which Itself extends to the 

north of the Gulf of Oman and the Persian Gulf, and to the west by the 

Gulf of Aden and the Red Sea (Tchernia, 1980).

2. Depth of the Indian Ocean

The mean depth of the Indian Ocean is about 3800m. The great 

basins have depths of 5OOO-6OOOm, reaching even 6500m in the Wharton Deep 

to the north-west of Australia. The maximum depth is found in the Java Trench 

on the convex side of the chain of the Sunda Islands, the deepest point 

of which is 7700m (Tchernia, 1980).

3. Present day sedimentation

The Indian Ocean is the smallest of the three major ocean basins, 

but it appears to be the most geologically complex. One of the characteristic: 

of the Indian Ocean which serves to distinguish it from the Atlantic and 

Pacific Oceans is the abundance of aseismic, relatively shallow, flat-topped, 

often sediment-covered and steep-sided ridges, or plateau-like morphological 

features, which have been termed ^microcontinents^ by Heezen and Tharp 

(1965) and ’oceanic ridges’ by Udlntsev (1965). Its major physiographical 

features are shoxm in Figure 1-6, and they have been extensively described 

by Laughton et al. (1971). Information on the sediments of the Indian 

Ocean has only been acquired relatively recently and is derived largely from 

the results of the Deep Sea Drilling Project (Von der Borch et al..1974; 

Whitmarsh et al.,1974; Fisher et al..1974; Simpson et al..1974; Davies et al., 

1974). The present day pattern of sedimentation is shown in Figure 1-7.

Thick terrigenous sediments are accumulating on the Indus Cone, 

the Bengal Fan and the Zambezi Fan. Carbonate sediments are accumulating 

in the shallow areas along the Australian and African coasts, on the shallow 

ridges and platforms and in the shallower parts of the Somali Basin. 

Siliceous sediments are found in significant amounts in the sub-polar regions 

of the Crozet Basin and in the equatorial regions of the deep basin. 

Elsewhere, deep sea clays are still accumulating, except in the Wharton
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Basin and Southern Mascarene Basing and parts of the Crozet Basin. 

Sedimentation appears to have stopped and deposition is minimal between 

Broken Ridge and the south-east Indian Ridge^ where an extensive area of 

manganese nodule pavement is present (Kennett et al., 1975). The lack of 

deposition in these areas is presumed to be due to isolation and/or the 

activity of deep currents (Kidd et al., 1978).

4. Sediment sources

The nature of sediments and sedimentation processes in the Indian 

Ocean could be potentially complex because of the combination of an active 

mid-oceanic ridge, aseismic ridges, micro-continents, plateaux and deep 

basins in the ocean (Heezen et al., 1964) and the asymmetric distribution 

of the surrounding land masses. Several sediment sources and modes of 

sediment transport are distinguished in the Indian Ocean.

Fluvial and aeolian modes of transport of the detrital material 

are the most important in the Arabian Sea. The eastern Arabian Sea receives 

its fluvial input primarily from the Indus River, which drains the Himalayas 

as well as large areas of semi-arid to arid land in west Pakistan and north­

west India. A number of smaller rivers, chiefly the Narbada, with a common 

outlet to the Arabian Sea through the Gulf of Cambay, drain the middle 

portion of India, where the soil is derived from the weathering of the Deccan 

Traps (Goldberg et al., 1970; Weser, 1974). The arid regions adjoining the 

northern and western Arabian Sea have a few small rivers which provide a 

minimum of fluvial products (Goldberg et al.,1970), The aeolian input to 

the Arabian Sea has been suggested by many authors. Goldberg et al. (1970) 

believed that the sediments could have been transported from an area to the 

north, perhaps the desert regions of northern India and west Pakistan to the 

basin. They suggested that this input is also carried to the equatorial 

regions of the Indian Ocean. Kolla et al. (1981) suggested the aeolian 

contribution to the Arabian Sea from the following region: 

Iran-Makran region, Arabian Peninsula and Somalia. Mallik (1974) has 

studied heavy minerals from Sites 223 and 224 in the Arabian Sea and suggested 

mixed igneous and metamorphic sources such as occur along the Arabian 

coastal plain and on Masira and the Kuria Muria Islands in the Arabian 

Sea. Papavasiliou (1979) believed that the combination of intense monsoon 

systems and arid climate in this area, coupled with the proximity of Sites 

223 and 224 to the Semail ophiolites (Oman mountains and Masira Island) 

could result in a very important aeolian input of mafic detritus.



5

The eastern part of the Bay of Bengal and southward well beyond the Equator 

on both sides of the Ninetyeast Ridge^ including the Java Trench^ is 

influenced by the Ganges and Brahamaputra Rivers, draining the Himalayan 

region (Kolla et al., 1973a, Goldberg et al., 1970). The western part of 

the Bay of Bengal is influenced by the rivers discharging into the Bay 

from the east coast of India and carrying high contents of montmorillonite.

Kolla et al. (1973a) observed the influence of wlndborne volcanic 

material from the Indonesian Island arc in the regions landward of the 

Java Trench, the Cocos Roo Rise and the Ninetyeast Ridge. They also 

noticed the influence of the south-easterly winds on the southern part of 

the Wharton Basin, extending somewhat west of the Ninetyeast Ridge south 

of 15 C, which carry kaolinite-rich clays from the lateritic soils of 

western Australia. They believed that the smectite abundance in the area 

between west of the Ninetyeast Ridge and the Mld-Indian Ridge may be in 

part related to Mid-Indlan Ridge volcanics. Slumping and washing of the 

sediments from this ridge into the adjacent deep areas may be the 

mechanisms of sediment dispersal. The presence of red and brown clays and 

the high amount of phillipsite suggest that considerable quantities of 

smectite may be derived from local (between the ridges) submarine volcanics 

or from global fall-out of volcanic dust (Lisitzin, 1972). According to 

Girdley et al. (1974), terrigenous contributions to the Mascarene Basin are 

possible from eastern Madagascar and the Mascarene Islands. Reunion and 

Mauritius could also contribute to the Mascarene Basin (Fisher et al., 

1974; Hekinian, 1968). They also noted that Eastern Africa (Somalia 

and Kenya) and the Seychelles Islands contribute terrigenous material to 

the Somali Basin, whereas the Mozambique Basin receives terrigenous debris 

from eastern and south-eastern Africa (Mozambique and South Africa), as 

well as from western and south-western Madagascar,

5. Climatology of the Indian Ocean

Atmospheric conditions above the Indian Ocean are dominated by 

the fact that two-thirds of the area of this ocean is found between the 

two tropics (23°27*N and 23°27’S) and only one-third between the Tropic 

of Capricorn and 40°S (Tchernia, 1980) (Fig.1-5). According to him, 

one adopts as characterising the tropical climate the fact that the 

mean of the coldest month is above 18°; one can say that all the 

Indian Ocean north of a line between 3O-35°S in the west near the African 

coast, to 25°S in the east on the Australian coast, is tropical or 
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equatorial in climate, representing 807= of the surface of the Indian 

Ocean. But this relative uniformity is only apparent. It is necessary 

to distinguish between the two tropical climates, north and south, 

for that of the north. Influenced by the monsoon, is very different from 

that of the south.

a. Regime of winds

Wind and weather may play an important role in the current flow 

as well as in the nature of the transport agents and their volume of 

sediment discharge into the Indian Ocean. A monsoonal wind system prevails 

in this area. This wind results in a typical low-latitude monsoonal surface 

current pattern which is characterised by summer and winter flow reversals 

accompanied by only small variations in surface temperature (Weser, 1974).

During the northern winter (Dec. - Feb.) cooling of the landmasses 

of Siberia and Central Asia greatly surpasses that of the neighbouring oceans. 

These continental regions then become the site of one of the most important 

centres of atmospheric highs on the planet. Between these parts of Asia 

and the nearby regions of the Pacific and Indian Oceans, one finds in winter 

a gradient of atmospheric pressure which directs the land winds toward the 

sea (north-east - south-west direction) (Fig.1-8). During the northern 

summer (June - August) intensive warming of southern Eurasia and North 

Africa, particularly the whole desert arc running from Somalia to north­

western India by way of Arabia, creates a zone of low pressures centred on 

Arabia, Pakistan and north-west India. Thus the pressure gradient is 

directed from the sea to the land. Strong south-west winds blow over the 

Arabian Sea, less strong in the Bay of Bengal, carrying air masses loaded 

with water vapour resulting in the abundant summer rains of the Indian 

peninsula, Ceylon and all the region south of the Himalayas(Fig.1-9). During 
o 

the southern winter the south-east Trades begin to blow around 25-30 S.

The lows disappear over Australia and South Africa. Therefore Trade winds 

become much stronger than in the. summer (January),more regular and more 

constant in direction between 25°S and 10°S, from Australia to Madagascar. 

The system of south-west winds (monsoonal system) is found to be in con­

tinuity with the south-east and South south-west winds (Tchernia, 1980; 

Weser, 1974).

According to Weser (1974), the energy generated by the monsoons 

extends beyond its influence on the wind-driven circulation, as it is also 

translated into wave energy. This energy, when coupled with tidal currents, 

results in sediment transport at considerable water depths. Off the western
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Indian coast, Duing (1970) noted their effect on sediments down to 400 

metres. This indicates that suspended matter is made available to far- 

ranging shallow and Intermediate depth water masses. As relating to 

sediment transport, the monsoonal winds are the prime factor in the 

considerable influence of aeolian sedimentation in the Arabian Sea. At 

times, exceptionally strong north-east winds blow dust from the Pakistani 

and north-western Indian deserts. During the south-west summer monsoon, 

dust-laden air is derived from the Arabian and African deserts. Stewart 

et al. (1965) mentioned that summer dust storms also occur along the 

Makran coast of Pakistan and Iran. The trade winds can also blow dust from 

Australia and South Africa, since the atmospheric highs appear on them 

during the southern winter.

b. Climate through time

An understanding of the climate of the surrounding area through time 

is necessary since the distribution of minerals in the surface layer of 

Indian Ocean sediments is affected by the climatic zoning of weathering 

processes and soil formation on the land.

i) Mesozoic

The whole of the Mesozoic Era represented a warm phase in the 

Earthas history. Glaciation was unknown, and the Polar regions were warm 

areas with a rich vegetation (Schwarzbach, 1963; Pearson, 1978).

In the late Cretaceous, in Africa deposits of gypsum and, in part, 

of salt were present along the northern margin of the Sahara, from Dakar 

on the west to the Red Sea on the east, occurring partly at the base of the 

Cenomanian in the Turonian (Algeria) and Santonian (Algeria) (Strakhov, 1967). 

According to Pearson (1978), material from Cretaceous horizons clearly 

established a temperature maximum in the Albian. This then declined during 

the Cenomanian, only to be followed by a further maximum in the Coniacian - 

Santonian interval. The Maasterichtian was then characterised by declining 

temperatures.

Throughout all of the Mesozoic strata of Australia, there is 

evidence of much more humid than of arid conditions (King, 1961; Schwarzbach, 

1963). However, arid regions existed in the interior parts of Australia 

during the late Cretaceous (Schwarzbach, 1963).

ii)Tertiary

Schwarzbach (1963) and Strakhov (1967) have noticed widespread 



8

salt deposits In North Africa and Asia^ and suggested an arid condition 

for those areas in the Tertiary. However^ along the eastern margin of 

the Arabian Sea the climate was humid, favouring intense chemical weathering 

and development of laterite profiles on the Deccan Traps. According to 

McGowran (1978), in the earliest Tertiary laterite developed in India. 

In the Eocene, abundant precipitation characterised the entire western 

margin of the Indopacific, and the wet belt probably extended to considerably 

higher latitudes than at present because surface waters in the oceans were 

warmer. Continental regions adjacent to and downwind from high surface­

water temperatures were wet. Similarly, areas bordering on and upwind from 

cold currents are considered to be dry, as compared with the average 

conditions for that latitude, Monsoonal conditions must have existed in 

coastal regions facing the Equator, and within the range of the seasonally 

varying intertropical convergence zone (Frakes et al., 1972) (Fig.1-10), 

According to them, on the basis of the geological record available, the 

Oligocene climatic picture appears slightly cooler and drier than that of 

the Eocene (Fig.1-11),

In the Neogene in South Africa and in the Interior of Australia, 

arid conditions prevailed in the same general areas as in modern geologic 

t ime.

Huge arid regions existed in North Africa. In the western part of 

Asia, a great belt of Miocene gypsum and, in part, halite deposits 

stretched from Syria through Iraq to the Persian Gulf. In the Pliocene, 

lateritic weathering crust developed widely in equatorial Africa, India and 

northern Australia (Strakhov, 1967), According to Gill (1961) lateritic 

®duricrust' occurs widely, particularly In western Australia in the Miocene.

6. Evolution of the Indian Ocean

The Indian Ocean has gone under extensive tectonic activities 

at different times in the past. Reconstruction of the relative positions 

of India, Australia and Antarctica through time is shown in Figure 1-12. 

A brief summary of evolution of the Indian Ocean is given as follows:

a. Late Jurassic

The formation of the Indian Ocean was a complex process involving 

the movement of five lithospheric plates: Africa, Antarctica, Madagascar, 

India and Australia.

Continental dispersal began first off north-western Australia in the
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