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A B S T R A C T

In an attempt to understand the environment of the

Precambrian weathering at Rispond, and compare it with

weathering processes taking place at the present time.

samples weathered to different degrees have been taken at

various distances immediately below the Cambrian

Unconformity. These samples have been subjected to chemical

analysis by X-ray fluorescence spectometry and wet analysis,

and to mineralo gical analysis by X-ray diffraction and

polarised li ght microscopy.

Interpretation of these results indicate that the samples

represent a weathering profile (although not necessarily an

unchanged one as these rocks have been subjected to a maximum

temperature of 250°C during burial aubseguent to the

deposition of the Cambrian strata). This is inferred from the

minerals present in the soil, the nature of the chemical

changes observed, the similarities of the data on the

Kronberg weathering diagram to those of present-day

weatherin g , and the position of the profile immediately below

the unconformity.

Further interpretation of the results in terms of the

thermodynamic properties of the minerals present in the

profile, the chemical reactions believed to have taken place,

the geological evidence and a survey of the chemical

composition of present-day surface waters leads to the

conclusion that the rocks below the Cambrian Unconformit y at

Rispond represent a fossil soil profile. These rocks contain

pyrophyllite, considered to have been formed by low-grade

metamorphism rather than by weathering. Three possible modes



of origin have been considered, and that involvin g the

weathering of potassium feldspar to kaolinite alone in an

acid environment rejected. The two mechanisms involving the

weathering of the feldspar to illite in an arid alkaline

environment with restricted draina ge are considered to be

more likely . The illite produced in these 'mechanisms was

further weathered to produce, in the one case, kaolinite, and

in the other one, potassium beidellite as a mixed layer

mineral with illite. These two mechanisms can be mixed in any

proportion, the exact amount of potasium beidellite present

depending upon the relative thermodynamic stabilities of

kaolinite and beidellite. As the latter is unknown, further

accuracy cannot be achieved at present.

The presence of abundant potassium feldspar in the Fucoid

Beds, and the existence of trace fossil planolites in such

rocks as well as the temperature to which they have been

heated (about 250°C) suggested the possible existence of an

ammonium feldspar in the area. Therefore, a method to

measure the amount of ammonia content in these rocks has been

designed. The results of twenty-two samples from the Cambro-

Ordovician succession of N.W. Scotland analysed by this

method show that the ammonia content is very low. If all the

ammonia is present as an ammonium feldspar (buddingtonite),

it represents about 0.3% of the mineral in the shales and

even less in other rock types.
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CHAPTER I

INTRODUCTION

1.0. General

The world's two largest known sedimentary deposits of

chemically preci pitated feldspar appear in Scotland, where

10	 tonnes of ox'thoclase and 1O 7 tonnes of barium

feldspar of early Cambrian and latest Precambrian age

respectively are formed (1). It is believed that weathering

of Lewisiari gneiss gave rise to fluids rich in potassium,

aluminium and silicon, which flowed into the sea and were

preci pitated on the continental shelf as potassium feldspar

in the lower Cambrian Fucoid Beds of Northwestern Scotland

and into deeper basins, where the aluminium and silicon

reacted with barium to form the barium feldspar.

The search for possible explanations of both the

derivation of these potassium rich fluids and their

precipitation as potassium feldspar in the Fucoid Beds

originated this investigation. The pro j ect began with the

search of an anitnonium feldspar in the Cambrian Argyllites and

included the development of a method for the determination of

ammonia in rocks. This was originally an M.Sc. pro j ect, which

was later extended to a Ph.D. by stud ying the Geochemistry of

the rocks immediately below the Cambrian Unconformity thought

to be the source of the Cambrian rocks. Thus the Ph.D.

project aimed to compare weathering processes in the

Precambrian with present-day weathering processes. The first

four chapters of this thesis deal with the weathering

processes, while the last chapter (Chapter V) refers to the

search of an aminonium feldspar and the determination of

ammonia in rocks.
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1.1. The Aim of the Investigation

Rocks on the surface of the earth are continuously

undergoing modifications due to physical and chemical action

of agents such as carbon dioxide, water, air, oxygen and

micro-organisms. The result of this complex process called

weatherin g Is a variety of soils. Of particular importance is

the reaction that takes place between water arid the mineral

constituents of the rocks. This is besc cibon dioxide,

which is produced mainly by degradation of organic matter,

photosynthesis and bacterial action, dissolves in water. Thus

the water becomes acid and attacks rocks more easily than

pure water would do.

In the Precambrian era, around 800 Ma (2.3), terrestrial

plants had not yet evolved. In the absence of plants, the

amount of carbon dioxide present in the soil atmosphere was

less than it is today. It is the objective of this study to

compare Precambrian weathering with that taking place at the

present time in order to infer as much as possible about the

chemical reactions taking place and the nature of the waters

reacting with the Lewisian rocks. To do this, samples of

Lewislan gneiss weathered to different degrees were taken at

different distances beneath the Cambrian unconformity, and

subjected to chemical and mineral analysis. These results

were then interpreted with the aid of thermodynamics.

1.1.1. The Relevance of the Project

It Is well known that potassium is essential for the

metabolism of animals and plants and that the deficienc y of

this metal in soils makes them poor and inefficient for

agricultural purposes. The Fucoid Beds,, member of 	 the
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agricultural purposes. The Fucoid Beds, member of the

Cambro-Ordovician succession in Northwestern Scotland

represents a source of potassium. However, it is difficult to

utilize this potassium because it is held in very slowly

BolUble aluminosilicates such as potassium feldspar and

micas. The solubility of potassium feldspar and mica is very

low, saturated solutions of inicrocline and muscovite contain

3 and O.j1 ppm of K respectively (see solubility products in

Ref. (Li.)).

The Fucoid Beds do however have a potential value as a

bulk fertilizer (5, 6, 7). The rock can be crushed and ground

to a fine powder. This powder, when spread over terrains of

poor potassium content becomes on weathering an abundant

source of the metal because, under these circumstances, the

solubility of the minerals is increased.

The investigation provides information about the

chemistry and the geochemistry of the Precambrian/Cambrian

boundary in Scotland as well as the understandin g of the

chemical weathering of Lewisian rocks. It is important to

note that the research has revealed the presence of

pyrophyllite along the unconformity, thus locating this

mineral for any interested party.

This introductory chapter outlines some of the

background information (i.e. Geology in Section 1.2. and

weathering in Section 1.3.) and provides an elementary

introduction to the relevant parts of chemical thermodynamics

(Section L.1.). The techni ques of X-ray analysis are also

discussed as these form the basis of the practical techniques

employed in the anal ysis of the rocks examined (Section 1.5).
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1.2. Geology

It is believed that approximately 4600

condensed from a cloud of dust and gas. Since

been changing and evolvin g , undergoing a

geological processes.

Ma the earth

then it has

variety of

A great deal of effort and investi gation has been

devoted to reconstructin g the history of the earth. The

further back in time, the less certain are the inferences

about geological history and the evolution of the earth.

Since it is not the purpose of this work to discusB the

history of the earth or the geology of the British Isles in

depth, only a brief description of the relevant rock groups

is given in this section.

Rocks of very different ages from the Archaean 25 Ma to

the present are preserved in Britain. The stratigraphie

units, which are referred to in this study, are the Lewisian

Complex, the Torridonian and the Cambrian (see Anderton et al

(8) and Crai g (6) for reviews).

1.2.1. The Lewisian Complex

The LewiBian Complex includes the oldest rocks of the

United Kingdom (3, 8, 9, 10) and consists of highly

metamorphosed gneiss and schists with lesser amount of

metasedimentary rocks (e.g. marbles), with ages between 2600

and 1400 Ma (8), accordin g to radioinetric data.

Most of these rocks are of igneous ori gin and include

intrusions of basic igneous rocks of various ages. One suite

of basic dykes, the Scourie dykes, is used as a time marker
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to separate the older, Scourian gneisa from the younger,

Laxfordian gneiss. The Scourian complex has metamorphic

radiometric ages from about 2900 Ma to about 2200 Ma. The

Laxfordian complex has metamorphic ages from about 2200 Ma to

about 1500 Ma (10). Each of these geological formations

represents a long succession of events, some of which are

summarised in Table 1.

The history of the Laxfordian, after the intrusion of

the Scourie dykes, has been summarised by Anderton et al. (8)

in four phases:

a. deposition of sediments,

b. deformation and metamorphism,

a. intrusion of igneous rocks, and

d. uplifting and cooling.

As most of the rocks metamorphosed by the Laxfordian

event had been in existance since the early Scourian

metamorphism, the effect of the Laxfordian metamorphism was

mainly to rework and deform existing gneiss rather than to

form gneiss from the new i gneous and sedimentary rocks.

However, some post-Scourian sediments such as the Loch Marie

group and the Gairloch metasediments were also affected.

The Laxfordian reworking was followed by intrusions of

small granite sheets and extensive pegmatite veins. The

granitic injection complex of Harris was probably the last

maJor episode in the development of the Lewisian complex.

1.2.2. The Torridonian

The Torridonian is a sequence of sandstones and
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cong].omerates that unconformably rest on a rugged surface of

the older Lewisian rocks in the northwest of Scotland (3).

Its thickness reaches several thousand metres (11).

The Torridonian was deposited between the end of the

Laxfordian about 1400 Ma and the beginning of the Cambrian

period at 570 Ma. It consists of at least three different

groups: the Stoer Group, the Torridon Grou p and the Sleat

Group (12).

Torridonian rocks are found forming many of the

prominent mountains along the western seaboard of the

mainland, e.g., Suilven, Canisp, Liathach and An Teal].ach

(Fig . 1).

The Stoex' Group consists of breccio-conglomerates,

derived from local gneiss and fluvially deposited exotic

fades containing well rounded pebbles of gneiss and quartz,

and also quartzites that are unknown in the basement.

The Torridon Group	 is mainly	 composed	 of

uninetamorphosed red beds and some subordinated grey shales.

The red beds occur lower in the succession and are

interpreted as fanglomerates, transported only a few

kilometres ox' less from their source. The overlying grey

shales are interpreted as marine deposits.

The Sleat Group is made mainly of slightly

metamorphosed sandstones and shales, underlying the Torridori

Group. These sandstones differ from the Torridon Group in

being poorly sorted.
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Table 1: Ma1oi Scourian and Laxfordian events.- EAfter
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F1. 1: Map of Northwe8t Scotland showing the Cambrian,

Lewisian and Tox'ridonian rocks.
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1.2.3. The Cambrian

Rocks of the Cambrian period are exposed over a strike

length of about 200 km in a narrow, 2-3 km, strip that

extends from the north coast to Sk ye (see Fi g. 1). Made up

chiefly of sandstones, siltetones, and carbonates, these beds

were deposited in a sea, which gradually transgressed

northwestwards over older Torridonian and Lewisian rocks, on

which they rest with a remarkably planar unconformity.

The succession is divided into a lower, elastic, and

an upper 1 carbonate, sequence (6). The succession is well

seen In places like Durness and Loch Eriboll in the North

(Fig. 1) and in the Assynt area, the neighbourhood of

Ullapool and Kinlochewe in the South.

The lower sequence comprises: the basal quartzite, a

cross-bedded arkose and sandstone, and the overlying Pipe

Rock, a sandstone which gets its name from an abundance of

vertical worm burrows called pipes that are present. The

pipes are ascribed to the trace fossils Skolithos and

Monocraterion. The sequence has been interpreted as being

deposited in a tidal environment (6).

The overlying Fucoid Beds, usually less than 20 in

thick, are dolomitic siltstones, that are named after the

frequency of the horizontal worm tube trace fossil

Planolites, which was originally mistaken for seaweed

markings. Their brown ferruginous-coloured weathering makes

the formation a marker horizon. It is considered that the

Fucoid Beds were deposited in a shallow lagoonal environment.

One characteristic of the Fucoid Beds is their high
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potassium content. Avera ges between 8% and 12% have been

reported (13) and can be seen in Table 20 of this work,

chemical analyses of samples 2, 3, and 5.

The potassium occurs as adularia, a low-temperature

potassium felds par, the dominant mineral in the si].tstones.

Its origin has been ascribed to three sources: a Volcanic

source (13). derivation from il].ite durin g dolomitization of

the overlying limestones (ill), and derivation by deep

weathering of the Lewisian (15). The Salterella Grit, which

directly overlies the Fucoid Beds, consists of sandstones

with interleavings of shales. It takes its name from the

presence of a small conical primitive inollusc, Salterella,

which has been found in these rocks (16).

The upper sequence of the Durness Formation 	 is

predominantly made up of limestones and do].ostones. A

possible sequence of dia genesis has been su ggested for these

carbonates (2.7): partial recrystallization, dolomitizatlon,

silicification. calcitizatiori and dolomitization.

1.3. Weathering Processes

Rocks exposed on the surface of the earth and those that

are close to it are subjected to continuous alteration by

physical, chemical and biotic processes. The physical and

chemical alteration of these rocks is known as weathering

(2.8). I gneous and metamorphic rocks as well as deeply buried

and lithified sedimentary rocks were formed under high

temperatures and pressureB. On or near the surface of the

earth, under lower temperatures and pressures, they are

altered by weathering to new materials, which are more in

equilibrium with the new conditions.
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Disintegration of the ori ginal rock into material of

smaller size but with virtually no change in chemical or

mineralo gical composition is known as physical or mechanical

weathering. In contrast to physical weatherin g , chemical

alteration may induce thorough decomposition of most or all

of the primary minerals of the rock, resulting in the

formation of new minerals, particularly clay minerals.

Weatherin g due to living organisms is largely prevalent

within a few metres of the surface of the earth, where plant

roots are present.

In practice, physical, chemical and biochemical

weathering processes usually operate together and it is not

always easy to differentiate particular effects.

Weathering depends on the internal structure of the

minerals and the way in which the environment acts on them,

that is to say, weathering is a function of internal and

external factors (19). Internal factors such as energies of

bond formation, and crystalline structure determine the

resistance of the minerals to alteration by external factors,

such as wind, water, and biological agents.

1.3.i. Physical Weathering

Physical weathering processes are more evident in

rocks exposed on the surface of the earth and, particularly,

in deserts and cliff areas. In these processes, the rock is

broken by expanding crevices already present in them, chiefly

due to freeze-thaw cycles of water in the crevices and the

growth of plants. This mechanism is particularly important in

areas where extreme variations in temperature are frequent.
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Other important factors of physical weathering are:

saline solutions, glacial dis placement, and wind. Saline

solutions, having access to fractures of the rocks, also

brings about disintegration into blocks or grains, due to

pressure set up during the growth of crystals from the

solution (20), the thermal expansion of the crystalB upon

heating 3 or as hydration and dehydration takes place.

Formation of gypsum and anhydrite is presented here as an

example:

CaSO	 * 2H20 = CaSOj + 2H20

Gypsum (7 1I cm3 )	 Anhydrite + Water (82 cm3)

Glacial displacement also causes mechanical

weathering. As a glacier moves across an area, it tears rock

material from the surface and this detritus incorporated in

the ice Is transported and later deposited essentially

unaltered.

Wind is an important agent of erosion and weathering

in desert regions. Rock fragments transported by wind storms

impinge on outcropping rocks slowly breaking them into

smaller pieces. Acids generated by bacterial decomposition of

plants, when present, react with minerals thus makin g the

rock more susceptible to physical weathering. Water in these

regions plays a minor role in the weathering process.

Particulate and weathered materials, from the moment

of their formation, are susceptible to movement and

displacement from the place of origin. The relationship

between erosion, transportation and deposition of detritus as

a function of current velocit y and particle	 size	 is

summarised in Fi g. 2. It can be seen that the critical
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erosion velocity is a minimum around a grain diameter of 0.3

mm, and increases for materials with particle sizes greater

or less than this. Materials havin g particle sizes around

this minimum are difficult to erode, I.e., fine sand size.

Thus it is possible that the erosion of sediments of mixed

grain sizes will result in the removal of relatively coarse

material instead of the finer particles.

As fluids move weathered materials away from the place

of ori gin, they are selectively sorted out in accordance with

their particle sizes, shapes, and densities forming

sedimentary masses com posed of more homogeneous material.

1.3.2. Chemical Weathering

It has been stated at the be ginning of this section

that i gneous, metamorphic and sedimentary rocks (formed at

depth in the Earth's crust) become unstable when exposed to

the atmospheric conditions present on the Earth's surface.

They are attacked by water, carbon dioxide and oxygen as

water penetrates through them. The reactions takin g place

under these circumstances follow the laws of chemical

equilibria, which means that the breakdown of minerals can

proceed beyond the equilibrium point only if some components

are added or removed from the s ystem or both (23).

The new minerals formed by weatherin g are more highly

oxidized and contain more water than those present in the

parent rock. However, the more basic constituents (K20,

Na20, CaO) of the ori ginal rock are removed by the

weathering process, giving stable products, 	 which	 are

depleted in bases.
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Fi g . 2: The effect of grain size and velocity on the erosion,

transportation, and deposition of material of uniform

grain size.- (After Hjulstron and Garrels (21, 22) ].
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Weatherin g processes require water and heat. The rate

at which they occur varies from a maximum in humid tropics1

to a minimum at the poles. Some of the most common

weathering processes are oxidation and reduction, formation

of new minerals, hydration, hydrolysis and dissolution.

1.3.2.1. Oxidation and Reduction

Of particular importance in weathering processes are

the oxidation of iron and sulphur. Althou gh other elements

like Mn, Cu, As, and U are also oxidized when their minerals

are exposed to the atmosphere, they are not common elements

in most rocks.

The reaction for faralite given by Krauskopf (2L) Ig

taken here to illustrate the oxidation of iron.

Fe 2SiO + 4H2CO3 = 2Fe 2 + LHCO3 + H4SiO4

2Fe 2 + 1JHCO3 + 1/202	 2H20 = Fe 203 + 4H2CO3

It seems that oxidation of iron is a two-step

process. These two steps may be effected far apart when the

dissolution of iron takes place in reducing conditions such

as in the presence of organic matter. In the first step,

ferrous ions are liberated and, in the second one, the y are

oxidized to ferric ions, due mainly to oxygen from the

atmosphere.

Sulphur which is normall y present as suiphides also

undergoes oxidation, usually to sulphate. Like iron, the

reaction is slow and does not take place in absence of water.

Water seems to be necessary to supply acid to dissolve small

amounts of suiphides before they are oxidIzed.
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PbS	 2H2CO3 = Pb 2 + H2S	 2HCO3

H2S + 202 + Pb 2 + 2HCO 3 = PbS0 + 2H2CO3

Oxidation of suiphides results in acid solutions

because the dissolved metal ion undergoes hydrolysis.

LFeS 2 + 150 2 	lL1H2O = LFe(OH) 3 + 8H2SO4

1.3.2.2. Formation of New Minerals

This is a consequence of the weathering process and

it involveB the precipitation of new minerals from solution

and the modification of crystal structures by cation exchange

and cation substitution to form other new minerals. The

precipitation of calcium carbonate in soils of dry regions is

an example of mineral precipitation from solutions.

Ca 2 + 3H 2CO 3 = 2CaCO 3 + 3H20

An example of substitution is the formation of

vermiculite from muscovite; the ori ginal mica structure is

retained, but the interlayer K ions are replaced by other

ions from the weathering solution.

1.3.2.3. Hydration

This results from the capacity of certain minerals

to take up water into the crystal structure. In this process,

a volume change takes place, setting up physical stress and

causin g physical disintegration (see Section 1.3.1.). An

example of hydration is the formation of hydrated iron oxides
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2Fe 20 3 + 3 11 2 0 = 2Fe 20 3 . 31120

Hematite	 Limonite

1.3.2. LI. Hydrolysis

This is a type of hydration reaction in which a new

mineral is formed with hydroxyl ions in crystal structure.

The process is very important in initiating the

decomposition of feldspars, for which the following general

reactions have been proposed (18):

Silicate + 11 20 + H 2CO3 = Cations + 0H + HCO3 + HUSi0

Aluminosilicate + 112 0 + H 2 CO 3 = Clay minerals + Cations + 0H

+ 11CO 3 + HSi0

The weathering of Mg-olivirie illustrates the type of

reaction that takes place when silicates react with water and

carbon dioxide.

Mg2SiO + LCO + 4H 20 = 2Mg 2	 L.HCO3 + HSiO

It is important to note that, during the reaction,

aqld is consumed, which means that any unit of, soil water

reacting with silicate minerals becomes more alkaline as the

reaction proceeds.

Silica iB quite soluble at the normal soil pH and,

when present in the parent material in excess over that

required to form clay minerals, it is washed out in the

solution.
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Aluminium, on the other hand, generally remains near

the site of release because it is not very soluble at the

normal soil pH. Hence aluminosilicates weather to a more

alumirious solid phase, a clay mineral or a hydrous oxide.

Theoretical, experimental and field evidence shows that iron

as well as silica and aluminium tend to remain at the place

of release (25).	 Indeed, most of the typical oxidation

colours (yellowish brown to red) present in soils	 or

weathered rocks are due to iron oxides.

1.3.2.5. Dissolution

This is normally the first stage of the chemical

weathering . The amount of rock dissolved is a function of

the volume, acidity or alkalinit y of the water passing its

surface, the nature of the minerals present in the rock as

well as the time durin g which water remains in contact with

the weathering matrix.

Minerals vary in their response to the attack of

acid water: some of them are soluble, some become gels, and

some are partly soluble, leaving their framework read y for

the formation of new minerals.

The dissolution processes, which result in the

formation of an alumina-rich residuum with different amounts

of silica, are complex as they involve the initial release of

ions into solutions, and then, the reaction of these ions or

minerals to give new mineral combinations. Some of the

released ionic s pecies are adsorbed on colloid surfaces, some

participate in the formation of new minerals, and some of

them are transported by waters.
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From theoretical considerations about so].ubilities

of rock constituents at a pH characteristic of soils, and

also from experimental work, several mobility sequences have

been proposed. Chesworth (25) summarised mobility sequences

proposed by different authors as follows:

A1 3 <Fe' 3 <Si 4 <Fe' 2 <K' <Ca' 2 = Mg' 2 = Na'

Si	 <A13 <Fe' 3 <Ca' 2 <Mg' 2 <Na'2 = (K')

Al 3 = Fe'3 <Sifl <K' <Na <Ca' 2 <Mg2

Al 3 = Fe'3 <Si' <K' <Mg 2 <Na' <Ca'2

It follows from the above sequences that, although

they do not fully agree, the invariable rule is that alkaline

and alkaline earth metals are more soluble than aluminium

silicon and iron. As a result of this, Ca' 2 , Mg' 2 , Na',

and K' are washed awa' in the solution, while aluminium.

silicon - and iron tend to concentrate in the	 residual

material.

The behaviour of these ionic species varies

according to the environment in which the reaction takes

place, pH, physical characteristics of the soil, vegetation

as well as the particular mineral under consideration.

Vegetation Is an important factor in the behaviour

of ionic species because of the selective uptake of ions by

different plants and the t ype of chemical substances excreted

by them. Lichens, for example, excrete chelatin g agents that

can complex Ions, thus chan ging their mobility. Chelating

agents are also important because, during their reactions,

H 4 Ions are liberated, which participate in the dissolution

reaction (26).
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The mobility of ionic species is also affected by the

permeability and topography of the soil 1 mountainous regions

with hi gh permeability make for higher ionic mobilities.

1.3.3. Blotic Weathering

The climate of any region conditions the type of

vegetation and animal fauna that can appear there as well as

the type of soil developed. Biochemical activity in

weathering is difficult to assess because of the complex

interdependence between soil and organisms under the

influence of the climate. Indeed, it is impossible to assess

the influence of a single organism on a particular type of

mineral. The relationshi ps between soil and vegetation has

been dealt with by Birkeland (18). The role of plants and

animals in weatherin g ha been discussed b y Carroll (27) and

Oilier (28). It involves a combination of both chemical and

physical effects, of which the following are the most

important: splitting of rocks, due to action of burrowing

animals and of plant roots; transportation of materials by

animals; increase of the weatherin g rate, due to dissolution

of respired carbon dioxide in water, which increases its

acidity , and complex chemical effects, such as chelation.

According to Wilson and 3ones (29), biochemical

weathering (weathering in which mineral decomposition is

largely controlled by the action	 of	 organic	 acids),

predominates in soils of coo]. and temperate climates.

Dissolution of rock forming minerals by or ganic acids has

been carried out experimentally by Hung and Kiang (30) and

Hung and Keller (31), who have concluded that weatherin g of

silicate minerals by complexing acids (acetic, aspartic,

salicilic and tartaric acids) "may result in a different
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order of mineral stability from the traditional one of

Goldich which apparently applies more to inorganic reagents".

Organic acids can either be produced by decomposition of

organic matter, or directly by living organisms, by fungi

which excrete oxalic acid (32, 33). Like chemical weathering,

biochemical weathering is a complex process, due to many

factors whose action often overlap and cooperate. In order to

gain some understanding of these complex relations, several

investigations have been undertaken to study the

relationships between lichens and rocks (26, 3L1). Effects

such as etchin g , secondary products,	 precipitation	 of

crystalline organic salts (mainl y oxalates) have been

observed experimentally (35-37), and in field collected

samples (38-39). It follows from the previous investigations

that lichens play an important role in biotic weathering,

mainly through the generation of oxalic and phenolic acids,

that can react with minerals to form com plexes, and that when

assessing weathering processes, this should be taken into

account because it may be locally relevant.

1.1. Thermodynamics of Chemical Reactions

Dealing with the energy evolved and taken up by chemical

reactions and its relations to the equilibrium of the system,

thermodynamics is a predictive instrument that has its

greatest usefulness in the laboratory closed systems at

equilibrium.

It allows the investigator to calculate equilibrium

constants from thermodynamic data such as heat of reaction,

heat capacities and find the change in a thermodynamic

property taking place in a chemical reaction by addition and

subtraction of the corres ponding thermodynamic properties of
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the reactants and products.

Thermodynamics is also an aid in studying geological

systems. However, its applicability to this field is often

limited. For many substances of geological interest.

experimental data from which thermod ynamic properties can be

derived is scarce or lacking. Sometimes, the thermodynamic

data available are for the end members of solid solution

series and the effect of such solutions cannot be accounted

for without further data, which is not usually available.

Most geologic environments are open systems, and equilibrium

is not always attained. Finally, thermodynamics gives

information on what reactionB are possible from the point of

view of energy, but it gives no information about how fast

these reactions will proceed. Despite these limitations, it

iB always useful to see what a particular system would look

like if chemical equilibrium were attained, as it provides an

approximation to the real world and indicates the direction

in which changes will take place.

In this section, a brief summary of those thermodynamic

concepts that are useful in the investi gation of chemical

reactions is given. Particular emphasis is given to reactions

that occur in solutions. This summary is b y no means complete

and further details on these topics are found in

thermodynamic and chemical equilibrium text books (LLO-1L3) as

well as in geochemistry books (1111, 1L5).

1.11.1. Internal Energy

This includes all forms of energy other than those

resultin g from the position of the system in space, which is

assumed to remain constant (Ll6). In other words, it is the
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sum of the energies of the constituent particles of the

system: molecules, atoms, ions, etc. When the system

undergoes a change, for exam ple, heat is added, or some sort

of work is done upon it, the internal energy of the system

changes. The actual value of the internal energy is not

measurable, but changes in energy may be readily measured.

The internal energy is represented by E and its units are

usually calories or kilocalories. 	 The change in energy

durin g a chemical reaction that proceeds from an initial

state E 1 to a final state	 is symbolised by AE and is
equal to the sum of the energies of the products E f minus

the sum of the energies of the reactants Ei

LE = E f - Ej

Since the internal energy of the system varieè with

the amount of material present in the system, it is an

extensive property of the system.

1.1L2. The First Law of Thermodynamics

The first law of thermodynamics is the energy

conservation principle, and states that the change in the

internal energy dE is equal to the sum of the heat

transferred to the system dq, and the work done on the system

dw.

dE = dq + dw

1.11.3. Enthalpy or Heat Content

Enthalpy is defined as the sum of the internal energy

and the energy due to the space occupied (i.e., PV) and is
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denoted by H

H = E + PV

where P is the pressure and V is the volume of the system.

For most practical purposes, H = E since changes in PV are

negligible with respect to variations in internal energy.

This approximation however does not hold for metamorphic

systems, where the pressures are hi gh and even small

variations in volume produce large variations in enthalpy.

Like E, the enthalpy has no measurable absolute value,

but differences in enthalpy, are measurable and play an

important role in thermodynamics. EH can be measured as the

heat change when a reaction takes place under constant

pressure and temperature.

The enthalpy change, iH, of a reaction is given by the

difference between the enthalpies of the products minus the

enthalpy of the reactants. A negative value of L,H means that

the reaction is exothermic whereas a positive value indicates

that the reaction is endothermic. The enthalpy change

involved in the formation of a compound from its elements is

called "heat of formation". Unless other conditions are

specified, heats of formation always refer to 1 formula

weight of the compound, 298K and 1 atm pressure. Heats of

formation have been measured for many compounds; some of the

most useful in geochemistry are given in A ppendix 2 of

Reference 11. 7, and Appendix VIII of Reference 211.

The enthalpy of a system, like E, is an extensive

property. Its changes are determined only by the initial and

final states of the system and not by the path b y which these
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changes are brought about.

Changes in enthalpy are measured in heat units,

calories, kilocalories or Joules.

In the absence of other data, particularly free

energies, enthalpy changes can be used to predict the

behaviour of chemical substances. However, this is not an

infallible measure of the tendency of a reaction to take

place because, although exothermic reactions tend to proceed

spontaneously and endotherniic reactions generally do not

occur unless energy is supplied, a few endothermic reactions

do take place spontaneously. Thus enthal py changes are only

a gross indicator of reactivity.

i.k.k. Heat Capacity

When heat is supplied to a given mass of a substance,

the heat absorbed is proportional to the temperature rise,

and the proportionality constant is termed the heat capacity

of the substance. If the mass is one gram, it is called the

specific heat; more im portant is however the molal heat

capacity, which is the product of the specific heat times the

formula weight.

Since the heat capacity C varies with temperature, it

is better defined as

dq
C = --

dT

where d represents an infinitesimally small amount of heat
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absorbed by the system when the temperature rises dT degrees.

There are two commonly used heat capacities: that at constant

volume

C =

and that at constant pressure:

Cp = (H/T)p

Heat capacities generally can be re presented by means

of power series involving no more than three terms as it is

shown in the following equation:

Cp = a + bT + cT2

For geochemical purposes, the first two terms give

sufficient accuracy and good estimates can often be obtained

by considering C = a. i.e. Cp constant. Heat capacities

are normally recorded in tables b y listing values of the a,

b, a constants, the measurements referring to 1 atm and a

specified temperature range.

The heat capacity variation durin g a reaction ma' be

obtained as the sum of the heat ca pacities of the products

minus the sum of the heat capacities of the reactants.

C(products)- ECp (reactants)=ta + bT + aT2

When the enthalpy change in a reaction is known at one

temperature, heat capacities can be used to calculate the

change at other temperatures.

From	 = (H/T). the heat capacity change

during a reaction may be expressed asC = (H/T)p and
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the integration of this equation gives:

(T

LH = \ LCpdT =LaT + (b/2)T 2 + (Lc/3)T 3 +LH0

H is the constant of integration and can be calculated

from the known value ofLH at one value of temperature. The

change inH with temperature is small for most reactions of

geochemical interest amounting to only a few kilocalories

even for T ranges of 1000 K and more. The variation in

enthalpy with temperature 	 is	 particularly small	 for

solid-solid reactions, but may become important for reactions

involvin g fluids.

1.IL.5. Entropy

The measure of increase in randomness of a system is

called entropy (1L8). It is a measure of the degree of

disorder. Independant of the energy changes, natural

processes proceed spontaneously from states of order towards

states of disorder. This natural tendency towards disorder

is a second factor, besides enthalpy, that makes chemical

reactions to take place.

Unlike the internal energy and enthalpy for which

absolute values cannot be measured, absolute values of

entropies for substances and systems can be evaluated because

the third law of thermodynamics states that the entropy of a

perfectly ordered crystalline solid at the absolute zero of

temperature is zero.

The quantity S, the entropy change, is defined as the
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amount of heat absorbed by the reaction ( q ) divided by the

absolute temperature (T), at which the heat is absorbed

= q/T for large absorption of heat and dS = d q/T for an

infinitesimal absor ption of heat.

It follows from the above equation that the entropy

units are calories per degree; this Is sometimes called the

conventional entropy unit: E.U.

1.4.6. The Second Law of Thermodynamics

The first law of thermodynamics says that the total

energy in a natural process remains constant, but this

requirement is satisfied whether the process goes towards

Increasing order or increasing disorder. The second law adds

the requirement that the direction must be towards disorder,

as It states that natural processes always lead to an overall

increase in entropy.

1.4.7. The Third Law of Thermodynamics

From the definition of heat capacity and entropy

change, a relation between these thermodynamic properties can

be obtained as follows:

C = dq/dT or dTCp = dq

and	 dS = dq/T

thus	 dS	 CdT/T	 Cd(lnT)

(T 2

Integration gives S 2 -	 =	 Cd(lnT)

) Ti
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This equation gives the increase in entropy for a

substance as the temperature changes from T 1 to T 2 . Since

Cp can be expressed as a function of tem perature (Section

1.1..1L), this integral can be evaluated in 	 terms	 of

temperature. This is normally done graphically by plotting

Cp against the logarithm of	 the	 temperature.	 By

extrapolating to absolute zero, accurate values for the

increase in entropy can be obtained for a substance that is

heated from absolute zero to any required temperature.

Comparison of experimentally determined heat capacity curves

for many substances permits the generalization: "Every

substance has a finite positive entropy, but at the absolute

zero of temperature, the entropy may become zero, and does

become so in the case of a perfect crystalline substance."

(1&6).

The third law provides means of obtainin g absolute

entropies for any substance at any temperature. For example,

for a pure crystalline solid that undergoes no phase change

between OK and TK, the investi gator needs only measure heat

capacities over this temperature range, plot C, against the

logarithm of the temperature and measure the area under the

curve. Values of entropies so calculated are found in tables

of thermodynamic data. From these, the standard entropy

change for a reaction, Ls°, can be worked out by adding
entrop ies of products and subtracting the sum of entropies of

the reactants.

1.11.8. Free Energy

When making predictions about chemical reactions, the

concept of free energy is more useful than the concepts of
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enthalpy and entropy. A system not at equilibrium can move

towards it by releasing energy. For a System at constant

temperature (T) and pressure (P), the appropriate measure of

energy is the Gibbs free ener gy (G), which is related to the

heat content of the system (H) and the entropy S by the

equation

G = H - TS

where T is the absolute temperature in Kelvin. An equation

for the tendency to react can now be written as

LG = LH - TLS

indicating that the difference between the free energy of a

system in a state A and the free energy of the same system in

another state B at the same temperature and pressure is an

indicator of the tendency of the system to pass from the

state A to B. If the system under consideration is a

chemical reaction, the free energy change (AG) is a measure

of the tendency of reactants to react to give the products.

Free energies are expressed in heat units, calories

and kilocalories or Joules. The si gn convention is the same

as for enthalpy , i.e., negative values of free energies mean

energy evolved during the reaction and positive values

indicate energy taken up by the reaction.

The free energy change applied to the formation of 1

mole of a compound from its elements gives rise to the

concept of free energies of formation. These energies of

formation are important because, as heats of formation, they

can be added and subtracted to estimate the free energy
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change of chemical reactions. Unless other conditions are

specified, the free energy of formation for a compound refers

to a reaction between its elements at 25°C and 1 atm

pressure. It is also assumed that the reactants are in their

most stable form under these condtions, i.e., in their

standard states (T = 298.15K and p = 1 atm). Under these

circumstances, free energies of formation are called standard

free energies of formation, 	 G0. Values of these energies

are given in standard references (11.7, 211).

The standard free energies of formation of the stable

configuration of an element in its standard state is zero by

convention. It is a universal convention. Another convention

needed to calculate the free energy of ions is that the

hydrogen ion at unit activity has zero free energy of

formation.

Unlike enthal pies, free energy changes can be used as

a criterium of equilibrium. A reaction will take place

spontaneously if the value of the free energy change is

negative. The reverse reaction will proceed if the free

energy change is positive. If the free energy change is

zero, the reaction is at equilibrium.

C11y related to free energy is the quantity called

the chemical potential ( au), which is defined by the

equation

= ( G/ 1T,P

Here the subscript I refers to a particular component in the

system and n stands for the number of moles of that component

in the system. The chemical potential is thus the amount, per
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mole, by which G of the system chan ges with the addition of

an infinitesimal amount of a particular component. The Gibbs

free energy is an extensive property, but chemical potential

is an intensive one. In a system with two or more phases

coexisting at equilibrium, the chemical potential of all the

components in the system must be identical in each phase. In

other words, in a system at e quilibrium, the chemical

potential of each component is the same in all phases.

1.1L8.j. The Free Energy and the Equilibrium Constant

For a chemical reaction in which b moles of B react

with d moles of D to produce y moles of Y and z moles of Z

bB + dD = yY + zZ

The equilibrium constant K is given in terms of	 the

activities of the reactants and products as:

a Y '. aZz
K = ---------

aBb . aDd

when all the substances present are at unit activity (i.e.,

1M for substances in solution, 1 atm pressure for gases, and

solids and liquids considered as pure com pounds). This

equilibrium constant is related to the free energy change of

the reaction by the equation

L\G° = - RT ln K

The free energy change of the reaction under these conditions

is termed standard free energy change. For activities other
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than unity , the following equation holds:

A	 AZ
+ RT	 v

ABb . A

The importance of the foregoing equation lies in • the fact

that an equilibrium constant can be calculated from the free

energies of formation of the reactants and products.

1.11.9. The Van't-Hoff Equation

The Van't-Hoff equation:

dinK	 H

dT	 RT2

is a relation between the equilibrium constant and

temperature, which permits a quantitative estimation of the

variation of the e quilibrium constant as the temperature

varies. However, its application requires knowledge of the

dependence of H on temperature. This information may be

available in the form of heat capacity data (Section 1.11.4.).

In the absence of the heat capacity data, H may be

assumed constant. If this is the case, integration of the

Van't-Hoff equation and conversion of natural logarithm into

decimal logarithm leads to the following equation:

-H
LogK	 ------- + C

2. 303RT
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A plot of log K against T 1 is a straight line with slope

-AH/2.303R. Thus given a set of values for the equilibrium

constant fox' a reaction, the enthalpy change of the reaction

can be computed. Also if the enthalpy change of the reaction

is known, the Van't-Hoff e quation can be inte grated, assuming

that jiH is independant of temperature, between T 1 and T2

to obtain the expression

LH (T - T1)
log K2/K 1 =

2.303R (T 2 T1)

that allows the calculation of the equilibrium constant at

some temperature other than that at which It was measured.

1.11.10. Activit y and Fugacity

It has been pointed out previously (Section 1.11.8.)

that the chemical potential is a quantity closely related to

the free energy. There are two more quantities directly

related to G, namely activity and fu gacity , whose definitions

are given in this section.

Fugacity, f, Is often used in connection with gases

and can be thought of as an idealized pressure. Activity (a)

on the other hand, is used in connection with li quids and

solids, usually in solution, and can be thou ght of as an

Idealized concentration. The y are defined by the following

equations:

+ RT in (aj/a10)

).l i =	 J.j° +	 in (fj/fj°)
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where pj° is a constant, the chemical potential of

component "i" in its Btandard state, R is the gas constant,

and T is the temperature on the Kelvin scale. The other' two

constants, a1 0 and fj°, are the activit y and fugacity

of the component "1" in its standard state. These are always

taken, by convention, to be unity. It follows that activity

and fugacity are defined b y the equations

	

j=	 i10+RTlnaj

	

P1=	 jaj°+RTlnfj

Several different conventions are used to define

standard states (L9, 50), and the choice of a particular

convention is determined by convenience for solvin g a

particular problem rather , than by any theoretical

considerations. For solid solutions, solutions of two

miscible liquids and for the solvent in a solution of a solid

in a liquid, the standard state is commonly taken to be the

pure substance at the same temperature and pressure as the

solution of interest. Thus for aqueous Bolution, 	 pH2O =

and aH2o = 1 in pure water. For solutes in

aqueous solutions, the pure solute is not a convenient

standard state, and the most commonly used approach is the

infinite dilution convention. Accordin g to this convention,

the activity of a solute approaches its molal concentration

m1, as the concentration of dissolved species approaches

zero.

a1->mj as tmj_>0

An activity coefficient ' is defined by the equation
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= aj/mj and hence

1 as Emi -> 0

Under this convention, the standard state is a

hypothetical ideal 1 in solution. An ideal solution in this

context is one	 in which	 activities	 are	 equal	 to

concentrations. For gases, the fugacity approaches the

partial pressure as the total pressure on the gas approaches

zero. In an ideal solution, there are no interactions

between solute and solvent, or between charged species

present in the solution, whereas in real solutions, such

interactions are always present. As a result of this, the

free energy of a real solution is different from that of an

ideal solution. The relationship between free energy and

activity is also different, since activities of both solute

and solvent are different from their concentrations.

The activity coefficient, a' of an uncharged species

such as dissolved carbon dioxide is near unit y in dilute

solutions and usually rises above unit y in concentrated

solutions.

1.lt.i.1. Aqueous Solutions of Electrolytes

The state of an electrolyte dissolved in water

depends on the nature of the solute, the concentration of the

solution as well as the presence or absence of other chemical

species. Some electrol ytes (e.g., NaC1, CaC1 2 , HNO3 ) are

almost completely	 lonised,	 whereas	 others	 are very

incompletely lonised (H 2 CO3 , HgC]. 2 ). Yet others are

believed to form "ion pairs" at high concentration (e.g.,

MgSQ, Ca(NO 3 ) 2 ]. As the concentration increases, the
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formation of ion pairs (e.g., CaNO 3 ), or

(e.g., HgCl 2 )	 increases.	 As	 the

decreases, the species present tend towards

ions (Ca(H 2O)8 2 , Al(H2O)63].

complex ions

concentration

simple hydrated

1.11.12. Activities of Ionic Species

In solutions of electrol ytes, electroneutrality

imposes the condition that the number of moles of individual

ions cannot be varied independently . Thus, in a system in

which NaC1 and H20 are the components, the number of moles

of solute and øolvent can be varied independently. However,

the concentration of Na and C1 depends on the number of

moles of NaC1 but their concentrations are not independent

variables (51). For the two components NaC1 and H 20, it is

possible to measure their chemical potentials, free energies

and activities by the application of thermod ynamics alone.

This is not possible for individual ionic species, and a

number of thermodynamic developments are expressed in terms

of hypothetical ionic activities knowing that only certain

ionic	 activity	 products,	 or	 ratios,	 have	 physical

significance.

If an electrolyte CjAJ_. dissociates into

Ij^ eations and \J - anions accordin g to

C ..j + A • - =	 + C + •%J -A

then its activity may be written

aV . a_V =
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where\j =	 + ij_. a.,. and a_ are the individual

activities of the ionic species and a41_, is the so termed

mean activity of the ions. 	 Inclusion of a^_. in the

definition of the chemical potential (and partial molal. free

energy ) of an electrolyte component of a solution leads to

the following equation:

-	 o =i.R.T.ln(a+_)

which is an expression of the chemical potential of the ions

in terms of their mean activities.

Like non	 electrolytic	 solutions,	 electrolytic

solutions deviate also from ideal solutions and their

deviation is greater, due to interactions of ions with each

other and with the solvent, as well as ion association and

changes in the dielectric constant of the solvent with the

concentration of the solution.

Deviations from idealit y are expressed in terms of

the mean ionic activity coefficient, +/-, which is defined

as the ratio between the mean ion activit y and the mean

molality.

0+1- - m,'_

,.,,.. approaches unity when the	 solution	 approaches

infinite dilution.

Although individual ion activity coefficients cannot

be measured directly, the mean ionic activity coefficients
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can be obtained experimentally and values for a wide range of

concentrations are available (see References 111, 52, 51).

From these measured mean ionic activity coefficients, it is

possible to obtain values for individual activity

coefficients with the aid of some assumptions.

	

One such assumption is that	 and	 , the

individual ionic activity coefficients for a standard

electrolyte are equal over the ionic strength range of

interest. Potassium chloride has been used as such a standard

electrolyte	 for	 obtaining	 individual	 ion	 activity

coefficients, assuming that	 =	 cl	 for all

possible concentrations in a pure solution. This suggestion

is due to Maclnnes, is	 often	 called	 "the	 Maclnnes

Assumption", (53) and can be expressed as follows

=	 =	 =

This relationship allows the investigator to

calculate values for other ions knowin g the appropriate mean

ion activity coefficients. Thus, for a monovalent chloride

= (t	 i)]1'2 =

2 _MC1
and

for a divalent chloride

=
U
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The same approximation can be applied to calculate individual

activity coefficients of ions of different chlorides as an

example

5so2 = -:-•-

and for a salt like CuSO, a double brid ge can be used to

calculate

gcu +2 =	
34,_KSO

Calculation of individual ionic activity coefficients from

the mean activit y coefficients is known as the mean salt

method.

1 L&.13. The Debye-Hucke]. Theory

This is a model that allows activity coefficients

for individual ions to be calculated, taking into account the

effect that ionic interactions should have on the free

energy. In a solution, positive ions tend to be surrounded by

negative ions and negative ions by positive ions. Assuming

that ions are point charges 1 the interactions are merely

electrostatic and the ions around any particular ion follow a

Boltzmann distribution. From this assumption, the following

equation is derived:

log 'j = -AZ12VT	
S
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where A is a constant depending only on pressure and

temperature, Zj i8 the charge of a particular ion and I =

1/2 mj Z j 2 , is the ionic strength of the solution. In

the latter expression, m j is the molality of the solution.

The previous equation holds only for very dilute solutions

(less than 1O	 mol dm 3 ) (51). It is usually used as a

method of extrapolating to infinite dilution.

At higher concentrations, the model fails and the equation

should be modified to take into account the finite size of

the ions, giving the equation:

- AZ j2 /T
log-------

-1 + B a0 'I?

where B is a constant depending only on temperature and

pressure, and a0 is the hydrated radius of the particular

ion. Values of constants for use in the Debye-HUokel

equation are tabulated in text books (see Reference 11.7). A

further term has been added to the e quation (514.), which is

zlustif led both on theoretical and on the empirical grounds so

that it improves the fit to the experimental data. An

important consequence of this addition is that it predicts

that activity coefficients should increase with increasing

ionic strength at hi gh concentrations, in accordance with

experimental observations. According to Garrels (11.7), the

better method for obtaining individual ion activities of ions

in solutions of ionic strength higher than 0.05 is the mean

salt method. Below this value, the mean salt method and the

Debye-HUckel equation produce results that agree fairly

well.
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Although not well defined thermodynamically,

individual ionic activity coefficients are important in the

geochemical field, particularly to calculate solubi].ities of

substances in various aqueous environments.

1.4.14. Thermodynamic Data

In the study of chemical reactions taking place in

geological environments, two factors of predominant

importance are the free energy of the reaction and the rate

of the reation. Since the present investigation is not

directly concerned with the rate of reaction, nothin g will be

said about the applicability of thermodynamic data to this

field. However, the methods of estimating the thermodynamic

data required to calculate the equilibrium constants needed

to interpret weathering reactions will be summarised.

1.4.15. Free Energy Chan ges of Reactions

Several general methods are available to estimate

the free energy changes acaomanying reactions (41, 55). As

the free energy is a thermodynamic property, it does not

depend on the pathway followed by the reaction so it can be

calculated by adding and subtracting the known free energies

for suitable reactions, which lead to the desired product

(41). From experimental studies of reactions at equilibrium,

it is possible to calculate an equilibrium constant, which in

turn permits calculation of the free energy of the reaction.

This method is seldom applied to geological systems (55).

Free energies can also be measured from electromotive force

measurements (41, 55). It can be calculated from thermal

data, enthalpies and entropies too (111, 55). Many free energy

changes, particularly for gaseous reactions can be obtained
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from spectroscopia data (Lii). An empirical method caløulating

the Gibbs free energies of reactions for compounds with

composition intermediate between two components A and B,

using families of compounds, has been proposed by Tardy (56).

i..IL16. Entropy

Of the greatest importance is the method of

estimating entropies based upon low temperature heat capacity

data, which is intimately connected to the third law of

thermodynamics. A good discussion of this method is given by

Kelly (55). Entro pies of gaseous substances are calculated

from spectroscopic data and from translational, rotational,

vibrational, and electronic entropies (55), and finally, if

the heat of reaction and the free energy for a reaction are

known, the entropy can be calculated.

1.LI.17. Free Energy of Formation of Individual Ions

Although it is not possible to measure the free

energy of formation of an individual ion, for the purpose of

tabulation and calculations, it is possible to separate the

free energy of formation of an aqueous solute in two or more

parts corresponding to the number of ions formed, and compare

the free energy of ions with the free energy of a particular

ion taken as a standard. Hydrogen ion has been chosen as the

standard, and its free energy of formation is then taken as

zero by convention. The free energies of formation 'of ions

from their elements obtained in this way are given in tables

of chemical data (57). Free energies for aqueous ions have

also been estimated, using an empirical parameter that can be

correlated with the Gibbs free energies of formation of

hydroxides and some types of silicates (58).
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i..11.18. Entropies of Aqueous Ions

Like free energies of formation of Individual ionB,

it is not possible to measure entropies for these species.

However, relative entro pies can be estimated in the same way

as relative free energies were obtained, b y defining the

entropy of the hydrogen ion as zero (59, 60). The entropies

of oxy-anions and complex ions can be calculated as a

function of their charge and size (61-65). These equations

can be used to estimate the unknown entropy if the size of

the Ion is known, or to select the most reliable value from a

series of discrepant experimental results.

l.1&.19. Thermodynamic Properties of Minerals

As with other chemical compounds, thermodynamic

properties of minerals can be obtained experimentally or

empirically. In either case, the y are Influenced by factors

such as degree of crystallinity. solid solutions, impurities,

polymorphism, metastable states, and the nature of the bonds

present In the mineral under consideration. Experimental

determinations are difficult and, in cases such as clay

minerals, experimental determination of these properties is

virtually impossible because no two clays have the same

composition and the data must be measured anew for every

sample. However, experimental data for several minerals have

been obtained. Heats and free energies of formation of

gibbeite, kaolinite, halloysite, and dickite have been

measured by Barany and Kelley (66). Heat and free energy of

formation for muscovite was measured b y Barany (67). Kin g and

Weller (68) measured low-temperature heat capacities and

entropies of diaspore, kaolinite, dickite, and halloysite. A

summary of experimental determinations of low-temperature
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heat capacities and entropies of sodium and potassium

aluminium silicates is given by Kelly (69). Heats and free

energies of formation of anhydrous silicates have been

summarised by Kelley (70). The free energy of formation of

kaolinite and plagioclase feldspars have also been calculated

from solubility measurements (71, 72).

Where calorimetric data is lacking, some sort of

empirical estimation must be used. This usually involves

development of a mathematical equation, which under certain

assumptions, allows the researcher to estimate free energies,

enthalpies, and entropies of minerals in good agreement with

the available experimental data. Several methods have been

used for this purpose. However, none of them are valid for

all minerals. Chen (73) has proposed a method to estimate

standard free energies of formation of silicate minerals at

room temperature. Assumin g that clay minerals are formed by a

combination of silicon hydroxide with metal hydroxides,

Nriagu calculated Gibbs free energies of formation for these

minerals (711.). Under the assum ption that each silicate can be

represented by oxide and hydroxide components, which possess

constant Gibbs free energies of formation within the

structure of the silicates, Tardy and Garrels have estimated

Gibbs free energies of formation for la yer silicates (75).

The same authors modified this method by correlating solution

energies of compounds with the solution energies of their

constituent oxides to calculate Gibbs free energies of

formation of hydroxides, oxides and aqueous cations (58), and

monovalent and bivalent metal silicates (76). They claim that

the method can be applied to many types of minerals (58).



- 116 -

Two important summaries of thermod ynamic properties of

minerals are now available: the firBt one, published by Robie

et ai.. (77), and the second one, published by Helgeson et al.

(78). Data for this investigation was taken from the latter

publication.

1.4.20. The Standard State for Minerals

As stated by Helgeson (78), the standard state for

minerals and liquids is one of unit activit y of the pure

solid or liquid at any pressure and temperature. It follows

that the activities of components that correspond to

stoichiometric minerals and pure li quids are unity at all

pressures and temperatures.

1.11.21. Aqueous Solutions at Hi gh Temperatures

The physical and chemical properties of water have

been widely studied at room temperature. It has been also

used as a solvent to study a large number of chemical systems

arid, thermodynamic properties such as entro pies, enthalpies,

energies of reaction, activities and activity coefficients,

are well known for a large number of chemical species at

temperatures below 100°C.

Due to the experimental difficulties of working at

high pressures and temperatures, the physical chemistr y and

thermodynamics of aqueous solutions at high temperatures has

been studied much less thoroughly. In 1966, Cobble (79)

pointed out some of the difficulties in working with water

solutions at high temperatures	 and defined various
temperature regions as follows: low temperatures between
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0-60°c, moderate temperatures between 60-1.00°C, and high

temperatures between l00-37 1 °C. 371°C corresponds to the

critical point. Temperatures above this point belon g to the

supercritical region. Temperatures between 36L and 38L°C

are regarded as belonging to the critical re gion. As the

interest in studying aqueous solutions at high temperatures

increases, either for theoretical reasons or for commercial

ones (particularly hydrothermal synthesis), more and more

methods are proposed to calculate thermodynamic data in order

to predict thermodynamic behaviour of chemical reaction at

high temperatures. As with solutions at room temperature,

thermodynamic properties of solutions at high temperature can

be obtained from experiments or empirical calculation. It has

been noted	 before that it is difficult to carry out

experiments at high temperatures. Variations in the physical

and chemical properties of the water with temperature,

changes in composition of the solutions and solubilities of

minerals are amongst the factors that complicate the

situation. Considerations of this type plus the search of

rapid methods of producing such information led Cobble and

his coworkers to propose the "Integral Heat Method" to

calculate parta1 molal heat capacities of electrolytes at

infinite dilution (80). The method involves measurements of

the integral heat of reaction at infinite dilution and

several temperatures of a system, which 	 includes	 the

electrolyte under consideration. The method has been used

for sodium chloride and barium chloride (80), sodium

perrhenate and perrhenic acid (81), cesium iodide (82),

gadolinium chloride (83) sodium sul phate and sulphuric acid

(81) from 0 to 100°C.

As part of their work on thermod ynamic properties at

hi gh temperatures, Ah].uwalia and Cobble used heat capacities
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to analyse free energy data in order to provide better

thermodynamic data at hi gh temperatures (85). The name of the

third law potential was given to .the method (86), which is

particularly useful in providing accurate ionic entropies.

Partial molal heat capacities for hydrochloric acid have also

been calculated by this method from 0 to 100°C (85). In

19611, Cries and Cobble (87),	 reviewing	 the	 existing

thermodynamic data that could be used to calculate entropies

of ions in aqueous solutions between 25 and 200°C observed

that the ionic entro pies of all of the cations at higher

temperatures, selecting a proper standard state at each

temperature, are linearly related to the entropies of the

catlons at other temperatures (87), and proposed equations to

predict unknown entropies of ionic species up to 200°C and

beyond.

This correspondence principle has been extended to

the calculation and prediction of the heat capacities of

electrolytes up to and above 200°C (88). Entropy values for

sodium chloride solutions from 100 to 200°C, predicted by

the correspondence principle, showed good agreement with

experimental calorimetric determinations (89).

The temperature dependence of the thermodynamic

properties for the dissociation of complexes in the range of

0-370°C has been described by Helgeson (90), in terms of

functions involving the dielectric constant of water and a

power series consistent with non-electrostatic interactions

in the absence of a dielectric medium.

Helgeson	 (91)	 has	 presented	 a summary of

thermodynamic data, which	 allows	 calculation of	 the

solubilities of silicates, sulphides, sul phatee, carbonates,
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and oxides in hydrothermal solutions with hi gh concentration

of NaC1 at elevated temperatures.

1.4.22. Composition, Phase and Activity Diagrams

These diagrams are used to describe the stability

ranges of minerals and how these vary with environment.

1.4.22.1. Composition Diagrams

Mineral compositions can be represented by

geometrical methods. These graphical devices are efficient

in depicting and illustrating such information. A group of

minerals can be described by reference to a number of

chemical entities. The smallest number of these entities

needed for such group of minerals is called the number of

components needed to describe the group. Thus corundum

(Al 2 03 ), diaspore (Al 203 .H 20) and Gibbeite (Al203.3H20)

can be described by two components, Al 203 and H20, and can be

represented in a bar diagram, as shown in Fig. 3A. Andalusite

(Al 2 S1 2O 5 ), corundum (Al 20 3 ), diaspore (Al203.H20),

gibbeite (Al 2 03 . 3HO).	 quartz	 (Sb2),	 pyrophyllite

(Al 2 S140 10 (OH) 2 ] and Kaolinite (H4Al 2S1 2O9 ) can be

described by three components: Al 203 , Si0 2 , and H20, and

represented in a triangular diagram (Fig . 3B). If the group

of minerals needs more than three components, then the

composition diagram needs more than two dimensions. Such

diagrams are usually prolected onto a two dimensional

triangular diagram from one of the corners or edges of the

multidimensional solid, which is the full representation. For

example, kaolinite, pyrophyllite, muscovite, and quartz can

be described by four components: Al 203 , Si0 2 , K20, and H20,

and represented in a triangular diagram by writin g the
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Fi g . 3: Composition diagrams.

A: Bar diagram showing the composition of	 the

minerals in the system Al203-H20.

B: Triangular diagram showing the composition of

some of the minerals of the system A]. 203-Si02 -

H20.
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mineral formulae in terms of these oxides, eliminating water,

and calculating the percentage of oxides on this water free

basis (22). This Is equivalent to prolection from the apex of

the tetrahedron (Al 2 o3 . Si0 2 , KO, and H 20), which represents

water.

1.4.22.2. Phase Diagrams

These are pressure and temperature graphs, showing

the pressure and temperature regions, in which one particular

equilibrium assemblage is stable. They are also known as

equilibrium diagrams. A typical phase diagram is shown in Fig

4. It represents the upper stabilit y limit for the reaction

kao].inite and quartz to give pyrophyllite, line 1, and the

upper limit of pyrophy].lIte to give kyanite, quartz and

water, line 2 (see References 92 and 93).

The areas in a phase diagram each represent the

range of temperatures and pressures over which one

composition diagram is valid, the lines dividin g off one such

range from another, which requires a different composition

diagram.

Phase diagrams assume that all the phases have a

constant composition or that any variation in the composition

is of no interest to the user. Such systems are "closed". If

variations in composition are of interest, activit y diagrams

are needed.

1.4.22.3. Close and Open Systems

Phase diagrams represent systems in which the total

chemical composition remains constant, but the composition of
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Fi g . LI: PhaBe diagram showing the stability of pyrophyllite.-

(After Ve].de (92) and Kerrlck (93)].
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each of the constituent phases can vary, provided that some

other phase within the system changes its composition to

compensate for such variations. Therefore, they apply to

closed systems where there is no exchange of matter with the

external environment.

If the system exchanges matter with the external

environment, as happens during weatherin g , such changes are

reflected in the concentration of the mobile species [i.e..

K, Ca 2 , H11 S1011 ] in the fluid phase and the system

is open.	 Open systems can be represented by activity

diagrams.	 Both phase	 and	 activity diagrams	 assume

equilibrium.

1.4.22.L. Activity Diagrams

These are graphs of the activities of the mobile

components (i.e.. the components whose concentration vary in

the variable phase), showing regions of activity

corresponding to one particular composition diagram at a

specified temperature and pressure. Thus the areas of an

activity diagram correspond to the areas of the phase diagram

in concept but show the effect of the activit y of the mobile

components rather than the effect of temperature and

pressure. Using the available thermod ynamic data, it is

possible to develop qualitative diagrams that are useful to

provide a graphic summary of the mineral sequences that might

be expected when equilibrium is achieved. The relations

between kaolinite and gibbaite have been taken from Garrela

(47) as an example of an activity diagram. Assuming

equilibrium between kaolinite, gibbsite, dissolved silica and

water, the following reaction can be written:



4

0

- 54 -

Fig. 5: The solubility of gibbsite at various hydrogen ion

concentrations.- (After Garrels and Christ (47)).

pH
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H U Al 2 S1 2O 9 + 5H20 = Al203.3H20 + 2HSiO

Kaolinite	 Gibbsite

and the equilibrium constant for this reaction is a function

of the concentration of dissolved silicic acid.

[HSio] 2 = K

The free energy of the above reaction obtained by

using the data given in Reference U7 is 12.7 Keal. From the

equation relating free energies of reactions and equilibrium

constants (Section 1.LL8.1.), the equilibrium constant of

this reaction is:

K1/2 = (H11 sio 11 ] =

This means that equilibrium between gibbsite and

kaolinite is attained at a fixed value of the concentration

of silicic acid. Below this value, kaolinie tends to

dissolve to give gibbsite and release silica in solution.

Assuming also that gibbsite is in equilibrium with water, it

is in equilibrium with its various dissociation products,

i.e.:

Al203.3H20 - 6H = 2Al 3 + 6H2o

Al 20 3 .3H20 = 2H + 2A10 2 +2H20

Equilibrium constants for these equations can be calculated

as before in the first case

(Al3]
= ------

[H] 3
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and 1/2log (K) = 57 = log [Al 3 ) + 3pH.

In a like manner, for the second reaction

K1/2 = [H) (A1021

and 1/2log (K) = - iLL. 6 = log [A102] - pH.

Fi g . 5 is a plot of the logarithmic form of the

last two equilibrium constants in terms of concentration of

CAl 3 ] (A10 2 ] and pH to show the stabilit y field of

gibbsite. The relations presented in Fig. 5 illustrate the

behaviour of gibbeite: in acid media it dissolves to give

aluminium ions, and in alkaline media it dissolves to give

aluminate ions.

1.5. X-Ray Techniques

1.5.1. Generation and Characteristics of X-RayB

X-rays are generated when accelerated electrons

collide with the atoms of a metal target In an X-ray tube

(9LL). Broadly s peaking , two kinds of interaction take place

when an electron beam hits a target and this results in two

types of X-ray spectra, namely: continuous spectra or

Bremastrahiung and discrete spectra, which are characteristic

of the metal target.

When electrons hit the target anode, the impinging

electrons collide with the electrons of the target material,

and energy Is transferred to the target electrons through

this process.
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Normally, electrons undergo successive collisions to

transfer their energy. The excited target electrons emit

photons to deexcite, producing thus a continuous or white

spectrum. A plot of intensity against wavelength is a smooth

curve, which begins abru ptly at a short wavelength limit,

rises to a maximum, and extends towards infinity.

Transference of the total Impinging electron energy in a

single collision gives rise to the wavelength limit. Since

this probability is low, the intensity at this minimum

wavelength is small.

If the accelerating voltage is raised to a critical

level, which is characteristic of the element of the target,

the discrete spectra are produced. These spectra appear

superimposed on the smooth curve in groups of peaks, which

are known as K, L, M, and N series.

Characteristic radiation is emitted when the

bombarding electrons have sufficient energy to remove one or

more electrons from the innermost shells of the target atom.

The atom then becomes unstable, due to loss of the electrons.

To achieve stability, electrons from higher orbitals fill the

vacancies, creating new vacancies in the higher orbitals, but

of lesser degree of instability. This process continues with

successive transitions between orbitals to minimise the

instability.	 During this process, electrons 	 undergoing

transitions release energy as photons of X-ray radiation.

Electrons can be removed from the K, L, M, or' N

shells. If the electron removed is from the K shell, the

vacancy may be filled by electrons fallin g from the L, M, or

N shell or from outer shells. The greater probability Is,

however, that the vacancy be filled by electrons from the L
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shell rather than from an outer one. This gives rise to a

series of lines known as the K series. The line is Inown as

if the electron comes from the L shell, K 	 if it comes

from the M shell, K 	 if it is an N electron and so forth.

The intensity of these lines decreases from K, to Kj

Similar processes, although more complex, brin g about

the L, M, and N series.	 Since the energy of the lines

depends upon the energy difference between the states

involved in the transition, which in turn varies from element

to element, the discrete X-ray spectra are a characteristic

property of. each element. This is the basis of qualitative

and quantitative X-ray spectrometry. For a wider view of X-

rays, see References 911.-96.

1.5.2. X-Ray Fluorescence

Exposure of a substance to a primary X-ray beani,

produced by electron bombardment (see Section 1.5.1.) oz'

coming from a suitable radioactive source (97) generates a

secondary beam of X-rays by a fluorescent process. X-ray

fluorescence deals with the production of secondary X-rays

from a sample and its characterization to give qualitative

and quantitative identification of the analyte. As in most

X-ray methods used for analysis, X-ray fluorescence makes use

of the wel]. known relationshi p condensed in Bragg's Law:

n) = 2d . sin(O ). where ) is the wavelength of the X-rays,

d is the interplanar spacing and 0 is the incidence angle.

Indeed, the technique usually relies on the use of a crystal

of known d spacing to diffract different wavelengths, which

in turn allow measurement of the intensity belonging to

specific wavelengths.
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In X-ray fluorescence anal ysis, each sample is exposed

to a primary X-ray beam, which causes secondary fluorescent
X-ray radiation from each of the elements present. The

secondary radiation is then diffracted by a crystal

diffraction grating and collected in a counter. The emitted

X-ray spectrum is scanned b y varying the angle of the crystal

and the counter with reference to the incident beam. This

brings about peaks at various values of 9 which in turn

identifies the emitting element, because 	 each	 element

produces a particular wavelength.

The normal method of operation is to measure the

intensities of these peaks for a series of standards of known

concentration and construct a calibration graph.

Concentrations of elements in samples can then be worked out

from this standard graph. Qualitative X-ray fluorescence,

broadly speaking, means the recognition of the elements

present in a sample by the identification of the peaks

present in the spectrum. Quantitative X-ray fluorescence

analysis, on the other hand, is a more com plex problem

bacause it has to include corrections for interelement

absorption, and matrix effects.

1..5.3. Diffraction of X-Rays

As with other types of electromagnetic radiation,

interaction of X-rays with the electrons of the matter

throu gh which it passes leads to scattering . In an ordered

environment, as in a crystal, destructive and constructive

Interference takes place. In, certain specific directions,

diffraction is the result. Two conditions must be fulfilled

In order to obtain diffraction, namely: the waves emitted by

all atoms present in a single plane must be in phase and the
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scattering of waves by successive planes must also be in

phase (98). The first condition is satisfied when the

incident beam, the diffracted beam and the normal to the

reflecting surface lie in the same plane, and the angle of

incidence is equal to the angle of reflection. The second

condition is fulfilled when the difference in the path length

of two rays is equal to an integer number of wavelengths.

i.5.LL Powder Diffractometry

This is a member of the family of the so-called X-ray

diffraction methods, which are based on calculations

originating directly from the Bragg equation. These

calculations allow identification of minerals and calculation

of the structure of chemical compounds. The latter is

considered as a chemical application and, by far the major

geological use of the method iB in the Identification of

minerals. This application is based upon the fact that each

mineral shows a unique X-ray pattern. So, by matchin g exactly

the X-ray pattern of an unknown and an authentic sample,

chemical identity can be assumed. In addition, less

successfully, as it will be shown, the method can be used for

the semi-quantitative analysis of mineral mixtures. The

identification of the minerals involves considerations about

position of the lines in terms of the reflection angle arid

their relative intensities. Since the diffraction an gle Is

determined by a particular group of planes in the single

mineral, the distances between these planes, for a specific

mineral, can be worked out from the Bra gg equation, knowing

the wavelength of the incident X-rays and the measured angle.

The intenaitieB of the lines depend on the number and kind of

atomic reflection centres present in each set of planes,

Tables giving d spacings and relative intensities are easily
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available from mineral indexes published by international

institutions (99, 100). Thus, once the d spacings are

calculated, the identification of the unknown can be obtained

from comparison of the experimentally obtained data with

those in the tables.

1.5. 1g.. 1. Instrumentation

Three basic parts are necessary for X-ray powder

diffraction analysis (98): a source of X-ra y radiation "A",

the diffractornetex' "B", and the detection and counting system

"C" (see Fi g . 6).

The source of X-ray radiation comprises the

generator and an X-ray tube, and its function is to provide a

stable source of radiation required to irradiate the sample.

As is shown in Fi g . 7, a filtered monochromatic beam passes

through a line source "M", and a collimator system "B". It is

then diffracted by the sample "S" and passes throu gh a

receiving alit	 and a aecond collimator "C" into the

detector. The specimen is a powder sample exposed at an angle

to the incident beam. The angle is mechanically adjustable

by gears. The counting and collecting slits are mounted along

with the sample in such a way that any adjustment of 0 will

move the collectin g slit and the counter by an angle of 20

(101).

The detector converts the X-ray photons into voltage

pulses. These pulses are then amplified and sorted out by a

pulse height selector and finally counted. From here, the

signal passes to either a chart recorder or a visual display.

In X-ray diffraction, like in X-ray fluorescence,

proportional gas counters or scintillation counters are used.
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Fit. 6: Schematic re presentation of an X-ray

A: The source of X-ray radiation.

B: The diffraotometer.

C: The detection an counting system.

(After Ailman and Lawrence (2.01)]
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1.5.5. Factors Affecting X-Ray Fluorescence arid 	 X-Ray

Diffraction Results

As in any other analytical technique, X-ray

fluorescence and X-ray diffraction results are affected by

the characteristics of the instrument and the analyst's

skill. It is not the purpose of this section to discuss every

possible error in these two techniques, but to point out the

most common errors and how they affect the results. With

regard to X-ray diffraction, only errors related to powder

X-ray diffraction will be dealt with.

1.5.6. Errors in X-Ray Powder Diffraction Analysis

1.5.6.1. Instrumental Errors

According to Zussman (96), a small error [ 	 0.010

(20 )) in the position of the peaks is introduced, due to the

use of a flat specimen Instead of a curved sample. This error

is proportional to cos 2 (e) and thus, it tends to zero as

0 approaches 900.

Both absorption and fluorescence phenomena may be

present in X-ray diffraction analysis and can cause

pseudodoublets and high background (102).

Since the counting and recordin g of the photons are

not simultaneous processes, the fraction of time elapsed

between them introduces a constant error in 20, the

magnitude of which depends upon the time constant selected.

The wrong setting of the zero position in the

goniometer will also introduce a constant error in the 20
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angle. The magnitude of both rate-meter error and zero-angle

error in the calculation of d spacings is proportional to

cot(e ). Thus it tends to zero as the angle approaches 900.

The above-mentioned errors are usually small in a well

designed instrument and are compensated by using suitable

standards.

1.5.6.2. Specimen-Preparation Errors

Homogeneity over the range of lesS than 1	 urn,

constant particle size of between 1 and 50 urn, and no

preferred orientation are the characteristics of an ideal

sample for powder diffraction analysis. However, in practice,

a sample with these characteristics is not easil y prepared

and some problems arise when the sample does not fulfill the

above requirements.

Since the actual volume of powder used in a specimen

and the penetration of. the X-rays into the sample are rather

small, care must be taken durin g the sample preparation to

ensure a homogeneous and representative sample. Since only

crystallites, whose reflection planes are parallel to the

specimen surface give diffracted intensities, if the number

of crystallites Is small, there ma' not be a random

distribution and an error in the measured intensities is the

result. This error can be as much as 5-10% of the peak height

(98). Sample spinning provides a larger effective surface

and, thus reduces the chance of non-random orientation.

Preferred orientation is an extreme case of non-random

distribution and sample spinning will do little to overcome

it. The best solution lies in fine grinding and careful

sample preparation. Sedimentation techni ques and aerosols

have been used in specimen preparation in order to avoid
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preferred orientation (103, 101).

Although it is not possible to separate errors

affecting the identification of minerals, i.e., errors in

qualitative X-ray diffraction analysis, from errors affecting

the quantitative determination of the minerals, as most of

them are common for both analyses, the extent to which some

errors affect the two kinds of results j ustifies talking

about errors in quantitative analysis. Quantitative results

are affected by background effects that contribute to

scattering and diffraction at angles other than the discrete

Bragg reflections produced by the radiation employed. Some of

these factors are structural defects, general radiation when

unfiltered radiation is used,	 air	 scatter,	 secondary

fluorescence radiation, absorption, and spurious lines.

Spurious lines in turn are due to misalignment of the

instrument, diffraction effects from the sample and radiation

contaminants (103), variations in the crystal structure of

the analyte minerals, due to order-disorder phenomena and

solid solution (see References 105, 106 and 107, for details

about order-disorder in feldspar), or overlapping peaks,

whose height yaries with the concentration of two or more

components.

1.5.7. Errors in Quantitative X-Ray Fluorescence Analysis

Quantitative X-ray fluorescence analysis requires

identification and correction of interference effects

(usually matrix effects) and modification of sample through

preparation processes such as dissolution, fusion and

compression of pellets, and it is important to realize what

problems are likely to arise during the analysis.
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Errors can be caused by counting statistics,

instrumental errors, i.e., wrong excitation conditions or

tube type, operator errors, for instance, in preparation of

the samples and standards, and influence of the matrix in the

intensity we are measurin g , i.e., absorption which depends

upon the physical state of the sample. Absorption and

surface effects are a result of non-similarit y between the

sample and standards.

1.5.7.1. Absorption and Enhancement Effects

These effects arise from matrix components either

increasin g ox' decreasing the measured intensity of an analyte

line in a way that is different from the standards.

Absorption effects can be of two types, depending on

the matrix composition. Since it is the intensity of the tube

spectrum on the short wavelength side of the analyte

absorption edge, which produces the analyte excitation, If

other elements exist in relatively high concentrations in the

sample and can absorb the tube radiation from this part of

the spectrum, the effective excitation intensity experienced

by the arialyte is reduced. The analyte fluorescent intensity

is then reduced. On the other hand, the matrix components,

which have absorption edge wavelen gths on the long wavelength

side of the fluorescent analyte line, can absorb the analyte

radiation emitted by the element of interest, and again the

measured intensity of the analyte is reduced.

Enhancement of the analyte signal occurs when in the

matrix one of the components present emits X-ray radiation to

the short wavelength side of the analyte absorption edge

because the fluorescence radiation of this matrix component
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can cause excitation in addition to the anal yte excitation by

the X-ray tube.

Surface effects or physical interferences are due to

particle size and surface variations between the sample and

the standards because the scattering and absorption of

primary X-rays are different, arid different relative

intensities are produced.

In order to minimise absorption-enhancement and

physical effects, these effects must be kept the same for

sample and standards.
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CHAPTER II

EXPERIMENTAL

Major and trace element analysis was carried out

using a Philips PW 1 L&50/70 automatic X-ray fluorescence

spectrometer equiped with a 60 position sample changer and a

microcomputer for data processing. The major elements were

analysed from fused glass discs prepared according to the

method of Harvey et al. (108), which is described in Section

2.3.

2.1. Preparation of Samples for Analysis

The samples taken from localities described in Sections

1.1. and LL2. were split into two halves: one half was kept

as a reference and the other was used for analysis.

Before crushing, all weathered edges and previously

exposed surfaces were removed, and the samples washed and

dried. A fresh and representative part of the original rock

was selected. Having done this, the samples were then handled

with gloves so as to prevent any contamination, particularly

of sodium, coming from sweaty hands.

2.2. Crushing the Samples

The steps followed in crushing the specimens are shown

in Fig . 8. The cube shaped specimens were passed through the

j aw crusher, which reduced them to a size of approximately

5mm in diameter, suitable for the tema mill, in which the

samples were ground for four minutes before the

homogenization and splitting process. Homogenization was
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achieved by rollin g the powder' on a sheet of paper. The

samples were s plit by coning and quartering (see Fi g . 9).

Homogenization and splitting was required at this stage

in order' to obtain two portions of the same sample. A portion

ground to pass a 100 mesh sieve was used for the

determination of ferrous iron, water and carbon dioxide by

wet analysis, as well as for making the fused bead for X-ray

fluorescence determination of major elements. The second

portion of the sample was further ground to pass a 250 mesh

sieve. This powder was used to make the pressed pellet, with

which X-ray fluorescence determination of trace elements was

carried out.

To obtain a 250 mesh powder, a ball mill was used. About

10 g of 100 mesh powder was transferred to a clean agate pot

along with two small agate balls and mechanically shaken for

fifteen minutes.

The samples were then thoroughly homogenized again and

dried in an oven at 110°C for twenty-four hours, after

which they were allowed to cool in a desiccator.

2.2.1. Notes on Crushing

Every effort was made to avoid contamination of the

specimens durin g the crushing process. Contamination may

arise from several sources such as: sweaty hands, uncleaned

pieces of apparatus, and residues of previous samples

scattered around the bench where the crushing is bein g done.

Therefore, it is essential to avoid touching the samples, to

keep a clean working environment, and to thoroughly clean

each piece of apparatus between specimens. Particular care
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Fig . 8: Flow dia gram for the rock crushing procedure.
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Fig 9: Steps followed to s plit the samples.

Place four overlaying
sheets of paper on top
of a bigger one

Distribute evenl y the
powder as an annular
ring on the Li. pieces of
paper

Take quadrants 1 and 3
and transfer the sample
into a sample bottle.
Do the same with
quadrants 2 and 11. using
another sample bottle
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was taken when using the Jaw crusher, which is very difficult

to clean completely. Samples of similar composition were,

therefore, crushed together, and when crushin g different rock

types, the initial portion of the second type was crushed and

discarded.

In order to protect the agate rin gs of the tem mill,

portions between 50 g and 100 g of rock chips were placed in

the tema pot each time and ground for a maximum of 1 minutes.

Similar precautions were taken when operating the ball mill.

Only about 10 g of powder was transferred into the pot with

two agate balls.

2.3. Preparation of the Fused Beads

2.3.1. Equipment Required

a) Two hot plates with adjustable temperature control to be

maintained at 200 and 225 +/- 10°C.

b) A furnace capable of maintaining a temperature of 1000°C.

a) A plunger assemblage mounted on the surface of the hotier

of the two plates to mould the melted flux into the final

bead.

d) Six platinum gold crucibles with small bases and a

capacity of about 15 cm3 fitted with lids.

e) Blast burners, tripods, iron rin gs, and silica triangles.

The burners should be able to maintain a temperature of

1000°C.	 -
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Other items used included an electronic balance, asbestos

gloves, platinum tipped tongs, cooling blocks, a nickel

Bhovel, nickel tongs, asbestos rings and duraluminium

mountin g p].attens.

2.3.2. Flux

The beads were prepared using the commercially

available spectro flux 105, which contains 117.03% lithium

tetraborate, 36.63% lithium carbonate and 16.3 11% lanthanum

oxide. This is the fusion mixture recommended by Norrish and

Hutton (109).

2.3.3. Cleaning the Platinum Crucibles

To clean the crucibles, the process described below

was followed. Some sodium carbonate was fused in them until

all fused rock remaining was dissolved. After allowing some

time to cool, the crucibles were gently transferred into a

10% nitric acid solution and boiled until total dissolution

of carbonate and fused rock residual occurred. After cooling,

the crucibles were removed with the nickel tongs, washed

thoroughly with distilled water and dried in an oven at

100°C before usin g them. No contamination via the platinum

ti ps was ensured by resting the tongs with ti ps uppermost and

preventing them from coming into contact with the sodium

carbonate.

Small amounts of fused rock, which normally remain

after the preparation of each bead on the external walls of

the crucible, were removed with the fin ger. This prevented

the crucible being scratched, which ma y happen if this is

done with a scalpel.
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2.3.4. Procedure Used to Make the Beads

1) The fusion equipment was prepared for use: the hot plate

with the plunger assembly was heated to 225 .4-/- 10°C

and the other one was ad j usted to 200 +/- 10°C. The

temperatures of the furnace and the blast burners were

raised to 1000°C.

2) Along with 2.000 g of flux, 0.3750 g of sample were

weighed out into a crucible. The sample and crucible

number were noted.

3) The crucible containing the sample and flux was placed

into the furnace for 30 minutes in order to produce a

homogeneous melt.

4) After that, it was removed from the furnace and placed on

top of a. blast burner close to the plunger assemblage and

heated again until the sample was completely melted.

Gentle swirling of the melt around in the crucible helped

to incorporate into the melt any powder or droplets of

melt on the Bides of the crucible and to remove any air

bubbles present.

5) The final bead was made by pouring the dull red coloured

melt into the center of the mounting platten and lowering

the plunger firmly against the platten for a few seconds.

6) The plunger was raised and, with the nickel shovel, the

platteri and the bead were quickly transferred onto the

lower temperature hot plate, putting them between two

asbestos blocks, in the centre of an asbestos rin g . This
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asbestos rin g was at the same temperature as the hot

plate, i.e. 200°C.

7) After' thirty minutes, the asbestos blocks, keeping the

bead in between, were removed from the hot plate and

allowed to cool at room temperature on the bench before

removing the bead for labelling and storage.

2.3.5. Notes on Making Beads

Safety precautions involved wearing gloves and safety

spectacles as well as careful handling of the hot crucibles

to prevent burning accidents.

There are some other facts that may lead to bead

failure. Air bubbles may form in the bead mainly near' the

edges because either the plunger' is too hot or the melt is

also too hot, thus it is important to control the temperature

durin g the process. If the plunger is raised too quickly

after forming the bead, this may stick to the plunger.

Failure to control the temperature during cooling of the bead

may cause the bead to crack. In this investi gation, when the

procedure was unsuccessful, a new portion of sample was used

and the process repeated.

2.. Making the Pressed Powder Pellets

A pellet, consisting of six parts of rock to one part of

binder, was prepared for trace element analysis. This pellet

was prepared according to the method of Leak et al. (110),

using the portion of the sample passing a 250 mesh sieve.
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2.4.1. Equipment Required and Resin

a) Hydraulic press (30 ton)

b) Stainless steel plattens

a) Spexmixer

ci) polishin g lap with paper and diamond paste

e) Nickel spatula

f) Polythene vials and lids

g) Glass balls

h) Phenol formaldehyde resin RO 21k/i

i) Oven at 1.1.0°C

2.4.2. Procedure

1.) Six grams of rock powder along with one gram of resin

were weighed out and transferred to a clean polythene

vial, one glass ball was added and the cap replaced.

2) To obtain a homogeneous mixture, the vial containing the

sample, the resin, and the glass ball was mounted on the

spexmixer and shaken for 30 minutes.

3) Then the glass ball was removed and the powder placed

between two steel plattens and pressed under vacuum in a

press at about 5 tons per cm 2 for one minute, after

which the pressure was slowly released and the pellet

removed.

L1) The freshly formed pellet was put on a glass alide,

ensuring that the bottom Bide touched the glass, which

was then transferred to an oven at 110°C. After 25

minutes, the pellet was taken out of the oven and allowed

to cool for subsequent analysis.
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When handlin g the pellets, it is important to keep the

fingers away from the surfaces. It is also essential not to

touch the inside of the former case and the surface of the

plattens with the fin gers since sodium oxide is anal ysed from

the pellet.

2.5. Ferrous Iron Determination

Ferrous iron determination was performed on rock samples

which had been previously reduced to a powder, that passed a

100 mesh sieve. Ferrous analysis involved dissolution of the

samples in hot sulphuric and hydrofluoric acids in a platinum

crucible and subsequent titration of the solution with

standard potassium dichromate solution usin g diphenilaniine-

suiphonate as indicator.

2.5.1. Reagents and Equipment Required

Analytical-reagent grade chemicals were used in the

determination of ferrous iron.

a) Hydrofluoric acid

b) Sulphuric acid solution 50% V/V

a) Phosphoric acid 85% W/V

e) Boric acid

f) Potassium dlchromate solution made as follows:

2.73 g of potassium dichromate dried at 130°C were

dissolved in water and diluted to two litres with

distilled water. Each cm 3 of	 this	 solution	 is

equivalent to 2 mg of ferrous iron.
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2.5.2. Diphenylamine-Suiphonate Indicator

A 0.2% solution of sodium diphenylamine-suiphonate was

used as indicator.

Equipment involved platinum crucibles with 	 lids,

balance, a burette arid beakers.

2.5.3. Cleaniri the Crucibles

Before any sample was decomposed, the platinum

crucibles were cleaned with about 350 ml of 50% EC1 solution.

The crucibles and lids were left in this solution for 15

minutes, after' which they were transferred to another beaker,

containing distilled water. The crucibles and lids were then

heated until red on a bunsen burner flame and allowed to cool

at room temperature. Crucibles were cleaned in this way after

each analysis.

2.5.L&. Procedure

For each sample, about 0.5 g of powder were weighed

out using an electronic balance, and poured into a clean

platinum crucible with a tight lid. The sample was moistened

with a few drops of water to prevent any loss of sample under

the acid attack,. and 10 ml of 50% sulphuric acid was added.

The crucible with the sample was placed on a hot plate and

heated until almost boilin g. At this stage, 5 ml of

hydrofluoric acid were added and heating continued for 10

more minutes.

While the sample was being decomposed, the conditions
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to do the titration were arranged: about 300 ml of distilled

water were transferred to a 600 ml beaker and the following

reagents added to it: 10 ml of 50% sulphuric acid, 10 ml of

85% phosphoric acid, 10 g of boric acid and 10 drops of

indicator solution.

After decomposition of the sample, the crucible was

transferred to this solution holdin g the lid on until the

crucible was below the surface. The lid was then removed,

the solution stirred and titrated until a purple end point

appeared. Three replicates of each sample were analysed and

the percentage of ferrous iron calculated from the following

formula:

Volume of Standard Dichromate x 0.2
% FeO = -----------------------------------

Weight of Sample

2.6. Water and Carbon Dioxide Analysis

Water and carbon dioxide were simultaneousl y determined

in samples powdered to pass a 100 mesh sieve. Removal of

water and carbon dioxide was achieved by inserting the sample

into a combustion tube at 1100 to 1200°C; the gases thus

produced were propelled towards the absorbers by a current of

nitrogen gas. Water was absorbed on magnesium perchlorate

arid carbon dioxide in soda asbestos and determined

gravimetrically.

2.6.1. Apparatus

The apparatus is illustrated in Fig. 10. Nitro gen gas

coming from the cylinder passes through a flow regulator and
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Fig. 10: Simplified apparatus used for the determination of

water arid carbon dioxide.

A	 B	 C	 V
	

6	 H

A: Sul phuric acid bubble counter.

B: U-Tube containing calcium chloride.

C: U-Tube containing soda asbestos.

D: U-Tube containing anhydrous magnesium perchiorate.

E: High-temperature furnace.

e: Sample container.

F: Water absorption tube containin g arihydrous magnesium

perch lorate.

G: U-Tube containing a saturated solution of 	 chromium

trioxide.

H: U-Tube containing anhydrous magnesium perchiorate.

I: Carbon dioxide absorption tube containing soda asbestos.
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bubble counter (A), which contains concentrated sulphuric

acid. It is then purified on passing through tubes, which

contain fused calcium chloride (B), soda asbestos (C). and

anhydrous magnesium perchlorate (D), respectively. The

purified gas enters next into a combustion tube, which is

made of mul].ite, and in which the sam ple container (e) is

placed. The combustion tube is supported in a furnace (E) at

1100 to 1200°C. The nitro gen, along with water and carbon

dioxide coming from the sample, enters the tube (F), which

contains anhydrous magnesium perchiorate, where water is

absorbed. The remaining gases pass through another tube (G)

containing saturated .chx'omium trioxide in phosphoric acid to

remove any sulphur dioxide that may be present, and through a

tube (H) with anhydrous ma gnesium perchiorate, before

entering the carbon dioxide absorption tube (I). This tube is

filled with soda asbestos and some anhydrous magnesium

perchlorate at the end.

2.6.2. Procedure

Before any analysis was performed, the temperature in

the furnace was allowed to reach 1100°C, and the nitrogen

flow was regulated to about 3 litres per hour and passed

through the system and absorption tubes for 20 minutes. The

absorption tubes, which were cleaned and refilled with

magnesium perchiorate and soda asbestos every a samples, were

wiped carefully with a tissue and weighed to 5 decimal places

using an electronic balance.

About 0.5 g of 100 mesh powder of each sample was

weighed out into a previously i gnited mullite boat and placed

close to the entrance of the combustion tube. Nitro gen was

allowed to flow for one minute, after which the weighed
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absorption tube was connected, the boat with the sample was

pushed to the red zone of the combustion tube and heated for

30 minutes. The absorption tubes were then removed, wiped,

and reweighed to 5 decimal places.

Fifteen blanks and two standards were analysed before

the sample analysis was started, in order to check the system

and ensure satisfactory analyses. After this, a blank was

carried out every LI sam ples, except for the Fucoid Beds, for

which a blank was carried out with each sample. The blanks

were subtracted from the weights of water and carbon dioxide

and the percentages calculated from the following formulae:

Weight of H 20 obtained x 100
________

Weight of sample taken

Weight of Carbon Dioxide obtained x 100
,c02 = ---------------------------------------

Weight of sample taken

2.7. Specific Gravity Determination

Bulk specific gravity of the rocks was determined by

the principle of Archimedes (1011). In order to obtain a

reasonably pure homogeneous piece of rock, the external

surface was cut and disposed of, thus obtaining a cube shaped

specimen of about 25 g, which was used for specific gravity

determination.
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The samples were dried overni ght in an oven at 110°C

and then allowed to cool in a desiccator.

2.7.1. Procedure

Specific gravity determinations by	this method

involves weighing the specimen in air and calculation of its

volumen by measuring the apparent loss in weight of 	 the

specimen when it is immersed in a liquid of known density.

About 25 g of each specimen were weighed out in air.

Having recorded the wei ght of the specimens in air, the

sampleè were left overnight immersed in water under vacuum.

This was done to help draw out any air present in the pores

of the specimen. The weight in water was next obtained by

weighing the sample immersed in water hanging from a thread.

The specific gravity (G) was calculated as follows:

G-
Wi -

where W1 is the weight of the s pecimen in air and W 2 is

the weight of the specimen in water.

2.8. Mineralogical Analysis

Mineralogical analysis was performed using a Phili ps PW

1050/25 automatic X-ray powder diffractometer with a PW 1120/

/00/60 generator and a Carl Zeiss-Jena Amplival 	 Pol-U
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polarising microscope. Specimens for the diffractometer were

prepared accordin g to the method suggested by Hutchinson

(1011) and which will be described in Section 2.82. Thin

sections of the rocks were prepared for microscopic analysis.

2.8.1. Preparation of the Samples

Organic matter and other impurities present on the

external surface of the samples were removed by cleaning the

sample with a brush and then washing them thoroughly with

water. The samples were then left to dry at room temperature

before crushing and sieving.

A portion of about 0.11 g of each sample was subjected

to X-ray diffraction analysis in order to obtain a general

idea of the minerals present and to use this information in

order to carry out a better mineral separation under the

microscope.

The rocks were crushed in a jaw crusher, placed in a

set of sieves that ranged from 22 mesh to 85 mesh and shaken

for 10 minutes in order to separate the particles of

different size. To remove dust present in the surface of the

particles, each fraction was washed out with water and dried

in an oven at 80°C for 3 hours.

The . separation of the mineraiB was undertaken manually

using a binocular microscope.

2.8.2. Specimen Preparation for the Diffractometer

A few crystals of the mineral to be analysed were

Placed in a clean agate mortar and ground with an agate
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pestle in the presence of acetone until the gritty feeling

between the pestle and the powder disappeared. This slurry

was then poured evenly onto a glass slide of approximate

dimensions 25x35xi. mm (lOLl.) and allowed to dry . After some

time, acetone evaporated producing a thin la yer of powder,

which was mounted in the goniometer for analysis. Each

specimen was run at two degrees 2 0 per minute from about
il. 0 to 560 for an average scanning time of 28 minutes.

Some difficulties faced during the specimen

preparation arose from the small amount of minerals, which

could be separated under the microscope; from samples which

were too fine grained, it being very difficult to separate

individual minerals. Sometimes, instead of a true separation

of the mineral, only a concentration of it was achieved.

Nonetheless, this	 was	 enough	 to	 make	 the mineral

identification possible.

2.9. Quantitative X-Ray Diffraction

Quantitative X-ray diffraction analysis seeks to

determine the modal composition of rocks from a comparison of

peak heights.

In quantitative powder X-ray diffraction anal yses, it is

essential to have standards of precisely the same minerals as

are present in the sample.

Standards were prepared usin g pure minerals separated

from the following samples: Ll.2, 19, 9, and 16. Separation of

the minerals present in these samples under the microscope

allowed isolation of potassium feldspar from sample 11.2,

quartz and biotite from sample 19 and muscovite (i].].ite) from
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sample 9. Sample 16 was used as a source of pyrophyllite.

2.9.1. Calibration of the Instrument for Quantitative X-Ray

Diffraction

a) The separated minerals were ground in a tema mill to pass

a 100 mesh sieve and used as standards.

b) Standard mixtures were made

compositions, namely: a mixture of

potassium feldspar and a second

muscovite, ILO% of pyrophyllite,

28.1% of quartz.

of	 two	 different

50% quartz and 50%

mixture of 61L1% of

1.3% of biotite and

a) Specimens prepared as in Section 2.8.2. were run in the

diffractometer at 2 0 degrees per minute for an average
time of 28 minutes.

d) The peak hei ght corresponding to reflection of quartz at

muscovite at 10.OBX, potassium feldspar at 3.211.L

and pyrophyllite at 3.08A were measured from duplicate

analysis.

2.9.2. Selection of the Peaks

Careful observation of the diffractograms for

standards and samples leads to the conclusion that the peaks

noted above are relativel y free from overlapping reflections

and were thus selected for analysis.

2.9.3. Interpretation of the Calibration Results

Since the hei ght of the peaks produced by a certain
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component is proportional to the amount of this component

present in the mixture (103). It follows that:

% A kA HA

B kB HB

Hence

HA
= KA/B . --

HB

If ,5 A and	 B are known and HA and HB measured,

then KA/B can be calculated.

2.9.11. Calculation of the Constants Needed for Quantitative

X-Ray Diffraction

Peak hei ghts of the selected peaks for quartz,

muscovite. pyrophyllite, and potassium feldspar in the two

standard mixtures are given in Tables 2 and 3.

Calculation of KQ,/F, the ratio of the constants

between the quartz and the potassium feldspar peaks, is

presented here to illustrate the procedure followed to

estimate the set of constants summarised in Table 1j

50 = kQ • HQ	and
	

50 = kFHF

	

50	 50

	

= --	 and	 HF
kF

hence
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Table 2: Determination of KQ/F from a mixture of 50% quartz

and 50% potassium feldspar.

Quartz	 K feld.

	

50.00	 50.00

2	 112.80	 32.10

d	 2.115	 3.211

H	 3.02	 11.78

KQ/F	 3.90

Table 3: Determination of KQ,/M. KP/M. and Kp,iQ from a

mixture of quartz (Qtz.), muscovite (MBC.) and

pyrophyllite (Pyr.).

Qtz.	 !lsc.	 Pyr.

	

28.1	 611.1	 11.0

20	 112.8	 10.1	 311.0

d	 2.115	 10.08	 3.08

H	 3.3	 12.2	 2.0

1<	 KM1.6 Kp/M O.4 Kp/qO.2
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Table ii:	 Set of constants used in quantitative X-ray

diffraction analysis of the L.ewisian gneiss.

KQ/M	 Kp/Q	 KF/M	 XP/F

3.9	 1.6	 O.LI	 0.2	 0.1i	 0.9

Table 5: Measured height of peaks corresponding to muscovite

11M' potassium feldspar HF, pyrophyllite H.

and quartz HQ for sample 17.

Sample	 HM	 F	 HQ

17	 13.11	 0.00	 0.90	 1.92
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kQ 5OHF
KQ/F = -- =

kF	 5OHQ

50 x 2.1.78
KQ/------------ = 3•9

50 .	 3.02

2.10. guantification of the Minerals in the Samples

For each of the saniples from the felsic band, a

diffraatogram was obtained. The height of the peaks selected

for analysis was measured and compared with the standards in

order to obtain an estimate of the mineral composition.

2.10.1. The Calculation

Each sample was assumed to have four components:

quartz (% quartz = Q)• potassium feldspar (% potassium

feldspar = F). muscovite (% muscovite = M). and pyrophyllite

(% pyrophyllite P). The results give four height

measurements, each being equivalent to the concentrations of

one of the four minerals (H Q . HF. HM, and He). Thus,

there are four equations in four unknowns, which can be

solved using the constants previously estimated and give the

results shown in Table 21L The estimation of the mineral

composition of sample 17 is presented here as an example to

illustrate theBe calculations.

X-ray diffraction analysis shows that this sample

contains no potassium feldspar. It contains onl y quartz,
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pyrophyllite and muscovite. Peak hei ghts measured on the

diffractogram are for the peaks corresponding to each of the

minerals present in this sample and are shown in Table 5,

so

Q + M + P = 100
	

1

p	 Hp	 0.9
and	 =Kp/Q--=O.2X""=O.O9	 2

Q	 HQ	 1.92

P	 H	 0.91
- = KP/M • -- = o.L& x ------- 0.03	 3
M	 HM	 13.11

HQ	1.92
- = KQ/M	 -- = 1.6 x ------- 0.23
M	 HM	 13.11

p	p
From equation 2) Q = ---- and from equation 3) M = -----;

0.09	 0.03

substitution in equation 1) gives a value of P = % pyrophyl-

lite = 2.2.
Q

From equation 2) p = 0.09 Q and from equation 4) M =
0.23

substitution in equation 1) gives a value of Q = % of quartz=

= 18.4.

Finally, from e quation 3) p = 0.03 M and from equation 4) Q =

= 0.23 M; substitution in equation 1) gives a value of M = %

of muscovite = 79.4.
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CHAPTER III

PRESENT-DAY PROCESSES BEARING ON THE WEATHERING OF

LEWISIAN GNEISS

Chemical weathering processes require water and heat

and the rate at which they proceed is strongly influenced by

these two factors. The chemical reactions through which

weathering occurs follow the laws of e quilibrium and can be

treated as neutralization reactions in an aqueous medium in

which primary minerals, constituents of the Docks, dissolve

in water and basea are neutralized by carbonic acid. The

products of these reactions are secondary minerals, mainly

clays, that are precipitated under different environmental

conditions.

Such treatment requires a knowledge of the

thermodynamic controls, to determine which minerals are

stable in a given environment, and hence the nature of the

chemical reaction. This topic is dealt with in the first

section (3.1.). where it will be shown that the nature of the

reaction depends critically upon the acidity . The factors

which control the acidity of natural waters are treated next

(Section 3.2). The nature of the weatherin g products depends

upon the concentration of all the dissolved species, the

origin of which is discussed in Section 3.3.

The rocks preserved at Rispond represent the parent

material and only rarely where preserved from present-day

erosion are some of the products of the Precambrian

weathering seen. It is one of the ob j ects of this thesis to

infer the composition of the water, which reacted with the

parent Lewisian gneiss and produced the mineral assemblage
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now found 1ust below the Cambrian unconformity which is

considered to represent a fossil soil. In order to do this, a

survey of the composition of present-day natural waters is

made in Section 3.4., where the minerals expected on the

basis of thermodynamic e quilibrium are compared with what

data is available on weathering products in contact with

these natural waters. Finall y , in the last section (3.5.),

the evolution of groundwater' reacting with Lewisian gneiss Is

calculated by the mass balance method used b y Verstraten

(lii) In his study of weathering in the Ardennes.

3.1. The Thermodynamic Control of Weathering

3.1.1. The Phase Rule

This Is a general law dealing with phase equilibrium

and can be expressed mathematicall y as follows: If in a

system of n components, the number' of degrees of freedom is f

and the number' of phases is p. the equation is

f+p=n+2

Taking the case of the Lewisian gneiss as an example,

the phase rule may be applied as follows: The number of

components is 7 (viz. Sb 2 , Al 203 , FeO, MgO, CaO, Na20,

and K20) so n = 7; the number of degrees of freedom is 4

since temperature and pressure can vary, giving two degrees

of freedom; there are also two solid solutions, whose

composition can be defined only with the inclusion of two

further' degrees of freedom, viz., biotite, a solid solution

between magnesium and iron end members, and plagioclase, a

partial solid solution between calcium and sodium end

members. This leads to five minerals or phases:



- 914. -

P=fl-f+ 2

p= 7 - L +2=5

The minerals are: quartz, microcline, plagioclase,

muscovite, and biotite.

Solid solutions are quite common in minerals. However',

because of the simplicity of the system under consideration,

which will be shown in Chapter 11 to contain mainly potassium.

silicon, and aluminium, there is very little solid solution,

and in this thesis, effects of solid solution will be

neglected.

3.1.2. Closed and Open Systems

Since weathering profiles are open systems, a

discussion of concentrations in the aqueous phase as well as

the concentrations in the solid phase will be included.

It has already been pointed out that the main

components of the system are K20, Al 203 , Si02 and H20,

i.e. the system has four components and two degrees of

freedom. Since the temperature and the pressure can vary. it

follows from the phase rule that the number of phases are

four.

The four phases are three minerals, either' quartz,

pyx'ophyllite, and muscovite, or quartz, muscovite, and

microcline, and water, three solid phases and one fluid

phase.

The above reasoning is only valid when dealing with
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closed systems, i.e., those ByBtems, in which mass does not

enter or leave. However, weathering profiles are open

systems, in which mass may enter or leave. This means that

concentration variations of ions in the aqueous phase must be

taken into consideration. In doing so, the number of

components is the same (1.), but the number of degrees of

freedom now becomes four since, in the aqueous phase, the

concentration of potassium ions and hydrogen ions are

variable. Hence the number of phases in the open systems is

two.

p=1- 1+2=2

From these two phases, one is aqueous and one is

mineral. A natural water in equilibrium with a L.ewisian

felsic layer of an initial composition of quartz, feldspar

and mica will have only one mineral present. The other

minerals originally present will react together via the

aqueous phase until only one mineral remains, regardless of

the original composition of the rock.

Another factor that has to be taken into account when

dealing with soil profiles as thermodynamic open systems is

that quartz is de posited only very slowl y from solutions of

silicic acid that exceed the quartz solubility . Quartz does

not reach equilibrium with natural waters, its solutions are

often supersaturated. This is particularly important for the

mobile waters of rivers, lakes and shallow groUndwaters

because in these waters, hi gh concentrations of silicic acid

are generated and transported.

This lack of equilibrium alters the	 number of

components and degrees of freedom in the system, since a new
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Fi g. fi: Activity diagram for some minerals in the system

K20-Al203-Si02-H20.

At 25°C and 1 atm. total pressure.
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component and one more degree of freedom should be included

(112, 113). It can be seen that, upon applying the phase rule

with this modification, the number of phases is still two but

the concentration of ailicid acid has to be specified.

As thermodynamic open systems, weathering profiles are

usually represented in terms of activity diagrams (22, 47).

These diagrams show mineral stability fields on a graph whose

axes are the activity in the aqueous phase of those species,

whose concentration in the aqueous phase can vary. One such

diagram, suitable for the discussion of the weathering of

Lewisian gneiss (which is discussed in Chapter Iv), is

constructed and examined in the next section.

3.1.3. The Activity Diagram for the K20-Al203-Si02-H20

System Open to K, H, and HSiO4

An activity diagram showing stability fields for

potassium feldspar, muscovite, pyrophyllite, kaolinite and

gibbeite in equilibrium with natural waters, is presented in

Fi g . 11. The thermodynamic data used to plot this diagram are

summarised in Table 6. Theae data have been taken from

Helgeson (78, 91). Solubilities of silica and amorphous

silica have been taken from Morey et al. (114, 115).

When reactions are written for the mineral

compatibilities shown in Fig . 11, it is discovered that only

three variables need to be considered: the concentrations of

potassium ions, hydrogen ions and silicia acid. Moreover, the

power to which the ratio of the concentration of potassium

ions over the concentration of hydrogen ions is raised is

always unity. Therefore, the mineral relations can 	 be
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Table 6: Thermodynamic data used to plot the activity diagram

for the system K 20-Al 2 03 -Si02 -H2 0 at 250C.

	

Cal	 Cal
Species	 Formula	 AH---	 O ------AG°Cal

	

Mol	 Mo]. 0C
name

Msc.	 H2KA13S13012

Pyr.	 H2Al2S14012

Mar.	 KA1Si3O8

Gbb.	 Al(OH)3

Kin.	 H4Al2S1209

Qtz.	 Sb2

Water H20

Proton I-i

K-ion	 K

Sil.ac. H1Si0j1

-1427, 408

-2.345, 313

- 949,2.88

- 309,065

- 982.221

- 217,650

- 68.315

00. 000

- 60,040

- 348,060

69.00

57. 20

52.117

2.6.75

48.53

9.88

16.71

00.00

211.50

115. 84

-1336, 301

-1255, 997

- 895,374

- 276,188

- 905,614

- 204,646

- 56,687

00. 000

- 67,349

- 312,560

Abbreviations:

MBa = Muscovite

Pyr = Pyrophyllite

Mcr = Microcline

Gbb = Gibbsite

Kin	 Kaolinite

Qtz = Quartz
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described in a two dimensional diagram involvin g the ratio of

the concentration of potassium ions to the concentration of

hydrogen ions as one axis and the activity of elude acid as

the other (see Fi g . 11).

The reactions and equilibrium constants are as follows:

1) H4Al 2 Si 20 9 + 5H 20 = 2A1(OH) 3 + 2H11SlO

Kaolinite	 Water Gibbsite	 Silicic Acid

K = (H4sio4]2 = 10-8.50

2) 3KA1S1 308 + 2W' + 12H 20=H2 KA1 3S1 3O12 + 2K + 6HSlO4

Microcline	 Water Muscovite	 Silicic Acid

[K'] 2
K = -----(H11 sio 11 ] 6 = 10

[iF'] 2

3) 2H 2 KA1 3S1 3012 + 3H20 + 2W' = 21(' + 3H4Al2S1209

Muscovite	 Water	 Kaolinite

[K]2
K-------- 106.51

[H] 2

IL) 2KA1Si 3O 8 + 2W' + 9H20 = H4Al 2 S1 209 + 2K' +ILHILSIOIL

Microcline	 Water Kaolinite	 Silicic Acid

(K]2
K = -----(HILSIOIL]6 	 10-7.612
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5) H 2Al 2 S14012 + 5H2 0 = H aAl 2 S1 2 O 9 + 2HSiO4

Pyrophyllite Water Kaolinite	 Silicic Acid

K = [HSio] 2 = 1o6 38

6) 2KA1S1 308 + 2H + 41120 = H2Al 2 S111 012 + 2K4 + 2HSi0

Microcline	 Water Pyrophyllite	 Silicic Acid

K - ----- [ H11sio]2 = iO23
(H4] 2

7) H 2KA1 3 S1 30 12 + H4 + 9H 20 = 3Al(OH) 3 + K4 + 3HbSi0

Muscovite	 Water Gibbsite	 Silicic Acid

(K4]
K = ---- [HSi0 11 ] 3 =

[H4]

8) 2H 2 KA1 3 S1 3 0 12 +2H 4 +6H11 sio12H2 o +H 2Al 2 S4012 +2K4

Muscovite	 Sil.Ac. Water Pyrophyllite

(K4] 2
K = ---- - ( HSi0]6 = io25.6h1

[H4] 2

For each one of the above reactions, usin g the

thermodynamic data presented in Table 6, the free energy of

the reaction and the equilibrium constant have been

calculated and are summarised in Table 7 in terms of log of

(K).

Each of the fields shown in Fi g . 11 represents the
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Table 7: Free energiee of reaction and lo C K) for each one

of the reactions involved in the 8011 profile.

Reaction No.	 AG0r Koal	 log(K)

1	 +.2.. 593	 - 8.50

2	 +20.007	 -11L67

3	 - 8.877	 ^ 6.51

	^10.379	 - 7.61

5	 + 8.698	 - 6.38

6	 + 1.681	 - 1.23

7	 ^12.951	 - 9.119

8	 -311.971	 ^25.6k
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range of chemical compositions of waters over which one

mineral is stable once equilibrium is attained. Minerals are

not stable in waters with chemical com positions that plot

outside their stabilit y fields.

It can be seen from Fi g . 11 that gibbsite, a typical

weathering product of tropical profiles occurs at very low

concentrations of si].icic acid, followed, if the potassium to

hydrogen ion ratio is low, by the stability fields of

kaolinite and, at still higher silica concentration, that of

pyrophyllite. At hi gh potassium to hydrogen ion ratios,

increasing the silicic acid concentration results in illite

and then potassium feldspar being the stable phases.

It is also clear from the same diagram that muscovite

and pyrophyllite do not form a stable association. Microcline

weathers directly to pyrophyllite, kaolinite or muscovite.

Note that the pyrophyllite field can be reached assuming that

microcline weathers first to kaolinite and then to

pyrophyllite or assuming that microcline weathers first to

muscovite, then to kaolinite and finally kaolinite weathers

to pyrophyllite. The activit y diagram is modified slightly

when the mineral beidellite is taken into account. This is

discussed in Section LL.11.2., in the next chapter.

It has to be emphasised that, for several reasons, the

ion activity levels presented in Fig. 11 can only be

considered approximate. For example, the stability field for

these minerals will vary	 somewhat	 according to	 the

crystallinity of the mineral; the lines represent the

stability of minerals as determined by diseolution and other

methods that determine the ion activities that such minerals

will support. In nature, similar minerals may not precipitate
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at the same ionic activities; some uncertainty exists in some

of the mineral stability determinations and alsoin some of

the thermodynamic values required to compute the free energy

of the minerals (116). Further, as has been pointed out by

Velde (92). if solid solution is i gnored, thermodynamic data

will be inexact; calculations of the free energy of

phyllosilicates from addition of thermodynamical data of

component oxides is not precise enough for detailed analysis

since it does not account for configurational energy

contributions to the energy of these minerals; and finally.

all stable phases must be included in such diagrams and all

the unstable phases must be excluded. There are several

possible and important minerals, e.g., potassium

montmoril].onite, hydromuscovite, and illite, for which the

thermodynamic data are so uncertain that they have been

excluded from the activity diagram. However, it is possible

that such minerals may be stable phases and should be

Included. All these uncertainties show that Fig. 11 should be

treated as little more than a first approximation.

As a consequence of these uncertainties, the positions

but not the slopes of the lines shown in Fi g . 11 will be

altered by any revision in the thermodynamic data for the

minerals considered. Also the diagram requires the addition

of fields corresponding to potassium beidellite and its solid

solutions with illite. These fields will occur between the

feldspar and kaolinite fields and/or the feldspar .and

pyrophyllite fields, depending on the unknown thermodynamic

constants.
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3.2. The Acidity of Natural Waters

The main reaction that occurs during the weatherin g of

rocks can be summarised as follows:

Rock + Carbon Dioxide + Water = Secondary Mineral(s) +

Bicarbonates of bases + Silicic Acid.

The weathering rate, that is, how fast this reaction

occurs, depends upon several factors: the nature of the rock,

the nature of the secondary minerals, the concentration of

carbonic acid and the rate constant of the reaction. The

nature of the rock in a particular area is assessed by field

inspection. Evaluation of secondary minerals is not always

easy; particularly when dealing with fine grained minerals,

some insight into the secondary minerals can be gained by

studying them under the microscope, by X-ray diffraction

analysis, and by looking at their activity dia grams. The rate

constant depends upon the particular reaction under

consideration, and the mechanism b y which such a reaction

proceeds towards equilibrium. The rate constant also depends

upon the temperature: it increases rapidly as the temperature

rises. The concentration of carbonic acid affects the

weathering rate since it is the major source of acidity in

natural waters.

3.2.1. The Carbonate Equilibrium

The pH of most natural waters is controlled by

reactions involvin g the ionisation of carbonic acid. Carbonic

acid has two ionisation constants:
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(Hco 3 ] [H) 2

[H2CO3]

=

	

	 = 1o_b013
[HCO3]

The equilibrium constant for the reaction between atmospheric

CO2 and water is

[H c03]
1(3 = ----------

p Co2

where p Co2 is expressed in atmospheres.

These three equilibria govern the concentration of

carbonic acid in natural waters. The above values for the

constants are at 15°C (111).

The acidity of soil water depends upon the local

concentration of carbon dioxide in the soil atmosphere, which

is much higher than the concentration in the general

atmosphere. It must be emphasised that today these

concentrations are very different. In the Precambrian, in the

absence of plants, the concentration in the general

atmosphere and in the soil atmosphere was probably the same.

Although this concentration may well have been higher than

the concentration in the present-day atmosphere (15L&).

The concentration of carbon dioxide in soil atmosphere

is today controlled by the decomposition and respiration of

plants, arid is generally fairly constant. Because of this
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constancy, the pH of soi]. waters is controlled by the amount

of bases dissolved during weatherin g of the soil which,

during dissolution, produces an equivalent concentration of

bicarbonate ion.

The more weathering, the more bicarbonates; the more

bicarbonates, the higher is the pH; the more carbon dioxide

present in the local soil atmosphere, the lower is the pH.

[CO2]at
(H] = <1 K--------

(Hc03]

The concentration of carbon dioxide in the general

atmosphere (0.03%) is controlled by the pH of the sea water,

which acts as an enormous reservoir of this gas.

The pH of the sea water is in turn governed by the

balance between the total catione (mainl y Na, K, Mg

and Ca 2 ) and the anions of the strong acids (C1	 and

SO4 2 ). As the balance changes to increase the cations.

more bicarbonate is converted to carbonate in order to

produce charge balance.

In present-day oceans, the factors controllin g the

cation/anion balance are mainl y the removal by living

organisms of calcium carbonate to form shell and the

respiration and metabolism of plankton, which

converts organic carbon to carbon dioxide and vice versa.

However, on a geological time scale, it is the balance

between the supply of cations and anions by erosion and their

removal in sediments, which controls this balance. Any change

in the rate ox' nature of these processes will alter. the
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Fi g . 12: Atmos pheric carbon	 dioxide	 concentration	 in

equilibrium with natural waters.
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a - J.M. Verstraten (111)

b - J. Lewin (117)

o - Y.F. Kharaka et al. (118), Eugatex' and Hardle (119)

d - W.S. Brocker (120)

e - Eu gstep and Hardie (119) - Alkali Valley.
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atmospheric carbon dioxide concentration (120). The processes

which remove sodium, potassium and chloride from sea water

are not wel]. understood and any prediction of past

atmospheric carbon dioxide concentrations is little more than

speculation.

3.2.2. Carbon Dioxide Concentrations in Waters

Sea water controls the carbon dioxide concentration in

the general atmosphere, but the carbon dioxide concentration

in rivers, springs and lakes is governed by the difference

between the carbon dioxide concentration in the soil

atmosphere and the general atmosphere (see Fi g . 12). Soil

waters from the Haartz catchments in the Luxembourg Ardennes

(111), are presented here as an example of the concentration

of carbon dioxide that may be found in soil waters. The

atmosphere in equilibrium with this water contains 2% of

carbon dioxide. As waters leave the soil from springs and run

down towards the sea as rivers, their carbon dioxide content

decreases and approaches equilibrium with the general

atmosphere. Note that some alkaline lakes are de pleted in

carbon dioxide when compared with the atmos phere. As such

lakes	 become more	 and	 more	 concentrated,	 trona

(Na2 CO 3 .NaHCO 3 .2H 20) starts to be deposited and during this

process carbon dioxide is removed from the lake in the form

of sodium bicarbonate. The precipitation of calcium carbonate

has the reverse effect because it is present in waters as the

bicarbonate ion, which on precipitation of calcite liberates

carbon dioxide.

Ca(HCO3 ) 2 = CaCO3 + H 20 + CO2
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3.3.The Origin of the Chemical Components of Natural Waters

Rainfall supplies the water that causes the chemical

weathering of rocks. Rain is not pure water, but contains a

wide range of dissolved substances. The chemical composition

of the rain water is different from the chemical composition

of ground water' and varies from region to region (22). Rain

is always acid and the amount of sodium chloride present from

the oceans decreases towards the interior part of the

continents. Rain near industrial areas commonly also contains

hi gh amounts of SO 2 , CO 2 . and S( 2 . mainly derived

from the combustion of coal and oil (22, 121). The average

chemical composition of rain water reported by Lapedes (122)

and the average com position of rain water' in Northern Europe

as given by Carroll (123) are summarised in Table 8 along

with other' chemical analyses for rain water.

Drastic changes in the chemical composition of the water

take place as it enters and reacts with the soil components.

Since the products of these reactions vary from soil to soil.

the chemical characterisation of ground water's becomes

difficult. However, it is possible to give some details about

pH variations in water. Generally speaking, water in contact

with rocks or soil at the surface , of the earth dissolves

carbon dioxide, therefore becomin g more acid, according to

the equation:

H 20 + CO2 = H + HCO3

Carbon dioxide is derived from the respiration of plant

roots and the bacterial degradation of organic materials. The

supply of acid soil waters is thus lar gely controlled by

plant activity.
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Table 8: Average chemical composition of rain water 	 as

reported by Lapedes (122) and average chemical

composition of rain water in Northern Europe and

other areas of the world.-

Concentrations are given in p.p.m.

Na	 K	 Ca2 Mg 2 C1	 SO(2

Aver. chem.comp.rain 	 1.98 0.30 0.09 0.27 3.79 0.58

Northern Europe	 2.05 0.35 1.42 0.39 3.47 2.19

Hubbard Brook 1964-77 0.11 0.06 0.1k 0.04 0.42 2.74

"	 "	 1963-7k 0.12 0.07 0.17 0.05 0 .51 2.87

Amazon basin	 0.29 0.04 0.04 0.03 0.49 0.49

L/Valencia (Venezuela) 2.12 0.70 1.41 0.90 3.1 11	 -

Haartz (Luxembourg )	 0.67 0.25 0.74 0.07 1.93 3.911

Minnesota (USA)	 0.111. 0.13 0.80 0.26 0.93 3.78

Snow melt	 0.02 0.015 0.02 0.02 0.20

Taite (N. Zealand)	 5.11.	 0.66 0.79 0.78 9.20 	 -

Atlantic Coast (USA) 	 1.3	 0.07 0.34 0.31 1.65 6.00

Mid.Atlantic (Bermuda) 3.11.	 1.57 0.62. 0.92 6.78 3.11.8

Average	 1.11.2 0.36 0.59 0.311. 2.61 3.19



- i_li. -

Table 8 (cont.)

NO3	 HCO3 Si0 2 NH	 pH Ref.

Aver. chem.comp.rain	 -	 0.12	 -	 -	 5.7	 122

Northern Europe	 0.27	 -	 -	 0.41 547 123

Hubbard Brook 1964-77 1.46 0.006 0.02 0.19 4.15 124

"	 1963-74 1.43	 -	 -	 0.22 4.13 125

Amazon basin	 0.13	 -	 0.0	 -	 5.03 126

L/Valencia (Venezuela) 0.21 8.18 0.18 0.40 11.28 127

Haartz (Luxembourg)	 1.62	 -	 -	 0.87 4.113 111

Minnesota (USA)	 1.28	 -	 -	 0.67 4.67 128

Snow melt	 0.03	 -	 0.26 0.005 5.27 129

Taite (N. Zealand) 	 -	 -	 -	 -	 -	 130

Atlantic Coast (USA)	 1.56	 -	 -	 0.34 11.22 131

Mid.Atlantic (Bermuda) 0.40	 -	 -	 0.081 11.711 131

Average	 1.19 4.10 0.2.2 0.113 11.63
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The concentration of hydrogen ions, expressed as pH, is

of fundamental importance in weathering processes as it

influences the solubility of silicon and metal oxides and may

replace other cations within the structure of some minerals.

Natural waters contain the following chemical species:

Na, K, Ca 2 , Mg 2 , C1, SO 2 , NO 3 , and Si02 . The main

sources of these cations and anions are rainfall, weathering

and some contribution from plants, via the leaf fall. The

amount each of these sources contributes to the total is

difficult to assess and varies from place to place. The

contribution of plants to the composition of natural waters

varies from season to season and, althou gh in some cases it

may be important for the present investigation, it has been

ignored because terrestrial plants were absent from the

Precambrian paleosol bein g investigated.

Some idea of the contribution of the rainfall to the

chemistry of natural waters can be gained by comparing the

chemical composition of the rainfall given in Table 8 with

the average river water com position and calculatin g the

percentage of •each of these species that comes from rain, as

is done in Table 9. The comparison, however, cannot be made

directly since evaporation has to be taken into account.

Calculations given in Table 9 are made assuming evaporation

of 5%. The river water composition given here is that

reported by Livingston (132). It can be appreciated from

Table 9 that the three lar gest contributions from rain waters

are for sodium and chloride from marine salt, and sulphate

from forest fires. The contribution for the remaining

elements is very small so most of the chemical constituents

of natural waters come from the weathering of rocks. There is

an enormous difference in the amount of silica, which in
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Table 9: Contribution of rain water to the composition of

soil water.

Element
	

Rain water	 River water	 % from rain

ppm	 ppm
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natural waters comes mainl y from the decom position of rocks

and, in some cases, from decomposition of plants that

accumulate silica (133).

3.4. The Chemical Composition of Natural Waters

Precambrian waters were probably generated by processes

similar to those in operation today, viz.: dissolution,

reaction, and evaporation. Nevertheless, the rate and extent

of these processes, and hence the composition of the waters

and the nature of the minerals produced, may well differ from

that occurring at the present day because the factors which

control the weathering process (carbon dioxide concentration

in the soil atmosphere, temperature, etc. ) and the rate of

evaporation (temperature, depth of soil, water table,

rainfall and wind speed) will very probably have been

different. Any discussion of weathering in the past, however,

must start by considering the processes taking place today

because these are the processes best understood. Hopefully

Precambrian weathering can be understood by assuming

different values for the controlling variables or by

extrapolating present processes rather than b y postulating

completely new processes. With this end in view, a brief

discussion of the chemical composition of ground and surface

waters is introduced here.

3.4.1. Ground Waters

The chemistry of most of the surface and ground waters

results from the interaction of rain and rocks near the

surface of the earth, usually in the zone of soil formation.

A part of the solutes in ,surface and ground waters is
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supplied by rain water but most of the substances present in

these waters come from the weathering of rocks (see Section

3.3).

It is obvious that the chemical composition of these

waters is influenced by the same factors that affect the

weathering of rocks, that is to say climate, organisms,

topography, parent material and time. These factors plus the

hydrological environment in a certain region control the

amount and type of species present in solutions.

It is important to emphasise that chemical attack is

the most important cause of dissolution of minerals from

rooks. Chemical attack in turn is governed by the amount of

CO2 present in the vicinity of the waters. Nitric and

nitrous acids, produced by the decomposition of organic

matter, organic acids produced by living matter, and

sulphuric acid, which is produced b y oxidation of suiphides

also attack rocks, but the most important agent is carbonic

acid.

Hydrogen ion, potassium ion and silica concentrations

for ground waters from different localities, taken from

Yuretich and Cerling (13 Lt), Taylor and Royer (135), Paces

(136), Hopkins and Petri (137), and Verstraten (111), are

given in Appendix 1 and plotted on the activity diagram shown

in Fi g . 13. Ground water anal yses given by Vuretich are from

sediments and basalts in the neighbourhood of an alkaline

lake. Data taken from Paces relate to ground waters from

granitic rocks and arkoses in the Bohemian massif. Chemical

analyses for ground waters in Pennsylvania and several

counties in South Dakota have been taken from Ta ylor and

Royer and Hopkins and Petri respectively. Water analyses from
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Fi g. 13: Composition of ground waters plotted on the activity

diagram for the system K20-Al 203 -Si02 -}120 at 25°C.
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the Ardennes, presented b y Verstraten, are here considered as

a typical example of present-day soil water interactions in

the temperate region. The position of these waters in the

diagram suggests that kaolinite and microcline are the

minerals that are stable in contact with these waters, the

potassium feldspar bein g stable in the more concentrated

alkaline waters, e.g., Yuretich and Cerling (13L1), Hopkins

and Petri (13).

3.1L2. Geothermal Waters

Waters that penetrate deep into the earth may be

heated from below by contact with hot rocks or by the ascent

of hot emanations, includin g superheated steam, which raises

the temperature of the water which then emerges at the

surface of the earth as geysers or as hot springs.

According to Arnoreson et al. (138), the chemical

composition of geochemical systems is dynamic and governed by

the rate of leaching of the various chemical components from

the chemical constituents of the primary rock and the

kinetics of the formation and alteration of minerals (138).

The composition of the waters, however, is also affected by

external variables acting on the system such as temperature

and pressure.

Hydrogen ion, silica and potassium concentrations for

geothermal waters from Iceland are summarised in Appendix 2

and plotted on the activity diagram shown in Fi g . 1L. Data

have been taken from Arnorseon et al., Tables 1 and 2 (138).

Chemical compositions for waters with temperatures outside

the range 18-2L1.°C have not been included. 	 -
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Fi g . 11: Composition of geothermal waters plotted on the

activity diagram f or the system K20-Al203-Si02-1120

at 25°C.
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It is clear from Fig. ill, that potassium feldspar is

the stable mineral in e quilibrium with geothermal waters 1 and

in fact, is one of the minerals with which these waters

equilibrate (138).

3.11.3. River and Stream Waters

River and stream water chemistry is more complex than

ground water chemistry because it consists of a variable

mixture of waters that have reached the channel b y different

routes. Because ground waters remain in contact with rocks

for longer periods of time than stream waters, they generally

have a higher concentration of dissolved solids when compared

with waters that reach the stream by some surface route or

after a short residence in the soil. During dry seasons, the

stream flow is dominated by ground water drainage, therefore,

the concentration of solutes in the water tends to be high.

During wet seasons, this concentration tends • to be low

because the stream flow is dominated by rain water or

subsurface flow so, for most streams, there exiBts an inverse

correlation between discharge and the concentration of total

dissolved solids as is illustrated in Fig. 15.

As may be expected, stream water chemistry varies with

the geology of the drainage basin, but rivers are a mixture

of a variety of waters with different chemical compositions

coming from different litho].ogies. There is also a gross

correlation between total dissolved solids and the climate

and hydrology. Streams in arid re gions tend to have a higher

concentration than streams in humid regions. The content of

dissolved solids in streams is sometimes increased by

concentrated waters comin g from mines or oil fields and by

the addition of industrial and municipal wastes or drainage
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Fi g . 15: VariatIon of totally dissolved solids concentration

with stream discharge for the Athi River, Kenya.-

(After Dunne and Leopold (139)].
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from irrigated lands, although clearl y these processes are

modern and could not have operated in the geological

past.

Hydrogen ion, potassium and silica concentrations for

several rivers and streams are summarised in Appendix 3 and

plotted on the stability field dia gram in Fi g . 16. Data for

rivers and streams have been taken from '(uretich and Cerling

(134), Dunne and Leopold (139), Stallard and Edmond (140),

Johnson et al. (125), Keller (141), Love (142-144), Miller

(145), Oltman (146), and Verstraten (111). The composition of

rivrs s.rid stream waters plot in the fields of kaolinite and

microcline, indicating that these minerals are stable in

these waters.

3.4.4. Lakes

The chemical composition of lakes, like other surface

waters, is controlled by three major mechanisms: atmospheric

precipitation, rock type and the evaporation-crystallization

process (147). Other second-order factors, which may be of

local importance are climate, ve getation and human influence

( 147). However, Feth (148) has criticized this approach as

being based upon extrapolation of incomplete data across

large regions.

The chemical composition of lakes with drainage may

differ greatly from closed ones because, in undrained lakes,

only crystallization removes the dissolved load from the

lake. Although in most lakes the chemical constituents of

their waters do not accumulate beyond the potable range, in

some cases, the lake becomes saline. Saline lakes occur

because the rate of evaporation is faster than the rate of
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Fi g . 16: Composition of rivers and stream waters plotted on

the activity diagram for the s ystem K2 0-Al 2 03 --Si02

-H2 0 at 250C.
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inflow or because the inflow is saline or both.

The net effect of evaporation is to remove pure water

from solution so that the concentration of all dissolved

species tends to increase. It also involves loss of carbon

dioxide as the water approaches e quilibrium with	 the

atmosphere. Initially, calcium carbonate starts to

precipitate and will continue to do so until virtually all

the calcium is removed from the solution. At this stage,

removal of magnesium starts by precipitation of dolomite or

the silicate sepiolite until essentiall y all magnesium is

consumed (111.9).

Mg 2 + 3H4SiO14 + 2HCO3 = MgSI3O6(OH) 2 + 6H20 + 2CO2

or

Mg 2 + 2HCO 3 + CaCO3 = Car4g(CO 3 ) 2 + Co2 + HO

In either case, there is an increase in alkalinit y and

the final result of this concentration process is a strongly

alkaline solution.

Hydrogen ion, potassium and silica concentrations for

some alkaline and fresh-water lakes have been summarised in

Appendix 11. and plotted on the stabilit y fields diagram shown

in Fi g . 1.7. Chemical analyses of waters from these lakes have

been taken from Kharaka et al. (118), Olafeson (150),

Yuretich and Cerling (134), Gao et al. (15 1 ), Mitten et al.

(152), phillips (153), Eugster and Hardie (119), and Tailing

and Tailin g (155).

It can be seen from Fig . 17 that fresh-water lakes
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Fig . 17: Composition of waters from fresh and alkaline lakes

plotted on the activity Dia gram for the system K 20-

Al 2 0 3 -S10 20-H20 at 250C.

Data taken from References 118, 119, 13L, 150, 151,

152, 153, 155.
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plot in the field of keolinite and microcline, indicating

that these minerals are stable in these waters. Alkaline

lakes plot in the field of microc].ine and muscovite, which

means that these minerals are stable in alkaline lakes.

3.11.5. Oceanic Waters

Determination of sodium, potassium, magnesium,

calcium, and strontium, carried out on samples of water from

the major oceans over many years has led to the conclusion

that the concentration of these elements in sea water is

constant (156). The ratio of potassium to ch].orinity for the

major oceans, as given by Riley and Tongudai (156) is shown

in Table 10, to emphasise the previous statement.

The concentration of potassium in normal sea waters is

380 ppm (122, 157, 158). For the purpose of this work, this

value of 380 ppm has been accepted and used.

Most variations in the composition of sea water arise

from the removal of elements b y organisms living in surface

sea water and the later release of these elements due to the

destruction of biologically produced particles in deeper

waters.

Marine plants livin g in the surface of the seas give

off oxygen and extract carbon dioxide and other nutrients

from the sea to produce organic matter. Plants are consumed

by animals, some of which also extract calcium, and silica to

make carbonate or silica shells or tests. Durin g the downward

rain of particles produced by plants and animals in surface

waters, destruction of organic matter by bacteria and animals

release carbon dioxide back into the water column at depth



- 126 -

Table 10: K/Cl ratio for the main oceans and seas of the

world. -

[After Riley and Tongudai (156)].

Ocean/Sea	 K/Cl

Atlantic	 0.0206

Pacific	 0.0206

Indian	 0.0206

N. Seas	 0.0205

S. Seas	 0.0206

Mediterranean	 0. 0206
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and consumes dissolved oxygen. Some of these particles

dissolve and release dissolved silica after the death of

their parent or ganism and some of them eventuallY reach the

bottom of the sea and accumulate as siliceous sediments.

Carbonate particles, on the other hand, are stable in surface

waters and accumulate readily in shallow areas of the sea

floor, but in deeper waters, where the temperature is low and

the pressure is hi gh, they dissolve rapidly in the presence

of abundant carbon dioxide from the decomposition of organic

matter.

Silicon concentration In oceans is affected by

geochemical and biological activity and there is a wide

variation in the distribution of this element. However, the

general tendency is for an increased silica concentration

towards the bottom of the ocean (159). Mainly derived from

alteration of silicates from the earth's crust (160-162) its

surface concentration Is governed by the growth of diatoms

and radiolarians, which consume nearly all the soluble

surface silica to form their tests. Its concentration varies

in the range of 0.02 to 3 ppm for surface waters and around

8-10 ppm for the deep waters of the Pacific Ocean (159).

It has been pointed out before (see Section 3.2.1.)

that the acidity of sea water is governed b y the ratio of the

concentrations of the bicarbonate and carbonate ions

[HCo3]
[H] = 1<----- - --

[co3-2]

At the present day , this ratio is governed mainly by

biological activity in surface waters and the decomposition
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Fi g . 18: Composition of marine water plotted on the activity

diagram for the system K20-Al203-Si02-H20

at 25°C.

Data taken rrom References 122, 157, 159, 1 65, 166,

167, 168, 171 and 172.

Oceanic waters . . ...... o

Interst.tial waters ...

Gibbsite

-1 L
-6

.11	 I

II\-'-'<II•
I	 Pyroiiytkte

!	 Ii

IogtH;SiO4 i	 -



- 129 -

of these surface animals and plants at depth. The result of

these processes is the removal of carbon from the surface and

its reintroduction at depth. To maintain the same anion-

cation balance, the surface water has more of the doubly

charged carbonate ion and, hence, it is more alkaline whereas

the deep water has more of the sin gly charged bicarbonate and

is more acidic (120). It is also influenced by changes in

temperature and gaseous exchange with the atmosphere.

Usually, values of pH increase as the temperature rises

because the solubility of carbon dioxide falls and the

balance of carbonic acid between sea water and the atmosphere

reaches equilibrium.

At great depths, sea water is subjected to high

pressures under which conditions, the dissociation constants

of carbonic acid alter and the result is a further decrease

of pH. Values for the pH of surface waters have been reported

between 8.0 and 8.3 (163). At great depths in the ocean, pH

is lower; values as low as 7.36 (157) and 7.63 (1611) have

been reported.

Hydrogen ion, potassium and silica concentration for

surface and deep oceanic waters are summarised in Appendix 5,

and plotted on the stability fields diagram shown in Fig. 18.

Data on the chemical analysis of these waters have been taken

from: Mackin and Aller (165), Lapedes (122), Fairbridge

(157), Fairbridge and Boyle et al. (157, 159), Berner and

Shink et al. (166, 167), and Fyfe et al. (168).

Note that oceanic waters plot in the stability fields

of gibbsite, muscovite and microcline. Surface oceanic

waters, waters with pH 8.0 or over (Appendix 5) plot towards

the lower concentrations of silicic acid because these waters
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are depleted in silica by the action of diatoms 	 and

radiolarians (120, 163).

3.1L6. Interstitial Waters from Marine Sediments

The chemical composition of interstitial solutions of

sediments reflects the nature of the ori ginal fluids buried

with the sediments, and the reactions between the fluid and

the solids of the sediments, thus providing a means of

studying the early stages of diagenesis of sediments (169,

170).

The interpretation of compositional changes

identification of reactions is complicated, due to

that many reactions may take place at the same time

composition of these waters records only the net

However, the following diagenetic processes 	 h

identified:

and the

the fact

and the

reaction.

ye been

a. dolomitization,

b. recrystallization of calcium carbonate

c. devitrification of silicates,

d. uptake of cations, mainly Mg 2 and K4 , but also Na4,

Ca 2 , Li 4 , by authigenic silicate formation, and

e. replacement of iron in clays by magnesium as a result of

sulphate reduction and ion exchange reactions (162).

Hydrogen ion, potassium and silica concentrations for

some interstitial waters from marine sediments, taken from

Sayles and Manheim (171), and Manheim and Schug (172) are

presented in Appendix 6 and plotted on the stability fields

diagram illustrated by Fi g . 18. It can be appreciated from

this figure that they plot in the field of microcline,
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revealing that, in such waters, the concentrations of

potassium ions, hydrogen ions and elude acid are those that

correspond to equilibrium activities with potassium feldspar.

3.4.7. Minerals Known to Be in E quilibrium with Natural

Waters

The identification of the minerals formed during

weathering or authigenically formed at normal temperatures is

very difficult. The minerals are very fine grained, form

complex mixtures, and are difficult to separate. Most soils

consist of mixtures of clay minerals, and the residuals of

the parent rock, often moved a considerable distance from

their original location. Nonetheless, the general picture

agrees with the thermod ynamic conclusions drawn in the

earlier parts of this section.

The formation of clay minerals from feldspars is

probably the most important sin gle weathering process of

humid environments. Kaolinite is the end product of

weathering in an acid environment (24) with good drainage in

temperate climates. In alkaline solutions, montmorillonite is

the end product. In potassium-rich environments such as

alkaline lakes, illite is the stable clay mineral (24).

Illite is the most common clay mineral found in marine

sediments su ggesting that montmorlllonite is slowly converted

into illite in the presence of the abundant potassium of sea

water (24). Kaolinite and glauconite are also common dominant

minerals of some shallow marine sediments.

In tropical climates, weathering goes beyond the
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formation of clay minerals because the soil is so leached of

bases that the composition of the ground water enters the

gibbsite field. The end products of such weatherin g are

ferric and aluminium oxides, giving rise to the so-called

lateritic soils (211.).

3.5. The Changing Composition of a Water during 	 the

Weathering of Potassium Feldspar

During the process, carbon dioxide from the soil

atmosphere dissolves in water and attacks potassium feldspar.

This process can be represented by one of the following

equations:

KA1Si 3O8 + CO 2 + 811 20 = A1(OH) 3 + 11CO 3	K4	 3HSiO4

Microcline	 Gibbsite

2KA1Si 3O 8 + 2CO2 + 11H 20 = HLIAl 2 Si 2 0 9 + 2K4 + 2HCO3

Microclirie	 Kaolinite

LUj11.Sj011.

2KA1S1 30 8 + 2CO 2 + 6H 20 = H2 Al 2SiO12 + 2K4 4- 2HCO 3 4

Microcline	 Pyrophy].].jte

2H4Si0

The carbon dioxide consumed by these reactions is

replaced almost immediately from the local soil atmosphere.

The production of carbon dioxide by the respiration and

decomposition of plants is balanced by its diffusion into the

general atmosphere, thus maintainin g a constant concentration

in the soil atmosphere; hence, the concentration of carbonic

acid in the soil water also remains constant. This will be

true throughout the weathering process. The dissolution of
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Fi g . 19: The chan ging composition of acid and neutral water

during the weathering of potassium feldBpar.
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bases (as cations) is balanced by the convertion of carbon

dioxide into the bicarbonate ion (an anion) and as the

weathering proceeds, the concentration of bicarbonates

increases continuously , the carbon being supplied by carbon

dioxide from the soil atmosphere. While the carbonic acid

concentration	 remains	 constant	 and	 the	 bicarbonate

concentration increases, the pH increases steadily as

weathering continues. Thus, durin g the weathering process,

the concentration of bases, bicarbonate ions and silicic acid

increases as the rock dissolves, but the hydrogen ion

concentration decreases as	 the	 increasing	 bicarbonate

concentration suppresses the lonisation of carbonic acid.

Which one of the three above-mentioned reactions

actually occurs depends upon the com position of the soil

water. The mineral product is determined by the field in the

activity diagram, in which the composition of the water lies.

Thus, very acid rain water, with low potassium and silicic

acid concentrations, lies in the gibbsite field, and the

first reaction takes place. As the weathering proceeds, the

increasing silicic acid concentration causes the water to

enter the kaolinite field when the second reaction occurs and

after more weathering, the pyrophyllite field when the last

reaction takes place.

This evolution of ground water is shown in Fig. 19, a

diagram which assunies complete equilibrium, all the gibbsite

produced in the gibbsite field bein g converted into kaolinite

before the kaolinite field is entered. However, the changes

in the concentrations of potassium and hydrogen ions in the

ground water due to the conversion of kaolinite to

pyrophyllite by the reaction
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HAl 2 Si 2 O 9 + 2KA1Si 3O 3 + 2H 4 = 2K + 2H2Al 2SiO12	HO

are such that only a small proportion of the kaolinite

previously generated has been converted to pyrophyllite when

the composition of the aqueous phase reaches the triple point

where microcline is stable and further reaction ceases.

This discussion assumes that the ground water sta ys in

contact with the feldspar long enough to reach equilibrium.

In normal weathering, this will not happen and the water

would be removed whilst it is still in the kaolinite field.

This is because the amount of gibbsite produced is very small

and pyrophyllite is produced only in the last stages of the

process.

The mathematical equations used for these calculation

are very simp le if it is assumed that only one mineral is

bein g weathered. This is not very likely in real weathering

but it is a reasonable approximation for a Lewisian gneiss

composed mainly of quartz and microcline because the quartz

would be attacked very slowly. To calculate the path shown in

Fig. 19, it was assumed that weathering had proceeded to a

point represented by a certain silicic acid concentration

(S). This was enough to determine which field was being

considered and hence determine the stable mineral. The

potassium concentration was then calculated:

[K] = k0 + ( S -

where k0 equals the concentration of potassium in rain

water, and S 0 equals the concentration of silica also In

rain water. The constant n represents the number of moles of

silicic acid generated in the weatherin g reaction for each
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mol of potassium produced. i.e., for gibbsite: n = 3. for

kaolin: n = 2, and for pyrophyllite: n = 1 (see the chemical

equations given at the beginning of this section).

The rain water initially contained free acid as well as

potassium and silicic acid. The amount of anions required to

balance the potassium and hydrogen cations In the rain water

was given the symbol "a". It is now possible to calculate

the pH from the two equations:

[HCO 3 ] + a = [H] + [ i<]

[co 2 ] x
[H 4 ] -

[Mco3]

let b = a - [K 4 ] = a -	 - (S - S 0 )/n = [H] - [Hc03]

and c = [CO 2 ) . io:76

a
then b = [H 4 ) - [HCO 3 ] = [H 4 ] -----

[H4]

hence	 [H]2 - b[H 4 ] - C = 0

+
[H] = -___V------- -

-	 2

The numbers required for the two axes of the activity

diagram (viz., [K4]/[H] and HSIO = S) can now be

obtained.
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The results of these calculations 1 Appendixes 7-10, and

Figures 19 and 20. show that potassium feldspar will usually

weather to kaolinite and will produce pyrophyllite only when

the concentration of carbon dioxide in the soil atmosphere is

very hi gh (lower curve Fig . 20). Waters produced in this way

will never pass through the muscovite field because the

concentration of carbon dioxide in the ground water would be

so low (i0 5% CO 2 ), that weathering would be very slow.

Illite (a clay mineral with a composition and structure

close to muscovite) is a very common product of weathering

from potassium feldspar and several of the natural waters

discussed in Section 3.IL were in equilibrium with this

mineral. However, these waters have been produced by

evaporation, e.g. sea water, and alkaline lakes. It is also

possible to produce illite from the weathering of basalts and

other mafic rocks, which contain minerals, e.g. olivine, that

produce a large amount of 	 bicarbonate	 and	 a small

concentration of silicic acid:

M 2Si0 + 1iCO 2 + bH2O = 2Mg(HCO 3 ) 2 + HSiO

This will move the lines on the activity diagram

nearer the muscovite field. However, Lewisian gneiss does not

contain such minerals and can only produce by

evaporation of the ground waters.

It has been emphasised throughout this chapter that

the rate of weatherin g is increased as the concentration of

carbonic acid dissolved in water increases. It has also been

pointed out that the amount of carbon dioxide present in the

soil atmosphere is higher than the amount of carbon dioxide

present in the general atmosphere and that this is due to
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Fig. 20: The changing composition of a water during the

weatherin g of potassium felds par at two different

carbon dioxide concentrations.
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biological activity. Since in the Precambrian land plants had

not yet evolved, the concentration of carbonic acid dissolved

in waters must have been lower. Hence the rate at which

weathering occurred must have been lower too. This assumes

that marine plants had evolved sufficientl y to remove the

carbon dioxide present in the primitive atmosphere, which is

assumed to have occurred by the end of the Precambrian (173).

Weathering probably proceeded under alkaline conditions.
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CHAPTER IV

RESULTS AND DISCUSSION

ILO. Introduction

In simple terms, weathering has been considered as the

disintegration or decay of rocks in situ. Oilier (28) has

defined it in more complex terms as "The breakdown and

alteration of materials near the earth's surface to products

that are more in equilibrium with newly imposed

physicochemical conditions".

Weathering processes are complex, and few generaliza-

tions can be made about the rate of weatherin g due to the

numerous factors that influence them. However, climate, and

physical and chemical composition of the bedrock are of great

si gnificance. Weathering processes are accelerated by the

reaction between acid water and the mineral constituents of

the rocks. Acid waters result mainl y from the dissolution of

carbon dioxide, which in turn is produced chiefly by the

respiration of plants, degradation of or ganic matter and

bacterial action.

In the Precambrian Lewisian, terrestrial plants had not

evolved [they did not appear until the Devonian (174)]. In

the absence of plants, the amount of carbon dioxide present

in the soil atmosphere was relatively low. Therefore, the

rate at which weathering occurred was probably lower than it

is today. The different sections of this chapter will show

that the weathering profile, which developed in the Lewisian

rock beneath the Cambrian unconformit y, Is similar to

weathering profiles being developed in present day weathering
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pjg. 21: Map of Northwest Scotland showing the Cambrian,

Lewisian and Tor'ridonian rocks and the five

localities sampled.
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and it will be concluded that weathering processes in the

Precambrian were similar to modern weathering procesBes in

arid regions.

Thermodynamic interpretation of chemical. and mineralog-

ical analyses of fresh and weathered gneissea leads to the

conclusion that potassium feldspar was first weathered to

kaolinite, or amectite (potassium beidellite), which was

later converted to illite by evaporated ground waters. These

minerals were subsequently converted, at the higher

temperatures produced b y subsequent burial, to the minerals

observed in the samp les, viz., illite to muscovite (aericite)

and kaolinite (or potassium beidellite) to pyrophyllite and

quartz.

4.1. Collection of the Samples

Samples for this investigation were collected from

several localities (see Fi g . 21). In the neighbourhood of

Durness, two localities were selected:

a. Locality One, (NC 438 661), close to a telegraph hut,

southwest of Rispond, and

b. Locality Two, (NC 441 658), on the beach close to

Rispond.

In the neighbourhood of Loch Assynt, two further

localities were also selected:

a. Locality Three, (NC 240 292), close to Loch Na

Gainnthich, and
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d. Locality Four, (NC 222 256), east	 of	 Loch Na

Dunaiche.

Finally , samples of Fucoid Beds were taken from

e. Locality Five, (NC 250 157), in the neighbourhood of

Loch Awe.

Sample number 1 classification and distance from the

unconformity for the samples (where measurable) are given In

Table 11.

4.2. Nature of the Samples

Samples from localit y one are granitic gneiss and

muscovite, whereas samples from locality two are mainly

granitic gneiss and pegmatites (see Table 11). The sample

from locality three is a Lower Cambrian green shale. The

Torx'idonian samples from localit y four are sandstones, and

the Fucoid Beds from locality five are ar gillites and

dolomites.

Although five localities were sampled, the most

important samples for this project are from localities one

and two, where the rocks immediately beneath the unconformity

could be sampled (see Fig . 21). A view of locality two on the

beach close to Rispond j shown in Fig. 22. In this locality,

the Cambrian overlies the Lewisian with a remarkable planar

unconformity , which can be seen at the entrance to the cave

shown in Fig . 23.

Field inspection of this locality will confirm that the

Lewisian gneiss consists of at least two kinds of materia].
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Fi g . 22: View of locality two looking weat where the Cambrian

overliea the Lewialan.

Fig. 23: Entrance to the cave ahowing the unconformity between

the Cambrian and the Lewlalan.
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felsic bands and mafia bands. Both felsic and mafia bands

have been sampled although sampling of the mafia band was not

very successful, as will be shown later.

Major and trace element analyses performed on the

samples from these five localities by X-ray fluorescence

spectrometry are summarised in Tables 12. 13, 111. and 15.

Ferrous oxide, carbon dioxide, water, and specific gravity

(SG) are also included in these tables (see Section /L3.).

Accuracy, precision, and detection limits for major and trace

elements are given In AppendIxes. 11 and 12, respectively.



Not analysed

md.
md.
md.
md.
md.
2.0
2.5
3.0
4.0
5.0
1.0
2.0
3.5
5.0
1.5
3.0
5.0
4.0
3.0
2.0
1.0
0.0
0.0
0.7
1.6
4.1

5.8
8.5
5.8
0.0

14.0
14.0
14.0
14.0
11.0

Torridonian
Cambrian
Unconformity

Torridonian
Sands tones
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4.3. Results of the Chemical Ana1y

Table 11: Sample number, classificatio n and other character-

istics for each of the fort y-three samples included

in this investigation.

D. f. U.	 Other
Coninierits

Sample Classification Locality*
No.

	

1
	

Do 1 omi t e	 5
	2
	

Argillite
	

5

	

3
	

Dolomitic Arg.	 5
	4
	 ft	 5

	

5
	

Green Shale	 3

	

6	 Grariltic Gnelss	 1

	

7
	 1

	8
	 ,,	 1

	

9
	 Massive Msc.	 1

	

10
	 Granitic Gneiss	 1

	

11
	

Intermediate Gn.	 2

	

12
	 ,,	 I,	 2

	

13
	 I,	 2

	

14
	 ,,	 ,,	 2

	

15
	 ft	 2

	

16	 Granitic Gneiss	 2

	

17
	 ,,	 2

	

18
	 ft	 2

	

19
	 I,	 2

	

20
	

Granitic Pegni.	 2

	

21
	

Amphibolite
	 2

	

22
	

2

	

23
	

Granitic Gneiss
	 2

	

24
	

2

	

25
	

2

	

26
	

2

	

27
	 ft	 2

	

28
	

Sandstone
	 4

	

29
	 ,,	 4

	

30
	 ft	 a

	

31
	

a

	

32
	 ft	 Li.

	33
	 ,,	

Li.

	

34	 'I	
a

	35
	

Li.

	36
	

Intermediate Gn.	 2

	

37
	 ,,	 2

	

38
	

Granitic Pegm.	 2

	

39
	

Amphibolite	 2

	

40	 Granitic Gneiss	 2
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Table 11 (cont.)

Sample Classification Locality*
	

D. f.U.	 Other

No.	 Comments

U	 U
	

2
	 7.0

1J.2
	

It	 II
	

2
	 7.0

a3
	

Gneiss + Pegm.	 2
	 50. Om

* Locality 1 Map Reference NC 138 661
2	 "	 NC LLti 658
3	 "	 "	 NC 2L&0 292

NC 222 256
5	 "	 NC 250 157

Abbreviations:

D.f.U. = Distance from Unconformity
Arg. = Argillite
Msc. = Muscovite
Gn = Gneiss
Pegm. = Pegmatite
irid. = indeterminate
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Table 12: Mazior and trace element analysis plus H 20, FeO,

CO 2 . and specific gravity for Fucoid Bed samples.-
LocalitIes 3 and 5. *,	 .

1	 2	 3	 5

S10 2 	 10.31 59.60 51.39 53.311.
Ti0 2 	 0.08	 0.68	 0.51	 0.98
Al 20 3	 2.11.0 17.91 11.26 29.17
Fe 20 3	3.35	 1.62	 0.63	 1.72
FeO	 3.1111	 2.15	 1.61	 0.15
MnO	 0.23	 0.011	 0.09	 0.01
MgO	 15.12	 1.95	 5.09	 0.68
CaO	 24.82	 0.26	 7.112	 0.05
Na 20	 0.13	 0.03	 0.09	 0.07
K20	 1.22 11.99	 8.92	 9.16

	

0.146	 0.15	 0.15	 0.05
H20	 0.611	 1.95	 0.89	 11.38
CO 2	36.811	 0.67	 11.1111	 0.15
Total Fe	 7.18	 4.01	 2.42	 1.88

T 0 T A L 99.011. 99.00 99.49 99.91

Zr	 90	 212	 355	 317
V	 26	 25	 20	 15
Sr	 2650	 82	 92	 121
U	 0	 2	 2	 2
Rb	 24	 176	 811.	 160
Th	 3	 17	 4	 11
Pb	 1	 9	 5	 5
Ga	 8	 19	 11	 47
Zn	 b.d.1.	 26	 5	 7
Cu	 10	 4	 1	 b.d.l.
Ni	 2	 25	 9	 27
Co	 2	 12	 1	 2
Cr	 111.	 77	 116	 11.110

Ce	 53	 102	 66	 86
Ba	 511	 687	 621	 671
La	 12	 52	 30	 11.9
S.G.	 2.94	 2.70	 2.70	 2.82

b.d.l.	 below detection limits. S.G. = Specific Gravity.

* = Major constituents given as a percentage of weight of the
sample dried at 110°C.

= Trace elements are given in P.p.m.
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Table 13: Major and trace element analysis plus H 20. FeO,

CO 2 and specific gravity for the felsic band sam-
ples.- Localities 1 and 2. *,

6
	

7
	

8
	

9
	 10	 16

Sb2
Tb2
Al203
Fe203
FeO
MnO
MgO
C aO
Na20

2

H20
CO2
Total Fe

71.73
0. 111.

15.85
1.611.
0.31
0.01
0. 811.
0.02
0.17
a 64

0.01
1.45
0.21
1.98

75.811.
0.06

12. 93
0.57
0.05
0.01
0.11.9
0.10
0.76
9.
0.01
0.36
0.06
0.62

61.55
0.91

25.17
1.08
0.011.
0.00
0.37
0.02
0.12
7 66
0.02
2.99
0.18
1.12

11.7.32
0.011.

311.. 39
1.23
0.08
0.02
0.50
0.011.
0.17

10.97
0.01
11.. 22
0.15
1.32

511.. 93
1.05

23. 55
11.. 05
0. 71
0.02
1.86
0.02
0.011.
9.60
0.02
3.711.
0.18
11.. 811.

57.57
0.11.11.

30.73
0.73
0.01
0.01
0.32
0.02
0.13
11... 55
0.02
11.. 77
0.13
0.75

TOTAL	 101.02 100.11.11. 100.11 99.111. 99.77 99.11.3

Zr	 38	 29	 196	 20	 192	 150
V	 2	 1	 3	 2	 6	 5
Sr	 1511.	 272	 45	 211.	 11	 11
U	 1	 1	 1	 3	 2	 3
Rb	 111.11.	 138	 81	 168	 180	 57
Th	 b.d.l. b.d.l.	 0	 3	 0	 b.d.l.
Pb	 21	 33	 1	 39	 b.d.l. b.d.l.
Ga	 21	 15	 28	 11.7	 11.11.	 27
Zn	 8	 2	 b.d.1.	 26	 6	 b.d.l.
Cu	 2	 lj.	 b.d.l.	 2	 0	 b.cI.l.
Ni	 7	 b.d.l.	 211.	 b.d.l.	 72	 9
Co	 b.d.l. b.d.l. b.d.l. b.d.l. 	 6	 4
Cr	 b.d.1.	 0	 167	 b.d.l. 862	 17
Ce	 3	 5	 34	 2	 95	 8
Ba	 755	 1082	 85	 323	 298	 36
La	 b.d.l.	 5	 23	 3	 11.3	 3
S.G.	 2.69	 2.61	 2.78	 2.86	 2.85	 2.83

t
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Table 13 (cont.)

17	 18	 19	 20	 23	 24

S102
Tb2
Al203
Fe203
FeO
MnO
MgO
C aO
Na20
K20

H20
CO2
Total Fe

60.13 61.08 66.03 70.66 66.75 64.41

	

0.92	 0.31	 0.21	 0.04	 0.23	 0.25
25.89 21.45 16 .52 20.75 17.07 17.11

	

1.34	 3.23	 1.23	 0.44	 1.37	 1.33

	

0.01	 0.50	 0.46	 0.02.	 0.56	 0.58

	

0.01	 0.02	 0.02	 0.00	 0.02	 0.02

	

0.45	 1.45	 1.02	 0.27	 1.39	 1.37

	

0.02	 0.03	 0.13	 0.06	 0.03	 0.11

	

0.27	 0.02	 0.37	 0.04	 0.12	 0.17

	

7.60	 7.74 12.41	 3.81 11.32 12.33

	

0.03	 0.02	 0.05	 0.20	 0.02	 0.07

	

3.50	 3.43	 1.08	 2.80	 1.42	 1.23

	

0.07	 0.08	 0.03	 0.09	 0.04	 0.16

	

1.35	 3.78	 1.74	 0.45	 1.99	 1.97

TOTAL	 100.24 99.36 99.56 99.17 100.34 99.111

Zr	 174	 122	 97	 29	 106	 117
Y	 14	 18	 11	 15	 7	 8
Sr	 36	 28	 81	 1136	 67	 91
U	 3	 1	 2	 1	 1	 1
Rb	 98	 207	 169	 49	 158	 164

	

11	 1	 b.d.1. b.d.1. b.d.].. b.d.1.
Pb	 1	 1	 3	 1L&	 4	 4
Ga	 28	 24	 12	 26	 16	 17
Zn	 b.d.1.	 36	 211.	 2.	 20	 17
Cu	 b.d.1.	 2	 b.d.1.	 2	 5	 3
Ni	 21	 17	 8	 b.d.1. 10	 11
Co	 5	 9	 3	 b.d.1.	 5	 1
Cr	 47	 10	 1	 b.d.1.	 2	 7
Cc	 52	 24	 11	 141	 24	 12
Ba	 47	 3811.	 486	 31	 586	 7311.
La	 11.0	 22	 2	 81	 8	 5
S.G.	 2.80	 2.79	 2.63	 2.75	 2.68	 2.65
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Table 13 (cont.)

25
	 26	 27	 11.0	 111	 112

5102
Tb2
Al203
Fe203
FeO
MnO
MgO
CaO
Na20

H20
CO2
Total Fe

66.15
0. 311.

22.72
0.32
0.01
0.01
0.32
0 • 02
0.11
6.86
0.05
2.87
0.13
0.33

64.21
0.57

211.84
0.36
0 • 01
0.01
0.35
0.06
0. 31
4.89
0.19
3.119
0.12
0. 37

55.56
0. 76

30.08
0.27
0.01
0.01
0.34
0.03
0.00
8.70
0.02
3.91
0.05
0.29

71.02
0.21

13.96
0.84
0. 72
0.02
0.95
0.11
0.24

11.15
0.06
0.65
0.25
1.64

64.49
0.37

17.42
1.46
0. 65
0.02
1.511.
0.20
0.23

11.31
0.12
1.95
0.05
2.18

69.11
0.07

15.76
0.61
0.14
0.01
0.59
0.06
1.12

12.25
0.04
0. 82
0.08
0.76

TOTAL	 99.91 99.11.1 99.711 100.18 99.81 100.66

Zr
V
Sr
U
Rb
Th
Pb
Ga
Zn
Cu
Ni
Co
Cr
Ce
Ba
La
S. G.

145
11

161

83
7
11.

27
b. d. 1.
b. d. 1.

0
b. d. 1.
11
72
112

79
2.77

299
11.2

1177
0

76
19

11.

23
b. d. 1.

7
1

b. d. 1.
17

142
37
33
2.78

163
3

23
3

90
5
3

35
b.d. 1.

2
0
1

40
37
11.11.

19
2.82

133
10

139
11.

163
12
28
11
15
4
4
1
9

46
1117

27
2.63

99
3

88
1

115
b. d. 1.

5
19
16

b. d. 1.
12
3

12
13

425
5
2. 68

11.0
9

87
2

1011
32
9

17
b. d. 1.

1
b. d. 1
b. d. 1

2
76

298
38
2.61

b.dl. = below detection limits. S.G. = S pecific Gravity.

* = Ma j or constituents given as a percentage of weight of the
sample dried at 110°C.

= Trace elements are given in p.p.m.
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Table 111: Ma j or and trace element analysis plus H 20, FeO.
CO2 and apecific gravity for the Torridonian
sandstones.- Locality lj • *, .

28	 29	 30	 31	 32	 33

Si02
Ti02
Al203
Fe203
FeO
MnO
MgO
C aO
N a 20
K20

1120
CO2
Total Fe

86.
1.38
6.211
0.90
0.05
0.01
0.112
0.03
0.01
3. 115
0.03
0.78
0.09
0.95

83.00
0.1.9
8.87
0.60
0. 06
0.01
0.52
0.03
0.07
6.17
0.02
0.73
0.06
0.67

811. 511
0.20
7.61
0.90
0.07
0.02
0.11.8
0.03
0.011
5.59
0.02
0.76
0.11
0.98

811.19
0.01.
8.03
1.03
0.07
0.01
0.1111
0.03
0.03
5.79
0.011
1.12
0.11
1.10

82.69
0.26
8.17
1.811
0. 07
0.04
0.119
0.07
0.03
5.62
0.05
0.78
0.11
1.92

83.25
0.16
8.01
1.55
0. 7
0.011
0.119
0.02
0.02
5.69
0.011
0.70
0.17
1.61

TOTAL	 99.83 100.33 1.00.37 100.90 100.22 100.21
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =

Zr
Y
Sr
U
Rb
Th
Pb
Ga
Zn
Cu
Ni
Co
Cr
Ce
Ba
La
S. G.

959
23
60
4

47
10
7
5
5

11.9
6
6

43
78

1153
36
2.65

79
8

89
2

90
b. d. ]..

6
10
2

11
2
2

17
22

766
12
2.611

87
7

90
2

811.
1.
5
6

b. d. 1.
31
3

b. d. 1.
12
34

975
16
2.63

58
8

911
1

95
1
5
7
11.

b. d. 1.
LI.

b. d. 1.
8

116
757
211
2.611.

103
13
92
1

88
1
8
9
9

b. d. 1.
6
1

21
36

705
17
2.61

76
9

911.
1

811.
1
8
7
1

b. d. 1.
3
0

311
56

705
28
2.63
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Table 111 (cont.)

3a
	

35

Sb2
Tb2
Al203
Fe203
FeO
MnO
MgO
C aO
Na20
K20

H20
Co2
Total Fe

79.117
0.38
9.77
2.75
0.11
0.00
0.60
0.03
0.36
6.79
0.02
1.01
0.10
2.87

92.98
0.37
3.90
0.52
0.05
0.02
0.35
0.03
0.05
1.98
0.02
0. 17
0.16
0.58

TOTAL	 101.39 100.90

Zr
V
Sr

U
Rb
Th
Pb
Ga
Zn
Cu
Ni
Co
Cr
Ce
Ba
La
S. Ô.

1112
9

8z1
3

102
a

ii.
10
2
a
6

b. d. 1.
27
26

792
17
2.67

237
7

113
2

25
b. d. 1.

1
3
3
8
0

b. d. 1.
72
29

319
17
2.61

b.d.l. = below detection limit. S.G. = Specific Gravity.

* = Major constituents given as a percentage of weight of the
sample dried at 1100C.

Trace 1ements are given in p.p.m.
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Table 15: MaJor and trace element analysis plus H 20, FeO,

CO 2 and specific gravity for samples from the
basic band. Localities 1 and 2. *, .

:1.1
	

12
	

13
	 111.	 15
	

21

Si02
Tb2
Al203
Fe203
FeO
MnO
MgO
C aO
Na20
K20

H20
Co2
Total Fe

48.56
1.72

29.95
2.76
0.37
0.01
1.26
0.05
0.33
9.11.6
0.04
4.07
0.18
3.17

46.45
1.77

30.66
2.811.
0.49
0.00
1.18
0.02
0.22

10.90
0.02
14.11.1
0.14
3.38

39.83
1. 63

26.64
3.89
8.76
0.02
4.07
0.06
0.16
7.70
0.04
6.31
0.12
13.62

50.45
1.41

23.92
3.63
4.62
0.02
2.73
0.07
0.28
7.39
0.04
4.82
0.24
8.77

11.3.37
1.71

27.79
3.84
L4.3Ll
0.02
2.68
0.05
0.00
9.59
0.03
5.41
0.27
8.67

48.21
0.67

14.13
3.29
7.37
0.21
9.91
8.18
1.27
2.28
0.05
2.70
0.09

11.48

TOTAL	 98.76 99.10 99.23 99.62 99.10 98.36

Zr
Y
Sr
U
Rb
Th
Pb
Ga
Zn
Cu
Ni
Co
Cr
Ce
Ba
La
S. G.

98
25
16
2

115
b. d. 1.

0
37
1
7

390
37

11.63
9

138
14
2.83

100
27
9
14

139
0
2

29
b.d. 1.
33

183
17

14.10
17

179
5
2.89

110
26
11

14
103

0
1

211
25
75

6311.
230
361
10

136
6
2.90

81
13
23
1

105
1
3

35
iLL
38

203
102
369

0
121

6
2.91

97
13
6
5

141
0

b.d. 1.
25
23
2

130
72

303
12

179
3
2.91

48
19
68
2

76
2
1

13
65

1311.
135
53

211.3
6

205
b. d. 1.

3.00
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Table 15 (cont.)

22
	 36	 37	 38	 39	 43

sj-02
Tb2
Al203
Fe203
FeO
MnO
MgO
CaO
Na20
K20
P205
H20
Co2
Total Fe

47.76
0.66

13. g6
3.21
7.39
0.22

10.31
9.13
1.89
1. 211
0.05
2.41
0.04

11.43

57. 011.
0.55

18.13
1.65
4.06
0.09
4.35
3.55
11.77

2.39
0.16
1.51
0.06
6.17

70.93
0.26

15.57
0.70
0.92
0.02
1.01
1.86
5.85
1.37
0.01
0.28
0.11
1.73

67.62
0.21

17. 58
1.46
0.79
0.03
0.96
2.37
5.58
2.19
0.08
0.75
0.10
2.34

43.14
1.15

16.01
10.90

3.65
0.22
8.42
8.67
1.61
2.95
0. 06
2.24
0.12

14. g6

71.16
0.214.

111.69
0.52
1.00
0.03
0.10
1.64
3.07
5.57
0.07
0.57
0.01
1.62

TOTAL	 98.27 98.31 98.89 99.72 99.14 98.67

Zr
Y
Sr
U
Rb
Th
Pb
Ga
Zn
Cu
Ni
Co
Cr
Ce
Ba
La,
S. G.

48
18

156
1

27
b. d. 1.

7
13
86

105
133

62
235

0
105
b. d. 1..

3.00

117
12

304
1

65
0

10
21
81
10
79
19

111
211

295
10
2.76

glj.

3
227
b. d. 1.

29
b. d. 1.

9
16
20

b. d. 1.
1
0

23
11

2214.
10
2.67

102
3

11.41
1

38
0

12
19
19

11.

2
b. d. 1.

22
9

111.2
3
2.67

83
26

210
1

72
b. d. 1.

111.
20

170
8

93
52

132
12

325
b. d. 1.

3.12

153
5

514.9
2

118
8

12
15
21

5
8

b. d. 1.
11

75
1726

14.5
2.66

b.dl. = below detection limit. S.G. = Specific Gravity.

* = Major constituents are given as percentage by weight of
the sample dried at 1100C.

= Trace elements are given in p.p.m.
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4.4. The Kronber Weathering Diagram

Kronberg and Nesbit (175) have proposed a diagram for

the quantification of present-day weathering in terms of two

molar ratios: the ratio (CaO + Na 20 + K20)/(Al 20 3 +

CaO + Na20 + K20) = y, as a measure of the degree of

breakdown of feldspars. and the ratio (Si0 2 + CaO + Na20

+ K20)/(Al 203 + Sb 2 + NaO # K20 + CaO) = x, as a measure

of the enrichment durin g weathering of silicon and aluminium

oxide in phases such as quartz, kaolinite and gibbeite.

The diagram is illustrated in Fig . 24. The point y=j.,

x=l represents the pure bases, pure K 20 in the case of this

investigation. The point y=O, x=1.0 represents pure silicon

oxide. The point y=0, x=0 represents pure aluminium oxide.

Currently , values of y and x for fresh rocks are around

0.5 and 0.9. These rocks contain a large amount of bases.
which are steadily removed b y weathering as soluble

bbcarbonates. The analysis of waters therefore reveals a

large proportion of bases in the residue after evaporation

(175), whereas the rocks that are left behind are depleted in
bases and move down towards the point y=0, x=0, with more

aluminium and more silica and less bases. As the weathering

proceeds, more and more bases are washed awa', until

eventually all the bases are removed and silica starts to be

removed. If the weathering process goes on undisturbed for

long periods of time under good drainage conditions, silicon

oxide is also totally removed and the resulting weathering

product is pure aluminium oxide and iron oxide,

characteristic of the lateritic soils commonl y found in

tropical environments. Such rocks will be represented on the

diagram close to the point x=0, y=o.



e

- 157 -

Fig. 2Z: Kronber weathering diagram for Lewisian gneiss from

the felsic band.- The lines represent the limits of

present-dai weathered gfleiBs.
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Table 16: Values x and y ratios for Lewisian gnelss from the

felsic band.

Sample No.	 x

	

6	 0.89

	

7	 0.92

	

8	 0.82

	

9	 0.73

	

10	 0.81

	

16	 0.77

	

17	 0.81

	

18	 0.84

	

19	 0.88

0.38

0.47

0.25

0.26

0.31

0.14

0.25

0.28

0.46

Sample No.	 x

20	 0.86

23	 0.88

24	 0.88

25	 0.84

26	 0.82

27	 0.78

40	 0.91

41	 0.88

42	 0.90

0.17

0.42

0.45

0.25

0.19

0.24

0.48

0.43

0.49
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The molar ratios calculated from the chemical analysis

of our samples of Lewisian gneias are shown in Table 16 and

p lotted in Fig. 21L It can be seen in the figure that there

is a group of rocks with y values around O.L&5. These are the

unweathered gneiss, which contain a large proportion of

potassium feldspar. Moving down the diagram, there is a group

of samples with y values around 0.25. Their composition is

mainly mica and quartz. Further down the diagram, there is

another group of samples with the lowest y values, around

0.15. They are composed mainly of mica and pyrophyllite. At

this stage, potassium felds par has been fully removed from

the samples, which are very close to the unconformity.

This fits very well with the present-day weathering path

and shows that the section of the rock sampled is actually a

weathering profile.

Similarly, y and x values for the Torridonian sandstones

are shown in Table 17 and plotted in Fi g . 25. Note that in

contrast to x and y values for the Lewisian gneiss, x and y

values for these rocks do not follow the chemical weathering

path. The unweathered rocks do lie within the band of

compositions of present-day chemically weathered rocks, but

as we go down the sequence towards the most weathered sample,

they move away from the chemical weathering path. As the

weathering goes on, bases are washed away and aluminium goes

into very fine- grained clay minerals. These Torridonian

sandstones are river de posits and, as the sandstones are

transported, the fine aluminous clay particles are removed,

leaving deposits of nearly pure quartz. Therefore, the

Torridonian sandstones follow the mechanical weathering path.

A plot of y (bases over bases plus alumina) against
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Fi g . 26: ChemIcal change versus de pth of weathering.

_(CoO+Na20 +K,O)

Distcrice from the unonformify
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Table 17:	 Values x and y ratios for the Torridonian

sands tones.

Sample No.	 x

28	 0.96

29	 0.911

30	 0.95

31	 0.95

y

0.38

0. 11.11.

0.11.11

0. Lj. LI.

Sample No.	 x

32	 0.95

33	 0.95

311.	 0.911

35	 0.98

y

0.113

0.411

0.11.5

0.37

Table 18: Values of y ratios and distance from the

unconformity for the Lewisian gnelss from the

felsic band.

Sample No.	 y	 D.f.U.	 Sample No.	 y

	

6	 0.38	 -	 20	 0.17

	

7	 0.11.7	 -	 23	 0.L12

	

8	 0.25	 -	 211.	 0.11.5

	

9	 0.26	 -	 - 25	 0.25

	

10	 0.31	 -	 26	 0.19

	

16	 0.lLi.	 1.0	 27	 0.211.

	

17	 0.25	 2.0	 11.0	 0.11.8

	

18	 0.28	 3.5	 11.1	 0.43

	

19	 0.11.6	 5.0	 11.2	 0.49

D.f.U. = Distance from Unconformity.
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depth of the sample (distance from the unconformity ) is shown

in Fi g . 26. It can be seen that samples closer to the

unconformity (the weatherin g surface) are more weathered than

samples away from the unconformity. Distances from the

unconformity and values of y are summarised in Table No. 18.

The position of the profile just below the unconformity;

the nature of the chemical changes observed; a loss of

potassium and silica (the greatest loss being from the

shallowest samples); and the similarit y of the weathering

diagram to that of modern weathering; all of these indicate

that the samples represent a fossil soil, although not

necessarily an unchanged one.

L5. The Chemical Composition of Weathered Gneiss

The chemical composition of weathered gneiss taken at

5.Om, 3.5m, 2.Om and 1.Om beneath the Cambrian unconformity

in the lon gest and most distinct feldapathic zone is given

in Table 19 and illustrated in Fi g . 27. The sample collected

at 1.Om from the unconformit y belongs to the most weathered

material, whereas the sample taken at 5.Om is nearest to the

parent material. It can be seen that the amount of aluminium

present in the rocks increases from the sample at 5.Oin (the

parent material) to the sample at i..Om (the weathered rock).

Unlike the aluminium oxide, the potassium oxide decreases

from the parent material to the weathered material. A

decrease in silicon oxide is also observed. This is exactly

what happens In present-da' weathering and is reproduced In

the weathering of these Precambrian grkeiss.

The important point to note, however, IS the small size
of the shaded area in the figure (Fig. 27). Thia represents
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Fi g . 27: Chemical composition of weathered gneiss taken at

various distances from the Cambrian unconformity.

50
	

3Sm

20m	 lOm
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Table 19: Chemical composition of four sam ples taken at

various diBtances beneath the Cambrian

unconformity.

Oxides	 5.Om	 3.5m	 2.Om	 1.Om

• si02

Ti02

Al203

Fe203

FeO

MnO

MgO

CaO

Na20

K20

P205

H20

CO2

66.03

0.21

16.52

1.23

0.11.6

0.02

1.02

0.13

0.37

12.11.1

0.05

1.08

0.03

61.08

0.31

21.115

3.23

0.50

0.02

1.11.5

0.03

0.02

7. 711.

0.02

3.43

0.08

60.13

0.92

25.89

1.34

0.01

0.01

0.115

0.02

0.27

7.60

0.03

3.50

0.07

57.57

0.114

30.73

0.73

0.01

0.01

0.32

0.02

0.13

11.. 55

0.02

4.77

0.13

T 0 T A L	 99.56	 99.36	 100.24	 99.11.3

= = = = = = = = = = = = = = = = = = = = -==== = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
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Fi g . 28: Chemical composition of rocks and minerals from the

weatherin g profile.

+ Rocks

a Minerals

SiO,

2O 3	 50%	 K20
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the remaining components of the rock exceDt water. It can be

seen that the rocks are mainly made of silicon oxide.

aluminium oxide, potassium oxide and water. Such a four

component system can be represented in three dimensions, and

prozj ected onto a trian gular diagram (22), similar to the one

shown in Fig . 28.	 The chemical	 composition	 of	 the

minerals	 kaolinite	 (HAl2S12O9),	 pyrophyllite

(H2 Al 2 s14012 ),	 microcline	 (KA1Si3O8),	 muscovite

(H2 KA1 3s1 3012 ), and quartz (Sb 2 ), which occur in this

system, are also shown in this diagram. This simple diagram

results from the simplicity of the chemical composition of

the parent gneiss (i.e., absence of sodium, calcium, and

magnesium) and enables a more comprehensible discussion of

the thermodynamics of the weathering reactions to be made.

L&.6. The Mineral Composition of the Weathered Gneiss

A mineralogical anal ysis of the samples (16, 17. 18 and

19) described in the previous section from the most suitable

feldspathic zone was performed by X-ray diffraction and

polarized li ght microscopy. Two estimates of the proportions

of the minerals present in the samples were made: the first

by semi-quantitative X-ray diffraction and the second by a

normative calculation from the chemical analysis. The results

of the mineralogical anal ysis are summarised in Table 20 and

the estimated proportions of the minerals in Table 21. It

follows from the qualitative and semi-quantitative

mineralogical results that the parent material, the furthest

sample from the unconformity , is mainly made of quartz,

microcline, and a small amount of muscovite. There is very

little change in the mineral composition of the samples

between 2.Om and 3.5ni below the unconformity, and which are
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Table 20: Qualitative mineralo gical analysis of gneiss taken

at various distances from the Cambrian unconformity

++ = mineral is abundant in the sample. + = mineral

present in the sample in relatively large amounts.

(+) = scarcely distinguishable under the microscope

- = not seen under microscope.

D.f.U.	 Quartz	 Pyroph.	 Muscov.	 Microci.

5. Urn
	 ++	 (+)

	 ++

3. 5m	 ++	 ++

2. Urn	 ++	 ++

1. Om	 +	 ++	 ++

Table 21: Semi-quantitative mineralogical analysis of gneiss

taken at various distances from the Cambrian

unconformity

Sample D.f.U. Quartz	 Pyroph.	 Muscov.	 Ncr.

No.

1	 2	 1	 2	 1	 2	 1	 2

19	 5.0	 32.0	 16.0	 0.0	 0.0	 11.2.0	 9.0	 26.0	 611.0

18	 3.5	 19.0 31.0	 6.0	 0.0 76.0 51.0	 0.0	 7.0

17	 2.0	 19.0 27.0	 2.0	 4.0 79.0 63.0	 0.0	 0.0

16	 1.0	 7.0	 2.0 31.0 56.0 62.0 37.0	 0.0	 0.0

1) Results from X-ray diffraction analysis.

2) Estimated from the chemical analysis.

D.f.U. = Distance from unconformity.
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mainly made of quartz and muscovite. Potassium feldspar

disappears in the sample closest to the unconformity and a

large amount of pyrophyllite is present instead.

Some of the microphotographs taken from thin sections of

the samples are shown in Figs. 29, 30 and 31. The presence of

potassium feldspar, quartz and a small amount of mica can be

seen in FI g . 29, which represents the fresh gneiss or parent

material. The next figure (Fi g. 30) shows the presence of

fresh and altered potassium feldspar, which	 Is	 being

converted into muscovite (sericite) by	 the weathering

process.

Pyrophy].lite can be seen in Fig. 31; note that it

appears in contact with muscovite and quartz as If it were

produced by a reaction between muscovite and quartz. It will

be seen later in this chapter that this is not in agreement

with the thermodynamic predictions.

The presence of pyrophyl].ite was unexpected. However,

the chemical analysis of sample 16, with an excess of

aluminium over muscovite and the absence of kaolinite, and

the X-ray diffraction pattern supported by the microscopic

identification, are conclusive. Further evidence is given in

Table 22. which shows an electron microprobe analysis of the

mineral in thin section.

A graphic representation of the weatherin g profile has

been drawn (Fi g . 32), which surmuarisea the above comments. It

can be concluded from the Kronberg dia gram that these rocks

actually represent a weatherin g profile. Nevertheless, there

is a difficult y : there should not be an y pyrophyllite since

this is metastable at the assumed weathering temperature
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Fig . 29: Photomicrograph of a fresh gneiss showing potassium

feldspar (K). quartz (Q) and small amounts of

muscovite (M) and biotite (B).- Sample 19.

Fi g . 30: Photomicrograph of an altered gneiss showing fresh

(K) and partially altered potassium feldspar (K-).-

Sample 19.

.

250 jim
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Fig. 31: Photomicrograph of an altered gneiss 	 showing

pyrophyllite (P), quartz (Q) and muscovite (M).-

Sample 20.
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Table 22: Micropxlobe analysis of pyx1ophyl.].ite. 	 Sample 26.

% Oxides	 Experimental.

K20

Na20

C aO

MgO

MnO

Al203

Fe203

Si02

H20

TOTAL

0.0375

0. liii.

0. 0143

0.0077

0.0085

27.9882

0.0942

65. 1632.

93. 112611.

Theoretical

28. 2918

66.7081

5.0000

99.9999
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(25°C ) and there is geological evidence (Section 1.8.) that

these rocks have not been heated much above 200°C, which is

too low to affect conversion of kaolinite and quartz to

pyrophyllite.

When the composition of all of the weathered gneiss

samples from the felsic band are included in the triangular

diagram (Fig. 33), although a general trend towards the

pyrophyllite field can be discerned, the situation becomes

very confused. This is due to the very variable amount of

quartz in the parent gneisa (see Table 13).

The situation is also theoreticall y ambiguous because a

line showin g stable associations of minerals can either be

drawn from quartz to muscovite or from pyrophyllite to

microcline,as illustrated in Figures 3LA and 31B. Note that,

in the system represented in Fi g. 34A, pyrophyllite and

inicrocline do not form a stable association, while in the

system represented in Fig. 60B they do.

In the reaction

KA1SI 3O8 + HAl Si BO2k = 2H 2 KA1 3Si 3012 + 8s1o2

Microcline Pyrophyllite Muscovite	 Quartz

microcline reacts with pyrophyllite to give muscovite and

quartz or vice versa. The composition diagram changes from

Fig. 31A, on the right of the reaction, to Fi g. 3LB, on the

left of the reaction.

The free energies of formation for the minerals involved

in the above reaction are summarised in Table 6. zG°r,
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the free energy of the reaction worked out from these

values(*) gives a value of -1,262,785 calories, indicating

that muscovite and quartz should exist together, In other

words, the thermodynamic calculation suggests that the

composition diagram of Fig. 31A represents the natural

equilibrium at all conceivable temperatures and pressures.

4.7. Comparison of the Mineral Composition of Weathered

Feldspathic Gneiss with the Thermodynamic Composition

Diagram

The mineralogical analysis of all the samples of the

fresh and the weathered gneiss taken from the felsic band is

given in Table 23 and illustrated in Fig. 35. All samples

contain muscovite and quartz. There is a group of samples,

marked as x in FIg. 35, that contain potassium feldspar.

There is a group of samples, marked as 0 in the same figure
that contain pyrophyllite, but none of the sam ples contain

both pyrophyllite and potassium feldspar. As has been pointed

out when discussing the thin section, the parent material

(Fi g . 29) consists mainly of potassium feldspar, and quartz,

with minor muscovite and biotite. The muscovite present in

the ori ginal material is well crystallized but uncommon.

The muscovite seen In the weathered samples	 (Figs.

(*)AGOr	 G0f products - G0f reactants

A G°r = (2 G0 f muscovite + 8 G° Quartz) -

- (2 G0 f miarocline + G 0f pyrophyllite

= (2(-1.336,301) + 8(-204.616] - ( 2 (- 8 95.37 11. ) +
(-1, 255, 997)]

= -1,262,785 calories
= = = = = = = = = = = = = = = = = = = = = = = =
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Fig. 33: The composition of fresh and altered gneise taken

from the felsic band.

SiO
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F1. 34: Two different stable associations of the minerals

quartz, pyrophyllite, micr'ocline, and muscovite.

Quartz

HusccMte

Muswvite
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Table 23: Mineralo gical analysis of the L.ewisian gneiss from

the felsic band.-

++ = the mineral is abundant in the sample. + =

mineral present in the sample in relatively large

amounts. (+)= the mineral is scarcely distinguished

under the microsco pe. - = mineral not seen under

the microscope.

Sample No.	 D.f.U.*	 K-feld.	 Mac.	 Qtz. Pyroph.

	

6	 ind.**	 ++	 ++	 4+	 -

	

7	 4+	 -	 ++	 -

	8	 ,,	 -	 ++	 ++	 -

	9	 -	 4+	 ++	 -

	10	 -	 ++	 -

	16	 1.0	 -	 +4	 +	 ++

	17	 2.0	 -	 ++	 +^	 -

	18	 3.5	 -	 4+	 ++	 -

	19	 5.0	 ++	 (+)	 ++	 -

	20	 1.5	 -	 4+	 4+	 4-i-

	

23	 11.0	 ++	 ++	 +4	 -

	

211	 3.0	 4-i-	 -i-+	 +	 -

	25	 2.0	 -	 ++	 +1-	 -

	26	 1.0	 -	 +4	 ++	 4+

	27	 0.0	 -	 4+	 -i-+	 +

	40	 11.0	 ++	 ++	 -i-+	 -

	

11.1	 7.0	 4+	 4+	 +-i-	 -

	

112	 7.0	 -i-+	 +	 ++	 -

* Distance from unconformity.

** = indeterminate.
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30 and 31) is aericite. Fresh and sericitised feldspar, which

is being converted into muscovite, can be seen in the same

section (Fi g . 30).

From these results, it is clear that, as the samples

progress from barely altered gneiss (Samples 6, 7, 19, 23,

2L, LLO, 111, 112) to partly altered gneiss (Samples 8, 9, 10,

17, 18, 25), the potassium feldspar is converted into

muscovite and disappears. Further weatherin g gives samples

with pyrophyllite (16, 20, 26, 27), all of which were taken

close to the unconformity. These results agree with the ther-

modynamic predictions given in the previous section viz

potassium feldspar and pyrophyllite are incompatible and

before pyrophyllite can appear as a weathering product, all

the microcline must be converted into muscovite.

However, the diagram shown in Fig. 3118 corresponds to a.

closed system at a temperature of about 350°C. At some

temperature below this (see next section), pyrophyllite

becomes unstable with respect to quartz and kaolinite in the

closed system. It is still possible for pyrophyllite to be

formed as a weathering product, however, because the silica

activity of natural waters often exceeds that of quartz (see

Chapter III. Section 3.1.2.).

11.8. The Stability of Pyrophyllite

The lower limit of the stabilit y field of pyrophyllite

is given by its formation from kaolinite and quartz, whereas

the upper limit is marked by its breakdown to andalusite plus

quartz (or kyanite plus quartz); in both cases, 	 high

pressures have been used in the experiments to measure these

limits (176). Work on the lower limit of pyrophyllite before
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Fig. 35: Comparison of the mineralogical composition of

weathered gneiss with the thermodynamic composition

diagram.

x = Samples containing potassium feldspar

= Samples containing pyrophyllite

• = samples containin g neither potassium

feldspar nor pyrophyllite.

Qrtz
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2.970 has been summarised by Thompson (177). Values of

temperatures ranged between 11.20°C (178) and 310°C (179)

at 2kb and he concluded that the lower limit should be 311.5

4-/- 10 0C at this pressure (177). Later investigators have

proposed values somewhat lower (see Day (176) and Velde (92))

suggesting that insuficient time was allowed b y previous

researchers, whose experiments had not reached equilibrium.

Accordin g to Velde (92), the lower limit of pyrophyllite

is known with precision (250°C). and for the purpose of

this discussion, this value is accepted.

The upper limit of stability of pyrophyllite is not so

well known. Work on this limit before 1968 has been

summarised by Kerrick (93). Values for the temperature at 2kb

ranged from 580°C (180) to 11.00°C (obtained by Hemley

(181) and cited by Kerrick]. From his own experimental work,

Kerrick proposed 11.10 ^/- 15°C at 1.8kb and 11. 30 +/- 15°C

at 3.9kb. There is a large variation in the data, but the

lowest values have been reported by Hemley (181), Kerrick

(93) and Day (176), who has reported a value around 3750C

at 2kb. According to Winkler (182), the lower values given by

Hemley and Kerrick appear to represent the upper stability

field of pyrophillite. The value reported by Day is lower,

but it is an estimated one. See also Haas and Holdaway (183),

who reported a value of 3811°C.

The Cambrian and Torridonian rocks of the northern

Hi ghlands of Scotland were deposited upon a stable platform

(6). Illite cx'ystallinity and colour index measurements of

microfossils imply that it is extremely unlikely that the

hi gher of the temperatures suggested (of 350°C) has ever

been reached by the samples being examined. However, the more
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recent lower temperature suggested by Velde (92) is a

possibility. A temperature of 250 0 C has alBo been suggested

by 3ohnson (184). It is known that the more northern rocks

(such as the amp1ea bein g discussed) have been heated to a

higher temperature than those in the south (185), and it

would be of great interest to examine soils from below the

Cambrian unconformit y from a southern region of	 the

Highlands.

4.9. The Ori gin of Pyrophyllite

The stability field of pyrophyllite discussed in the

previous section, the conditions in which it has been syn-

thesized (186-188), studies of its solid solutions and its

formation in nature (189-190) have all been reported. These

reports leave little doubt that pyrophyllite is a mineral

stable only at elevated temperatures and pressures.

Three possible modes of origin have been suggested for

pyxophyllite:

a. The hydrothermal alteration 	 of	 kaolinite	 by high

temperature and silica-rich, geothermal waters;

b. the metamorphism of rocks containing kaolinite and quartz

after deep burial; and

C. the direct precipitation of pyrophyllite durin g weathering

from acid waters containing hi gh concentrations of silica,

in excess of the solubility of quartz.

The geothermal origin of pyrophyllite in areas with hot

springs was documented b y : Ellis (191), Iwao (192), and Zen

(193) in New Zealand, Iceland, Japan, USA. and USSR. The
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absence of an extensive vein system or a typical hydrothermal

zonation from the area around Ris pond, where the samples were

taken, argues against this origin for the pyrophyllite below

the Cambrian unconformity.

The direct precipitation of pyrophyllite in soils is

possible (see Chapter III, Fig. 11). This mechanism involves

waters with a very high silica content. Suitable waters are

produced by the decomposition of plant remains in nutrient

poor tropical soils and are characteristic of the presence of

vegetation. The absence of vegetation in the Precambrian

argues against this mechanism; nor could suitable waters be

produced by the evaporation of silicic acid solutions from

the dissolution of silicate rocks because such solutions

always contain bicarbonates, which would produce upon

evaporation an alkaline water in equilibrium with illite (see

Chapter III, Section 3.1L7.).

The origin of pyrophyllite from quartz and kaolinite is

the common origin in metamorphic rocks (19L). The only

difficulty with this origin for the pyrophyllite below the

Cambrian unconformity is the temperature required, which is

usually assumed to be 300-350 0 C. Nonetheless, this is the

mechanism preferred by this study (see Section LL8.). It

should be pointed out that kaolinite is not necessary as a

source of aluminium; any mineral with aluminium in excess of

that in mica is suitable (e.g., gibbsite or potassium

beidellite).

1&.1O Semi-Quantitative Mineralogical Analysis

A comparison of two estimates of the mineral composition

for the samples is presented in this section. A preliminary



- 183 -
estimate of the mineral com position was made by X-ray

diffraction on the basis of single peak calibration curves.

The heights of only four peaks were measured to estimate the

proportion of each of four minerals, viz., quartz (d-2.L15A),

micx'ocline (d-3.21L), muscovite (d-10.08A), and pyrophyllite
0

(d-3.05A). As most of the X-ra y diffraction spectrum was

discarded, the results are not very satisfactory (see

Sections 2.9. and 11.10.1.).

Another estimate was made from the chemical analysis

under the assumption that the rock is either made of

muscovite, quartz and pyrophillite or muscovite, quartz and

potassium feldspar (that is on the basis of Fi g . 3L1.A).

The results of both estimates are summarised in Table 211

and illustrated in Fig. 36. However, note that in the table

only the more abundant minerals are recorded; other minerals,

that may be present in the samples in small amounts were not

detected by X-ray diffraction and their estimated amount from

the chemical analysis can be seen in Appendix 13. The

calculations were carried out using a computer programme,

which is given in Appendix 111. Although the two estimates of

the mineral composition are not in good agreement, generally

speaking, they agree with the previous observations. There is

a group of samples with a large amount of potassium feldspar,

another group of samples with pyrophyllite in them, and a

third group of samples containing neither pyrophyllite nor

potassium feldspar.

The length of the lines j oining the to estimates of

mineral composition in Fig. 36 represents the difference

between them, and is largely due to the error in the

semi-quantitative X-ray diffraction anal ysis. These lines
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Fi g . 36: Comparleon of two eetimates of the mineral composi-

tion of weathered Lewisian gneiss taken from the

felaic band.

•X-ray diffraction

Pkrodie
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Table 211: Comparison of two estimates of 	 the mineral
composition of the LewiBian gneiss from the felsic
band.- 1: from the X-ray diffraction analysis.
2: from the chemical analysis.

Sample	 D.f.U.	 Mcr.	 Msc.	 Qtz.	 Pyroph.
No.	 m	 1	 2	 1	 2	 1	 2	 1	 2

6

7

a

9
10

16

17
18

19

20

23
211

25

26

27

11.0

11].

42

md.

md.

md.

md.

md.

1.0

2.0

3.5

5.0

1.5

11.0

3.0

2.0

1. 0•

0.0

11.0

7.0

7.0

50	 27

15	 8

72	 65

29	 89

83	 57

62	 38

79	 65

76	 57

112	 13

52	 32

11.6	 211.

110	 19

62	 58

54	 42

72	 711.

112	 10

118	 23

111	 11

D.f.U. = Distance from Unconformity.

md. = indeterminate
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represent an average error of about 15%.

From the above-mentioned figure, it can also be seen

that estimates for the group of samples containing little

pyrophyllite present a better agreement when compared to the

other two groups, the reason for this being that they are

almost a two-component system (muscovite and quartz), which

is easier to anal yse than a multicomponent system.

IL 10.1. Sources of Error in Quantitative X-Ray Diffraction

In view of the large discrepancies between the X-ray

diffraction results and the chemical calculations observed

above, an attempt was made to improve the results by

measuring all the peaks in the X-ray diffraction spectra.

However, many difficulties were encountered and, due to lack

of time, the attempt was abandoned. A few of these

difficulties are discussed in this section so that the

complexity of the problem can be appreciated.

Quantitative X-ray diffraction analysis is influenced

by several factors (see Sections 1.7., 1.7.1., 1.7.2.). Some

of them are:

1. Order-disorder phenomena and solid solution.

2. Non-uniform sample thickness or coarse sample grinding.

3. Overlapping peaks.

LI.. Absorp tion and fluorescence.

1. The crystal structures of the minerals involved in this

investigation are very complex and vary with the

composition of the solid solutions, which alter the

crystal structure and, consequently affect the intensity
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and position of the peaks. The distribution of aluminium

atoms in the silicate structure is such that ever y fourth

silicon atom is exchanged for an aluminium atom and the

charge balance is maintained by potassium ions. Any

variation in this distribution affects the diffractogram

pattern and is known as order-disorder phenomena.

Therefore, to get good results, it is necessary to have

the right minerals with the correct amount of solid

solution and order-disorder as standards. This can only be

achieved by separating the minerals from the samples and

using these pure separates as standards. Separation of the

minerals from the samples under the microscope is a

difficult and time-consumin g process, particularly because

the rocks are very fine grained. As a result of this,

there is not enough sample to construct a calibration

graph with many points.

2. It is not always easy to get a uniform thickness of the

surface to be irradiated; variations in thickness affect

the relative hei ght of the peaks because certain planes

may be enhanced. A similar enhancement of certain

reflections occurs when the sample has been ground too

coarsely and platy or fibrous minerals become oriented

whilst preparing the sample for the X-ray diffraction

analysis.

3. X-ray diffraction patterns contain man y peaks and, when

dealing with samples containin g many minerals, some of

these peaks are certain to overlap. When they do. the peak

hei ght (or area) of each one affects the peak hei ght (or

area) of the other. Corrections are possible but depend on

the separation of the peaks, and individual calibration is

needed for each such pair.
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11.. Interaction of X-rays with the minerals produces

absorption and fluorescence, which also affects the X-ray

diffraction analysis.

Unfortunately , although each of these errors could be

coped with separately, there was simply insufficient time to

optimise a technique and obtain satisfactor y quantitative

X-ray diffraction analyses. The only alternative to this

method of quantitative mineralogical analysis - the use of

the polarised microsco pe - was precluded because of the fine

grain size of the sericite in the samples near the

unconformity. Even the samples far from the unconformit y gave

underestimates for muscovite because of the neglect of

sericite within feldspar grains.

1.ii. Genesis of the Rocks Immediately Below the Cambrian

Unconformity

The previous sections have shown that the rocks being

discussed:

a. progress from a potassium feldspar-quartz gneiss to

pyrop hyllite-muscovite rock by first converting the

potassium feldspar into muscovite and then some of the

muscovite to pyrophyllite (Sections L1.6. and Ll.7.),

b. have been heated to a temperature of around 250°C to

produce the pyrophyllite from some precursor (Sections

Ll.6., 11.7. and 11.8.).

It is quite possible for the muscovite also to have

been produced by action of heat on a mixture of kaolinite and

potassium feldspar such as would be produced b y the acid



- i_ag -

weathering of Lewisian gneiss. The reaction would be

HAl 2 Si 2 O 9 + KA1S1 3O8 = H2 KA1 3SI 3Oi_ 2 + H 20 + 2S102

Kaolinite	 Microcline Muscovite	 Quartz

However, this is not considered	 likely	 because

muscovite is a common detrital mineral, both in the

Torridonian and, in the form of illite, in the Cambrian in

this region. This detrita]. muscovite appears to be present in

too large a quantity to have originated from the small amount

present in the fresh Lewisian gneiss (this is particularly

true of the Cambrian Fucold Beds, which contain lar ge amounts

of detrital illite). Therefore, the muscovite is believed to

have originated from the alkaline weathering of the

microcline, which is abundantly present in the Lewisian and

which would produce illite on alkaline weathering (see

Chapter III, Section 3.LL.7.).

This argument is supported by the very common reports

of illite in Precambrian paleosols [Gay and Grandstaff

(195); Button (196), and Button and Tyler (197. 198))

suggesting that such alkaline weatherin g was common in this

period even though it is rare today.

There are three possibilities:

a. both pyx'ophy].lite and muscovite were formed in the soil,

b. neither muscovite nor pyrophyllite was formed in the soil,

or

a. muscovite was formed in the soil (as illite) but pyrophil-.

lite was not.

The first possibility a. can be eliminated because
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illite requires alkaline conditions while pyrophyllite needs

acid ones (see Chapter III, Sections 3.1.3. and 11.9).

However, the effect of a variable aluminium activity, similar

to the variable silicon activit y considered in Chapter III,

Section 3.1.2., has not been discussed. This will be done in

the next section (11.11.1.), where it will be shown not to

alter the situation.

The remainin g two possibilities represent differing

weathering environments. Abundant rainfall and unrestricted

drainage would produce low concentration of potassium and

moderately acid (pM 6) Boll waters. Corresponding to case b.,

kaolinite would be the dominant product of weathering. The

original gneiss would be weathered to a varying extent with

depth because of the varying access to percolating waters,

which would produce soils with varying kaolinite/microoljne

ratios that on burial and metamorphism could produce

muscovite or pyrophyllite depending on the ratio of kaolinite

to potassium feldspar. The difficult y with this explanation

is that it does not explain the abundance of detrital

illite. Also to get muscovite in the metamorphosed rock by

this mechanism, it is essential to have the correct ratio of

kaolinite to potassium feldspar, which is a very unlikely

coincidence. In the actual rock, however, there is a wide

zone with very little pyrophyllite or potassium feldspar in

strong disagreement with this mechanism (see Figs.32 and 35).

The possibility a. corresponds to an arid environment

with restricted drainage. Weathering at the surface during

periods of rainfall would produce a surface soil composed of

kaolinite but evaporation during dr y periods would produce an

alkaline solution at depth, which is conducive to the

weathering of potasium feldspar to illite. The assum ption of
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kaolinite as a precursor is supported by the reported

presence of this mineral as a precursor in archaean rocks

(199). This is a favoured hypothesis because the major effect

of the absence of plants in the Precanthrian will certainl y be

the destabilising of soils. The effect will be similar to the

famous "dust bow]." of Kansas and Dakota in the USA in the

1930's, when removal of the stabilising grasslands by

ploughing produced removal of the soil by wind and rain

(200). This would certainl y have been the general state of

affairs in the Precambrian. Soils would not accumulate except

in areas of restricted drainage. These would be lakes in

temperate regions, and in the tropics they would be areas

occasionally flooded but usuall y the water would be strongly

evaporated to a concentrated alkaline solution. These two

alternative environments are illustrated in Fig . 37.

There remains only one further possibility: 	 the

weathering of potassium feldspar to a smectite clay.

Potassium smectites are not well-known minerals, but this is

probably due to the difficulty of purifying and analysing

clays rather than to the absence of potassium smectites in

nature. The well-known clay minerals are j ust those minerals

which occur pure in nature. The mixed clays, usually produced

by weatherin g , cannot be separated and would be expected to

contain some potassium smectite. This last possibility is

discussed in Section 1..11.2., and will be shown to be a

likely candidate also involving evaporation in an arid

environment.

L&.i1.i.. Non-Equilibrium with Respect to Aluminium

Just as it is possible to have non-equilibrium with

quartz, enabling high silica activities which stabilize
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Fi g . 37: Precambrian Weathering Environments
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pyrophy].lite, so it is also possible, indeed very likely,

that in natural waters non-equilibrium with gibbaite may

occur, allowing hi gh aluminium concentrations. The question
naturally arises as to the effect of this on stability of

pyrophyllite. Could such hi gh alumina activities allow the
precipitation of pyrophyllite in more alkaline solutions at
the expense of kaolinite?

This question is answered by Fig. 38, where the

activities of alumina and silica are plotted on the same

diagram. The lines plotted on this diagram represent the

solubility products of the various minerals:

Gibbeite:

Al(OH) 3 + H20 = Al(OH)( +

PA = 15.8 - pH

Kaolinite:

HAl 2 Si 20 9 + 7H20 = 2Al(OH)( + 2H4 + 2H4SiO

pA = 20.0 - pH - pS

Pyrophylljte:

R2 Al 2 S1 11 0 12 + 12H20 = 2Al(OH)	 + 2H4 + L.H4SiO

pA = 2 3,2 - pH - 2PS

where

pA = -1og10[A1(oIi)j(]

pS= -log10[HSio]

pH = -log10[H]

The dotted lines corres pond to the various solubility

limits for aolutions supersaturated with respect to gibbsite

(K0 = io 1 5 8 (201)], aged aluminium hydroxide, ( K 0 =
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Fit. 38: Effect of non-equilibrium with respect to aluminium

on the stability of pyrophyl].ite.
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(202)] and freshly	 precipitated	 aluminium

hydroxide [K50 = i.o12.ó (202)]. Aluminium activities

higher than the latter cannot be sustained even for a short

period, whilst activities lower than those for aged aluminium

hydroxide can be sustained for several months.

Solutions whose composition lies in the field marked

"Kin" are supersaturated with respect to kaolinite; those in

the field marked "Pyr" are supersaturated with respect to

pyrophyllite; those in the field marked "Kin + Pyr" are

supersaturated with respect to both. Thus a solution with a

composition represented by the point "a" ([Al]=109 molar);

([Si) = 3xi0	 molar) which, according to the 	 activity

diagram previously used, would be in equilibrium with

kaolinite, can in fact deposit pyrophyllite.

However, this is an unstable situation. Such a

Bolution will change its composition as it deposits the

minerals. If kaolinite is deposited, its composition moves

along the line "a-d" until the kaolinite solubility product

is reached when further changes cease. However, if

pyrophyllite is deposited, the line "a-c" is followed, with

the silica concentration falling faster because the

precipitated pyrophyllite contains more silica. When the

point "b" is reached, further precipitation of pyrophyilite

is impossible, but the precipitation of kaolinite can still

occur; and if equilibrium is to be reached, then

theoretically the previously precipitated pyrophyllite would

be redissolved so that the more insoluble kaolinite could be

precipitated. Hence it is concluded that su persaturation with

respect to kaolinite as well as gibbsite is needed if

pyrophyllite is to be precipitated in waters of such low

silica activity.
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There is no evidence in nature that pyrophyllite has

less tendency to supersaturate than kaolinite. Kaolinite is

an often reported constituent of soils, whereas pyrophyllite

has never been observed to be in equilibrium iith soil

waters. Hence there is no reason whatever to suppose that the

pyrophyllite observed at the Cambrian unconformity was

originally precipitated as a product of the weathering of

potassium feldspar. The conclusion drawn in Section LL9.,

that this pyrophy].lite is a product of low-grade metamorphism

due to burial, is thus confirmed.

1.l1.2. The Significance of Smectites

The only smectite which needs to be considered is

potassium beidellite. The absence of magnesium from the

parent gneiss rules out - trioctahedral smectites and the

similar absence of sodium and calcium rules out the common

form of beidellite. All the activit y diagrams presented

before have ignored potassium beidellite because reliable

thermodynamic •data are absent. In the absence of such data,

the rather sketchy activity diagram of Velde (92) will be

used. This diagram (Fi g . 39) is purely qualitative: the axes

have no scales, the slope of the beidellite-kaolinite line is

too shallow (*), and pyrophyllite has been omitted.

Nevertheless, it gives a reasonable qualitative picture of

the effect this mineral will have on the weatherin g products

of potassium feldspar.

(*) The slope of the line is governed by the stoichiometr y of

the reaction:

2H + 3Beiclellite + 23H20 =7Kaolinite + 8HjSiO + 2K

and is -2/B, whereas Velde uses a slope of zero.
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Fig . 39: ActiVit y diagram for the weatherin g of potassium

felds par including potassium beidel].ite.-

(After B. Velde (92).]
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Velde (92) has shown that potassium beide].lite forms

a mixed-layer clay mineral with illite. The stability field

of this mixed-layer mineral in the new diagram (Fig. 39)

separates the stability field of kao].inite from that of

potassium feldspar. This agrees much better with the paleosol

profile found at Rispond than the diagram given in Chapter

III. The presence of this stability field, due to the

mixed-layer mineral, allows a steady progression from a

weathering product, mostly i].lite, to one with a high

proportion of beidellite, which on heating would give rocks

having the observed mineralogy.

Weathering by fresh rainfall at the surface would

automatically enter the mixed-layer field if weathering

proceeded for enough time and evaporation of the solution

resulting at any stage would give a solution in the deeper

parts of the profile in the illite field. In the deepest part

of the profile, the soil will consist of illite and potassium

feldspar. Closer to the surface, it will be a mixture of the

mixed-layer mineral having a large proportion of illite, with

some residual felds par. At the surface, the soil will consist

of a mixed-layer mineral having a large proportion of

beidellite. During burial and low grade metamorphism, the

beidellite would produce pyrophyllite and muscovite near the

surface, and the illite at depth would produce muscovite,

which is exactly the pattern revealed in Section LL6. (see

Fig . 1O). All of these products would also contain quartz,

which is very incompletely removed during weathering. The

production of pyrophyllite then corresponds to the reaction

3HjK2/3Al 2/37	 3O2=HK2Al6Si6O2 + 2HA]SiBO2

Beidellite	 Muscovite	 Pyrophyllite
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Fit. LLO: Genesis of Paleosol near Rispond

Mixed layer	 Pyrophyllite

Illite/Beidellite 	 Muscovite	 Sanple 16 (Im)

and Quartz	 and Quartz

Sample 17 (2m)Illite, some

mixed-layer

Illite/Beidellite

Some Potassium

Feldspar, and

Quartz

HEAT
	

Muscovite

----> and Quartz

Potassium

Feldspar, Illite

Quartz

Gneiss

Potassium Feld-

Quartz and

and Muscovite

Sample 18(3.5m)

Gneiss	 Sample 19 (5m)

Original Profile Burial and Present

very low	 Minerals

grade

Metamorphism



- 200 -

11.12. Precambrian Weathering

Although	 chemical	 weathering	 in	 Precambrian

environments has been widely observed, few Precambrian

pa].eosoils have been studied chemically in detail.

Kal].iokaski (203) studied the chemistry and mineralogy of

Precambrian paleosols in Northern Michi gan and concluded

that "The rate of weathering is an unknown. In the probable

absence of soil organisms, they may have been considerably

below present-day rates under comparable 	 climatic	 and

geographic conditions.". Studies of Archaean chemical

weathering by Shau and Henderson (2011) led them to conclude

that weathering profiles are more a response to local

environmental conditions within the rock than a result of the

composition of the atmosphere. Some more detailed studies of

Precambrian weathering have been carried out by Gay and

GrandstafF (195), Button (196), and Button and Tyler (197.

i.9B). In an attempt to understand the environment under which

Precambrian weathering took place, Gay and Grandstaff (195)

studied the chemistry and mineralogy in two Canadian

localities. In one locality, the minerals of the parent rock,

actinolite, sphene and epidote, were fully destroyed and

replaced by clay minerals,	 which were	 themselves

recrystallized and altered to form fine gralned sericite. Gay

and Grandetaff also noted an Increase of 1(20 in the

weathering products. In the second locality , microcline and

plagioclase were altered first to clay minerals and then to

se'icite. Retention of potassium in the paleosol was

observed, which in the opinion of the authors, probably

resulted from both the formation of illite during weathering

and later diageneBis, which replaced the clay minerals with

sericite. Retention of quartz in this paleosol was explained

in terms of diagenetic formation of quartz as cement. Both
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weathering profiles present similarities to present-day

weathering environments, i.e., gley soils formed under anoxic

or reducin g ground water conditions, and spodosols formed in

moderate weathering conditions. Precambrian soil profiles

reported by Button (196) and by Button and Tyler in South

Africa (197. 198) show sericite and quartz as the main

weathering products. Characteristic of the paleosols is the

hi gh K20, Al 203 and Tb 2 contents relative to the

parent material. Concentration of Al 2 03 and Tb 2 was

assigned to residual origin, whereas the large increase in

K20 was believed to be due to residual enrichment and

addition durin g diagenesis by potassium bearin g ground

waters.

Despite the similarities to the present da,y reported by

Gay and Grandstaff (195) and revealed by this work, the

environmental conditions in which Precambrian weathering took

place as well as other factorB associated with them, such as

concentration of potassium in the weathering products, are

no 4: , '	 lLnderstoocj	 Ft has been said (Pe!'nian (173)] that

ti	 it	 v	 n soils were	 al's 1 ne	 and	 poorly

developed.

The work reported in this thesis was initiated in

collaboration with Professor Russell, one of whose interests

lies in the genesis of the Aberfeldy Celsiari barite and base

metal deposit, which he believes to have been formed by

precipitation from alkaline solutions having a high

concentration of aluminium (1). Basing his thesis on the

laboratory work of Tamm (205), and Garrells and Howard (206)

he assumes that the feldspar is hydrolysed to hydrogen

feldspar producing a very alkaline solution, which could

dissolve large amounts of aluminium (15).
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That this process is the initial step in the weathering

of potassium feldspar is not doubted. However, -the

dissolution of the hydrogen felds par produced is the slowest

step and will control the rate of the weatherin g reaction,

and hence the overall chemical reaction (which will be of the

form written in Chapter III, Section 3.5.). Finally Tamm's

alkaline pH of 10.7 re presents equilibrium with a carbon

dioxide free water, which seems an unlikel y contingency in

the Precambrian because it is generally assumed that the

spread of plant life has lowered, not increased the

atmospheric carbon dioxide levels. Hence it seems more likely

that the alkaline solutions were produced by evaporation of

more acid solutions than b y direct dissolution of the

feldspar.

Undoubtedly, aluminium will be more soluble in these

alkaline solutions (a solution saturated with both kaolinite

and amorphous silica at pH 10 would contain 3 ug dm3,

whereas at pH 11, it would	 contain	 30 jig	 dm3).

NonetheleBs, the solubility is very low and the source of

aluminium must have been a solid aluminosilicate (kaolinite.

illite, beidellite etc.) mobilised by the increased

solubility in alkaline solution (or alternatively by higher

temperatures than that assumed, i.e. 25°C).

The concentration of potassium in Precambrian paleosols

requires -the development of illite as a weatherin g product,

which in turn needs high potassium concentrations and

alkaline conditions. The absence of land vegetation would by

itself have increased the amount of potassium in the

environment because in land plants the ratio of potassium to

sodium is about ten -to one, whereas in rocks it is about one

to one. Thus at the present day , a large amount of potassium
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is locked away in the land vegetation (roughly 0.3% of the

blomass). In the Precambrian, this potassium would have been

present in the natural waters. However, this potassium by

itself does not appear sufficient to explain the widespread

development of illite. As explained in Section 4.11., the

absence of land plants has a second more important

consequence: the mechanical destabilisation of the soils.

Most modern soils are held in position by plant roots. In the

absence of this bindin g , fine clay particles would have been

either blown or washed away. Hence a more probable

explanation for the concentration of potassium in Precambrian

soils is that both the soils and the potassium were

concentrated in the same place, viz., enclosed basins with

poor drainage where the clay particles would settle out and

the potassium be concentrated by evaporation. The

concentration of potassium b y evaporation also explains the

alkaline conditions because the bases in the waters would be

present as bicarbonates and, upon evaporation, loss of

carbonic acid as carbon dioxide would produce the alkaline

solution needed to ensure the stabilit y of illite. If a

mixed-layer illite-beidellite mineral were also precipitated,

a wider range of conditions would be possible involving less

alkaline conditions and a smaller concentration of potassium.

However, acid conditions are ruled out as this would produce

kaolinite rather than illite.

4.13. The Basic Band

An attempt was alBo made to sample rocks from the more

basic band in the Lewisian gneiss in order to investigate the

removal of iron and magnesium during the weatherin g process.

Maj or and trace element analyses for these samples are

presented in Table 15. The mineralogical	 analysis	 is

4
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Table 25: Mineralo gical analysis of the Lewisian gneiss from

the basic band.-

+-. = mineral is abundant in the sample.

+ = mineral present in relatively large amounts.

- = mineral not Been under the microscope.

Sample	 D.f.U. K-Feld Hornblend Chlorite Muscovite Qtz

No.

11	 2.0	 -	 -	 -	 -i--.	 ++

12	 2.5	 -	 -	 -	 ^^	 +

13	 3.0	 -	 -	 ++	 ++	 +

111	 11.0	 -	 -	 ++	 ++	 +

15	 5.0	 -	 -	 ++	 ++	 -

21	 3.0	 -	 ++	 ++	 ++	 +

22	 5.0	 -	 ++	 ++	 ++	 +

36	 111.0	 ++	 ++	 ++	 ++	 +

37	 111.0	 4+	 -	 ++	 +4	 +4

3a	 ia • 0	 ++	 -	 ++	 ++	 ++

39	 111.0	 -	 ..-+	 +-i.	 +	 -

113	 50.Om	 ++	 -	 -	 ++	 4+

D.f.U. = Distance from Unconformity.
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summarised in Table 25, alon g with the diBtances beneath the

unconformity for each sample. Examination of these tables

shows that there lB no regular variation in either the

chemical or' the mineral species, suggesting that the sampling

process was not very successful. Collection of samples from

basic bands is particularly difficult because these bands are

very discontinuous, and it was not possible to follow one

band of uniform com position for more than a metre or two.

Also the composition of these bands is very variable being

seldom constant for more than a metre in the localities

studied. Finally the rocks were very fine grained and it was

not possible to identify all the components present.

IL1IL. Conclusions

It is concluded that the rocks below the Cambrian

unconformity at Rispond represent a fossil soil profile.

These rocks contain pyrophyllite formed by low-grade

metamorphism at temperatures around 250°C. Three possible

modes of origin have been considered and that involving the

weathering of potassium feldspar to kaolinite alone in an

acid environment rejected. The two mechanisms involving the

weathering of the feldspar to illite in an arid alkaline

environment with restricted drainage are considered to be

more likely . The illite produced in these mechanisms was

further weathered to produce, in the one case kaolinite, and

in the other one potassium beide].lite as a mixed-layer

mineral with illite. These two mechanisms can be mixed in any

proportion, the exact amount of potassium beidellite present

depending upon the relative thermodynamic stabilities of

kaolinite and beidellite. As the latter is unknown, further

accuracy cannot at present be achieved.
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CHAPTER V

DETERMINATION OF AMMONIA IN ROCKS

5.1.	 era1

Proteins break down naturall y to produce ammonia

decomposition, which is accelerated by temperature. This

ammonia may then contribute to the formation of an ammonium

feldspar (buddingtonite) because of the similarity in ionic

radius and charge between the ammonium ion and the potassium

ion. Thus the ammonium ion may be present in chemical

sediments or muds, if available at the time of formation of

the rock.

The presence of abundant potassium feldspar In the

Fucoid Beds and the existence of trace fossil planolites in

such rocks as well as the temperature to which they have been

heated (about 200°C), which is hi gh enough to decompose any

organic matter that may have ben present at the time of their

formation, provide conditions suitable for the substitution

of ammonium for potassium ions to take place. Therefore, it

was decided to investigate the possible existence of an

ammonium feldspar in 22 samples from the Cambro-Ordovician

succesion in Northwest Scotland. This investi gation involved

the desi gn of a suitable method of releasing and collecting

the ammonia expelled from the matrix and its subsequent

determination b y the Indophenol-Blue method as described in

this chapter.
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5.2. Nitrogen in Rocks

Appreciable quantities of nitrogen are present in rocks,

the amount of which varies from place to place and seems to

be independent of the type of rock (207). It haB been

reported (207-210) that a considerable amount of this

nitrogen exists as amznonium ions held within the structure of

the silicate minerals. Similarities in ionic radius, about

1.43 A for NH4 (207). and charge, suggest that this ion

might substitute alkali metals, particularly K	 (radius

1.33 ), in minerals. Other forms of nitrogen may also be

found in rocks. Atomic nitrogen may be dissolved as solid

solutions within various mineral phases of the rocks, and

molecular nitrogen may be present in small crystalline

cavities (210).

It is improbable that nitrogen exists as nitrides in

rocks (211). However, Baur (212) has explained the presence

of large amounts of nitro gen in chondrites as partly due to

the presence of the mineral sionite (Si 2N 2O), a mineral

that has been discovered (213) in this type of rock. At about

the time of its discovery, the mineral was s ynthesised (214)

and its crystalline structure established (215). Regardless

of the method of extraction used for the chemical analysis1

the larger part of nitrogen detected is in the form of

ammonia, which by no means implies that this is the form

present in the rock sample. The possibility that mixtures of

hydrogen and nitrogen could react in presence of KOH to form

potassamide at the time of their release for chemical

analysis has been pointed out (216). Chemical analysis for

ammonia in aqueous extracts from fluorite and other minerals

have revealed the presence of high concentrations of combined

nitrogen (217, 218). This is obviously related to the well



-208-

known fact that ammonium chloride is a typical product of

fumarole and volcanic activit y (217. 218). It was under

hydrothermal conditions that Eugeter and Murioz found that

NH	 may enter micas (219). Incorporation of this ion

into mineral structures has been confirmed by Sterne et al.

(220) and Erd et al. (221), who have described natural

ammonium illites and the new mineral Buddingtonite. This

mineral will be dealt with later in this section. The

ammoniacal nitrogen content of silicates is very variable:

from 1i.4 ,ug/g in orthoclase (222) up to 7.95% in

buddingtonite (221). Excluding this mineral, the higher

values are reported for nilcas (211, 222. 223). Small amounts

of nitrogen present as NO 3	have also been reported.

Wlotzka (211) anal ysed nitrate-nitrogen in rocks and reported

between 5-20 pg/g In surface sediments, some in saline

clays and limestories but none in average clays and sandstones

(211).

5.3. The Determination of Total Nitrogen

Although some nitrogen may be extracted from silicate

rocks by leaching with water, this is unlikely to give any

real indication of the total amount of nitrogen present in

the specimen. Reported methods for this determination include

ignition in vacuum and the chemical decomposition of the

sample by either alkalis or acids. Gibson and Moore (210,

22 ! ) developed a high-temperature-fusion technique using

helium as carrier gas for the determination of nitrogen in

rocks and meteorites. Samples were fused in a graphite

crucible at 2400°C. and the combustion products injected to

a gas chromatograph after the removal of carbon dioxide and

water in order to quantify the nitrogen.
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Wlotzka (211) decomposed the rocks with sodium hydroxide

in a closed system and dissolved the melt In water. Oxidlsed

forms of nitrogen present were reduced by Devarda's alloy to

Ammonia, which was distilled and collected in standard acid

and determined by the Nessler method.

Stevenson (222) determined total nitrogen in silicates

and rocks by fusing the samples in a completely sealed tube

at a temperature of L120°C for a minimum period of 90

minutes. A KJeldahl distillation apparatus was employed to

recover the ammonia, which was determined by the Nessler

method. A modification of the method used by Dhariwal (225)

for determination of fixed nitrogen in soils has been used by

Stevenson to determine fixed ammonia in rocks (208). In this

method, the rook is first treated with potassium hydroxide

and the residue dissolved with a mixture of hydrochloric and

hydrofluoric acids. The ammonium released by hydrofluoric

acid is distilled with alkali Into standard acid	 and

estimated by means of Nessler's reagent.

It is clear from the above literature that determination

of nitrogen in rocks involves two different steps, namely,

release of the analyte from the sample and its

quantification. Both processes bear inherent difficulties and

limitations. Total release of nitrogen from the sample

depends upon the was' in which the arialyte Is held in the

matrix and the method employed for Its release. Total

determination of the analyte depends mainly upon the

sensitivity of the method of analysis. The reported results

rely on the skill of the investigator to perform the analysis

Bince contamination may occur in either step.
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5.11. Buddlngtonite, an Ammonium Feldspar

This was the first ammonium aluminosilicate found in

nature and occurs in Quaternary andesite and older rocks

hydrothermally altered by ammonia-bearing hot-spring waters

below the water table at the Sulphur Bank quicksilver mine,

Lake County, California (221). The mineral is also widely

distributed in the rocks of the Meade Peak Member of the

Phosphoria formation in Southeastern Idaho (226), and in the

Condor Oilshale Deposit, Queensland, Australia (227).

The chemical composition of buddingtonite is presented

in Table 26 and its formula is (221):

(NH 1 ) 2 0 . Al0 3 . 6si0 2 . HO

Buddingtonite is present in ammonium-rich environments

and its origin has been attributed to reaction between

ammonium-rich hot spring waters with plagioclase (277), and

also to diagenetic processes (266, 227) in presence of

ammonia formed by the decomposition of organic material under

anoxic conditions.

5.5. Substitution of NH 	 forK

In 1958 Dharival and Stevenson observed that man y soils

have the ability to fix considerable amount of ammonium,

which was attributed to a replacement by ammoriium for

interlayer cations such as Ca'", Mg 4", Na4 . and H4.

From subsequent observations and takin g into account the

similarity of the ionic radius of NH j	and K4 , l.L13X

and 1.33A respectively, plus their unit charge, several
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Table 26: Chemical analysis of Buddin gtonite.-

After Erd et al. (221).

OXIDE

Si02	 63.80
Al203	 19.16

Fe2 03	 1.85
MgO	 0.21.

CaO	 O.O1

BaO	 0.26

Na20	 0.06

K20	 0.62
(NHa)2o

H 20	 3.28
H20	 0.88
Tb 2	0.99

S	 1.59

TOTAL	 100.69
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workers, amongst them Stevenson (209), suggestted	 that

a3nmonium might be a substitute for K 4 in minerals. Although

as early as 1900 substitution of ammonium for alkali metals

had already been suggested in silicate minerals (228, 229),

the hypothesis gained su pport and was proved only in the

nineteen-sixties, when:

a. aminonium micas were synthesised (219),

b. evidence of the presence of NH	 in sericites (230)

and muscovites (231-233) was obtained (from infrared and

chemical analysis), and

c. buddingtonite was found in nature (221).

Later investigations have revealed the presence of

naturally occurring ammonlum illites (220, 23L), which have

been subjected to infrared studies to show the presence of

NH.

5.6. Relevance of the Project

In speculations on the origin of life, it is sometimes

suggested that the early atmosphere contained both molecular

nitrogen and nitrogen in a combined form (216, 151k).

According to Rayleigh (216) this type of hypothesis is not

necessary as ammoniacal nitrogen, or perhaps organic

nitrogen, is preBent in igneous rooks, and would be available

in the course of denudation. This in turn would explain why

the earth did not lose its nitrogen when its temperature was

higher.

The presence of S1 2 N 2O in a meteorite is interesting
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since it implies the existence of nitrogen in the environment

in which the meteorite cr ystallized (213). However, there

exists the possibility that this nitrogen has been added

during the terrestrial life of the meteorite (22k). The

presence of nitrogen In rocks Is also interesting inasmuch as

it provides information about the conditions of the formation

of the rocks.

Buddingtonite has not only provided information about

its geological environment of formation, but also, since it

has been found associated with oilshales (227) and it

decomposes at about the same temperature as oil is released

from the shale, it may become a commercial source of ammonia,

as a secondary product of the exploitation of these shales.

It follows from the above discussion that there is an ample

justification for research 	 on	 nitrogen	 compounds	 In

geological environments às IndIcators of rock-forming

conditions, economic interest and clues about the probably

unknown conditions in which the origin of life took place.

5.7. Aim of the Project

It has been stated (see Section 5.3.) that determination

of ammonia in rocks requires two steps that involve release

of the ammonia in a first place and its quantification in a

second. Moreover, since usually the amount of ammonia in

rocks is small, a highly sensitive method of analysis is

required. The total nitrogen content of rocks, ranging from

granite to dunite is about 20 +/- 10 ppm (207).

The purpose of this investigation was twofold:
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1. To	 search	 for	 an	 ammonium feldspar	 in

Cambro-Ordovician rocks in Northwest Scotland.

2. To develop an alternative method of releasing the

present in feldspathic rocks and determinin g it

indophenol blue method, which was selected on the

of its reported high sensitivity.

some

ammonia

by the

grounds

5.8. The Indophenol Blue Method

As early as 1859, Berthelot had already described the

blue colour produced by the reaction of ammonia with phenol

in the presence of hypochlorite (235). which is the basis of

the indophenol blue method. As the intensity of the colour is

proportional to the concentration of ammonia present in the

solution by measurin g , the optical density of the colour at

630 nm, the unknown concentration of ammonia can be worked

out from a previously standardised calibration curve.

Since then, this reaction has been widely studied and

modified in several ways. Although Th ymol (236-242), M-Cresol

(243), Gualaco]. (244), 0-phenylphenol (245) have been

employed instead of phenol, in some cases, Chloromina-T has

been added in place of Hypochlox,ite (246-247). No catalysts

have been used in some experiments (248-252). Several

catalysts have been proposed and used in others: Manganese

(II) has been used by Russell (253), (who also noted that

copper ions tend to inhibit the development of the colour),

and others (254-256); Nitropz'usside (257-263), and Acetone

(264-265) have also been used. Combinations of these

catalysts have been utilized too, for example, a mixture of

nitroprusside and acetone was used in the determination of

ammonia in Plasma by Fenton (266).	 Investigating	 the



- 21.5 -

catalytic action of both sodium nitroprusside and acetone,

Horn et al. (267) came to the conclusion that the reaction is

catalysed by sodium ferrous nitritopentacyanide, a complex

formed by reaction of nitroprusside and NaOH, and not by the

nitroprusside itself as had previously been thought. These

results were later confirmed by other investi gators (268).

From a similar investigation, Harwood (269) concluded that

sodium nitroprusside is a better c atalyst than acetone and

reported an increase in sensitivity. Using chloromina-T

instead of hypochiorite, Namiki et al. developed a technique

for the determination of nitrogen in metals, which involves

extraction with isobuty]. alcohol (270). Other modifications

and studies of the reaction include the use of hypobromite

instead of hypochiorite (271), kinetic investigations

(272-273), and automation of the method (274-276).

The use of a particular catal yst, the temperature, the

pH of the solution, the order of addition of reagents, timing

and the relative concentrations of sodium hydroxide and

phenol are factors, which affect the sensitivity and

reproducibility of the indophenol method.

Earlier investigators observed the high sensitivit y of

the method (248-250, 253, 254, 277) but often experienced

difficulties in obtaining reproducibility. Bolletter et al.

(252) have illustrated the fundamental chemistrY of the

mthod as follows:
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ammonia. This method will be briefly summarised 	 later

on.

59. EXPERIMENTAL

59.1 . Sample Preparation

Samples for this investigation were provided by the

Department of Applied Geology. The samples were first cut

into two halves. The analysis was performed on one half,

which was crushed in a j aw crusher and then powdered in a

Tema mill to pass a 200 mesh sieve. The powder was then

stored in polythene bottles.

5.9.2. Release and Collection of Ammonia

In order to release the ammonia from the rocks, the

powdered sample was fused in a nitrogen-free nickel crucible

with sodium hydroxide. An ar gon stream flowing at 0.5 1/rn

propelled the gases towards a 	 N standard HC1 solution,

in which the ammonia is dissolved for subsequent analysis by

the indophenol blue method.

5.9.3. Apparatus

To fuse and collect the ammonia, the apparatus shown in

Fig. 1j was desi gned. It consists of three main parts:

a. a nickel tube "A", in which the fusion takes place,

b. a glass tube "B", in which the hydrochloric acid solution

dissolves the ammonia, and
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c. a glass head "C" that, fitted on top of the tubes "A" and

"B", allows the gases released from the fusion to pass to

the HC]. solution propelled by an argon flow comin g through

tube "D".

5.9.11. Procedure

1) Twenty-five ml of ammonia-free water were place in the

receiving tube "B" (see Fi g . 111).

Five grams of analytical reagent grade sodium hydroxide

were weighed out and transferred to the nickel tube "A".

3. The glass head "C" was fitted on top of tubes "A" and "B"

and the apparatus set u p on iron supports suitable for

heating with a bunsen burner.

11. The argon flow was adjusted at about 0.5 1/mm and the

sodium hydroxide fused by heating the tube with the

burner. This step took about eight minutes.

5. The system was allowed to cool for eight minutes, the

glass head removed and the nickel tube brought to room

temperature under tap water.

6. One ml of ammonia-free water was added on top of the

solidified sodium hydroxide, the glass head replaced, the

argon flow adjusted, and the sodium hydroxide fused again.

This step lasted about twelve minutes.

7. The system was allowed to cool as in Point 5 and the

nickel tube cooled under tap water.
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Fi g . ILl: Schematic diagram of the apparatuB used to free and

collect the ammonia.

I-	 150cm—	 -I
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8. Adding no water at this time, the glass head was replaced,

the apparatus set up, the gas flow adjusted and the sodium

hydroxide fused once more. This step took about eight

minutes.

9. The system was allowed to cool as in "5" and "7", and the

nickel tube cooled under tap water before dàing the

blank.

5.9.5. Blank Determination

1. Having discarded the water that was In tube "B" during the

previous fusions, 25 ml of 10 	 M HC1 were transferred

into this tube.

2. On top of the solid sodium hydroxide In the nickel tube,

0.2 ml of nitrogen-free water were added, the glass head

replaced, the apparatus set up, the argon flow adjusted,

and the sodium hydroxide fused after gentle evaporation of

the water. This step took about ten minutes.

3. The system was allowed to cool, the glass head removed.

the porous plug at the end of the glass head was carefully

washed and this water added to the HC1 solution before

making up to 5Oml.

IL. This HC1 solution was s plit into two 25 ml calibrated

flasks and kept for later analysis.

5. The receivin g tube "B" was thoroughly washed with ammonia-

free water and another 25 ml of iO M HC1 transferred

into it before the addition of the Bample on top of the

sodium hydroxide for fusion.
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5.9.6. Addition of the Sample

The steps following the addition of the sample are

described below and illustrated in Fig . 113.

1. Between 0.1 and 1.Og of the sam ple to be analysed were

weighed out and transferred into the nickel tube with the

help of the cups designed for this purpose (see Fig. 112).

2. The cup containing the sample was securely fitted onto its

glass support, making use of the ground glass j oint (Fig.

113.2).

3. The cold nickel tube containin g the solid sodium hydroxide

was inverted (Fi g . 113.1) and the cup with the sample

lowered into the tube by handling it carefully from its

support (Fig. 113.3) until it reached the sodium hydroxide.

11. Next the nickel tube was quickly set u pri ght, holding the

cup tightly against the sodium hydroxide (Fig . 113. 11). thus

leaving the sample on top of the center of the sodium

hydroxide as is shown in Fig . 113.5.

5. The cup was carefully taken out, 0.2 ml of water added,

the glass head replaced and the argon flow ad j usted as

before and the fusion performed.

6. As in the blank determination, the porous plug at the end

of the glass head was washed and this water added to the

HC1 solution, the solution diluted and split into two 25m1

flasks and kept for analysis. The fusion of the sample

took about fifteen minutes.
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Fig. 42: The cup used for the addition of the sample.

1 - Glass cup with ground joint.

2 - Glass support for the cup with ground joint.

3 - Cup fitted on the glass support ready to

introduce the sample.

?ig . b3: Steps followed in the addition of the sample.

1 - Nickel tube with solid NaOH inverted.

2 - Cup with sample in its support.

3 - CUP and sample placed in the nickel tube.

4 - SamPle being de posited on top of the NaOH.

5 - SamPle ready to be fused.

ri 
2	 3	 4
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5.9.7. Cleaning the Nickel Tube

Before fusion of any sample was performed, the nickel

tube was thoroughly cleaned. 5.Og of sodium hydroxide were

fused and removed every day in the mornin g before any blank

or sample was fused for analysis.

After the fusion of each sample, the tube was cleaned by

refusing the melt with a further lO.Og of sodium carbonate.

The residue was dissolved in abundant water under the tap.

Alternatively , the tube can be cleaned simply by washing it

under the water tap but this is a time-consuming process.

5.9.8. Method of Analysis and Reagents

To estimate the ammonia in the solutions coming from

the fusion of the samples, the Indophenol blue method, as

suggested by Tetlow and Wilson (265) was followed without any

modification.

Analytical-reagent grade chemicals were used. Water

for this investigation was collected daily after passing

distilled water through a column of amberlite IR-120 cation

exchange resin. This was done to ensure a very low ammonia

content in it.

5.9.8.1.. EDTA Solution

The EDTA solution was made up by dissolving 60g of

the reagent in about 900 ml of water without heating and

diluting it with water to 1 litre. The solution was stored in

a glass bottle and was used for the analysis of all the

samples.
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5.9.8.2. Sodium hydroxide 5N

200 gr of sodium hydroxide were dissolved in water

at room temperature, transferred to a 11 calibrated flask and

diluted to the mark with water. The solution was then stored

in a polythene bottle and its normality measured by titrating

it with standardised hydrochloric acid.

5.9.8.3. Sodium Phenate Solution

100 ml of this solution were made up daily by

dissolving 12.5g of phenol in 27 ml of 5N NaOH and makin g up

to the mark in a 100 ml calibrated flask. The solution was

prepared immediately before it was required for use.

5.9.8.4. Acetone

Analytical-reagent grade acetone was used.

5.9.8.5. Sodium Hypochiorite Solution

One per cent w/V available chlorine. This solution

was prepared from a solution containing about 12% available

chlorine. The concentration of available chlorine was

determined by the iodometric method given by Vogel (280). 500

ml of this solution were made up each time and changed every

four weeks. The solution was stored in a dark bottle and kept

out of the direct sunlight.

5.9.8.6. Standard Ammonium Chloride Solution "A"

A 1000 ppm ammonia solution was made up by
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dissolving 3.1L1g of aminonium chloride, dried at 100°C, in

water and diluting it to the mark in a 11 calibrated flask.

The solution was stored in a glass bottle.

59.8.7. Standard Ammonium Chloride Solution "B"

500 ml of 100 ppm of ammonia solution were prepared by

transferring 50 ml of solution "A" with a pipette into a 500

ml calibrated flask and diluting it to the mark with water.

The solution was stored in a glass bottle.

5.9.8.8. Standard Ammonium Chloride Solution "C"

50 ml of solution "B" were added with a pi pette to a

100 ml calibrated flask and diluted to the mark with water to

obtain a 10 ppm solution of ammonia. This solution was used

to make the standards for the calibration curve.

5.9.9. Estimation of Ammonia

To each of the 25 ml portions of the solution

containing the NH 3 released from the fusion, the reagents

stated by Tetlow and Wilson (265) were added followin g their

instructions as follows:

a. First, 1.0 ml of EDTA solution was added. The flask was

stoppered and the contents mixed by gently swirling.

b. Second, 0.3 ml of acetone were added, the flask stoppered

and the content mixed by swirling.

C. Third, 10.0 ml of phenate solution were added, followed

after mixing by 5 ml of sodium hypochlorite and the
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solution mixed once more by swirling . The solution was

immediately diluted to 50 ml with water, the flask

stoppered and the contents mixed by inversion. The flasks

were then placed in a water bath at 25°C for sixty

minutes, after which they were removed and the absorbance

of the solution measured at 630 nm in a Shimazdu

spectrophotometer, using 10-mm plastic cuvettes, with

water in the reference cuvette. After use, the flasks were

washed with abundant water every da y , filled with water

and set aside until they were required again next day. The

cuvettes were also thoroughly washed with abundant water

and kept in water in a beaker for subsequent use.

5.9.10. Preparation of the Calibration Curve

Suitable amounts of ammonia solution "C" were added

to 50 ml calibrated flasks in order to construct a

calibration curve in the range of 0 to 120 pg of ammonia

and subjected to the analytical procedure described in

Section 5.9.9. The calibration curve is shown in Fi g .	 .

5.9.11. Advantages and Limitations of the Method

The method here described for the determination of

ammonia in rocks can be carried out cheaply In any

laboratory, provided that there is a nickel tube, argon and a

patient operator. It has also the advantage of needing little

sample.

Limitations for a wide application of the method arise

mainly from the release of the ammonia from the rocks and

these can be described as follows:
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Fi g . U: The calibration curve for the determination of

ammonia in rocks.

-	

,gr. of Ammorci in 50m1 of sokitic
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Table 27: Time spent in each of the operations involved in

the process of expelling the ammonia from the rocks

for analysis.

I

OPERATION	 TIME (minutes)

First fusion of NaOH 	 8

Cooling	 8

Second fusion of NaOH	 12

Cooling	8

Third fuBion of NaOH	 8

Cooling	 8

Blank	 10

Cooling	 8

Sample	 15

Cleaning

TOTAL	 120

= = = = = = = = = = = = = = = = = = = ====== = = = = = = = = = = = = = =
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5.9.11.1. Required Time

It follows from the section under "Procedure" that

a total of two hours are required to prepare a re plicate of

sample for analys is (see Table 27). This in turn means that,

preparing four replicates of each sample, only one sample can

be analysed in a day, if no mistakes are made. - This is a

handicap particularly when a large number of samples must be

analysed.

5.9.11.2. Ejection of the Sample

Ejection of the sample can cause the loss of some

solid before total decomposition can occur. This can happen

for any one of three followin g causes:

1. If the argon flow is released too fast, some powder is

blown out and sticks to the walls of the tube.

2. When the rate of heating is too fast, the effervescence of

the sodium hydroxide is violent and some sample comes out

as dust 1 which again sticks to the walls of the tube.

3. Finally, as a consequence of a fast heating rate, water

may condense in the upper part of the nickel tube and,

quite often, it condenses in the glass head, which warms

up more slowly than the metal. A drop of this water

falling on top of the hot fused mixture, causes sputtering

of the mixture, which will remain on the walls of the

tube. The result is always low values for the ammonia

content.
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5.9.11 . 3 . Leaking of Ammonia

Leaking may occur at the junction of the glass head

and the metal, due to differences in ex pansion coefficients

of the nickel and the glass. This would cause low results.

However, such difficulty has been overcome by putting a thin

"teflon" tape between the glass and the metal surfaces. Two

springs pull the glass head tightly to the metal, preventing

any gas from escaping.

5.9.11. 1&. Heating of the Receiving Solution

Due to the high temperature at which the

decomposition of the sam ple is achieved, both argon and gases

coming out of the fusion pass, while still hot, to the

hydrochloric acid solution thus raisin g its temperature. This

may cause loss of ammonia through evaporation. In order to

avoid this, the flask containing the hydrochloric acid

solution was immersed in a beaker of cold water.

5.9.11.5. The Amount of Sample

The amount of sample added in each fusion must be

kept below 1 g . This is the upper limit. Samples over one gram

may not be fully decomposed. 0.5g of sample is considered an

ideal amount. Theoreticall y , there is no lower limit for the

amount of sample as long as it can be accurately wei ghed out

and the recoveries of the method were measured with 5 mg of

ainmonium phosphomolybdate.

5.9.11.6. Use of Plastic Cells

Although	 these were	 used	 in	 the present
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investigation their use is not recommended because, no matter

how carefully they are handled and washed, they soon become

dark and do not match. A change of cell when the anal ysis is

in progress affects the reproducibility of the results. This

difficulty was overcome by keeping the cells in water

overnight.	 -

5.9.11.7. Addition of the Water

Once the sample has been deposited in. the nickel

tube, care has to be taken during the addition of the 0.2 ml

of water. This should be done slowly and against the walls

of the tube since dropping the water on top of the sample

will cause ejection of powder and consequent low results.

This is particularly so if the amount of sample is very small

and the ammonia content is high.

5.9.11.8. Other Comments

Due to the conditions in which the fusion of the

sample is carried out, hi gh temperature and fused sodium

hydroxide, special safety precautions have to be taken:

1. Always handle the crucible with a strong pair of tweezers

and wear gloves.

2. The tube should always be handled only when the sodium

hydroxide Is fused.

3. When cooling the tube under the tap water 1 do it slowly

and check that no water gets into the tube since this will

give rise to a high blank.
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Table 28: Recoveries of Ammonia.

Test No.	 ,ug NH3

137.00

131&.25

135.92

138.23

126.68

135.82

1L&1. 17

131.66

137.39

125.31

136.50

128.90

137.50

13a. 30

Average of 1 blanks = 0.62 )Jg

Total NH3 recovered =

'= 1311.8L& )' g - 0.62 pg
= 131L 22	 in 5 x103g

= 2.68% of NH 3 in the salt

The theoretical value is 2.72%

hence % recovery is 98.5%

However the purity of the salt

15	 138.00	 is not known.

X	 13b.81&

1&.63

R.S.D.	 3.1&%
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Fig . 45: The distribution of ammonia in different tWpes of

rocks.
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Table 29: Results obtained for twenty-two samples from the

Cambro-Ordovician formation in Northwest Scotland1

and a buddintonite specimen.

Sample	 Kind of Rock	 ppm.NH3	 Replicate	 R.S.D.%

LI.

Li.

11

14.

14.

U.

Lj.

11.

Lj.

Li.

Li.

LI.

Ii.

Li.

Lj.

Li.

LI.

5

Li.

14.

5

Ore-Quartzite

Quartzite

Shale

Quartzite

Quartzite

Quartzite

Ore-Qus.rtzite

Carbonate

Ore-Quartzite-Sha].e

Ore-Quartzite

Ore-Quartzite

Quartzite

CarbOnate/Ore

Quartzite/Shale

Carbonate/Shale

Shale

Shale

Shale

Shale/Carbonate

Shale

Shale

Feldspar

128.0

55.0

263.0

7.3

43.6

5.6

22.0

37.5

35.6

52.2

73.0

36.6

11.6

20.3

93.0

221.4

245.0

276.8

132.3

270.0

295.5

46.7

2.7

2.6

0.11.

6.3

4.1

5.0

2.3

10.5

2.8

6.1

2.2

2.1

4.2

1.5

1.7

0.6

2.2
1.2
2.7

2.0

2.11.

5.6

23	 Buddingtonite	 3.21i.%	 6	 2.0
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this type of-rock was formed in the presence of organic

matter (281).

Six replicates of the mineral buddingtonite were carried

out using O.lg of sample and the , percentage of ammonia was

found to be 3.2L%. This value, compared with that reported

for the pure mineral, 7.95% (221), is low. However, the

purity of the sample is not known. In order to check this

result, the amount of NH 3 present in the buddingtonite

sample was determined by the method used by Erd et al. (221),

i.e., expelling the ammonia from the mineral with a strong

solution of sodium hydroxide and collecting it in an excess

of acid for subsequent titration of the excess of acid with a

standardised solution of sodium hydroxide. Due to the small

amount of sample available, only two replicates were made by

this method and the percentage of ammonia was found to be

3.19%, which, compared with 3.2I% obtained from the fusion of

the sample, shows good agreement.

5.10.3. The Blanks

A total of twenty-seven blanks were determined during

the application of the method to the analysis of rocks. The

values for such blanks are given in Table 30. A histogram of

the blanks is shown in Fig. 116. The maximum amount of

ammonia in the blank (2 pg) corresponds to 11 ppm on the 0.5g

sample recommended.

5.10.11.. Detection Limit

The detection limit as defined by Roos (282, 283) is:

D.L. = 1.6115 Vs
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Fig . L&6: A histogram for the blanks obtained in the analysis

of rocks for ammonia.

Voies of bkink in pgr.
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Table 30: Value of the blanks for ammonia in rocks.

	

Blank	 No.	 ig NH3

	1	 0.3	 = 0.71 jig.

	

2	 1.5

	

3
	

0.1	 The standard deviation

0.0

	

5
	

0.1	 of the blank was

	

6
	

1.2

	

7
	 1.9	 0.71

	

8
	

0.0

	

9
	 0.1

	

10	 0.9

	

11	 0.0

	

12	 1.9

	

13
	 1.6

	

iLj	 1.1

	

15
	 0.0

	

16
	

0.2

	

17
	

1.7

	

18
	

0.0

	

19
	 0.0

	

20	 0.0

	

21
	

1.5

	

22
	 1.8

	

23
	 0.1

	

2L.	 0.8

	

25
	 0.5

1.1

	

27
	

0.8
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where S stands for the standard deviation of the blanks.

D.L. = 1.6115 'f x0. 7 i. = 1.7 ug

This is equal to 1.7 ppm on ig sample.

5.10.5. Conclusions

1. It follows from the results that the amount of ammonia

present in the rocks is very low. If all the ammonia is

present as buddingtonite, it represents about 0.3% of the

mineral in the shales and even less in other rock types.

2. The highest ammonia content is preBent in shales and

probably comes from the remains of organic material

present at the time when the rocks were formed.

3. The ammonia content in the sample of buddingtonite is low,

but the purity of the sample is unknown.

11. The method has a precision of +/- 2.0% for large amounts

of ammonia and +/- 5.0% for samples around 30 ppm.
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Appendix 2.: pH, potassium (ion) and silica concentrations for

ground waters from different localities.-

Concentrations of K and silica in umol

[iC]
pH	 S102	 log----	 -log(H4SiO4]	 Ref.

(H]

	

63.9	 259.6	 0.2	 3.6	 136

4.85 102.3	 258.0	 0.9	 3.6	 "

5.25	 51.2	 126.5	 1.0	 3.9

11.4	 51.2	 91.5	 0.1.	 11.0

5.0	 115.2.	 299.6	 1.0	 3.5

5.0	 89.5	 296.2	 0.9	 3.5

5.96	 25.6	 166.4	 1.11	 3.8

6.52. 127.9	 3116.1	 2.6	 3.5

6.50	 89.5	 312.9	 2.5	 3.5	 "

6.9	 593.8	 2.02.5.1	 3.7	 3.0	 "

7.0	 7311.2.	 965.2	 3.9	 3.0

7.0	 286.5	 535.9	 3.5	 3.3

6.60 271.1	 451.0	 3.0	 3.3

6.90 1109.2	 5711.1	 3.5	 3.2

6.75 217.4	 722.3	 3.1	 .	 3.1

	

6.6 3007.8	 12.84.8	 4.2.	 2.9

7.1	 43.5	 321.2	 2.7	 3.5	 1311

7.0	 122.8	 4111.11	 3.2.	 3.3

7.6	 163.7	 577.5	 3.8	 3.2

8.6	 58.8	 2116.3	 4.11	 3.6	 "

7.9	 299.2	 441.0	 4.11.	 3.4

6.8	 211.3.0	 306.2	 3.2	 3.5

6.3	 176.5	 1102.7	 2.5	 3.11.

6.9	 156.0	 665.7	 3.1	 3.2

7.1	 1115.8	 713.9	 3.3	 3.1
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Appendix 1 (cont.)

[K]
pH	 K	 S102	 log----	 -log[H4S1O4]	 1ef.

(H]

	

7.6	 209.7 1233.2	 3.9	 2.9	 1311

	

7.6	 1115.8 1218.2	 3.8	 2.9

	

8.2	 7116.8	 382.8	 5.1	 3.11

	

7.6	 30.7	 366.1	 3.2.	 3.11	 135

	

7.4	 20.5	 299.6	 2.7	 3.5

	

7.2	 51.2	 118.2	 2.9	 3.9

	

7.2	 25.6	 366.1	 2.6	 3.11	 "

	

6.8	 25.6	 233.0	 2.2	 3.6

	

7.3	 97.2	 1132.7	 3.3	 3.3

	

6.11	 35.8	 249.6	 2.0	 3.6	 "

	

5.7	 38.4	 166.4	 1.3	 3.8

	

6.9	 17.9	 332.8	 2.1	 3.5

	

7.1	 25.6	 299.6	 2.5	 3.5

	

11.8	 32.00 110.00	 0.31	 3.96	 111

	

5.0	 35.00	 98.00	 0.54	 4.00	 "

	

5.0	 33.00 105.00	 0.52	 3.98

	

5.18	 37.00	 98.00	 0.75	 11.00

	

5.30	 36.00 103.00	 0.90	 3.99

	

5.05	 26.00 110.00	 0.46	 3.96

	

11.77	 31.00	 911.00	 0.26	 4.00

	

11.91	 29.00	 93.00	 0.37	 4.03

	

4.90	 46.00	 711.00	 0.56	 11.13

	

5.19	 39.00	 83.00	 0.78	 11.10

	

11.91	 36.00	 82.00	 0.47	 4.2.0

	

5.41	 37.00	 71.00	 0.98	 11.15

	

5.20	 30.00	 71.00	 0.68	 11.15
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Appendix I (cont.)

(K)
pH	 Si02	 log----	 -log[H4SiO,1]	 Ref.

(H I

5.35	 23.00	 73.00	 0.71	 4.111	 111

5.22	 311.00 100.00	 0.75	 11.00

5.02	 30.00	 99.00	 0.50	 11.00

7.7	 306.92 549.18	 11.19	 3.26	 137

8.0	 767.30 366.12	 4.88	 3.44
8.0	 1109.23 1132.68	 11.61	 3.36

7.9	 199.50 565.82	 4.20	 3.25

7.6	 485.96 299.55	 4.29	 3.52	 "

7.5	 332.50 4 32.68	 11.02	 3.36	 "

7.5	 2011.61 399.110	 3.81	 3.110

7.5	 306.92 532.53	 3.99	 3.27

7.9	 117.65 515.89	 3.97	 3.29

7.7	 217.110 1165.97	 4.04	 3•33
7.6	 332.50 582.116	 4.12	 3.23
7.6	 332.50 1165.97	 11.12	 3.33

7.7	 332.50 11119.33	 4.22	 3.35

7.5	 460.38 1165.97	 4.16	 3.33

7.6	 690.57 316.19	 4.1111	 3.50

7.9	 232.75 399.110	 4.27	 3.110

7.5	 741.73 515.89	 4.37	 3.29

7.3	 168.81 183.0 6	3.53	 3.711

8.0	 166.25 1132.68	 4.22	 3.36

7.5	 153.116 382.76	 3.69	 3.42

7.5	 186.71 1165.97	 3.77	 3.33

7.3	 186.71 1132.68	 3.57	 3.36
7.11.	 40.92	 1199.25	 3.01	 3.30	 "
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Appendix 1 (cont.)

[K4]
pH	 K4	 Si02	 10----	 -log[H4S1O4)	 Ref.

[H

7.0

7.6

7.7

7.6

7.2
7.6

7.5
7.2

8.1

8.2.

7.7

281. 311.

306.92

741.73

86.96

383.65
2011.62.

1185.96

383.65

158.58

219.96

332. 50

482.61

532.53

499.25
11.82.61

465.97

1199.25

1165.97

11.99.25

366.12

1149.33
316.19

3.45

11.09

11.57

3.511

3.78

3. 91.

11.19

3.78

4.30

11.411.

4.22

3.32

3.27

3.30

3.32

3.33

3.30

3.33

3.30

3.11.11.

3.35

3.50

137
,,

,,

I,

I,

I,
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Appendix 2: pH , potassium ion and silica concentrations for

some geothermal waters in Iceland.-

Concentrations in	 umol

EK]
pH	 K4	 Si02	 log----	 -log(H4SiO43 Ref.

(J1]

9.31

9.91

9.92

9.69

7.53

6.38

9.30

9.28

8.82

9.02

8.52

9.33

8.20

	

11.2.50	 6211.10	 4.94

	

2.30	 11.97.60	 11.30

	

14.10	 835.111	 14.53

	

5.63	 607.42 14.411

31,8113.10 8,896.70 6.03

143,992.00 10,500.92 5.02

138.11 2,992.20 5.1114

158.83 14,207.02 5.50

3112.73 11,676.32 5.11.0

711.1.73 9.577.30 5.90

920.80 12,760.90 5.50

652.21 7,368.95 6.111.

613.84 7.11.27.20 5.00

3.20

3.30

3.10

3.22

2.05

2 • 00

2. 52

2.140

2.33

2.02

1.90

2.13

2.13
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Appendix 3: pH, potassium ion and silica concentrations for

several rivers of the world. -

Concentrations in urn

[K4]
pH	 K4	 Sb2	 log----	 -log[H4SiO4]	 Ref.

[H4]

7.1.	 58.8	 332.8	 2.9	 3.5	 1311

11.611	 3.81	 110.11.11	 -0.78	 11.11.0	 111.0

7.50	 36.60 196.011.	 3.10	 3.71

8.5	 178.01 24 11.00	 4.80	 3.61

14.90	 5.90	 73.72 -0.33	 11.13	 125

8.1..	 15.3	 51.60	 3.3	 14.3	 111.1

8.1.	 17.9	 53.25	 3.3	 4.3	 "

8.0	 17.9	 119.93	 32

8.1	 12.8	 118.30	 3.2	 11.3

8.0 .	20.5	 53.30	 3.3	 11.3	 "

7.11	 53.7	 66.6	 3.1	 4.2	 111.2

6.6	 20.5	 59.9	 1.9	 11.2

6.9	 125.3	 •296.2	 3.0	 3,5
6.9	 63.9	 1514.8	 2.7	 3.8

11.7	 211.3	 91.5	 0.1	 11.0

14.5	 69.1	 1119.8	 0.3	 3.8

7.1	 63.9	 1511.8	 2.9	 3.8

11.11.	 35.8	 119.8	 -0.1	 3.9

11.1.	 33.2	 118.2	 -0.11.	 3.9

5.7	 28.1	 93.2	 1.1	 11.0

6.7	 46.0	 199.7	 2.11	 3.7	 "

6.9	 33.2	 81.5	 2.11.	 11.1	 111.3

7.8	 127.9	 191.11	 3.9	 3.7

8.3	 173.9	 299.6	 4.5	 3.5
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Appendix 3 (cont.)

[K4)
pH	 K4	 Si02	 log----	 -log[H4S1O4]	 Ref.

[H4]

8.3	 112.5	 166.11	 11.4	 3.8	 111.3

8.11.	 87.0	 2211.7	 11.3	 3.6	 111.11.

8.11	 99.7	 332.8	 11..L1	 3.5
8.0	 11.8.6	 11.16.0	 3.7	 3.11.

7.6	 35.8	 291.2	 3.2	 3.5	 "

7.7	 71.6	 366.1	 3.6	 3.11.

6.7	 6.39 208.0	 1.5	 3.7
7.1	 10.2	 233.0	 2.1	 3.6

7.5	 230.2	 916.1	 3.8	 3.0	 139
8.3	 562.7	 1116.4	 5.1	 3.11.

6.8	 25.6	 166.6	 2.2	 3.8
6.35	 11.00 113.00	 1.110	 1.110	 111
6.69	 16.00 105.00	 1.90	 11.00

6.51	 15.00 1.16.00	 1.70	 3.90
6.51	 13.00 129.00	 1.60	 .	 3.90
6.30	 10.00 118.00	 1.30	 3.90

6.50	 15.00 109.00	 1.70	 11.00

6.30	 11.00 1211.00	 1.30	 3.90

6.4i.	 15.00 123.00	 1.60	 3.90

6.39	 9.00 1211.00	 1.30	 3.90

6.35	 14.00 128.00	 1.50	 3.90
6.11	 25.00 100.00	 1.80	 11.00

6.5	 18.00 1.28.00	 1.70	 3.90
6.2	 111.00 123.00	 1.30	 3.90
6.15	 12.00 1111.00	 1.20	 3.90

6.50	 16.00 133.00	 1.70	 3.90
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Appendix 3 (cont.)

[K4]
pH	 K4	 Si02	 log----	 -log[Hj1SiOj1.]	 Ref.

[H4]

6.116	 15.00 135.00	 1.60	 390	 111

7.0	 17.90 1511.77	 2.25	 3.81	 1.115

7.0	 23.02 166.112	 2.36	 3.78

7.1.	 17.90 1.66.42	 2.35	 3.78

7.2	 20.11.6 183.06	 2.51	 3.711.

7.0	 10.23	 58.25	 2.01	 11.23

7.0	 10.23 1111.83	 2.01.	 3.911

7.2	 12.79 166.11.2	 2.31	 3.78	 "
7.2	 15.35 161.42	 2.39	 3.79
7.1.	 15.35 166.112	 2.29	 3.78
7.0	 12.79 166.112	 2.11	 3.78

7.33	 17.90 183.06	 2.58	 3.711

6.7	 10.23	 79.88	 1.71	 11.10

6.11	 7.67	 63.211	 1.28	 4.20

6.7	 7.67	 • 73.22	 1.58	 L.j4	 "
8.0	 10.23	 79.88	 3.01	 4.10

8.1	 12.79	 1011.811	 3.21.	 3.98

7.].	 12.79	 88.20	 2.21.	 11.05

7.8	 15.35	 64.90	 2.99	 4.19

8.0	 15.35	 59.91	 3.19	 11.22	 "

8.0	 17.90	 68.23	 3.25	 4.17	 "

7.].	 10.23 1119.78	 2.1	 3.8	 1116

6.5	 1.5.35 149.78	 1.6	 3.8

7.1	 10.23 1119.78	 2.1	 3.8

6.5	 15.35 1. 11.9.78	 1.6	 3.8
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Appendix LI: pH, potassium ion, and silica concentration for

some fresh and alkaline lakes.-

Concentration in urn l.

(K]
pH 	 Si02 log-----log (H11S1O4)	 Ref.

(H]

118

150
1311

151.
U

,,

152

153
,,

U

119

I,

	9.70	 8133.111 108.20

9.70 2951l7.60 39.0Q

	

9.00	 2122.90	 71L90

	

7.1	 220.0 1830.6

	

9.2	 5111.1	 329.5

	

9.9	 81290.60 5580.00

	

9.7	 58800.96 2990.51

9.3 711.30.05 1060.10

9.7 191500.811 9151.30

9.7 176039.70 9520.72

	

8.1	 5678.011 183.10

	

8.6	 33889.20	 511.92

	

7.6	 211107.711	 316.20

	

7.9	 58315.11.2	 166.11.2

	

7.8	 8286.90 199.70

	

7.6	 11.3.11.8	 299.60

	

7.11	 110.92 266.30

	

8.1	 911.63 216.311

	

8.8	 133.00 765.52

	

6.9	 35.81 316.20

10.1 2263511.29 9019.80

	

9.8	 9911.93.58 10733.9

	

9.2	 281.311 599.10

7.61

8.20

6.30

3.11

5.9

8.81.

8.50
7.20

9.00

8.95

5.85

7.13

5.93

6.70

5.72

3.23

3.01

11.10

11.92

2.50
9.115

8.80

5.65

11.00

2.50
11.13

2.7

3. 5

2.30

2.52

3.00

2.05

2 • 02

3.711

11.30

3.50
3.80

3.70

3.52

3.60

3.70
3.12

3.50

2.011.

1.97

3.22



119

'I

155
,,

I,

'I

'I

,,

'I
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Appendix Li (cont.)

(K4]
pH	 K4	 Si02 10----	 -1o(HLiSiOk]	 Ref.

(H4]

9.7

7.8

9.5

9.6

7.0

8.0

7.1

9.3

8.0

7.0

7.2

8.1.

9.6

8.89

9.1

9.1

111690.11 915.29 8.32

82868.69 316.19 6.72

2608.83 2363.12 6.92

	

29924.8	 232.98 8.08

	

56.2	 281.24 2.7

	

97.1	 69.9	 11.7

	

911.6	 11111.78	 3.0

	

161.1	 11327 5.5

	

168.8	 411.93	 11.2

	

166.2	 111.5	 3.2

	

406.6	 183.06 3.8

	

391.3	 183.06 Li.6

	107.11 	302.88 5.6

	

2020.5	 33.28 6.2

	

2301.9	 108.17 6.11

	21711.0	 1119.78	 6.11

3.04

3.50

2.63

3.63

3.5

11.1

3. 8

11.3

11.3

3.9

3.7

3.7

3.5

4.11

3.9

38
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Appendix 5: pH, potassium ion and silica concentrations for

surface and deep oceanic waters.-

Concentrations in umol 1.

1 K4]
pH	 K4	 Si02 log-----log[H4S104]	 Ref.

[H4]

	5.7
	 11.1	 165

	

6.2	 4.0	 2.22

	

5.7	 6.5	 157

	

6.2	 4.3

	

5.6	 4.3	 168

	

6.2	 5.6	 157-159

	

5.7	 5.6	 I,

	5.5
	 4.6

	

5.7
	 4.0	 ,,

	5.7	 3.8
	 'I

	5.3	 3.8
	 'I

	6.2	 11.5

	

5.7
	 11.2.

	

5.6	 11.0

	

5.7	 3.9
	 U

	

6.2	 5.5
	 H

	

6.2	 5.6

	

5.7	 5.5
	 ,,

	

5.6	 5.1
	 H

	5.5
	 4.8

	

5.7	 11.2	 H

	5.7	 3.8

	

5.3
	 3.8

7.7

8.2

7.8

8.2

7.6

8.21

7.76

7.55

7.71

7.70

7.36

8.21

7.70

7.59
7.71
8.21

8.21

7.76
7.60

7.57

7.71
7.70

7.36

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

75.0

99.9

0.3

119.9

49.9

2.3

2.6
25.0

94.8

158.0

156.4

32. 2

711.8

100.8

131. 0

3.3

2.7
3.2

7.2

16.0

68.5

159.7

143.1



6.2

5.7

5.7

5.3

6.2

6.2

5.7

5.6

5.7

5.3

6.2

5.6

5.5

5.7

5.7

5.9

5.8

5.8

5.5

IL 9

Ii. 2

3.9

5.3

IL 7

IL 6

IL 5

Lj. 2

3.8

5.3

L. 6

Ii. 3

3.8

a. 1

Ii-. 8

Ij	 Li

Li. Li
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A ppendix 5 (cant.)

[K4]
p1-I	 K4	 Sb2 log---- -1o(HS1O]	 Ref.

[H

8.21

7.71

7.70

7.36

8.21

8.21

7.76

7.60

7.71

7.36

8.21

7.60

7.57

7.7

7.7

7.9

7.8

7.8

9719.2

9719.2

9719.2

9719.2

9719.2

9719. 2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

9719.2

2.7

13.1

68.9

120.5

5.0

16.6

25.0

31.0

66.6

111-8.1

5. 2

23.3

51.5

L 115. 0

70.5

16.0

38.9

36.6

157-159
I,

,,

U

,,

U

U

U

'I

166-167
U

I,



172

,'

,,

,,

H

if

171
U

U

I,
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Appendix 6: pH, potassium ion and silica concentration for

interstitial	 water	 from marine	 sediments.

Concentrations in 	 umol i-i.

(K4]
pH	 K4	 Si02 log-----lo g [H4SiO4]	 Ref.

[H4)

7.69

7.78

7.60

7.76

8.27

7.011

6.89

7.14.

7.0

7.95
7.78

7.83

7.14

7.33

7.75

7.01

7.10

7.05

8.62

7.6

7.5
a. i

7.6

1099.80 221.33

	

9116.311	 11.37.70
117 6 .50 1111.45

920.76 1101.10

2506.52 988.52

5601.31 795.14.7

48311.00 286.24

11. 3 22 . 11. 7 165.60
6752.26 386.10

2736.71 657.35

1892.68 69.140

5089.77 204.70

1053.20 575.80

4706.12 602.11.3

1713.611 178.10

3580.75 178.10

	

14.83 11.01	 535.86
11629.39 813.78

31 115.9 14. 169.75

11 1199.31 14.59.31

10199.70 199.70

11599. 00 11.59.31

11199.70 710.60

11.73

11.76

4.70

4.72

5.70
14. BO

4.60

5.00

4.80

5.40

5.10

5.511.

5.42

5.00

5.00

Ij.. 60

4.80

4.72

6.12

5.70

5.51

6. 20

5.65

3.70

3.40

3.85

3.40

3.01

3.10

3.511

3.80

3.111

3.20

4.16

3.70

3.24

3.22

3.75

3.75

3.30

3.09

3.80

3.311

3.70
3.311.

3.15
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Appendix 6 (cont.)

[K)
pH	 Si02 log---- -log[H j1 SiO 4 ]	 Ref.

(H

7.7
7.8

7.5

7.2

7. A

7.0

7.0

7.6

7.2

7.5
7.11.

7.3

7.9

8.1

7. A

7.0

7.1

7.5

7.2

7.0

7.0

10100.00

8599.9

11199.7

7399.3

8900.7

511.98.8

11.700. 9

10599.0

8800.9

10998.0

10199.7

7000.3

11199.7

11900.8

8701.2

8099.9

9299.7
11000.2

7399.3

6900.6

5900.5

820.11.11.

610.75

11.29.36

920.29

109.811.

890.33

1000.17

399.11.0

1199.87

319.52

920.29

1209.85

389.11.2

319.52

319.52

11.59.31
710.60

199.70

750. 511.

610.75

239.611.

5.70

5.7

5.5

5.0

5.3

11.. 7
II.. 6

5.6

5.1

5.5

5. LI.

5.1

5.9

6.2

5.3
L .• 9

5.1

5.5

5.1

11.. 8

11.. 8

3.10

3.2

3.11

3.0

11.. 0

3.0

3.0

3.11.

2.9

3.5

3.0

2.9

3. LI.

3.5

3.5

3.3

3.1

3.7

3.1

3.2

3.6

171
,,

I'

,,

,,

I,

,,

I,

'I

U

,,
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Appendix 11.- Summary Statistics: Maior Elements.

Element	 5102	 Ti02	 Al203	 Fe203	 MnO

Count rate error %	 0.6	 0.8	 1.0	 1.0	 3.0

Std. error of

estimate wt.%	 0.511	 0.03	 0.52	 0.15	 0.01

Calibration lower	 8.00	 0.00	 0.00	 0.00	 0.00

range	 upper	 80.00	 3.20	 23.00	 111.80	 0.20

Detection limit

wt.%	 0.086 0.018	 0.087	 0.0L5	 0.012

Accuracy +/- wt.%

(average deviations 	 0.116	 0.11	 0.36	 0.10	 0.008

of 11 standards)

precision c%: G-SL	 0.76	 1.55	 0.75	 1.15	 11.1

Element	 MgO	 CaO	 Na20	 K20	 P205

Count rate error %	 1.5	 0.6	 0.7	 0.6	 1.6

Std. error of

estimate wt.°/	 0.30	 0.09	 0.20	 0.07	 0.01

Calibration lower	 0.00	 0.00	 0.00	 0.00	 0.00

range	 upper	 50.00 32 .5 0	5.110	 5.00	 0.60

Detection limit

wt.%	 0.165 0.006 0.155	 0.002	 0.ö18

Accuracy +/- wt.%

(average deviations	 0.13	 0.17	 0.26	 0.09	 0.02

of 11 standards)

precision c%: G-SL	 6.L&7	 1.34	 11.35	 1.03	 11.35
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Appendix 12.- Summary Statistics: Trace Elements.

El.	 C.R.	 S.E.of	 U.L.	 D.L.	 Precis.

e.ppm.	 ppm.	 ppm.	 c% G-TI-I

El. = Element

C.R.E.% = Counting rate error %

S.E.of e.ppm. = Std. error of estimate ppm.

U.L.ppm. = Upper limit ppm.

D.L. ppm. = Detection limit ppm.

Precis. = Precision
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Appendix 1.3: Normative mineral calculations for the Lewisian
gneiss from the felsic band.

Mineral	 6	 7	 8	 9	 10

Quartz
(Microcline)
(Albite)
(Ariorthite)
Feldspar
(Ph1oopite)
(Annite)
(Ferric-easton.
(Ferric-sidero..)
Biotite
Muscovite
Goethite
Pyrophyllite
(Clinoch lore)
(Brunsvigite)
(Thuringite)
Chlorite
Serpentine
Talc
lime nit e
Rutile
Luecite
Kaolinite
TOTAL

37.71
(31.90)

1.43)
( 0.09)
33."

( 2.89)

( 0.113)

( 0.00)
( 0.00)

3.33
211.. 16
1.82
0.00

( 0.00)
( 0.00)
C 0.00)

0.00
0400
0.00
0. 26
0.00
0.00
0.00

100.75

35.99
(49. 03)
( 6.11.2)
( 0.11.9)
55.95

( 1.69)
( 0.00)
C 0.00)
( 0.00)

1.69
6.02
0.63
0.00

C 0.00)
C 0.00)
( 0.00)

0.00
0.00
0.00
0.1.0
0.00
0.00
0.00

100. lj.o

30.86
( 0.00)
( 1.01)
( 0.09)

1.11
( Ci • (it) )
( 0.00)
( 1.58)

( 0.00)
1.58

63.53
1.03
1.011.

( 0.00)
C 0.00)
( 0.00)

0.00
0.00
0.00
0.08
0.86
0.00
0.00

100.13

4.27
C 3.03)
C 1.43)
( 0.19)

4.67
( 1.72)
( 0.10)
( 0.00)
( 0.00)

1.82
86.62

1.36
0.00

( 0.00)
( 0.00)
( 0.00)

0.00
0.00
0.00
0.07
0.00
0.00
0.00

98.85

17.90
(16. 77)
( 0.33)
( 0.09)
17 ' 0

( 6.41)
( 0.00)
( 0.00)
( 0.00)

6.41
51.03

Lj. • 50
0.00

C 0.00)
( 0.00)
C 0.00)
0.00
0.00
0.00
1.149
0.26
0.00
0.00

98.811.

Si0 2 	 + 0.00	 + 0.00	 + 0.00	 + 0.00	 -I- 0.00
Ti02 	 + 0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00
Al 20 3	0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00
Fe 20 3	 + 0.00	 - 0.00	 -s- 0.00	 + 0.00	 + 0.00
FeO	 + 0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00
MnO	 + 0.01	 + 0.01	 + 0.00	 + 0.02	 + 0.02
MgO	 + 0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00
CaO	 + 0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00
Na20	 0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00
1(20	 0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00

	

+ 0.01	 + 0.01	 + 0.02	 + 0.01	 + 0.02
lI 20	 0.03	 - 0.04	 - 0.09	 + 0.08	 + 0.69
CO 2	+ 0.21	 + 0.06	 + 0.18	 + 0.15	 + 0.18

Total Fe	 + 0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00

Easton. = eastonite
Sidero. = Siderophyllite
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Appendix 13 (cont.)

Mineral	 16	 17	 18	 19	 20

Quartz
(Microc line)

(Albite)
(Anorthite)
Fe 1 dsp ar
(Phiogopite)
(Annite)
(Ferric-easton.
(Ferric-sidero.
Biotite
Muscovite
Goethite
Pyrophyllite
(Clinochiore)
(Brunavigite)
(Thuringite)
Chlorite
Serpentine
Talc
Ilmenite
Ru tile
Luecite
Kaolinite
TOTAL

1.91
( 0.00)
C 1.09)
C 0.09)

1.19
( 0.00)
( 0.00)
( 1.37)
( 0.00)

1.37
37.11.0
0.67

56.21
( 0.00)
( 0.00)
( 0.00)

0.00
0.00
0 • 00
0.02
0.11.2
0.00
0.00

99.23

27.12
( 0.00)
C 2.28)
( 0.09)

2.38
C 0.00)
C 0.00)
( 1.93)
( 0.00)

1.93
62.76
1.29
3.57

( 0.00)
( 0.00)
C 0.00)

0.00
0.00
0.00
0.02
0.90
0.00
0.00

100.00

31.38
C 6.52)
( 0.16)

0.111.)
6.84

( 5.00)
( 0.52)
C 0.00)
( 0.00)

5.52
50.75
3.59
0.00

( 0.00)
( 0.00)
C 0.00)

0.00
0.00
0.00
0.58
0.00
0.00
0.00

98.69

16.23
(64. 38)
( 3.13)
( 0.64)

8.15
( 3.51)
( 0.64)
( 0.00)
( 0.00)

4.16
8.77
1.36
0.00

C 0.00)
( 0.00)
C 0.00)

0. 00
0.00
0 • 00
0.39
0.00
0.00
0.00

99.08

36.03
( 0.00)
( 0.33)
( 0.29)

0.63
( 0.00)
C 0.00)
C 1.15)
( 0.00)

1.15
31.31
0.37

29.58
C 0.00)
C 0.00)
( 0.00)

0.00
0.00
0.00
0.02
0 • 02
0.00
0.00

99.15

Si0 2	 4- 0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00
Ti02 	 4- 0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00
Al 203 	 + 0.00	 -4- 0.00	 + 0.00	 + 0.00	 + 0.00
Fe 20 3	- 0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00
FeO	 .	 +0.00	 +0.00	 +0.00	 +0.00	 +0.00
MnO	 + 0.01	 + 0.01	 + 0.02	 + 0.02	 + 0.00
MgO	 -I- 0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00
CaO	 + 0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00
Na20	 + 0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00
K2 0	 + 0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00

4- 0.02	 + 0.03	 + 0.02	 + 0.05	 + 0.20
H 2 0	 + 0.15	 + 0.28	 + 0 .53	 + 0.37	 - 0.17
CO 2	+ 0.13	 + 0.07	 + 0.08	 + 0.03	 + 0.09
Total Fe	 + 0.00	 + 0.00	 + 0.00	 + 0.00	 + 0.00

Easton. = eastonite
Sidero. = siderophyllite
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Appendix 13 (cant.)

Mineral	 23	 24	 25	 26

Quartz
(Microcline)
(Albite)
(Anorthite)
Feldspar
(Phiogopite)
(Annite)
(Ferric-eastonite)
(Ferric-siderophyllite)
Biotite
Muscovite
Goethite
Pyrophyllite
(Clinochiore)
(Brunsvigite)
(Thuririgite)
Chlorite
Serpentine
Talc
Ilmenite
Rutile
Luecite
Kaolinite
TOTAL

22.83
(50. 59)

( 1.01)
( 0.14)
51.75

( 4.79)

( 0.83)
( 0.00)
( 0.00)

5.63
17.85
1.52
0.00

( 0.00)
( 0.00)
C 0.00)

0.00
0.00
0 • 00
0.43
0.00
0.00
0. 00

100. 03

16.16
(60. 10)
( 1.11.3)
( 0.511.)
62.08
( 4.72)
C 0.84)
C 0.00)
( 0.00)

5.57

12.811.
1.11.8
0.00

( 0.00)
C 0.00)
( 0.00)

0.00
0.00
0.00
0.47
0.00
0.00
0. 00

98.62

38.25
( 0.00)
( 0.93)
( 0.09)
1.02

C 0.00)
( 0.00)
( 1.37)
C 0.00)

1.37
56.93
0.21
1.51

( 0.00)
C 0.00)
C 0.00)

0.00
0.00
0.00
0.02
0.32
0.00
0 • 00

99.68

23. 11.4
( 0.00)
( 2.62)
C 0.29)

2.92
( 0.00)
( 0.00)
( 1.50)
( 0.00)

1.50
40.18

0.211
30. 25
( 0.00)
( 0.00)
C 0.00)

0.00
0.00
0.00
0.02
0.55
0.00
0.00

99.13

Si0 2	 + 0.00	 + 0.00	 4- 0.00	 4- 0.00
Tb 2	 • 0.00	 4- 0.00	 + 0.00	 + 0.00
Al 20 3 	-'- 0.00	 + 0.00	 4- 0.00	 + 0.00
Fe 20 3 	 + 0.00	 + 0.00	 + 0.00	 -I- 0.00
FeO	 -'- 0.00	 + 0.00	 + 0.00	 + 0.00
MnO	 + 0.02	 + 0.02	 + 0.01	 + 0.01
MgO	 + 0.00	 + 0.00	 + 0.00	 + 0.00
CaO	 + 0.00	 + 0.00	 + 0.00	 + 0.00
Na 20	 + 0.00	 + 0.00	 -1- 0.00	 + 0.00
K20	 + 0.00	 + 0.00	 + 0.00	 + 0.00

+ 0.02	 + 0.07	 -I- 0.05	 - 0.19
H 20	 + 0.22	 -I- 0.26	 + 0.15	 4- 0.08
Co 2	 + 0.0 11	 -1- 0.16	 -1- 0.13	 -i- 0.12
Total Fe	 + 0.00	 + 0.00	 ^ 0.00	 + 0.00
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Appendix 13 (cont.).

Mineral	 27	 11.0	 41	 11.2

Quartz
(Microcline)
(Albite)
(Anorthite)
Feldspar
(Phlogopite)
(Annite)
(Ferric-eastonite)
(Ferric-siderophyllite)
Biotite
Muscovite
Goethite
Pyrophyllite
(ClJ.noch lore)
(Brunsvigite)
(Thuringite)
Chlorite
Serpentine
Talc
Ilmenite
Rutile
Luecite
Kaolinite
TOTAL

17.56
( 0.00)
( 0.00)
C 0.14)

0.14
( 0.00)
( 0.00)
( 1.45)
C 0.00)

1.45
72.42
0.15
7.04

C 0.00)
( 0.00)
( 0.00)

0.00
0.00
0.00
0.02
0.74
0.00
0.00

99.55

26.97
(59. 21)
( 2.03)
C 0.54)
61.79

( 3.27)
( 1.26)
( 0.00)
C 0.00)

4.53
5.07
0.93
0.00

( 0.00)
( 0.00)
( 0.00)

0.00
0.00
0.00
0.39
0.00
0.00
0.00

99.71

19.58
(50. 60)
( 1.94)
( 0.99)

53.511.
C 5.31)
C 0.75)
( 0.00)
( 0.00)

6.06
17. 311.
1.62
0.00

( 0.00)
( 0.00)
( 0.00)

0 • 00
0. 00
0.00
0.70
0.00
0.00
0.00

98.87

15.61
(69. 39)
( 9.47)
C 0.29)
79.17

( 2.03)
C 0.18)
( 0.00)
( 0.00)

2.21
2.15
0.67
0.00

( 0.00)
( 0.00)
( 0.00)

0.00
0.00
0.00
0.13
0.00
0.00
0.00

99.97

Si0 2	+ 0.00	 + 0.00	 4- 0.00	 4. 0.00
Tb 2	 + 0.00	 + 0.00	 + 0.00	 + 0.00
A]. 2 0 3 	 0.00	 -.- 0.00	 + 0.00	 + 0.00
Fe 20 3 	+ 0.00	 -i- 0.00	 + 0.00	 + 0.00
FeO	 + 0.00	 + 0.00	 + 0.00	 + 0.00
MnO	 + 0.01	 + 0.02	 + 0.02	 + 0.01
MgO	 +0.00	 +0.00	 +0.00	 +0.00
CaO	 + 0.00	 + 0.00	 + 0.00	 + 0.00
Na 20	 + 0.00	 + 0.00	 + 0.00	 + 0.00
K20	 + 0.00	 + 0.00	 -4- 0.00	 + 0.00

	

+ 0.02	 + 0.06	 + 0.12	 + 0.04
H 20	 + 0.21	 + 0.111.	 + .0.74	 + 0.55
CO 2	+ 0.05	 + 0.25	 + 0.05	 -4- 0.08
Total Fe	 + 0.00	 + 0.00	 + 0.00	 + 0.00
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Appendix i1. (cant.)

.1 .	 .	 I	 I •	 I	 r	 -:	 r—.	 I I	 .	 •:i 	 .1 	 •.'0
.", 1?	 I	 .•'•	 .4 .-..	 -.	 .-. ...	 .	 .,t.W duJ.'.	 1.,l::1,1'l,u,Lt,_

27(3 '::4ata (3, I3,@.Li9,47. 1(3,(3,0,(3,(I,(i,9.26,0,3.54
28(3 i:ata 29.38,0,14.95,7.81,1,1,19.71 ,(3 3,ci 3 O,3. 53

Li	 (I,0,00,,i3,(3
3(3(3 da-ta 45. 27,0,38. 38,(3,(3,(3,(3,0,(3, 11. 83,0,4.52
:11. 1 iit	 l.r'J,r1.,L	 ,1i.ki,tj,11,(I,L1,Ij,l1J. 14
8,L1	 1	 •:.	 ip,13,rj.,.Lt,5. $JIj

.. 48,0,1.:.. .:.4,i,Ij,U,.:.t..	 1. .ft.

...., 4L1 	 cb. c..L. ,L1, 14.	 1(3. 1

..b'.i c'.t	 14.25,1,4.
:3 da-Ia 0(31,1,(3ç

U iJ.-1
38(3 data 63. 36,0,U,0,U,0,31 - 89,0,0,0,0,4.75
39(3 data @,52.65,0,0,4?.35,(3,o,ci,c,j,ci,ç
40(3 data
41(3 d.ta 37. 99,0,32. 23,0,(3,(3,ci,(3,(3,29. 78,0,0
420 Por mlt':s22 :1c'r cltcsl2 re.E..d rria'rii,c) :rie::<t :nex-t
'13(3 data 0,1,1 ,1,U,1 ,1 ,1 , 1,0,0,0,0,1,1 ,1,0,@,(3,0,0,(3
440 -fc'ri=1t22 :read k( I) r,e>-t
5(3(3 • cisi4:i 10(1 (3 : r 'eri'i I r-ip'_it
510 osub1 5(30 :rerii "Fl th'I-t , flri':'r--ftij te"
52(3 •c'sub2000 :rerIY'Leu(.jte ,8erpet-tjre,	 Ph lc'g c' p ite"
5:3i3 • ':'sub30(30 rerii I lmerp i te , F:L.It I Te , Ai-ir I

.i :i	 : r erri H I -'-r• i1sp..j •' , Mu':':"' 1 te	 (: LI r,ou:h Lc'r ''
55i3 cji:.s-4:!50i3(3 : reri" E:rurpsy i c i. te , ThLU- i. 	 j. t . , i:, kti 1. -t:e , Fe-E: i ':-t ite"
56(3 'ji:isub600 I3 : rem" Pr':' p*' ii. I
57(3 cj C, 4b(0 13 11 : rem" Ta ic ,Qu.E'rtz ,Fe tds iz. ar , [3 I cat I te ,Ch icr I te"
5Ea3 c cu i4b80(3(1 :rerii c"_.itput
9L1 L1 C(,C:l
1013(3
11(313
111(3
112(3
113(3
11 '1(3
1150
116(1
117(1
1 1813
119(3
121110
121(3
122(3
123(3
129(3

I rip'_4t 5E'Jip	 [C r'_4ri:'er- " ;
dc'ieri# 1 , " I ri':Jex-ana i-si 1.11 . cli
':1c'peri#2, l -li Le-.Ei.r,... i-si 1" ,cI1

re':c'r':l$ 1 , ' rr.)
I ri ;u-tlt 1 , .'.$ :	 1 (aS
i-ecc'rcFtl2, ()

= 1 t i:' 1:3
1 ..it#2 , aS : ra( I ) =va 1' as)
ri,.::<t

'a

+car I 1 tca3
I rip u-t:# 1 .. aS

next
di:. i,:i.:e





- 268 -

Appendix :tH. (contJ.

4	 I3
4
4250
4260

..

490
51300

5i

5070

5090
si o ci

511 ci

5114
5120
513C1
5140
5150
5160

5170
51 @
5190
5200
52113

5230
5240
5250
52613
52713
52:30
5290
5:3130
5310
5:320
5400
5410
54213
543':i
5440
5900
6 i:i 00
601'3
60213

ffi i 4) :1 0O4'>: rem" C ii rn:'ch k'r' "
1 ) x+ 1 I3 120. 1:3/3335. 22-ir( 1 )

ra(3)a(3)-x+1O061 1 64/332.5.22
ra( 12) =< 12': - 11313 I$72. 06:3:3:35. 22
m ( lO)ns( 1 3) -):: 1 13 13*2T71 • 7/3:335 22

.e.=r'.( 4) /479. 1 b=ra< 3) / 1 5. :34 : ':=m CE:) /4 172 • 15
x=a: iPa)b-Iherix=b
i Px>cheri>:c
r,':13.' x+5 1913. 24 : rem"Ferr j c-E .tSIOri j tC"
rsi(6)rIi(6)-4173. 15<
r.(3)r.(3)-35. 34*x
ra(4 ) ra(4 ) -479. 1 4x

i : ra( 1:) +240. 36*x
a=r.(4)/4?9. 1 :bra(3)/305. :34 :c.r,i(?)/51 19. 1
xa: i-P'tI-r,>=b
i Px>c±henx.:
rri'9)=G136.
ra(3)=ra(3)-3135.E:4*<
r'a(4)r-.(4)-479. 1*x
r,(7)rn(?)-5119. 1x
r.'.( 1 )ra( 1 )+240. 36*>
.r.Et(4)?:3 194 :bra'3)/2446. S'S
c=ri,( 1 5)/J. 1416. 32
X=.'.i+ C b:>=.. +:. up ': '):') : x=-x

	

:: .::=xI C	 )+L4.:X>c.) :x-x
Ii,( 17') = 16064. 4x rem" 1 hur I ri^ii
r'.a( 1 =r•a.' i +.c:o. 72*:
r.'Z3)ra(3)-2446. 56*x

.I. .. .L	 .. .	 t ....I I.	 -	 ..	 •

ii', C 15) ri C 15)-il 416 •

=pa.'1 :'1(.( 12,4)
m( 12) 1 OUx rem" • ec'-th I
rri= 12 : g':'3uk'90013

1 :)/r,a.(2', 1 )+E.'4
:'=rn(22)*rna(22r 1O)rria(2, 1CI)/lOCi
x=a4 C b>a=a) 4-:u+ C a>b) : x=-x
ri,( 2) =ru( 2) + 1 130x rem "Mi crc' Ii ne" cx t-tz frcim Pe1 -r I
m (22)rii(22)- 1130 .xl'rt2, 113),"m..(22, 113)
re-k141-n
•EI.:: riu ' 6::' r'3:3i €; • :3 : bra( 3 : ,.•':32,52_ i:i::
':=r-.'.( 1:) f• '2 i E::::. 24
x '* (:'>.'.) +:,uji!( )b) : >-•
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Appendix 1L. (cont.)

6CI3I

6115 1

6fl
607 ci

6180
6110
6 1 213
61:30
61 ci
61513
6160
81 rj

61:30
619C1
6280
621 Cl
6 3C10
6318
632 ci

6338
6348
6350
636 ':i
6:378
6388
6390
65 1 .1 Cl
6518
652111

653 Ci
6540
660 ci
'561 Ci
6620
6638
664 Ci
6650
698 Ci
?kiIiLi
7131 Cl

7020
783 Ci
704 Cl
7 ç 9 ::

:: ) +I' ':: >>': ) ; x->
(14) = r ( 1.4:) -x	 '57i3 44 térr "C: t j ncuzh tc'c're

ri (1 1 ) rii (11) -1 ::+:7965. 9 : rern ' M'.i ': ':'v I

ra( 1) ra( 1:' ->:4 16:3. 24
r . '.( 3 )ra( 3) ->;:*3262. 08
r'.( 12 :' =r . .( 12> -x8E4 72
a.=rn(8) /48E.8. 36 :h=rci(7 ?/tii. 48
c.ra( 1:' •'2E::1:4 32 :c=r-a( 3) /3669 • 84
i'.a.* (	 +:uf (	 ; u=—.

c.c$ ' .C>=c) +i:4+: ': c>c) :
x=a.*kc)=I.?-I-c*'%a>c.) :x=->
rs( 16)rci( 1 6)+ 181 18. 64*x ;reri"Thuri rite"
ri ( 11 .) r11 ( 1 1 ) +9559 • 	 + ;	 ri i.cc'v j te"
ra( 1 )=r-a( 1 )-2E:84. :32x
ra(3)=ra(3)-3669. :34::<
ra( 12)ra( 12:'-8E.4. ?2.'x
ri(8) =m( 8) -4058. 35x

nI (7) =m (7) —81981 48+x
ari( 7)? 1 i2i23:. 1	 3) /3262. 138

cra( 1 )?2163. 24
:w:= . i) (k'>a) +b ( ):')
x=>'c.:>=x)^(x>c) :x=-c
1A( 15 )rri( 15)+8562 . 24*x :r-eriE',j.ijt."
ri( 11 )m< 11 )+79E.5.. 9< -eri"Mu.co'..'ite'

.'-r . .¼ j. .'-.i.t•:.. c,	 4
ra< 3) ra( 3) -3262. c1:n

r . '.< 12)ra( 12)-864. ?2$!x
rri(7)rru(7)-1C1233. 1*:>

ra(3)/rna( 13,3)
bra( 1.	 13,1)
>=(b:>=a)+:.*(a>I:') ;x-x
rn( 13) = 1 8C9$::< : reri "P'rc'ph.' Lii "te"
rri 13 : gc'ub9U00
ara(3:'/101 .94 :b=m( l3)?360. 32
x=(b>=a)+i*(a>,) :x-x
rn(2:3)=516. 313*x :rerri "I'ao unite"
rt.(3)ra(3) -x1U1 .94
ns ( 13 ) =rn (1:3) -x368 - 32
r . c( i2)=ra( 12)-54 C15tix :i-ern "H20"
r' etur Fu

1 ) /240 • 36 h=m ( 18) /554. 33
'.:=->

rii( 18)ri( 1E:)-::<+.!554. 33
m( 1 9)rii ( 19)+758. 67*x
ra( 1) r'a( 1:) -248. 3'5
r'.c( 12) r . '.( 12) +3'5_ 0:3w>::
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