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ABSTRACT. 

Accessory minerals in granitoids are major repositories of several 
geochemically-important trace elements and isotopes and in order to quantify the influence 
that they have over granitoid petrogenesis it is necessary to characterize fully their behaviour. 
In particular it is necessary to understand accessory mineral/melt partitioning of trace 
elements and within grain elemental diffusivities, the latter is of relevance when assessing the 
state of isotopic equilibration between a refractory accessory phase and a contacting melt. 

In this study the backscattered electron (BSE) imaging technique, coupled with 
quantitative electron microprobe analysis indicate that granitoid zircons and titanites (mainly 
taken from Caledonian intrusive complexes) are commonly compositionally zoned. The 

zoning textures observed in these minerals, namely crystal face-parallel zoning, non-planar 
compositional zoning (included here are subhedral and anhedral core structures) and 
compositional sector zoning, indicate that the kinetic factors of crystal growth, ie. within 
magma elemental diffusion rates, crystal growth rates, interface kinetics and dissolution 
kinetics, are largely responsible for the patterns of compositional zoning that have been 

observed. This fording is in marked contrast to other studies which have assumed that 
kinetics are not important in crystallizing plutonic granitoid magmas. 

Accessory mineral growth histories have been studied in a few well constrained samples 
from the Caledonian-age Strontian Complex of NW Scotland. The zircons from the central 
intrusion of this composite pluton have abundant inherited cores. The cores contain a variety 
of zoning structures and have a wide range of composition, which are taken to indicate that 
the cores had a wide variety of ultimate sources. Titanites from both the outer and inner 
intrusions have compositional sector zoning and the range of composition shown by the 
titanites is largely due to this fact. In this pluton magma composition appears to have little 
influence on titanite chemistry. The REE abundances in both parts to the intrusion are largely 

controlled by the accessory phases and each of these phases have very different 

rock-normalised REE distribution patterns. These abundance patterns are dependent on the 

relative partition coefficients that each phase has for the REE, the accessory mineral 
assemblage present and the crystallization order of that assemblage. 

The zircons from the central acid member of the Strontian Complex, which are known to 
have substantial U-Pb inheritance were extracted and analysed for their Sm-Nd isotopic 

composition. The results apparently indicate that refractory zircons can also preserve their 
Sm-Nd isotopic composition, a phenomenon not previously reported. That is diffusion of 
Sm and Nd (and presumably the other REE) within refractory zircon at elevated temperatures 

appears to be sufficiently slow that complete isotopic equilibration between a zircon and a 
contacting melt may not always occur. Such disequilibrium potentially enables granitoid 
magma provenance to be studied with much greater resolution than hitherto possible. 
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Frontispiece. Z-contrast backscattered electron image of a zoned zircon from the 
Glen Sanda Granodiorite of the Caledonian Strontian Complex. This particular 
grain has had a ,, complex history involving repeated periods of dissolution and/or 
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Chapter 1 
Introduction. 

"The sides of the gallery assumed a crystallized tint, with 
sombre hue, white mica began to commingle more freely with 
feldspar and quartz, to form what may be called the true rock, 

- the stone which is hard above all, that supports, without 
being crushed, the four stories of the earth's soil. We were 
walled by an immense prison of granite! " 

Jules Verne, A Journey to the Centre of the Earth 
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1.1) BACKGROUND AND OBJECTIVES. 

It has only recently been appreciated that while granitoid accessory phases have low 

modal abundances they are capable of controlling the behaviour of many trace elements and 

geochemically-important isotopes during processes of granitoid magma production and 

crystallization (eg. Gromet & Silver, 1983). Watson & Harrison (1984) stated that the 
influence and effectiveness of accessory minerals in controlling the behaviour of trace 

elements during granitoid processes could be gauged through knowledge of the three 

so-called "fundamental accessory-phase parameters". 
1) The solubility and stability of accessory phases in crustal melts. Stability information 

can be used to assess the likelihood of accessory phases being residual during processes of 

partial melting and thus having the potential to be entrained in the extracted melt. 
2) The equilibrium mineral/liquid partition coefficients for trace elements and isotopes of 

interest. Partitioning information is essential to the quantitative modelling of crystal/liquid 
fractionation processes during both melting and crystallization. 

3) The within mineral diffusivities that govern the rates at which equilibrium between an 
insoluble mineral and a contacting melt will be approached. 

A number of workers have applied the experimental quantification of these parameters to 

the study of granitoid melt production and crystallization, the following are examples. 
1) From the presence of intra-grain variations in the REE concentrations of titanites 

(detected using centre/edge electron microprobe analyses) Sawka et al. (1984) inferred 

changes in titanite/melt REE partitioning behaviour during progressive crystallization of a 

zoned granodiorite pluton from the Sierra Nevada Batholith. 

2) Barbey et al. (1989) used accessory phase solubility and partitioning information to 

model the production of some Algerian migmatites by partial melting. 
3) Using zircon solubility information Harrison et al. (1987) explained the contrasting 

patterns and magnitude of zircon inheritance in two otherwise similar peraluminous 

granitoids from New Hampshire. 
Many studies of granitoid accessory minerals tacitly assume that the kinetics (le. time 

dependent phenomena) of crystal growth processes within a magma, eg. nucleation rate, 

crystal growth rate, elemental diffusion and crystal interface kinetics, do not greatly influence 

the chemistry of accessory minerals growing in a plutonic granitoid magma, and that 

partitioning of elements into a growing mineral is a process that occurs under conditions in 

which there is equilibrium between the mineral interface and the bulk magma. It is interesting 

to note that most studies also tacitly assume that the kinetics of within grain equilibration 

processes are important in preventing compositional zoning (assumed to have been caused by 

progressive changes in conditions during crystallization) from being destroyed. However, 

Sawka (1988) did acknowledge the potential influence of crystal growth kinetics in 

determining the effective partition coefficients of accessory phases, although he did not 

explore further the zoning structures that might be produced if crystal growth kinetics were 
important or the extent to which effective partition coefficients might deviate from equilibrium 
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partition coefficients. Gromet & Silver (1983) identified zoning in accessory allanite and 
titanite from a plutonic granodiorite, but rejected the idea that crystal growth kinetics were the 
cause on the basis that such a magma would have crystallized "quite slowly" and that 

processes of elemental diffusion would have been more rapid that crystal growth rates. 
A major finding of the research presented here is that crystal growth kinetics are, at least 

in part, responsible for the zoning commonly found within accessory minerals from plutonic 
granitoid environments and as such the minerals were not in chemical equilibrium with the 
bulk magma at the time of growth. As a consequence the aims of this thesis are to document 

the range of internal zonation textures that have been observed in two of the most common 
granitoid minerals, namely titanite and zircon, and to explore the possible origins and 
implications of compositional zoning in these phases. Titanite was chosen because several 
studies (eg. Gromet & Silver, 1983 and Sawka et al., 1984) have shown that it is commonly 
zoned and that it is frequently the dominant phase controlling the distribution of the REE in 

granitoids. Zircon was chosen because of its importance in U-Pb geochronological studies 
and its common occurrence as inherited grains in many granitoid zircon populations. 

1.2) METHODOLOGY. 

To establish how common compositional zoning of zircons and titanites is examples were 
taken from a variety of Scottish Caledonian calc-alkaline basic to acid igneous rocks, 
although some from other localities, notably the Bega Batholith of SE Australia, were also 
studied. The compositional zoning of these phases was explored using a combination of 
backscattered electron (BSE) imaging, which allows the relative variations in the internal 

composition of a given mineral grain to be studied, and quantitative electron microprobe 
analysis. In addition to studying samples from a variety of rock types and localities, a few 

well constrained samples from one Scottish Caledonian plutonic complex, Strontian, were 
also studied; this was for three main reasons. 

1) To study the influence of magma chemistry on the textural and chemical variations of 
titanite across a compositionally zoned granodiorite pluton given that crystal growth kinetics 

strongly influence the partitioning of trace elements into titanite. 
2) To apply the ability to determine accessory mineral growth histories to assessing the 

likelihood that accessory phases were refractory during the magmatic event that resulted in 

the Strontian Complex (the usage of the term refractory is defined in Section 1.4). 
3) To study the Sm-Nd isotope systematics of the accessory phases given that some 

show textural evidence and/or have documented U-Pb isotope evidence of having been 

refractory. 
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1.3) THE ORGANISATION OF THE THESIS. 

Since the use and exploitation of the backscattered electron (BSE) imaging technique has 
been of central importance to the findings of this research Chapter 2 describes the controls on 
BSE emission and the optimisation of machine conditions necessary to observe the internal 

compositional variations of minerals and in particular accessory minerals. In addition Chapter 
2 also documents the electron microprobe analysis methods used for analysing titanites, 

zircons and apatites. 
In Chapters 3,4, and 5 the various zoning textures that have been observed to occur in 

zircons and titanites are documented and their origin discussed. For reasons of simplicity and 
clarity it was decided not to tackle the description of the textures on the basis of locality, since 
this would have resulted in considerable overlap in the description of the textures, but to 
describe each texture separately with illustrative examples being taken from suitable localities. 
An additional benefit of this approach is that it helps to reinforce the assertion that such 
zoning textures are extremely common and that similar textures almost certainly exist in 

zircons and titanites in many other granitoid plutons. 
An extensive base of published work exists for the Caledonian Strontian Complex 

pluton, much of which is summarised in Chapter 6. In Chapter 7 the whole rock and major 

mineral chemistry, for which there is a lack of published data, is documented. The textural 

and compositional aspects of the accessory phases of the Strontian Complex, including their 
Sm-Nd isotope systematics, are described and discussed in Chapters 8 and 9. While in 

Chapter 10 the main findings and conclusions of this research are summarised and 
suggestions for future work included. 

1.4) A NOTE ON DESCRIPTIVE TERMINOLOGY AND DEFINITIONS. 

The use of descriptive terminology in this thesis is intended, as far as it is possible, to be 

non-genetic. Chapter 3, which describes zircon zoning textures, contains definitions of the 
compositional zoning textures, the same definitions are employed in the description of zoning 
textures in other minerals. Where the commonly-used descriptive terms are poorly defined or 
considered to have genetic connotations, suitable alternatives have been sought or the existing 
terms have been redefined. 

Many of the mineral zoning textures presented in this study are interpreted as representing 
crystals that have remained undissolved or unmelted for the duration of the magmatic event 
(ie. initial melting through to final crystallization), in such cases the crystal is described as 
having been refractory. Chappell et al. (1987) discussed the role of refractory material, 

which they termed restite (residual source material), entrained in a granitoid magma in 

determining the composition and compositional variations of granitoid plutons. However, it 

is considered that restite implies that the refractory material originated from the deepest 

magma source, ie. the use of the term restite has restrictive genetic connotations. In practice it 

may be difficult to distinguish unambiguously between refractory material entrained from the 
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deepest source from refractory material incorporated into a magma at a higher level through 

partial assimilation processes. 
Where a refractory mineral retains a signature (probably an isotopic signature although it 

could conceivably be chemical) of its source then such a mineral should be described as 
inherited. This is consistent with the current usage of the term to describe the preservation 
of U-Pb isotope systematics in refractory zircon. This usage of the term inherited to describe 

a refractory mineral is not meant to imply anything about its original source, ie. it could have 

been entrained from the original (deepest) magmatic source, or have been included into the 

magma by partial wall rock assimilation during ascent or through magma mixing. 



6 

Chapter 2 
Electron microprobe methods. 
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2.1) INTRODUCTION. 

It is only recently that high quality backscattered electron (BSE) images have been used to 
tackle geological problems. It is only through optimisation of the factors that influence BSE 
images that has, for instance, allowed sector zoning in titanites to be described for the first 

time (Paterson et al., 1989). In this chapter the factors that influence the final BSE image are 
described, in particular the machine specific factors; scan rates, signal amplification and 

processing and final recording. It is important to understand the influence of each of these 
factors over the final image before deciding on the conditions necessary to achieve a 
particular aim. This last point should not be forgotten, the BSE technique is capable of being 

applied to a wide variety of problems but for each problem the optimised conditions will be 
different. 

This chapter also describes the electron microprobe analysis technique used for the 
accessory phases. In particular it details the X-ray lines used, background positions, limits of 
detection and the errors due to counting statistics. Knowledge of the reliability of the 
technique is necessary to allow critical appraisal of the information contained in accessory 
phase electron microprobe analyses. 

2.2) THE BACKSCATTERED ELECTRON (BSE) TECHNIQUE. 

2.2.1) BSE emission. 

In both the scanning electron microscope (SEM) and the electron probe microanalyser 
(EPMA) a freely focussed beam of electrons (from now on referred to as the beam) irradiates 

a target specimen; the interaction of the primary beam with the solid specimen is complex and 

results in a wide variety of emission signals; these include backscattered electrons, secondary 

electrons, Auger electrons and X-rays characteristic of the specimen. For a comprehensive 

review of the different emission signals the reader is referred to Goldstein et al. (1981). The 

signals emitted can be used to obtain qualitative and quantitative information about the 

specimen composition, surface topography and to some extent its internal structure. 
Backscattered electrons are primary beam electrons that undergo a number of elastic 

scattering events within the specimen that result in changes of trajectory, such that they 

re-emerge at the specimen surface. The degree of backscattering is described by the 
dimensionless backscattered electron coefficient (11) which is defined by the following 

equation (Goldstein et al., 1981): 

I= 1% n; (Eqn. 2.1) 

where nb is the number of backscattered electrons and n; is the number of incident beam 

electrons. BSE can emerge some distance from the original impact point of the beam. For a 
flat specimen with 0° tilt, the frequency and energy distribution of the BSE is peaked and 
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symmetrical about the point of impact. The area of probable BSE emergence determines the 

spatial resolution. 

2.2.2) Sample related controls on BSE emission. 

Atomic number dependence. 
The number of backscattering events increases with increasing atomic number (Z), or in 

the case of compounds the mean atomic number (). z is defined by the following equation 
(Lloyd, 1987): 

2= (NAZ1 
E(NA) (Eqn. 2.2) 

where N is the number of atoms of each element of atomic weight A and atomic number Z. 
For a given compound the r can be calculated using the following equation (Heinrich, 1966): 

lic°ýý ýi 
i=1 (Eqn. 2.3) 

where i is the calculated BSE coefficient, Ci is the concentration by weight of each element 
in the compound, T is the elemental BSE coefficient and n is the number of elements. The 

relationship between Z (or) and il is shown graphically in Figure 2.1. 
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Zorz 
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Fig. 2.1. The relationship between Z (atomic number) (orT (mean atomic number)) and q (BSE 
coefficient), after Oatley (1972). 
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The z of a specimen also affects the volume in which the scattering events occurs and 
hence the area from which the BSE apparently originate, with a specimen of high T the area 
over which BSE emerge is smaller than for a specimen of low T (Murata, 1973). 

Tilt dependence. 
Tilt is defined as the angle between the beam and a line normal to the specimen. A 

perfectly flat specimen at right angles to the beam has 0° of tilt. Tilt influences the signal on 
the scale of the diameter of the incident beam, so that a specimen with a poor polish locally 
has high degrees of tilt. As the tilt angle increases the it also increases and the BSE become 

more directional, so a rough specimen will give a highly variable i signal (Goldstein et al., 
1981). 

Electron channelling. 
In crystalline material the it is also influenced by the orientation and arrangement of 

atoms within the structure of the crystal, the electrons of the beam can be channelled by the 

planes of atoms deeper into the sample than would be expected for a given T. Electron 

channelling does not occur where conventional, mechanical polishing is used in preparation, 
as this introduces surface damage on an atomic scale sufficient to destroy observable electron 
channelling effects (Goldstein et al., 1981). 

2.2.3) Electron beam related controls on BSE emission. 

The accelerating voltage (beam energy) and the beam current (the density of electrons) 
exert very little influence on rl, but the beam conditions can greatly affect the volume of the 

specimen affected and also the diameter of the incident beam. The beam current determines 

the minimum beam diameter, increasing beam current results in a wider primary beam and 
therefore a greater volume of the specimen is affected. High accelerating voltages result in a 
greater volume of interaction because higher energy electrons are able to penetrate further. 
These are important factors to bear in mind when assessing the spatial resolution of the BSE 
technique. 

2.2.4) The types of images possible with BSE. 

By rastering the primary beam a number of different images that give quantitative 
information about a target specimen can result: 

1) Z-contrast images (ZCI, Paterson et al. (1989)) that give information about the 

variations in z of the specimen, be it a rock with a number of different phases or a zoned 

mineral. Variations are normally displayed as different grey-levels, the brighter areas having 

high values of z. This is the type of image that has been extensively used in this study and 

only very recently become widely used in mineralogy and petrology. 
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2) Images that give information about the surface of the specimen due to the dependence 
of rj on the angle of tilt. In the case of the EPMA used in this study the tilt effect is separated 
electronically from the raw signal, this is described below in Section 2.2.5. 

3) Crystallographic contrast images which result from electron channelling effects (see 
Lloyd (1987) for a review of this application). This type of image has not been used in this 
study. 

2.2.5) Machine practice for Z-contrast images (ZCI). 

This section deals with the detection, processing, display and recording of the BSE 
signal, concentrating on the practice necessary for the EPMA used in this study, the JEOL 
JCXA 733 Superprobe in the Department of Geology, University of St. Andrews. A brief 

mention is made of alternatives that are available but no comment can be made on the relative 
merits of other systems. 

BSE signal detection. 
During the detection process BSE can be distinguished from other electron signals on the 

basis of energy, BSE have the highest energies since they do not undergo significant energy 
loss during the backscattering process. There are two basic types of BSE detector; the 
scintillator-photomultiplier detector (often called a Robinson detector after Dr. V. N. E. 
Robinson (Robinson, 1975)), and solid-state semiconductor detectors. The relative merits of 
the two types are discussed by Robinson & Nickel (1983) and Hall & Lloyd (1983). The 
solid-state type, a semiconductor silicon P-N junction type of divided annulus, effectively 
two detectors, was used in this study. The divided annulus is arranged in a horizontal plane 
-5 mm above the surface of the specimen, with the primary beam passing through a hole in 
the centre of the detector. 

BSE signal processing and adjustment. 
The detected BSE signal is processed in a number of ways before it is displayed on the 

cathode ray tube (CRT), Figure 2.2 shows a flow diagram of the BSE processing and 
display system of the JEOL 733 EPMA, a detailed description is given below. 

1) The Pre-Amplifier takes the raw signals from the two halves (A and B) of the 
annular detector and amplifies them both independently without altering the signal to noise 
ratio. 

2) A usable signal is created from the A and B signals by the Operational Amplifier. 
The two halves of the detector "see" the specimen from slightly different angles, any 
topographic tilt results in the two parts of the signal being of different intensity, although the 

part of the signal due to variations in T is the same for both detectors. If the signals are then 
mixed by addition or subtraction, two different signals result; addition generates a BSE signal 
that is due only to 'Y variations (a ZCI), and subtraction generates a signal due to tilt variations 
on the surface of the specimen (designated TOPOgraphic Image by JEOL) (Fig. 2.3). 
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Fig. 2.2. A flow diagram showing the constituent parts of the BSE detector, amplifier and display 
system. The two halves of the BSE detector are denoted A and B. The numbers on this diagram 
correspond to numbers in the text below. 
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Fig 2.3. The effect of -i variations (a) and tilt variations (b) on A and B signals and how mixing the 
signals produces the ZCI (COMPO) and TOPO images. 
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Where extreme tilt variations are present the signal processing is not completely effective and 
a tilt contribution may be seen in the ZCI. 

3) The Image Selector System allows the selection between different possible 
images, both those resulting from BSE as well as those from other detectors, the selection is 
displayed on both CRT displays. 

The image on the CRT display, and therefore the Photo CRT, can be adjusted to the 
desired contrast and brightness by changing various amplifier parameters: 

1) The Gain adjusts the AC component of the signal, but at the same time it varies the 

strength of the total signal (Fig. 2.4(a)). High gain settings give increased contrast and a 
greater overall signal, and are often required to pick out mineral zoning. 

2) DC Suppression adjusts the DC part of the signal, increasing the DC suppression 
lowers the overall signal, but also increases the range (contrast) of the AC part (Fig. 2.4(b)). 
DC suppression thus performs two functions; it increases the contrast of the signal and by 
lowering the signal it protects against saturation of the amplifier electronics. 

(a) 

V 

Distance 

(b) 

V 

Low DC Suppression 

IV\AI\4f- 

Distance 

High DC Suppression 

High Gain 

V 

AC 

DC 
V 

AC 

1DC 
Distance Distance 

Fig. 2.4. The effect of (a) gain and (b) DC suppression on the range (contrast) and total strength of 
the signal. V is the signal voltage. 
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3) If DC suppression cannot prevent amplifier saturation, the input signal to the 

operational amplifier can be reduced in a series of steps by using the Attenuator. 

4) The Brightness control linearly amplifies the signal prior to display and is used to 
fine tune the brightness of the final image. 

The signal can be processed in a number of other ways including differentiation of the 

signal, none of these techniques have been used here and are not described 

The JEOL 733 EPMA has exposure and contrast meters to help determine the correct 

exposure settings, these devices have been of little or no use in obtaining the images 

presented here. However, the BSE signal can be displayed as a waveform against a 
background of horizontal scale bars, the optimum position relative to the bars being 

determined by trial and error. Once calibrated for the commonly used conditions, reliable 
images are easily obtained. The Photo CRT display has brightness and contrast controls 

which affect the exposure of the film, the settings recommended in the instructions of the 

manufacturer have been used. 

The effect of other machine parameters on the BSE images. 
The rate of rastering of the beam, both horizontally and vertically, has a profound effect 

on the final image. On a slow horizontal scan rate the BSE signal is greater, and has higher 

contrast, than a signal from a faster scan rate. However, if slower horizontal scan speeds are 

used this results in fewer scan lines on the photograph, such that, in extreme cases, they 
become visible on the film. Thus it is important to match the horizontal and vertical scanning 
rates such that the individual scanning lines cannot be seen on the final photograph. The 

horizontal scanning speeds, for photographic purposes, on the JEOL 733 EPMA are variable 
between 2 and 500 ms line-' in nine steps. The vertical scanning speeds are variable between 

0.5 and 600 s frame-' (see below). 

Machine conditions used for ZCI. 
The main machine variables are the beam conditions and the scanning rates. As explained 

in Section 2.2.3 high accelerating voltages and currents are best avoided, most images 

Presented have been obtained using an accelerating voltage of 15 kV and a current of 20 nA, 
this results in a beam diameter of about 0.2 µm. Because these conditions are also generally 
used for routine silicate analysis, time consuming adjustment of the beam geometry is 

avoided, bar adjustments to focus and monitoring of astigmatism. On the JEOL 733 EPMA 

the scanning rates of the beam are set via a numbered cam wheel, the settings used are given 
in Table 2.1. 
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Table 2.1. The horizontal and vertical scanning rates used in this study and the resultant number of 
scanning lines. 

Horizontal Scanning Vertical Scanning Number of Scanning 
Rate (ms line 1) Rate (s frame-1) Lines (lines frame-1) 

40 (6) 100(7) 2500 
100(7) 100(7) 1000 

The numbers in brackets refer to the cam wheel settings and the two combinations given are the ones 
used in this study; (6,7) (horizontal/vettical) and (7,7). 

2.2.6) The interpretation of Z-contrast images. 

The signal is displayed on the screen as different grey-levels representing variations in f, 
bright areas represent higher f than darker areas (Plate 2.1). The samples are prepared to 

reduce the tilt contribution to a minimum, however topographic contributions still exist in 

most polished sections in the form of scratches (marked A in Plate 2.1). The processing of 
the signal tends to display cracks as black areas on the final images. 

Although the amplifiers are adjusted to prevent electronic saturation occurring, a grain 

that has a high f relative to its surroundings can cause local saturation. This manifests itself 

on the final image as a dark trail in the scan direction of the beam (marked B in Plate 2.1). As 

the amplifiers recover the trail fades away. The same effect occurs where a part of the image 

has a very low f relative to its surroundings, except the resulting trail is bright. Careful 

selection of the scan direction can avoid the trails falling across areas of a grain that are of 
interest. The length of the trail can be reduced by using a slower scan rate. Even by taking 

these precautions in many cases the problem cannot be totally eradicated. In the case of 

accessory minerals (which in general have high f compared to major silicate minerals), a ZCI 

will often consist of the mineral of interest in a black background, this is especially true of 
minerals mounted in epoxy. The inherently high Z-contrast in such cases means that the 
problem of amplifier saturation becomes more acute and results in one edge of the mineral 
being anomalously bright (marked A in Plate 2.2), amplifier saturation should not be 

confused with genuine variations in f. 
Quantitative electron microprobe analysis allows assessment of which elements are 

responsible for the variations in grey-levels observed on a given ZCI. However, this process 
is compromised by the fact that even when an element is below detection limits it is still 

capable of controlling the observed variations in tl. This is particularly true of minerals in 

which the principal substitutions involve trace quantities of a given element or elements, eg. 
the accessory minerals. However, this helps to illustrate the potential of the BSE technique, 

particularly when considering substitution of trace quantities of an element in a given mineral. 
Given the correct circumstances the BSE technique is more sensitive to variations in 

composition than quantitative analysis by electron microprobe. 



Plate 2.1. ZCI of a titanite crystal from a thin section showing how variations in z 

are reproduced as different grey levels, with the bright areas having higher I than 
dark areas. The effect of scratches on the resulting ZCI are also shown (A). The 

area marked B shows the visible manifestation of amplifier saturation, in this case 
dark trails after a area of high 11. Amplifier saturation is explained in the text. 
15 kV, 20 nA, (6,7), scale bar 100µm. 

Plate 2.2. ZQ of a separated zircon crystal mounted in epoxy. In this case the 
extr me contrast in the 11 of the epoxy and the zircon causes amplifier saturation. 
This results in the edge of the grain (marked A) which faces the direction from 
which the scan originates being anomalously bright. The apparent high T1 is not real 
and is a machine artifact. All the ZCrs of zircons mounted in epoxy show this 
effect and is the most extreme manifestation of amplifier saturation that can be seen 
on the photomicrographs presented 
15 kV, 20 nA, (7,7), scale bar 100µm. 





15 

The information given in the figure captions. 
The figure caption of the each ZCI will note; 1) if the ZCI is from a polished section or a 

grain mount, 2) where the signal has been due to sample related factors and machine related 
artifacts, 3) the accelerating voltage and current of the primary beam and 4) the horizontal and 
vertical beam scanning rates (see Table 2.1). Figure 2.5 shows the information presented on 
the photograph data panel. 

IS 4Q1 QQ3 2 QIQQ ,QU 
kV Magnification Photograph No. Scale Bar 
15 40 x 101 32 100.0µm 

Fig. 2.5. The layout and information given on the data panel of the ZCI photographs. 

2.2.7) Sample preparation. 

Minerals in standard polished thin sections and mineral separates mounted in epoxy were 
used. The latter overcomes the problem of the low probability of finding accessory minerals 
in thin sections. Diamond polishing was employed and is preferred to Ce or Sn oxide which 
can become trapped in cracks, and as high f materials adversely affect the BSE signal. A 

good polish is essential to reduce to a minimum any tilt contribution. Some specimens 
prepared for other studies were originally polished with Sn oxide, for this work they were 
repolished with diamond. 

After polishing all specimens were cleaned in an ultrasonic bath and carbon coated in the 

standard way. Keeping the surface of a polished thin section clean is of the utmost 
importance in ZCI studies, any dust will degrade the image. 

2.3) QUANTITATIVE ELECTRON MICROPROBE ANALYSIS 
OF ACCESSORY MINERALS. 

Background information. 
The fine scale and complexity of the compositional zoning that has been observed in 

granitoid accessory phases during the course of this research requires an in situ analysis 
technique with a very high spatial resolution. The only commonly available method that has 

the necessary spatial resolution is wavelength dispersive spectrometry (WDS) of electron 
microprobe-induced X-ray emissions. This generally gives detection limits in the order of a 
few hundred parts per million (ppm). Ion microprobe analysis, for instance, allows lower 
detection limits, in the order of a few ppm or less, but the spatial resolution is poor, the 
diameter of the primary ion beam is usually in the order of 20-30 µm. 
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There are three main problems associated with electron microprobe analysis methods for 
investigating the composition of trace element-rich accessory minerals (Exley, 1980). 

1) Low count rates, and hence poor counting statistics leading to poor precision (although 
accuracy should be good). 

2) Line interferences in the complicated REE L -series X-ray spectra. 
3) The lack of well characterised, suitable standards. 
To alleviate partially the problem of poor counting statistics most studies use long count 

times, high probe currents and high accelerating voltages; the latter allowing more efficient 
excitation of X-ray emissions from the REE and better peak to background ratios. 
Interferences in the REE L-series X-ray spectra are generally overcome by using one of two 
methods; choosing lines that show minimum interferences (eg. Exley, 1980) or using 
correction factors for peak overlap (eg. Amli & Griffin, 1975 and Roeder, 1985). 

The most commonly used standards for the REE (and Y) are those of Drake & Weill 
(1972) which are a set of four synthetic glasses which between them contain 14 REE and Y. 
In most cases natural minerals do not contain sufficiently high concentrations of the trace 
elements of interest to be of any use in the calibration of the electron microprobe, although 
independently analysed compositionally homogeneous trace element-rich accessory minerals 
would be useful to analyse as unknown calibration checks. BSE studies indicate that finding 

sufficiently large homogeneous specimens may prevent this ideal becoming a reality. Pure 

elements or single element oxides are generally used as standards for other elements. 
The purpose of this section is to define the specific methods used in this study, 

documenting the electron beam conditions, the chosen X-ray lines, the positioning of the 
spectrometers for background determinations, calibrating standards used and the data 

processing procedures. This is done here as all other published studies which have similar 
analytical objectives have failed to define fully the conditions used for analysis. Given the 
problems highlighted above this is a serious omission and considerable research effort was 
put into finding the best conditions for analysis in this project. Also included here are tables 
of typical detection limits and analytical uncertainties due to counting statistics for ranges of 
typical concentrations. Due to the low concentrations many of the results presented for trace 
elements have high analytical uncertainties, it is important to understand this before 

considering the data presented in this thesis. 

2.3.1) Analytical procedure. 

The analytical procedure follows the general philosophy and method of Exley (1980); for 

example he observed that the accurate analysis of Eu was not possible because of 
interferences from the L02 peaks of Pr and Sm. Some of the initial titanite analyses were 
restricted to 14 elements due to computer hardware and software limitations, later analyses 
(some of the titanite analyses and all of the zircon and apatite analyses) were carried out using 
a new hardware and software developed in-house in order to allow the analysis of a greater 
number of elements. 
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Machine operating conditions and procedures. 
All analyses were performed using the same machine used to obtain the ZCI images -a 

JEOL JCXA 733 Superprobe. This was operated at an accelerating voltage of 20 kV and a 
probe current of 50 nA. For zircon and titanite analyses a focussed beam was used, while in 

the case of apatites a focussed beam caused specimen degradation due excessive heating and 
thus for apatites the beam was rastered over an area of approximately 10 gm by 15 gm. For 
the counting of some of the standards, eg. the REE-doped glass standards of Drake and Weill 
(1972), it was also necessary to use a defocussed or rastered beam. 

For most of the analyses count times of 100 s were used for both peak and background 

positions on standards and unknowns, the 14 element titanite analyses were obtained using 
60 s count times. Computer controlled peak seeking was employed when counting all 
standards, but in the case of unknowns was only used for elements present in large 

concentrations; Si and Zr for zircons, Al, Si, Ca, Ti and Fe for titanites and Ca and P for 

apatites. Regular recounting of standards reduced any systematic errors associated with the 
determination of elements for which peak seeking was not employed. 

X-Ray lines. background positions and standards. 
The choice of background positions within the X-ray spectrum for a given X-ray peak is 

as important as the choice of peak itself and assumes an even greater importance when 
measuring low concentrations. The background positions must be free of interferences and 
yet must be suitably close to the peak to be representative of the background at the peak 
position. In some cases it is necessary to choose background positions that are some distance 
from the peak. This can introduce systematic errors into the measurement of unknowns, 
particularly if the nature of the background changes drastically between a standard and an 
unknown or if the background is curved in any way. Curvature of the background (convex 

or concave) is a possible source of large systematic errors in the determination of elements 
present in low concentrations. As far as possible such effects were minimised by careful 
choice of the background positions used and by the selection of suitable standards. 

For each of the three accessory minerals analysed, zircon, titanite and apatite, the peak 
interference problems for some elements are different, thus the background positions 
employed for some of the elements differs depending on the mineral being analysed. Full 
listings of the analysing crystals, the X-ray lines, the background positions and the standards 
used for the zircon, titanite and apatite analyses are given in Table 2.2. Due to low REE 

abundances in some minerals, and in an effort to keep total analysing times to a minimum, 
not all the REE that it is possible to measure were analysed for in the three phases under 
study. The initial titanite analyses only included the following elements; Mg, Al, Si, Ca, Ti, 
Mn, Fe, Y, La, Ce, Pr, Nd, Sm, and Yb, but otherwise analysis conditions were the same. 

Within the limits imposed by the counting statistics (see below) the variations in the 

composition of the unknowns that are reported are considered to be real and not artifacts of 
the analysing method. In most cases the measured variations in the composition can be 

qualitatively related to variations in the grey-levels of Z-contrast images. 
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Table 2.2. The analysing crystals, X-ray lines, background positions and standards used for the 
electron microprobe analysis of zircon, titanite and apatite. n=I. 

Zircon 

Element Analysing X-ray Line Peak Pos. Background Positions Standard 
Crystal (nA. ) (nA) (nil, ) 

Mg TAP Kal 9.89000 9.61394 10.16560 Periclase 
Al TAP Kai 8.33934 7.78800 8.58540 Corundum 
si TAP Kal 7.12542 6.52772 7.40110 Zircon 
Y TAP LAX, 6.44880 6.35590 6.54039 REE -3 
Hf TAP Mal 7.53900 7.40110 7.67697 Zircon 
Mn LiF Kul 2.10182 2.07204 2.15354 Mn metal 
Fe LiF Kai 1.93604 1.86410 2.01500 Fe metal 
La LiF La1 2.66570 2.63700 2.69404 REE -3 
Ce LiF La1 2.56150 2.53276 2.59050 REE -3 
Pr LiF Lß1 2.25880 2.23710 2.28042 REE -3 
Nd LiF 01 2.16690 2.15397 2.18160 REE -2 
Sm LiF 1-01 1.99806 1.86854 2.01687 REE -2 
Dy LiF L01 1.71062 1.69868 1.83141 REE -4 
Er LiF Lai 1.78425 1.69868 1.83141 REE -4 
Yb LiF La1 1.67189 1.63560 1.69868 REE -2 
P PET Kai 6.15700 6.12630 6.21925 Apatite 
Ca PET Kai 3.35839 3.29565 3.42124 Wollastonite 
Zr PET Lai 6.07050 6.00720 6.13280 Zircon 
Th PET Mal 4.13810 4.07592 4.20049 T1102 
U PET Mai 3.91000 3.84870 4.00248 UO2 

Titanite 

Element Analysing X-ray Line Peak Pos. Background Positions Standard 
Crystal (nA) (nA) (nA) 

Na TAP Kal 11.91010 11.63225 12.18600 Albite 
Mg TAP Kai 9.89000 9.61394 10.25816 Periclase 
Al TAP Kai 8.33934 7.78800 8.58540 Corundum 
Si TAP Ka1 7.12542 6.52772 7.40110 Wollastonite 
Y TAP La1 6.44880 6.35590 6.54039 REE -3 
V LiF 1-01 2.28440 2.25569 2.31243 V metal 
Mn LiF Ka1 2.10182 2.07204 2.15354 Mn metal 
Fe LiF Ka1 1.93604 1.86410 2.01500 Fe metal 
La LiF La1 2.66570 2.63700 2.69404 REE -3 
Ce LiF La1 2.56150 2.53276 2.59050 REE -3 
Pr LiF Lß1 2.25880 2.23710 2.28042 REE -3 
Ni LiF L3 1 2.16690 2.15397 2.18160 REE -2 
Sm LiF Lßi 1.99806 1.86854 2.01687 REE -2 
Gd LiF L131 1.84680 1.81820 1.87555 REE -1 
Dy LiF Lß1 1.71062 1.69868 1.83141 REE -4 
Yb LiF La1 1.67189 1.63560 1.69868 REE -2 
Ta LiF Lai 1.52197 1.42128 1.56584 Tantalum 
K PET Ka1 3.74140 3.67900 3.80340 Orthoclase 
Ca PET Ka1 3.35839 3.29565 3.42124 Wollastonite 
Ti PET Ka1 2.74851 2.68800 2.81364 Rutile 
Nb PET Lal 5.72430 5.63130 5.84895 Nb metal 
Th PET Mal 4.13810 4.07592 4.20049 ThO2 
U PET Mal 3.91000 3.84870 3.97296 U02 
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Table 2.2. Continued. 

Apatite 

Element Analysing X-ray Line Peak Pos. Background Positions Standard 
Crystal (n? ) (n). ) (A) 

F TAP Kal 18.32000 18.13500 18.49780 MgF2 
Na TAP Kal 11.91010 11.63225 12.18600 Albite 
Mg TAP K(x1 9.89000 9.61394 10.25816 Periclase 
Al TAP Kal 8.33934 7.78800 8.58540 Conmdum 
Si TAP Kal 7.12542 6.89598 (1) 7.58471 Wollastonite 
Fe LiI Ka1 1.93604 1.86410 2.01500 Fe meal 
La LET Lal 2.66570 2.63700 2.69404 REE -3 
Ce LiF Lal 2.56150 2.53276 2.59050 REE -3 
Pr LIP L431 2.25880 2.23710 2.28042 REE -3 
Nd LET 01 2.16690 2.15397 2.18160 REE -2 
Sm LiF ol 1.99806 1.86854 2.01687 REE -2 
Gd LIT L431 1.84680 1.81820 1.87555 REE -1 
Dy LIT ol 1.71062 1.69868 1.83141 REE -4 
Er LIT 1a1 1.78425 1.69868 1.83141 REE -4 
Yb LET La1 1.67189 1.63560 1.69868 REE -2 
P PET Ka1 6.15700 6.09421(2) 621925 Apatite 
S PET Ka1 5.37216 5.31000 5.43456 Pyrite 
K PET Ka1 3.74140 3.67900 3.80340 Orthoclase 
Cä PET Ka1 3.35839 3.29565 3.42124 Apatüe 
Sr PET ia1 6.86280 6.80040 6.92840 Celestine 
Ba PET La1 2.77595 2.71302 2.83925 Barite 
Ih PET Mal 4.13810 4.07592 4.20049 ThO2 
U PET Mal 3.91000 3.84870 3.97296 UO2 

(1) - background position for Si in apatite analyses differs from that used in zircon and dtanites analyses 
because of interferences from CaKa1. (2) - background position for P in apatite analyses differs from 
that used in zircon and titanites analyses because of interference from CaKß1. 

Data processing proceäures 
Most of the accessory mineral analyses (some of the titanite and all of the zircon and 

apatite analyses) were obtained during development of the new computer hardware and 

software package for the JEOL JCXA 733 at St. Andrews University, this meant that the 

apparent concentrations of some of the analyses were subject to later offline ZAF correction 

rather than correction at the time of analysis (online). The following ZAF method was used 
(see Goldstein et al. (1981) for a full description). 

Z: calculated using the Duncumb & Reed (1968) formulation. 

A: calculated using the Philibert (1963) simplified model which employs a new and more 
accurate formulation for mass absorption coefficients (Heinrich, pers. comm. to W. E. 
Stephens, 1989) and Heinrich (1969) formulations for a and h. 

F: calculated using the Reed (1965) formulation for fluorescence due to characteristic 
X-ray lines. No continuum fluorescence correction was applied. 

The method used for the earlier 14 element titanite analyses and the major mineral 

analyses of Chapter 7 used the same general method except that the mass absorption 
coefficients were taken from Heinrich (1969). 
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2.3.2) Detectable limits and analytical uncertainties. 

The ability to detect a given element by electron microprobe analysis is determined by 

whether the count rate in the peak position is significantly greater than statistical fluctuations 
in background. It can be shown that a given peak is significant (to 99 % confidence limits) if 
the count on the peak position is three standard standard deviations above the background 
level. The minimum detectable limit (CMDL) for a particular element can be calculated from 

the peak and background counts obtained on the relevant standard using the following 

equation (Scott & Love, 1983): 

CMDL = (3W(Ip-Bt))(*IB/IP-B))(1/CS) (Eqn. 2.4) 

where IP_B is the net peak intensity in counts per second, t is the counting time, IB is the 
background intensity in counts per second and Cs is the concentration of the element in the 
standard expressed as a fraction of one. However, the background intensity is a strong 
function of atomic number and the actual detection limits will be higher when analysing a 
light element in a heavy matrix and lower for a heavy element in a light matrix, thus the CAL 

values obtained using Equation 2.4 should only be used as guide to the expected detection 
limits when analysing an unknown. The minimum detectable concentrations calculated from 

typical calibration analyses of the standards under the conditions and procedures outlined 
above are given in Table 2.3. 

Table 2.3. Minimum detectable concentrations (CMDL) calculated using Equation 2.4 from 
calibration counts obtained using an accelerating voltage of 20 kV, probe current of 50 nA and count 
times of 100 s on peak and each of two backgrounds. The X-ray lines used for analysis are given in 
Table 2.2. The CMDL values shown are typical values obtained during routine calibration. 

Element CMDL 
() 

Standard Element CMDL Standard 
(wt%) 

F 0.080 MgF2 Zr 0.042 Zircon 
Na 0.007 Albite Nb 0.031 Nb metal 
Mg 0.004 Periclase Ba 0.020 Barite 
Al 0.002 Corundum La 0.033 REE -3 
Si 0.007 Wollastonite(l) Ce 0.026 REE -3 
Si 0.004 Zircon(2) Pr 0.039 REE -3 
P 0.014 Apatite Nd 0.037 REE -2 
S 0.009 Pyrite SM 0.036 REE -2 
K 0.004 Orthoclase Gd 0.043 REE -1 
Ca 0.005 Wollastonite(3) Dy 0.039 REE -4 
Ca 0.005 Apatite (4) Er 0.021 REE -4 
Ti 0.006 Rutile Yb 0.021 REE -2 
V 0.064 V metal Hf 0.015 Zircon 
Mn 0.009 Mn metal Ta 0.095 Ta metal 
Fe 0.008 Fe metal Th 0.038 ThO2 
Sr 0.042 Celestine U 0.035 UO2 
Y 0.018 REE -3 

(1) - calibration of Si for titanite and apatite analyses. (2) - calibration of Si for zircon analyses. (3) - 
calibration of Ca for zircon and titanite analyses. (4) - calibration of Ca for apatite analyses. 
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Apart from knowledge of detection limits, which are of obvious importance when 
determining the concentration of elements present in trace quantities, it is also important to 
know the analytical uncertainties associated with the measurement of particular elements 
when assessing the quality of unknown determinations. The standard error of a given 
unknown determination for a particular element is a combination of the standard error 
determined on the unknown and on the relevant standard. The standard error of a given net 
peak count rate (Ep_B) is given by the following equation (Scott & Love, 1983): 

£p-B = (i((Np�tp2) + (NBhB2)))/((Np tp) - (NB/tp)) (Eqn. 2.5) 

where Np is the number of peak counts (not count rate), NB is the number of background 

counts, tp is the peak counting time and tB is the background counting time. The resultant 
standard error of the unknown specimen and element standard peak errors (Espy and Ems), 
the intensity ratio (Ek), is given by the following equation (Scott & Love, 1983): 

Eg2 - (ESpEC)2 + (ESTTrD )2. (Eqn. 2.6) 

Tables 2.4 and 2.5 show the typical standard errors obtained during routine analysis of 
accessory phases. 

Table 2.4. Approximate standard errors based on counting statistics of electron microprobe analyses 
of the major element constituents of accessory minerals. Values calculated using Equations 2.5 and 
2.6 from counts obtained on standards and typical unknowns. Standard errors are shown as absolute 
values (wt%) rather than as relative values. 

Mineral Element Analytical Uncertainty 
wt% oxide (2a). 

Zircon si0.06 
Zircon Zr 0.49 

Titanite si0.05 
Titanite Ca 0.07 
Titanite Ti 0.07 

Apatite p 0.26 
Apatite ca 0.12 
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Table 2.5. Standard errors of electron microprobe analyses of accessory minerals at various absolute 
elemental concentrations. Values calculated using Equations 2.5 and 2.6 from counts obtained on 
standards and typical unknowns at the conditions outlined above. Standard errors are expressed as 
relative errors (2v). A dash denotes where elements have not been found in those concentrations. 

Element 0.1 wt% oxide level 0.5 wt% oxide level I wt% oxide level 
% error (2a). % error (2a). % error (2a). 

F-9.4 - 
Na 22 -- 
Mg --- 
Al - 5.1 1.4 
Si 11 -- 
P 18 -- 
S 5.2 -- 
K 11.5 -- 
Ca 6.2 2.2 - 
V 67 -- 
Mn 10 -- 
Fe 7.3 3.7 2.0 
Sr 23 -- 
Nb 24 7.3 - 
Ba --- 
Y 29 9.8 3.1 
La 34 9.6 - 
Ce 27 7.8 5.1 
Pr 46 -- 
Ni 39 9.8 5.7 
Sm 38 -- 
Gd 47 -- 
Dy 47 -- 
Fr 22 -- 
Yb 21 -- 
Hf --3.7 
Ta 24 -- 
lb 20 5.6 2.9 
U 21 6.0 - 
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Chapter 3 
Compositional zoning in granitoid zircons. 
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3.1) INTRODUCTION. 

The purpose of this chapter is two-fold: 1) to describe the range of zircon zoning textures 

that have been observed during the course of this research; and 2) to document the variations 
in composition that are responsible for the zonation patterns. The rocks from which the 

examples are taken come from a variety of localities, although all are taken from intrusive 

calc-alkaline granitoid environments either from the Caledonian or Lachlan (SE Australia) 
fold belts. Many of the zircons contain subhedral and anhedral core structures (the term core 
is defined in Section 3.5), these cores may have originally crystallized in other environments 
about which little or nothing is known, hence no attempt is made in this chapter to describe 

the zoning textures of the cores themselves. However, it is important to note that the zircon 
cores often do have internal zoning textures, the possible implications of this are discussed in 
Chapters 8 and 9. 

The different textural types have been arbitrarily divided into three non-genetic categories: 
1) crystal face-parallel continuous and discontinuous zoning; 2) non-planar continuous and 
discontinuous zoning; and 3) compositional sector zoning (Hollister, 1970). At the beginning 

of each section the principal textural types are defined, the same terms with the same 
definitions are used in again Chapter 4 when describing the zoning textures in titanites. 
Although in this chapter the textures are described separately it is important to stress that the 
different types commonly occur together within the same grains. 

Background information. 
The widespread occurrence of zircon in a variety of igneous rock types makes it a 

potentially useful petrogenetic indicator mineral, although its main use has been in U-Pb 

geochronological studies. The 207Pb and 206Pb isotopes (generally referred to as radiogenic 
Pb or Pb*) produced by the radioactive decay of 235U and 238U, respectively, are retained in 

the structure of zircon to temperatures far above those normally encountered during crustal 
processes, notably granitoid production. This means that a U-Pb age recorded by a zircon is 

a crystallization age and should not reflect post-crystallization cooling. Ambiguities and 
inaccuracies in the interpretation of U-Pb zircon data can be introduced by two processes: 1) 

at low temperatures some of the Pb* can be lost, this is usually thought to occur at the 

surface of crystals or along cracks (Krogh, 1982b); and 2) more than one age of zircon may 
be present within a rock or within single crystals. Both processes result in discordant ages 

and to interpret such ages it is necessary to have independent evidence, or to make 

assumptions, about the timing of Pb* loss and the number of different ages of zircon that are 

present. Since analyses that plot on concordia require no such assumptions it has been the 

aim of recently developed techniques to try and reduce or eradicate the discordance problem. 
For example, many workers now employ the abrasion methods of Krogh (1982b), which 

attempt to remove the effects of surface-correlated Pb* loss by abrading the outermost 

surface of crack-free grains. 
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Granitoids often contain zircon populations which have more than one age, material that 
grew at the time of emplacement (cogenetic zircon) and an refractory inherited component 
(eg. Gulson & Krogh, 1973 and Pidgeon & Aftalion, 1978). The occurrence of inherited 

zircon in granites is testament to the retentiveness that undissolved zircon has for Pb* at the 
elevated temperatures of crustal melts. Early studies extrapolated the discordia line, generated 
by the presence of zircon inheritance, back to intercept the concordia in an attempt to infer an 
age of the inherited zircon and that of the source. In all such cases a tacit assumption is that 
the inheritance within the zircon population has a single age, but it is increasingly being 

realised that such an assumption is, in many cases, unfounded. Recent studies, notably those 
involving single grain analyses of zircons found in sediments (eg. Schärer & Allegre, 1982; 
Krogh, 1986) and the in situ analyses of selected parts of zircons from both high grade 
metamorphic and igneous environments using ion microprobe techniques (primarily by a 
group based at the Australian National University (ANU) using the 'SHRIMP' instrument), 
have shown that potential granite source regions and granites themselves commonly contain 
zircon populations with more than one age (eg. Harrison et al., 1987, Williams et al., 1988 
and Compston & Kr6ner, 1988). Granites containing inherited zircon populations with more 
than one age are described as having mixed inheritance (Miller et al., 1988). The reverse 
discordia generated by a zircon population with mixed inheritance will have an upper 
intercept which is an average age of the inherited component and does not necessarily have 

any geological meaning. 
The experimental studies of E. B. Watson and T. M. Harrison (Watson, 1979, Harrison & 

Watson, 1983 and Watson & Harrison, 1983) on the solubility of Zr in granitic magmas have 
largely explained why zircon often remains partially undissolved during crustal melting 
episodes. They observed that Zr solubility in crustal melts is controlled by melt composition, 
more specifically the cation ratio (Na+K+2Ca)/(Al"Si), and temperature; in peralkaline melts 
Zr solubility is high, whilst in peraluminous melts the solubility is low. If the Zr 

concentration in the source is high then Zr saturation of a granitic peraluminous melt may be 

reached before complete zircon dissolution occurs and thus the potential exists for the melt to 
entrain an inherited zircon component. 

In summary, the available data, both isotopic and experimental, suggests that granitoid 
zircon grains have often had complex and protracted histories. 

3.2) ZIRCON CHEMISTRY AND CONTROLS ON 
OBSERVED ZCI GREY-LEVEL VARIATIONS. 

3.2.1) Zircon chemistry. 

Naturally occurring zircon, ZrSiO4, is a tetragonal crystal and the principal structural unit 
is a chain of alternating, edge sharing [Si04] tetrahedra and [ZrO8] triangular dodecahedra 

extending parallel to the c-axis (Robinson et al., 1971). Other elements substitute into the 

structure in either the eight-coordinated Zr site (A) or the four-coordinated Si site (B). Up to 



26 

50 elements have been reported in zircon analyses, although the following list represent some 
of the more common: in the A-site - Hf, Y, U, Th, REE, Pb, Ca, Fee+, Feat, Na, K, Ti, Nb, 

and Ta; in the B-site - Al, P and S (Speer, 1982). Zircon is isostructural with several other 
minerals; including hafnon (HfSiO4) and xenotime (YPO4), these give an indication of the 
important substitutions in naturally occurring zircons. Hf, U and Th substitute directly for 
Zr, Y and the REE substitute for Zr through the linked substitution of P for Si, although 
Caruba et al. (1975) noted that substitution of the REE and Y into the A-site during initial 

crystallization may also be achieved by a coupled substitution involving (OH)- in the B-site. 
Radiation damage of the zircon structure caused by the radioactive decay of U and Th to form 

so called metamict material may also allow water to enter the structure, this water is thought 
to be absorbed onto the metamict material in the form of H2O or (OH)- (Speer, 1982). 

There is a general tendency for zircons in magmas to concentrate the HREE and Y, that is 
the HREE have higher zircon/liquid partition coefficients than do the LREE (Nagasawa, 
1970). Watson (1980), using zircons experimentally grown in felsic peralkaline liquids, 

confirmed the general REE distribution pattern of Nagasawa (1970), but showed that the 
HREE end of the pattern is concave downwards. The actual concentrations of REE in zircons 
will obviously reflect not only the relative partition coefficients of the different REE, but also 
the absolute REE composition of the medium from which the grain was grown. 

3.2.2) Compositional controls on ZCI grey-level variations in zircons. 

In general the most important substitutions in the zircon analyses presented here are due 

to incorporation into the structure of Hf, Y, the HREE, U and Th (the other elements listed 

above have only been detected occasionally). Substitution of any of these elements into 

zircon results in an increase in the Y over that of an ideal zircon (ZrSiO4). A given grey-level 

cannot be uniquely related to a particular composition due to the complexity of the zircon 

substitution scheme in terms of numbers of elements that are commonly involved. 

3.3) THE SAMPLES USED TO STUDY ZIRCON ZONING TEXTURES. 

All the examples of zircon zoning textures were taken from the following granitoid 
intrusions; Ratagain and Strontian, both Scottish Caledonian plutons to be found NW of the 
Great Glen Fault (see Brown (1983) or Stephens (1988) for a review of the province) and 
Kameruka, a pluton from the Bega Batholith of the Lachlan-Fold Belt of SE Australia (see 
Chappell & White, 1976). Further details of the sample localities are given in Appendix 1. 

The U-Pb zircon systematics of these intrusions have been documented, at least in part. 
Pidgeon & Aftalion (1978) found that the monzonitic facies of the Ratagain intrusion 

contains inherited zircon, which they attributed to the observed presence of rounded and 
irregular cores in many grains. Subsequent work on a pyroxene-mica diorite sample from 

Ratagain by Rogers & Dunning (1990, in press) also found a substantial inherited zircon 
component, but the analysed grains contained no optically visible rounded or irregular cores. 
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The outer, earlier intrusion of the Strontian Complex, the Loch Sunart Granodiorite of this 
work, contains a very small amount of zircon inheritance (Rogers & Dunning, 1990, in 
press); and the inner, later part of the intrusion, the Glen Sanda Granodiorite, contains a 
substantial amount of inheritance (Halliday et al. (1979)). The inherited zircon systematics of 
the Strontian Complex are described in more detail in Chapter 6 (Section 6.2.4 and Tables 
6.2 and 6.3), Chapter 8 (Section 8.2) and Chapter 9. 

Using 'SHRIMP' ion microprobe dating of zircon separates it has been shown that 
zircons from the Kameruka Granodiorite of the Bega Batholith do contain inheritance. The 
complete findings of this research into the protoliths of the Bega Batholith Granites have yet 
to be published, although the initial findings for the batholith as a whole have been published 
in abstract form (Williams et al. (1988)) and been made available through a personal 
communication with Dr. I. S. Williams. The zircons from the Kameruka Granodiorite used in 
this study are the same zircons used in the 'SHRIMP' ion microprobe study. 

The examples of zircon zoning textures were either taken from thin section (Ratagain) or 
from separated grains mounted in epoxy, cut and polished (Strontian and Kameruka). 

3.4) CRYSTAL-FACE PARALLEL CONTINUOUS 
AND DISCONTINUOUS COMPOSITIONAL ZONING. 

Definitions: crustal f ace-DäIAJ 1 onnnuou am aisconnnuous zonmE 
All apparently linear compositional interfaces (they are assumed to be planar structures) 

which cannot be assigned to another zoning category and appear to be, or have been, parallel 
to crystal faces, are described as crystal face-parallel. The terms continuous and 
discontinuous indicate, respectively, a gradual or an abrupt change in composition and are 
not related to continuous and discontinuous reaction of crystals with melt (MacKenzie et al., 
1982). Multiple zoning occurs where a crystal has repeated discontinuous zones and if such 
zones show a regular pattern of repetition it is described as being oscillatory (MacKenzie et 
al., 1982). The multiple zones of many of the zircons do not circumscribe the crystal, such 
that different sectors have different patterns of multiple zoning, this is considered to be a 
form of compositional sector zoning and is described in Section 3.6. 

Minerals that are part of a solid solution, such as plagioclase feldspars, are often 
described has having normal zoning, that is they are zoned from centre to edge from a high to 
a low temperature component, the term reverse zoning being used to denote the opposite. 
These terms have no analogues in the description of zoning in accessory minerals. 

Previously reported occurrences of crystal face-parallel zoning in zircons 
Numerous studies have reported the occurrence of crystal face-parallel zoning, often very 

misleadingly referred to as "growth zoning", in zircons, particularly those found in igneous 

environments; eg. Mackie (1926), Poldervaart (1956) and Silver & Deutsch (1963). In the 
main the zoning is of the multiple discontinuous type and is usually interpreted as being due 

to free growth in a melt, as evidenced by its euhedral habit (Speer, 1982). 
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Due to the presence of U in the structure of zircon both fission track density methods or 
HF acid etching can be used to assess the spatial distribution of U. Yeliseyeva (1977), using 
fission track density, and Krogh (1982b), using HF acid etching, both noted the common 
parallelism of U-rich zones with the faces of crystals. Speer (1982) summarised much of the 
compositional data on zoning in general by stating that the elements which substitute for Zr 

and Si (ie. Y, REE, Ca, Al, Fe, Th, U and P) usually increase together, although there is 

often a negative correlation between Y and Elf, eg. Romans et al. (1975). The changes in 

composition of the multiple zones are usually taken to reflect changes in chemical and 
physical conditions as crystallization proceeded (Speer, 1982). 

3.4.1) Examples of crystal face-parallel zoning in zircons. 

This section describes the occurrence of continuous and discontinuous crystal 
face-parallel zoning in zircons using a number of different examples,. All the granitoid 
zircons studied during the course of this study contain crystal face-parallel zoning and most 
contain numerous continuous and discontinuous interfaces and thus it is impractical to 
determine the composition of every zone. Full details of the microprobe analyses from the 
individual examples are in Appendix 3. All three examples are mounted in epoxy, the c-axis 
of each of them is in the plane of the section and orientated east west relative to the page. 

Example (Plate 3.1). 
This grain contains many crystal face-parallel zones, however these are not sufficiently 

regular to be described as oscillatory but are best described as multiple. The boundaries are 

on the whole discontinuous. To investigate the composition of the crystal face-parallel zones 

a traverse of nine electron microprobe analyses within a single sector was carried out. The 

positions of electron microprobe analyses are marked with numbers on Plate 3.1. 

The analyses detected the presence of Hf in all the zones and a few of the HREE (the 

other REE were all below detection limits), Y, U and lb within at least some of the zones. 
From centre to edge there is very little variation in the concentration of Hf and the same is 

true between light and dark zones, particularly when the typical analytical uncertainty of the 
Hf determinations (approximately ±0.05 wt% Hf, 2Q) is considered. However, the 
distributions of the HREE, Y, U, and Th appear to be linked, the zones which contain 

appreciable contents of the HREE also contain Y, U and Th in significant quantities. The 

grey-levels appear approximately to contour the distribution of the HREE, Y, U and Th, the 
brighter zones contain higher concentrations of these elements than the darker zones. For 

instance, Figure 3.1 shows the variation of Y between the nine analysis points, Y varies from 

between 0.18 wt% in some of the bright zones to below detection limits in the darker zones. 
Y was used as it is present in higher concentrations than the HREE, U and Th and thus the 

measured concentrations are subject to lower analytical uncertainties. 



Plate 3.1. ZCI of separated zircon from the Loch Sunart Granodiorite (BPSRT I) of 
the Strontian Complex. The numbered points are the electron microprobe analysis 
points (see Appendix 3). A description of the zoning is given in the text. The black 

area within the grain are mainly apatite inclusions, the cracking was mainly caused 
by polishing and the bright left hand edge is due to amplifier saturation. 
15kV, 2OnA, (7,7), scale bar 100µm. 

Plate 3.2. ZCI of separated zircon from the Loch Sunart Granodiorite (BPSRTI) of 
the Strontian Complex. The numbered points are the electron microprobe analysis 
points (see Appendix 3). A description of the zoning is given in the text. Contains 
many small apatite inclusions, the cracking is mainly an artifact of polishing and the 
effects of amplifier saturation can be seen along the left hand side of the grain and to 
the right of inclusions. 
15kV, 2OnA, (7,7), scale bar 100µm. 
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Fig. 3.1. Histogram showing Y203 concentrations of the analyses of the zircon in Plate 3.1. The 
line at 0.02 wt% is the approximate limit of detection. Error bars are shown for analyses 2 and 9. 
The analysis numbers correspond to those shown on the Plate 3.1. 

Example 2 (Plate 3.2). 
The fact that the crystal face-parallel zoning is off-centre is real and not an artifact of the 

orientation or cut of the crystal. The grain contains many crystal face-parallel zones and it is 

also compositionally sector zoned (see Section 3.6). Three of the electron microprobe 
analyses (15,16 and 17) were carried out on the low rl area to the top right of the grain, these 

are relevant to Section 3.5.3 and are not discussed here. 

Like Example I the variations in the concentrations of the HREE, Y, U and Th in this 

example appear to be linked, in addition the grey-levels of the crystal face-parallel zones 

appear approximately to contour the variations in the concentrations of these elements. 
However, unlike Example 1, the concentration of Hf does vary slightly (from 1.41 to 1.71 

wt%) between the different crystal face-parallel zones analysed. 

Example 3 (Plate 3.3). 
This grain apparently shows a greater range of grey-levels than the first two examples, 

this in part is due to differential polishing rates between the zones and is thus indirectly due to 

compositional differences. The relief on the surface of the crystal means that locally there can 
be a substantial tilt contribution to the original BSE signal and this has not been completely 
eradicated by the processing of the signal (see Section 2.2.5). Only areas of the surface free 
from substantial variations in tilt have been analysed 

Like the first two examples this grain is compositionally sector zoned, however the 
crystal face-parallel zoning of this example is on a much finer scale than that of the first two 
examples, this combined with the fact that X-rays emerge from a greater excitation volume 
than backscattered electrons (this is because X-rays have higher energies) means that the 
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quantitative analyses represent averages of two or three very narrow zones. Although 

compositionally this grain is very similar to Example 2 it differs slightly in two respects: 1) 
the Hf concentration increases from the centre to the edge of the crystal (see Fig. 3.2), ie. 
there is continuous compositional variation of Hf superimposed on discontinuous zoning of 
Y, HREE, U and Th; and 2) this grain has generally higher concentrations of U and Th and 
to lesser extent the HREE. 
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Fig. 32. Diagram showing how Ht02 concentration increases from the centre to the edge of the zircon 
grain shown in Plate 3.3. Some of the HfO2 variation is due to small scale discontinuous changes of 
concentration. There is no horizontal scale, the actual spacing between the analyses is shown an Plate 
3.3. The error bars represent ±0.05 wt% Hf02 (2a). 

It should be noted that P was not detected in any of the three examples given above, the 
detection limit for P being approximately 0.02 wt%, thus the coupled substitution Zr4+ + Si4+ 

a Y3+ + P5+ cannot be invoked to explain the substitution of the REE and Y. As explained 

above in Section 3.2.1 Caruba et al. (1975) noted that substitution of the REE and Y into the 

A-site could be achieved through a coupled substitution involving (OH)- into the B-site. 

3.5) NON-PLANAR CONTINUOUS AND 
DISCONTINUOUS COMPOSITIONAL ZONING. 

Definitions: non-planar continuous and discontinuous compositional zoning. 
Such zoning is defined as continuous or discontinuous changes in composition that 

occur across a non-planar boundary. The terms multiple and oscillatory, as defined in 

Section 3.3, can also be employed where appropriate. It is important to note that 

compositional sector zoning can give rise to non-planar compositional boundaries, such 
features are described in Section 3.6. 



Plate 3.3. ZCI of separated zircon from the Glen Sanda Granodiorite (BPSRG 1) of 
theStrontian Complex. The numbered points are the analysis spots (see Appendix 
3). A description of the zoning is given in the text. There is a significant tilt 
contribution to the BSE signal due to differential polishing of the cut surface. Most 
of the cracking is an original feature and was not induced during sample 
preparation. As with the grain in Plate 3.2 there is some amplifier saturation effects. 
15kV, 2OnA, (7,7), scale bar 10µm. 

Plate 3.4. ZCI of separated zircon from the Glen Sanda Granodiorite (BPSRG 1) of 
the Strontian Complex. Low ir1 subhedral core with high 1 euhedral rim, there is 
some faint zoning within the core. The rim shows marked differential polishing. 
The photomicrograph was exposed to allow the zoning of the core to be seen, thus 
the detail in the rim is mainly lost. 
15kV, 2OnA, (7,7), scale bar 101im. 
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The terms core and rim are often used in the literature to denote the approximate position 
of in situ analyses (usually electron microprobe analyses) across a particular crystal. 
However, it is felt that these terms imply the existence of distinct parts to a crystal. Thus it is 

proposed that terms such as centre and edge should be used to describe relative position 
within a crystal, with the terms core and rim being reserved for parts of a crystal that are 
distinct in terms of composition or zoning texture and have a generally concentric 

relationship. The shape of a core should be qualified by the terms euhedral, subhedral or 
anhedral accordingly. This definition of the core/rim terminology is intended to allow for the 

occurrence of several generally concentric core/rim structures within a single crystal. 

Previously reported occurrences of non-planar interfaces in zircons 
The previously reported occurrences are mainly restricted to granitoid zircons that contain 

subhedral or anhedral centrally positioned cores in otherwise euhedral grains, these have 

usually been interpreted as representing older inherited material which has been the site of 

new zircon growth during cooling and crystallization of the host granitoid. Where U-Pb 

isotopic studies have identified the presence of old zircon material it is usually assumed to be 

present as anhedral cores with euhedral magmatic rims. There are many examples where this 

assumption has been made, but Pidgeon & Aftalion (1978) and Harrison et al. (1987) give 
corroborative textural evidence in the form of transmitted and reflected light 

photomicrographs. 
In addition to these granitoid occurrences, non-planar compositional interfaces have been 

observed in zircons found in metamorphic environments. Several U-Pb isotopic studies 
using ion microprobe techniques have demonstrated that new zircon growth and in particular 
partial recrystallization of pre-existing zircon may take place during metamorphic events. 
Studies using the 'SHRIMP' ion microprobe have also presented textural observations made 

using conventional optical methods (reflected and transmitted light) of the internal structures 

of the zircons dated. Black et al. (1986) described internal zircon structures from a 

granulite-grade orthogneiss fording zircons with crystal-face parallel multiple zones deeply 

embayed and mantled by apparently homogeneous zircon. These authors interpreted these 
textures as resulting from recrystallization rather than new zircon growth over an irregular 

core. Similar interpretations have been made by Williams & Claesson (1987) on zircons from 
high grade paragneisses and by Compston & Kröner (1988) on zircons from a tonalitic 

gneiss. 

3.5.1) Subhedral and anhedral core and core related structures. 

This section has two aims; 1) to describe the range of subhedral and anhedral core shapes 

present within many zircon grains, and 2) to describe the nature of the boundaries between 

cores and rims. For the sake of convenience structures associated with cores are also 
described here. In the main this section is not concerned with absolute composition, but with 
the textures of the compositional variations indicated by the different grey-levels on the 
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Z-contrast images. The definitions of the terms core and rim given above require that there is 

a significant contrast in the average composition and type of zoning between the core and the 

rim, not the presence of a non-planar interface, although most do have non-planar interfaces. 

Non-planar interfaces which separate areas of similar composition and zoning style are 
described in Section 3.5.2. 

Zircon core shapes. 
Zircon cores have a variety of possible shapes, in all of the examples described below the 

boundary between the core and the rim is compositionally discontinuous and the position of 
the core/rim boundary is well defined. 

1) Plate 3.4. This shows a subhedral core totally surrounded by a euhedral rim, the sense 

of curvature of the core/rim boundary is in all places convex outwards. 
2) Plate 3.5. This zircon contains a central, broadly euhedral core with a generally low f, 

one section of the outer boundary (marked A) is subhedral and is seen to truncate 

compositional zoning structures within the core. 
3) Plate 3.6. Although the outline to the core of this grain is highly contorted, it has 

concave outward parts to its length, it is everywhere smooth. The complex outer shape of the 

core has apparently influenced the morphology of the surrounding rim. 
4) Plate 3.7. This grain has a generally rounded core, but locally the outline is ragged on 

the scale of a few microns. 
Highly rounded core shapes with convex outward margins are by far the most common 

type observed, highly irregular cores are the exception. 

The nature of the boundary between cones and rims. 
Although many grains do have obvious core/rim relationships the nature of the core/rim 

boundary can be highly variable, such that the exact position of the dividing line can be 
difficult to trace. Three broad types of core/rim boundary have been identified. 

1) Compositionally discontinuous; the core/rim boundary is sharp within the resolution of 
the electron beam conditions employed. Plates 3.4,3.5,3.6 and 3.7 all have compositionally 
discontinuous corehim boundaries. 

2) Compositionally continuous; there is a compositional gradient between the core and the 
rim. The distance over which the compositional change is achieved is greater than the 
resolution limit of the beam. Plate 3.8 shows a grain with two approximately concentrically 
arranged cores, the inner most of which has a gradational outer boundary with the second 

core (marked A). 
3) In some grains tracing the exact position of the core/rim boundary is difficult, even 

although tracing the exact position of the core/rim boundary is difficult. This is usually for 

one of two reasons: i) the core and the rim, in the region of the interface, may have similar 

grey-levels and thus the boundary is difficult to distinguish; or ii) the core/rim boundary 

region may contain other zoning structures which obscure the true nature of the relationship 
between the core and the rim. For example, Plate 3.9 shows a cored grain which has an area 



Plate 3.5. ZCI of separated zircon from the Kameruka Granodiorite (AB 40) from 

the Bega Batholith. The core to this grain is broadly euhedral, however one section 

of the outer boundary (A) is concave outwards and it truncates the zoning of the 

core. Amplifier saturation occurred along the left hand side of the crystal. 
15kV, 2OnA, (7,7), scale bar 10011m. 

Plate 3.6. ZCI of separated zircon from the Glen Sanda Granodiorite (BPSRG1) of 
the Strontian Complex. The outline of the core is highly contorted, with many 
sections being concave outward. The effects of amplifier saturation can be seen 
along the left hand side of the grain. 
l5kV, 2OnA, (7,7), scale bar 100µ. i. 





Plate 3.7. ZCI of separated zircon from the Glen Sanda Granodiorite (BPSRG 1) of 
the Strontian Complex. The outline, although generally rounded, is ragged on the 
the scale of a few microns. The photomicrograph was exposed to allow the zoning 
of the core to be seen, thus the detail in the rim is mainly lost. 
15kV, 2OnA, (7,7), scale bar 100µm. 

Plate 3.8. ZCI of separated zircon from the Kameruka Granodiorite (AB 40) of the 
Bega Batholith. The inner most core of this grain has a gradational outer boundary 
(A) with the second core structure. The bright left hand edge is caused by amplifier 
saturation. 
15kV, 2OnA, (7,7), scale bar 10µm. 





Plate 3.9. ZCI of separated zircon from the Glen Sanda Granodiorite (BPSRG 1) of 

the Strontian Complex. The precise position of the core/rim boundary is difficult to 

identify in this crystal because of the presence of other zoning structures (A). The 

photomicrograph was exposed to allow the zoning of the core to be seen, thus the 

detail in the rim is mainly lost. The bright left hand edge is caused by amplifier 

saturation. 
15kV, 2OnA, (7,7), scale bar 1001. Lm. 

Plate 3.10. ZCI of separated zircon from the Glen Sanda Granodiorite (BPSRG1) 

of the Strontian Complex. Between the core and the crystal face-parallel zoning of 
the rim lies a narrow band (A) which varies in width and contains irregular 

compositionally continuous zoning. Much of the radial cracking in the rim is an 
original feature and not caused by sample preparation. The effects of amplifier 
saturation can be seen along the left hand side of the grain and to the right of 
inclusions. 
l5kV, 2OnA, (7,7), scale bar 10µm. 
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(marked A), between the core and the crystal face-parallel zoning of the rim, in which the 
zoning is sufficiently complex that the position of the core/rim boundary is ambiguous. 

Core related structures. 
The remainder of this section describes the types of structures that have been commonly 

observed associated with the core/rim boundary regions of zircon grains and which, although 
they may occasionally make the core/rim boundary difficult to identify, may potentially yield 
information about the relationship between cores and rims. 

Plate 3.10 shows a grain which has a similar structure to that shown in Plate 3.9, except 
that the core/rim boundary can be easily identified. Between the core and the crystal 
face-parallel zoning of the rim lies a narrow area (marked A), which varies in width, with 
irregular compositionally continuous zoning. This type of area (a volume in 

three-dimensions) is commonly seen between the subhedral and anhedral cores of zircon 

grains and the first crystal face-parallel zone of rims. Its size is usually limited such that at 
least one part of the zoning in the rim is in contact, or nearly so, with the core; Plate 3.11 

shows such an area (marked A), in this case it has a relatively low il and no internal 

structures can be seen. Only where the core shape is highly irregular, say with concave 

outward sections, does the size of this volume become significant; the area marked A on the 

zircon in Plate 3.12 is an example. One of the examples referred to earlier, Plate 3.6, also 

shows this feature. 

3.5.2) Non-planar interfaces other than core/rim structures. 

Two other types of non-planar interface have been observed in zircons. 
1) Plate 3.13 shows a grain with many crystal face-parallel zones, interrupting this simple 

pattern are several non-planar interfaces that form closed loops. They are broadly concentric 

with the crystal face-parallel zoning and separate areas of multiple crystal face-parallel zoning 

which are similar in average composition and character of zoning (eg. spacing of zones, 

range of grey-levels). They are not considered to be a core structures because they do not 

separate concentrically arranged parts which are distinctly different in terms of overall 

grey-level and character of zoning. Unlike the interfaces observed in some core/rim 

structures, the type described here are always convex outwards, never markedly curved, they 

often truncate only the corners of crystal face-parallel zones, and the interfaces are always 

compositionally discontinuous. Several of the photographs used to illustrate other textures 

also have this type of non-planar interface, eg. Plates 3.1,3.2 and 3.3. 
2) Plate 3.14 shows an example of the second type of non planar interface, the zircon 

grain has crystal face-parallel zoning which is truncated by areas (volumes in 

three-dimensions) which internally are not zoned, these are marked A. The boundaries, 

which in the main are compositionally discontinuous, can be both non-planar (marked B) and 
planar (marked Q. It is important to note that where these interfaces are planar they are 
parallel to the crystal faces and are always on the side of the internally unzoned area nearest to 



Plate 3.11. ZCI of separated zircon from the Loch Sunart Granodiorite (BPSRT1) 

of the Strontian Complex. In this example the volume between the core and the 
crystal face-parallel zoning of the rim, which has a relatively low T1, is structureless. 
The extensive cracking around the edge of the grain is due to the sample preparation 
procedure. The effects of amplifier saturation can be seen along the left hand side of 
the grain and to the right of inclusions. 

15kV, 2OnA, (7,7), scale bar 100µm. 

Plate 3.12. ZCI of separated zircon from the Kameruka Granodiorite (AB 40) of the 
Bega Batholith. This is a fragment of a much larger grain. The shape of the core to 
this grain is highly irregular, such that the volume of material between the core and 
the crystal face-parallel zoning is significant. The text gives a full description of this 
type of texture. The bright left hand edge is caused by amplifier saturation. 
15kV, 20nA, (7,7), scale bar 100µm. 





Plate 3.13. ZCI of separated zircon from the Kameruka Granodiorite (AB 40) of the 

Bega Batholith. The relatively simple pattern of crystal face-parallel zoning is 

interrupted by several non-planar interfaces forming closed loops, however unlike 

core structures the interface separates areas of similar zoning. The bright left hand 

edge is caused by amplifier saturation. 
15kV, 20nA, (7,7), scale bar 100µm. 

Plate 3.14. ZCI of separated zircon from the Loch Sunart Granodiorite (BPSRTI) 

of the Strontian Complex. Note the areas (A) with which internally are not zoned, 
the boundaries to these areas can be both non-planar (B) and planar (C). The effects 
of amplifier saturation can be seen along the left hand side of the grain and to the 
right of inclusions. The cracking is an artifact of the sample preparation process. 
15kV, 2OnA, (7,7), scale bar 100µm. 
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the crystal faces. If there are several of these unzoned areas within a given crystal then they 
usually have similar grey-levels. It is important to note that they are not commonly associated 
with cracks. Initially these unzoned areas were thought perhaps to be some artifact of the 
sample preparation procedure, but subsequent electron microprobe analyses have shown 
them to be real. Electron microprobe analyses 15,16,17 on the grain shown in Plate 3.2 all 
have concentrations of the REE, Y, Th and U which are below electron microprobe detection 
limits, although they have similar concentrations of Hf to the other parts of the grain. Several 
Plates used to illustrate other textures also show this type of structure, eg. Plates 3.1 and 3.2. 

3.6) COMPOSITIONAL SECTOR ZONING. 

Definitions: compositional sector zoning. 
The portion of a crystal that is present 'inside' a given face is called a sector, and in 

general most crystals bounded by faces contain several sectors. Where a crystal has sectors 
of different chemical compositions it is described as having compositional sector zoning 
(Hollister, 1970). The qualifying term 'compositional' is necessary since the sector zoning 
in, for example, andalusite and chloritoid generally result from variations in the density of 
inclusions and not compositional differences in the host phase (Deer et al., 1982). Hollister 
(1970) observed that sectoral variations may also take the form of differences in cation 
ordering within the crystal structure and suggested that such sectoral variations could be 
found in combination with compositional sector zoning. It is worth noting that the spatial 
pattern of the sectors is due to the relative importance of the different crystal faces developed 
during the growth of a given mineral grain, le. whatever causes compositional sector zoning 
it is, by definition, always associated with the development of crystal faces. 

Where other types of zoning are present, ie. crystal face-parallel multiple zoning, it is 
important that the equivalence or otherwise of the zoning between sectors is established in 

addition to comparing the chemistry of the sectors. Where there is a non-equivalence of the 
multiple zoning between sectors a crystal is considered to be sector zoned (simple systematic 
variations in thickness of zones between sectors is not considered to constitute 
non-equivalence). 

Previously reported occurrences of compositional sector zoning ink on. 
Before describing the previous occurrences of compositional sector zoning in zircons it is 

necessary to document the crystal faces that are found in granitoid zircons, a subject 
extensively studied by J: P. Pupin and coworkers. The faces that are commonly present can 
be divided into two groups (Pupin er al., 1978): pyramidal faces, usually (211), (101) and 
(301); and prism faces, (110) and (100). In practice it can be difficult to identify the particular 
crystal faces that are present when dealing with sectioned grains, although it is usually 
possible to distinguish prism faces from pyramidal faces. 

Compositional sector zoning in zircon was produced experimentally by Chase & Osmer 
(1966), they grew zircon in an environment doped with UO2 and found that it was 



35 

preferentially incorporated into the pyramidal (111) sectors (ie. the sectors associated with the 
(111) face). It should be noted that (111) is a face not commonly developed in granitoid 
zircons. Similar compositional patterns were noted by Fielding (1970) in a zircon from a 
pegmatite and by Krogh (1982b) in zircons from an Archaean granodior te. In both cases U 
was preferentially incorporated into the pyramidal sectors, although which pyramidal faces 
were involved was not specified. The zircons that Krogh (1982b) described (and illustrated 
with optical photomicrographs) have the type of sector zoning described above in the section 
on definitions, ie. the different sectors are not equivalent in terms of their patterns of multiple 
zoning. 

A pattern of compositional sector zoning different from that described by Chase & Osmer 
(1966) and Fielding (1970) was observed using cathodoluminescence by Hoffman & Long 
(1984). They described sectoral variations between the prism sectors, (100) and (110), of 
zircons from the granodioritic Tollie Gneiss of the Lewisian. The (100) sectors were enriched 
in Y and depleted in Hf and Zr, whilst the (110) sectors were slightly enriched in Hf and 
depleted in Y. Hoffman & Long (1984) were not able to describe the distribution of U with 
respect to the different sectors since U was below the election microprobe detection limits. 
Using cathodoluminescence Ohnenstetter et al. (1989) identified compositional sector zoning 
in zircons from a Corsican ophiolitic albitite, the sectoral differences in composition were due 
to variations in the concentration of the REE and Y; they did not give details of how these 
compositional variations were related to specific sectors. Paterson et al. (1989) identified, 
using the BSE technique, compositional sector zoning in a zircon from the Ratagain 
intrusion. 

In none of the previously reported occurrences was any attempt made to interpret the 
compositional sector zoning with respect to pettogenesis. 

3.6.1) Examples of compositional sector zoning in zircons. 

Much of the compositional sector zoning found in granitoid zircons during the course of 
this research is in the form of sectors which are not equivalent in terms of their crystal 
face-parallel zoning patterns. Thus the emphasis of the descriptions given below is 
necessarily on the textural rather than the compositional aspects. As with crystal face parallel 
zoning a number of examples are considered in some detail, each was chosen to illustrate the 
range of textures observed. It should be emphasised that many grains in these and other 
rocks have similar textures and the examples chosen are by no means unusual. A number of 
Plates used to illustrate other textures in zircon grains, notably those with crystal face-parallel 
zoning (eg. Plates 3.1,3.2 and 3.3) also exhibit compositional sector zoning. Full details of 
the microprobe analyses from the individual examples are in Appendix 3. 



Plate 3.15. ZCI of zircon in a thin section from a Ratagain diorite (RAT 13/1). Both 

the core and rim of this grain contain compositional sector zoning. The numbered 
points are the electron microprobe analysis points (see Appendix 3). The text gives 
a description of the compositional variations. The pattern of the cracking suggests 
that it is not due to sample preparation. 
15kV, 2OnA, (6,7), scale bar 10µm. 

Plate 3.16. ZCI of separated zircon from the Loch Sunart Granodiorite (BPSRTI) 
of the Strontian Complex. In this the compositional sector zoning due to differences 
in the patterns of crystal face-parallel zoning between sectors, a full description is 
given in the text. The effects of amplifier saturation can be seen along the left hand 
side of the grain and to the right of inclusions. The cracking occurred during sample 
preparation. 
15kV, 2OnA, (7,7), scale bar 100µm. 
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Example 1 (Plate 3.15). 
This example is taken from a dioritic rock from the Ratagain intrusion of the NW 

Highlands and originally appeared in Paterson et al. (1989). The grain contains an obvious 
rounded core which internally has compositional sector zoning, the rim is also 
compositionally sector zoned and it is this that the description below is concerned with. In 
this example the compositional sector zoning is marked by clear changes in composition 
across the sector boundaries. 

The rim of this grain contains only very faint crystal face-parallel zoning and it appears to 
be present only within the generally brighter sectors and not in the darker sectors. These 
darker sectors are, however, continuously zoned, becoming progressively brighter towards 

the edges of the crystals, a trend also seen in the generally brighter sectors. Whilst this grain 
has concentrations of the REE, Y, U and Th that are at or below detection limits, Hf shows 
variations in concentration that are considered significant. Within all the analysed sectors Hf 
increases in concentration towards the crystal edges, but between sectors the variations are 
less clear and do not show a straightforward correlation with the observed grey-levels. For 
instance, Sector 1 has the lowest overall concentration of Hf of any of the analysed sectors, 
yet has a 71 which is higher than the adjacent sector (Sector 2) which is more enriched in HE 

The fact that the observed grey-level variations are not related in a simple way to Hf 

concentration suggests that another element (or elements) in addition to Hf, is responsible for 

the variations in the observed grey-level variations within sectors and between sectors. Such 

an element must either be present in quantities below detection limits, or the element involved 

was not included in the original analysis. Clearly it is difficult to comment further on the last 

possibility. The occasional detection of the REE, Y, U and Th in the quantitative analyses of 

this crystal suggests that they certainly contribute to the overall il and it is entirely possible 

that their distribution combined with that of Hf could explain the qualitative variations in 

composition observed on the ZCI. 
This example illustrates that in the right circumstances the BSE technique is more 

sensitive to variations in composition than quantitative analysis by electron microprobe. 

Example 2 (Plate 3.16). 
This zircon grain is from the Loch Sunart Granodiorite of the Strontian Complex, it is 

mounted in epoxy with the c-axis lying east-west and parallel to the plane of the section. This 

example is intended to illustrate the variability of zircon sectors in terms of their crystal 
face-parallel zoning patterns and how this influences the position and shape of the boundaries 
between sectors. 

The three sectors (Sectors 1,2 and 3) with which this description is concerned are very 
different in terms of their patterns of zoning. 

1) Sector 1 ((101)) has several wide multiple zones of low rt that have no equivalent in 
the adjacent Sector 2 ((211)). 

2) Sector 2 contains a large number of multiple zones many of which have high TI, few of 
these zones have equivalents in Sector 1. 



Plate 3.17. ZCI of separated zircon from the Glen Sanda Granodiorite (BPSRTI) 

of the Strontian Complex. The pyramidal 'faces' (marked A) were eradicated during 

growth such that they are no longer exist on the outermost faces of this particular 

crystal. The very dark areas within the rim are the result of differential polishing 

probably caused by these area being metamict. The bright left hand edge is caused 
by amplifier saturation. 
15kV, 20nA, (7,7), scale bar 10µm. 

Plate 3.18. ZCI of separated zircon from the Loch Sunart Granodiorite (BPSRTI) 
of the Strontian Complex. A full description of the compositional sector zoning in 
this example is given in the text. The numbered points are the electron microprobe 
analysis points (see Appendix 3). The effects of amplifier saturation can be seen 
along the left hand side of the grain and to the right of inclusions. The cracking 
occurred during sample preparation. 
15kV, 2OnA, (7,7), scale bar 10µm. 
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3) Sector 3, (100) or (110) (it is difficult, in this section, to determine which), has 

similarities to Sector 2 in terms of numbers of zones, although there are fewer high it zones. 
The fact that so many zones within a given sector do not have equivalents within adjacent 

sectors means that the boundary between sectors is not smooth but is very angular and 
'saw-toothed' in its appearance. This is a common feature of granitoid zircons, although in 

the example presented here the amplitude of the 'teeth' is large (5-10 pm), in most cases the 
amplitude is small (often less than 1 pin). Since sector zoning is related to the development of 
crystal faces then the shapes of sector boundaries record fluctuations in the relative 
importance of crystal faces during growth. Even in zircon crystals which are not 
compositionally sector zoned, but contain crystal face-parallel zoning, Z-contrast images 

permit study of the changes in the relative importance of different crystal faces during 
progressive growth. 

An extreme example of non-growth of faces is shown in Plate 3.17, one of the pyramidal 
faces (marked A) has been eradicated during growth by virtue of the fact that normal 
(perpendicular) growth has occurred solely on these faces; or stated another way, there has 
been lateral only growth of the two adjacent faces to such extent that the face in between has 
been eradicated, this is illustrated diagrammatically in Figure 3.3. In this particular example 
there is also a marked change in the grey-level of the zircon at the point during growth at 
which the pyramidal faces start to be eradicated. 

Similar structures due changes in the relative importance of crystal faces during growth 
have been observed in granitoid titanites, these are described in Chapter 4. 

Fig. 3.3 (a) and (b). This diagram shows how by preferential perpendicular growth of Face 2 (shaded 
material - (b)) and no perpendicular growth on the adjacent faces Face 2 is eradicated. It is important to 
note that whilst there has been no perpendicular growth of Faces 1 and 3 there has been lateral growth. 
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Example 3 (Plate 3.18). 
This crystal is from the same rock sample as example 2, the rock being from the Loch 

Sunart Granodiorite of the Strontian Complex. The c-axis is aligned east-west in the Plate, 

parallel with the plane of the section, the crystal faces parallel with the c-axis are the prism 
faces ((100) and (110)), the other faces being the pyramidal faces of the crystal terminations 
((101), (301) and (211)). This example combines features of examples 1 and 2. The 

compositional sector zoning in this example manifests itself in two forms: 1) individual 
discontinuous multiple zones have different compositions within different sectors and they 
are separated by distinct compositionally discontinuous boundaries; and 2) differences in the 
pattern of crystal face-parallel zoning between sectors. 

The crystal face-parallel zoning within the sectors of the pyramidal faces contain a large 

number of bright (high il) zones. Most of these high rl zones do not continue into the 

adjacent prism sectors (marked A on Plate 3.18) or if they can be traced across the boundary 
into adjacent sectors then they generally show a change in composition across that boundary 

(marked B on Plate 3.18). Compositionally the high r) zones of the pyramidal sectors are 
marked by higher concentrations of the HREE, Y, U and Th than the darker zones of the 
same sectors (see Table 3.1). Concentrations of Hf, on the other hand vary only slightly 

Table 3.1. Comparison of Y203, HREE2O3, ThO2 and U02 concentrations (wt%) of different crystal 
face-parallel zones of the zircon shown in Plate 3.18, the zones with high tl (represented by analyses 5 
and 6) generally have higher concentrations than zones with low T (analyses 1 and 7). 

1567 

Y203 n. d. 0.17 0.11 n. d. 
Fr203 n. d. 0.04 0.04 0.04 
Yb203 n. d. 0.06 0.04 n. d. 
TlD2 n. d. 0.09 n. d. n. d. 
U0i 0.06 0.16 0.07 0.06 

between the light and dark zones of the pyramidal sectors. The zones within the prism sectors 

contain concentrations of the HREE, Y, U and Th that are below detection limits and as with 
the pyramidal sectors Hf concentration does not vary significantly within the prism sectors. 
However, between the pyramidal and prism sectors Hf concentration does vary 

systematically, Hf concentration being approximately 0.15 wt% higher in the prism sectors 

than the pyramidal sectors, see Table 3.2. 
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Table 3.2. Comparison of HfO2 concentrations (wt%) between pyramidal and prism sectors of zircon 
in Plate 3.18, Hf02 concentrations are slightly (0.1-0.2 wt%) higher in the prism sectors than in the 
pyramidal sectors. The analysis numbers are in pairs (1 and 12,6 and 14,7 and 19), ie. analyses are 
approximate equivalents of each other within the two sectors. 

Pyramidal Sector Prism Sector: 

Analysis Number Hfl Analysis Number HID2 

1 1.42 12 1.55 
6 1.36 14 1.52 
7 1.53 19 1.73 

This example of compositional sector zoning in zircon is similar to that described by 
Krogh (1982b) in that U-enriched zones preferentially occur within the pyramidal sectors. 
Krogh (1982b) did not document the distribution of other elements and thus it is not known 
if the REE, Y, Th and Hf of his examples have a similar distribution to that of the crystal 
shown here. 

3.7) SUMMARY. 

3.7.1) Crystal face-parallel continuous 
and discontinuous compositional zoning. 

This study has observed that crystal face-parallel zoning in granitoid zircons is 
ubiquitous, at least within material thought to have crystallized from the melt which gave rise 
to the granitoid, ie. not material which may be inherited from other very different 
environments. The scale of the zoning is very fine, from --1 µm up to -5 p. m for the width of 
a single zone. Within the three examples described variations in the concentrations of the 
HREE, Y, U, Th and Hf are most important in determining variations in the observed 
grey-levels of the crystal face-parallel zones. The concentrations of the HREE, Y, U and Th 

appear to be positively correlated with each other, Hf on the other hand appears to be 

negatively correlated in two of the three examples. 

3.7.2) Non-planar continuous and 
discontinuous compositional zoning. 

Non-planar interfaces in zircons can be arbitrarily divided into two types. 
1) Subhedral and anhedral core and related structures. Zircon cores with non-planar 

interfaces can have a variety of shapes from virtually euhedral through highly rounded to 

complexly irregular. The core/rim boundary can be compositionally discontinuous, 

continuous or in some cases other structures in the core/rim boundary area can obscure its 

true nature. The rims to zircon crystals with cores commonly have crystal face-parallel 
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zoning, between this zoning and the core is an area (volume in three dimensions) which is 

either structureless or contains irregular compositionally discontinuous zoning. These 

volumes between the core and the crystal face-parallel zoning of the rims are restricted such 

that at least part of the zoning in the rim is in contact with the core. 
2) Other non-planar interfaces. Two types have been identified, the first occurs in 

association with crystal face-parallel zoning and is found within the zones and occasionally 

truncating them. The interface is always convex outward and never markedly curved. It 

differs from a core structure in that it separates areas of similar zoning style. The second type 

occurs as irregular areas (volumes) which are internally structureless and truncate crystal 
face-parallel zoning. In the examples shown they do not contain detectable quantities of the 
HREE, Y, U and Th, unlike the crystal face-parallel zones that they are seen to truncate. 

3.7.3) Compositional sector zoning. 

Two variaties of compositional sector zoning have been observed in granitoid zircons. 
1) A non-equivalence in the crystal face-parallel zoning between sectors, such that a given 

zone has no equivalent within an adjacent sector, this is shown diagrammatically in Figure 

3.4. The most common manifestation of this is where HREE, Y, U and TI enriched crystal 
face-parallel zones preferentially occur within the pyramidal sectors. In the examples which 

show this type of compositional sector zoning there also differences in the Hf concentrations 
between sectors; the prism sectors usually contain higher concentrations of Hf than the 

pyramidal sectors. 
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Fig. 3.4. This shows diagrammatically the type of sector zoning in which there is a non-equivalence in 

the crystal face-parallel zoning between adjacent sectors. 
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2) Crystal face-parallel zones that can be traced between sectors, but across the boundary 

the zones show distinct changes in composition (diagrammatically illustrated in Fig. 3.5). 

This is often due to variations in the concentration of the HREE, Y, U and Th, such that 

these elements are enriched in the pyramidal sectors. Hf on the other hand is usually 

preferentially concentrated within the prism sectors, ie. there is a negative correlation between 

the concentrations of HREE, Y, U, Th with that of Hf. 

Fig. 3.5. This shows diagrammatically the type of sector zoning in which there is a distinct change 
in composition across the boundary between the sectors. 
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Chapter 4 
Compositional zoning in granitoid titanites. 
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4.1) INTRODUCTION. 

The main type of zoning texture that has been observed in titanites from calc-alkaline 
granitoids is compositional sector zoning, although it usually occurs in association with other 
textures, most notably crystal face-parallel continuous and discontinuous zoning. Thus whilst 
the aims of this chapter are similar to those of Chapter 3, the organisation is slightly different; 

a number of examples of grains with compositional sector zoning are described rather than 
the textures being described in isolation. The other textures that are present within the 
examples shown here are described only briefly. The definitions of all the zoning textures are 
given in Chapter 3. 

It is noted that the International Mineralogical Commission requires the name titanite to be 

used rather than sphene (Mineralogical Magazine, 52, p290). 

Background information. 
Titanite is a widespread accessory mineral in igneous rocks, being found in intermediate 

to acid intrusive and extrusive rocks, rocks of the Caledonian 'appinite' suite, nepheline 
syenites and acid pegmatites amongst many others. In many of these rocks it is often the 
dominant Ti-bearing phase. The importance of titanite in controlling the behaviour of trace 

elements, and in particular the REE of calc-alkaline granitoids, has been demonstrated by 

many studies; for example Gromet & Silver (1983) studied a granodiorite from the 
Peninsular Ranges batholith of southern California and estimated that the titanite contained 
approximately 30% of the total whole rock concentration of LREE and up to 90% of the 
HREE in the rock, the other LREE were mainly contained in allanite. Subsequent studies (eg. 

Sawka (1988) on the McMurry Meadows Pluton of the Sierra Nevada batholith) have 

confirmed these general findings and showed that such figures are typical in titanite-bearing 
intermediate to acid plutonic rocks of Cordilleran granites, particularly where allanite is not 
present. 

4.2) TITANITE CHEMISTRY AND CONTROLS ON 
OBSERVED ZCI GREY-LEVEL VARIATIONS. 

4.2.1) Titanite chemistry. 

Like zircon, a large number of elements have been reported as being substituents in 

titanite, CaTiSiO5. The structure of titanite (which is monoclinic) consists of independent 
Si-O tetrahedra linked by groups of [CaO7] and [Ti06] (Deer et al., 1982). In general 
substitutions involving Si are not important (Ribbe, 1982), substitutions involving Ca, Ti 

and an underbonded 0 site dominate. REE, Mn, Sr, Na and Ba can all substitute for Ca, the 
REE being of particular importance in calc-alkaline rocks. It is known from both 

experimental studies (Green & Pearson, 1986a) and observations on 'real' systems (eg. 
Sawka et al., 1984) that the MREE have higher titanite/liquid partition coefficients than do the 
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LREE or the HREE. Ti is most commonly replaced by Al, Fee+, Fe3+, Mg, Nb, Ta, V and 
Cr. 0 in the underbonded site is usually replaced by OH, F and Cl. 

The following represent the dominant coupled substitution schemes in natural titanites 

according to Deer et al. (1982) and Ribbe (1982). 
1) 2Ca2+ + Ti4+ t* 2REE3+ +Fe2+ (Exley, 1980) 
2) 2Ti4+ a (Nb, Ta)5+ + (Al, Fe)3+ (Clark, 1974) 
3) (Al, Fe3+) + (F, OH)- r* Ti4+ + 02- (Smith, 1970) 

4.2.2) Compositional controls on ZCI grey-level variations in titanite. 

As with zircon the most important substitutions in titanite result in the inclusion of 

elements which generally have higher atomic numbers than either Ca or Ti, this will result in 

an increase in the r (and ri) over that of an 'ideal' titanite (CaTiSiO5), this is particularly true 

of titanites with high concentrations of REE. In some of the examples described below the 

grey-levels of a ZCI micrograph may be interpreted as primarily reflecting the substitution of 

the REE, although because of the potential complexity of titanite substitution schemes a given 

fl cannot be uniquely related to a particular composition of titanite. 

4.3) PREVIOUSLY REPORTED OCCURRENCES OF 
COMPOSITIONAL ZONING IN IGNEOUS TITANITES. 

Unlike zircon, compositional zoning in titanites has generally received little attention, this 
is mainly due to the fact that compositional variations in titanite have little effect on optical 

properties, although the colour can vary slightly depending on Fe and REE content (Ribbe, 

1982), and thus detection of zoning relies on other, more specialised techniques. Most 

studies of igneous titanites have used centre/edge or grain traverse electron microprobe 

analysis strategies in order to detect zoning (eg. Exley, 1980; Gromet & Silver, 1983; Sawka 

et al., 1984), however, to interpret such analyses it is necessary to make assumptions about 

the texture of the zoning that is present. For instance, Sawka et al. (1984) found centre/edge 

contrasts in the REE content of titanites from a granodiorite pluton and assumed that these 

contrasts reflected continuous changes in mineral composition brought about by changes in 

the partitioning behaviour of the REE during growth. All studies which analyse 'blind' are 

compromised by the need to make unsubstantiated assumptions about the texture of the 

composition variations and the origin of that texture. 
Paterson et al. (1989) (work carried out under the auspices of this research) reported 

compositional zoning in granitoid titanites detected using ZCI, including the first reported 

occurrence of sector zoning in titanite, and stated that such examples of chemical 
disequilibrium in granitoid titanites are common. It should be noted that two studies, Franz & 

Spear (1985) and Bernau & Franz (1987), have also used ZCI to look at the texture of 

compositional zoning in titanites from metamorphic environments. 
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4.4) COMPOSITIONAL SECTOR ZONING IN TITANITE. 

With a few exceptions the zoning patterns seen in cut sections of compositionally sector 
zoned titanites are not immediately obviously those of sector zoned crystals, this is a function 

of the crystal habit of titanites and how it can change with progressive growth. Thus the first 

part of this description (Section 4.4.1) describes the typical crystal habit of the titanite 
crystals that have been studied and in addition describes the patterns of sector zoning that are 
possible given this habit. In addition to compositional sector zoning most of the examples 
described have other types of zoning most notably crystal face-parallel zoning, these features 

are only briefly described. 
The samples used to study titanite zoning textures are taken from a wide variety of rock 

types from a number of localities: appinites and granodiorites from Strontian (Caledonian, 
NW Scotland); diorites and monzonites from Ratagain (Caledonian, NW Scotland); and a 
Precambrian gneiss of granodiorite composition from the KrAkino area of West Central 

Norway. Full details of all the localities are given in Appendix 1. 

In all the Caledonian granites that have been studied the titanite, if present, has been 

compositionally sector zoned, these include: Shap (Lake District), Criffel (Southern 

Uplands), Etive (SW Highlands) and Cluanie (NW Highlands), none of these examples are 
described here. 

4.4.1) Crystal habit of titanite and patterns 
of compositional sector zoning. 

The crystal habit of natural titanites is highly variable, ie. there are a variety of crystal 
forms that can dominate. In the case of most of the examples described here the crystal habit 

is dominated by the (111) form (see Fig. 4.1(b)), this, combined with the fact that many of 

the crystals are elongate parallel to the (111) form, leads to the crystals being blade-like. It is 

important to note that many orientations of section cut through a titanite crystal with such a 
habit will give a diamond-shaped outline, thus it is difficult to use outline shape as a guide to 

which faces are present in a given section. 
The crystal shown in Figure 4.1(b) is typical of many titanites studied during the course 

of this research, although not all the faces shown in this drawing are always developed, this 
latter point is expanded upon below. Figure 4.1(c) is of a titanite with the sectors arising 
from the (100), {001), (102) and f 110) forms shown shaded, for the sake of clarity the 

sectors of the dominant (111) form are left blank. The patterns of compositional sector 

zoning in two sections of the crystal are illustrated in Figures 4.1(e) (cut parallel to the a and 

c-axes) and (f) (cut perpendicular to the (111) form). It should be clear that even in a simple 
case such as Figure 4.1(c), where the relative importance of the different crystal faces 

remained the same during growth, the internal patterns of compositional sector zoning in 

titanites can apparently be complex. 
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(100) 

Fig. 4.1(a). Reference crystal axes for diagrams (b), (c) and (d). Titanite is monoclinic, the angle 
(a^c) = 119'43'. (b). Orthographic projection of a titanite crystal, morphology is dominated by the 
(111) form. (c). As (b) but with the sectors arising from the (001), (100) 

, 
(110) and (102) forms 

shown shaded, the sectors of the (111) form have been left blank. (d). As (b) but showing the 
orientation of the cross-sections of (e) and (f). (e). Section cut parallel to the a and c axes showing the 
pattern of compositional sector zoning. (f). Section cut perpendicular to the (111) form showing the 
pattern of compositional sector zoning. See text for further explanation. 
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Due to the dominance of the (111) form the faces of the other forms ((001), ( 100), 
{ 102) and (110)) are only occasionally intersected by the random cut of a thin section cut by 
the plane of the section, however, the sectors of these other forms invariably are intersected 
by the plane and thus are very important to the visual appearance of compositionally sector 
zoned titanites. The examples described below should help to illustrate many of the points 
outlined in this section. 

4.4.2) Examples. 

A number of examples are described, the first is used to establish the patterns of 

compositional variations responsible for sector zoning in titanites, the other examples will 
illustrate the typical patterns seen on cut surfaces of compositionally sector zoned crystals and 
the reasons for those patterns. Compositional sector zoning in titanite has been found in a 

wide range of rock types and the samples chosen are by no means unusual, indeed they 

represent the normal titanite zoning texture in the rocks from which they were taken. 
Appendix 4 gives full details of all the electron microprobe analyses of titanites presented 

in this chapter. 

Example 1. 
This example (Plate 4.1) was first described by Paterson et al. (1989) and is taken from a 

thin section of an 'appinite' body that cuts the Loch Sunart Granodiorite of the Strontian 

Complex. The host rock is a monzonite (in the sense of Streckeisen (1976)) consisting of 
hornblende, biotite, minor quartz, almost equal proportions of alkali and plagioclase feldspar, 

accessory titanite, apatite and opaque minerals. Paterson et al. (1989) showed that the 

primary control on the observed grey-level variations of this example of zoning in titanite is 

the total REE content, although they also stated that the effects of REE substitution must also 
be coupled with substitutions of other constituents. The expanded description given here uses 
the electron microprobe analyses presented by Paterson et al. (1989) (these are numbered) 

and some additional analyses (which are lettered) to explore the compositional variations 

responsible for the sector zoning. All the compositionally sector zoned titanites observed 
during the course of this research have similar compositional relationships to this first 

example. 
This description of compositional sector zoning in titanite is concerned with the relative 

compositions of three sectors; Sector 1, (001), Sector 2, (110) and Sector 3, (111), 

numbered 1,2,3 on Plate 4.1. Within sectors, where the zoning is of the crystal face-parallel 

continuous type - there being no discontinuities, there are positive correlations between the 
total REE content and the concentrations of Al and Fe, however between sectors the opposite 
is true (Paterson et al., 1989) (see Fig. 4.2). For example, analysis 7 in Sector 1 has a total 
REE2O3 content of 4.2 wt% and A1203 and FeO (Fe was calculated as FeO, the actual 
oxidation state is not known) concentrations of 1.08 and 1.17 wt% respectively, this 

contrasts with analysis 23 of Sector 3 which has a total REE2O3 content content of 3.3 wt% 



Plate 4.1. ZCI of it titanite from an 'appinite' (BPSRA1) from within the Loch 

Sunart Granodiorite of the Strontian Complex. This grain is compositionally sector 

zoned. This photograph first appeared in Paterson et al. (1989), as did the 

numbered electron microprobe analysis points. The lettered points are additional 
analyses that included a larger number of elements, all analyses are given in 

Appendix 4. The numbering of the sectors and the traverses is explained in the text. 
15 kV, 20 nA, (6,7), width of the field of view is approximately 200 µm. 

Plate 4.2. ZCI of a titanite from a diorite (RAT 11/1) within the Ratagain intrusion. 
This grain is compositionally sector zoned, the pattern of compositional variations 
is consistent with those shown by the grain in Plate 4.1, see Table 4.2 and Figure 
4.3. The two black areas within the grain are anhedral apatite inclusions. The bright 
areas around the cracks is an artefact of local tilt on the sample. 
15 kV, 20 nA, (6,7), scale bar 100 pm. 
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and A1203 and FeO concentrations of 1.34 and 1.25 wt% respectively. The additional 
(lettered) analyses, over and above those presented by Paterson et al. (1989), which included 

a greater number of elements, show that the relative distribution of Nb within and between 

sectors is similar to that of the REE (see Table 4.1). 
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Table 4.1. Summary of compositional data for the six lettered analysis points shown on Plate 4.1. 
Values are given in wt% oxide. 

Analysis A1203 FeO Total (REE+Y)203 Nb2O5 

Sector 1: 
A 1.091 1.284 4.479 0.341 
B 0.936 1.102 3.597 0.395 
Sector 2: 
C 1.253 1.361 3.908 0.324 
D 1.166 1.176 2.982 0.294 
Sector 3: 
E 1.349 1.388 3.533 0.223 
F 1.275 1.185 2.747 0.168 

The results can be related to the equilibrium partition coefficients of the substituting 
elements and the relative growth rates (measured perpendicular to the crystal face) of the 
different sectors. Elements with equilibrium partition coefficients (Kb) greater than one, ie. 

the REE and Nb, are preferentially incorporated into the sectors with the highest growth 
rates, whilst elements with equilibrium partition coefficients less than one, ie. Al and Fe, are 
preferentially incorporated into the sectors with the slowest growth rates (Paterson et al., 
1989)). 

The following discussion is concerned with the substitution schemes of the three different 

sectors of the example in Plate 4.1 and in particular analyses C, E and G. It is assumed that 
the REE and Y substitute into the Ca site by coupled substitution with Fe2+ in the Ti site 
(Exley, 1980), ie. substitution scheme 1 of Section 4.2.1. Excess Fe from the substitution of 
the REE and Y in the Ca site is assumed to be present in the 3+ oxidation state and is used 
along with Al to charge balance the presence of Nb in the Ti site (Clark, 1974), ie. 

substitution scheme 2. Excess Fe3+ and Al from this is thought to be present within the 
structure by charge balancing with F and OH- in the underbonded 0 site (Smith, 1970), ie. 

substitution scheme 3. The positive correlations between the total REE content and the 
concentrations of Al and Fe within sectors are consistent with the operation of all three of the 
substitution schemes outlined. However, the negative correlations between the total REE 

content and the concentrations of Al and Fe between sectors can only be accommodated by 

these schemes if in the sectors with high concentrations of REE the third substitution scheme 
(ie. (Al, Fe3+) + (F, OH)- a Ti4+ + 02-) is diminished in its importance. It is difficult to 
prove that this occurs since 0 and OH- cannot be determined by electron microprobe. An 

additional prediction of this work is that there should be differences in the ratio of Fe2+ and 
Fe3+ between the different sectors since Fe2+ is required to charge balance the presence of the 
REE and Y in the Ca site; Sector 1, which has relatively high REE concentrations but low Fe 

concentrations, should have higher Fe2+/Fe3+ ratios than Sector 3, which has relatively low 
REE concentrations and high Fe concentrations. 
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Example 2. 
This example of compositional sector zoning (Plate 4.2) is taken from a diorite of the 

Ratagain intrusion of NW Scotland. This differs from the first example in one important 

respect, the pattern of compositional zoning seen on the cut face is more typical of the 
patterns seen in the majority of crystals that have been studied, this is due to two masons: 
firstly, the cut of the first example is quite different from that of example 2; and secondly, the 
(111 ) form is relatively more important in this example than in the first example. Although 

the apparent internal compositional zoning pattern is quite different from that of example 1 it 
is still a manifestation of compositional sector zoning. This is confirmed by the fact that the 
compositional relationships between the sectors are the same as those of the first example; the 
analyses are summarised in Table 4.2 and Figure 4.3. The visual pattern of compositional 
sector zoning in this example is not unlike the pattern shown in Fig. 4.1(1). 

It should be noted that the outermost parts of this example also have faint low il 

continuous crystal face-parallel zoning. 

Table 4.2. Summary of compositional data for the numbered analysis points shown on Plate 4.2. 
The first three analyses are from a sector of the (001) form, they are high in total (REE+Y)203 

content, but low in A1203 and FeO. The rest of the analyses are from sectors of the (111) form and 
are low total (REE+Y)203 content, but high in A1203 and FeO. See Figure 4.3. Values are given in 

wt% oxide. 

Analysis A1203 FeO Total (REE+Y)203 

(001) form: 
1 1.04 1.86 5.27 
2 1.07 1.60 4.79 
3 1.09 1.84 5.15 
(111) form 
4 1.17 2.03 3.76 
5 1.15 1.91 3.28 
6 1.25 2.06 3.81 
7 1.04 1.67 2.12 
8 1.12 1.93 3.74 



Plate 4.3. ZCI of a titanite from the Loch Sunart Granodiorite (BPSRT4) of the 

Strontian Complex. The internal pattern of compositional sector zoning resembles a 

stylised 'Christmas tree, this is due to variations in the relative importance of 

different crystal faces during progressive growth. The text and Figures 4.3 and 4.4 

further explain and illustrate the textural effects possible as the result of this 

process. The very bright area is an inclusion of an opaque mineral, the black 

inclusions are apatite. 
15 kV, 20 nA, (6,7), scale bar 100 µm. 

Plate 4.4. ZCI of a titanite from the Loch Sunart Granodiorite (BPSRT4) of the 
Strontian Complex. In this example the internal patterns resulting from 

compositional sector zoning are very complex, the text and Figure 4.5 explain how 

this degree of complexity may arise by variations in the relative importance of the 
faces of the {001) and (1021 forms. Small apatites can be seen around the edge of 
the larger titanite. The dark areas within the titanite are apatite and feldspar 
inclusions. 
15 kV, 20 nA, (6,7), 100 pm. 
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Fig. 4.3. FeO plotted against total (REE+Y)203 for the analysis points given on Plate 4.2 and 
summarised in Table 4.2. The analyses are grouped depending on the crystal form from which they 
originate. Analyses from the (001) form have generally higher concentrations of the REE and Y for a 
given FeO concentration than the analyses from the (111) form. This figure should be compared 
with Figure 4.2(a) and (b). 

Example 3. 
In Section 4.4.1 it was noted that the faces of the (100) and (102) forms are usually of 

minor importance in the titanites observed here, however they are still usually present, or 
were present at some time during growth of a particular crystal. As explained in Section 
4.4.1 the faces themselves are seldom cut by the plane of the section, although their 

associated sectors invariably are. In addition, these faces fluctuate in their importance during 

growth creating very complex sector boundaries and hence apparently complex internal 

compositional variations. The grain in Plate 4.3 (taken from the Loch Sunart Granodiorite of 
the Strontian Complex) illustrates these effects well, fluctuations in the relative importance of 
the different crystal faces has given rise to complex 'saw-tooth' shaped sector boundaries. In 

this case, and many others, the fluctuation in the importance of the face is extreme, such that 
at times during growth it was not present at all, this phenomenon also occurs in granitoid 
zircons (see Section 3.6.1, Fig. 3.3). However, unlike zircons the fluctuations in the relative 
importance of crystal faces are accompanied by only slight within-sector crystal face-parallel 

compositional variations. 
The outermost rim of this example shows a marked compositional discontinuity which 

can be traced all the way around the crystal, outside this the zoning is dominantly of the 
discontinuous crystal face-parallel type. 
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Variations in the importance of different crystal faces during growth and slight within 
sector variations have an important influence on the visual appearance of all compositionally 
sector zoned minerals, not only titanite. Figure 4.4 diagrammatically illustrates the effect on 
the pattern of internal compositional variation of changing the relative importance of a minor 
crystal face, in titanites small changes in the importance of such a face can give rise to sectors 

which are shaped rather like stylised Christmas trees. In addition to 'Christmas tree' 

structures variations in the importance of a minor face can give rise to sectors of a variety of 
other shapes, some of which are illustrated diagrammatically in Figure 4.5. Such sector 

shapes have been found to be very common in titanites from calc-alkaline granitoids. The two 
boundaries of the minor sector usually show some symmetry and unlike the diagrammatic 
illustrations of Figure 4.5 can be non-planar, although it is interesting to note that planar 
forms dominate. 

N r ON 
(1) (2) (3) (4) (5) 

Fig. 4.4. Diagram showing how relative changes in the importance of crystal faces during 
progressive crystal growth (stages I to 5) can give rise to sector zoning structures which resemble 
stylised Christmas trees. Other possible shapes resulting from the same process are shown below in 
Figure 4.5. 
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Fig. 4.5. Possible internal patterns of compositional sector zoning resulting from changes in the relative 
importance of different crystal faces during progressive growth. These shapes should be compared with 
Plates 4.1- 4.5 which all show compositionally sector zoned titanites. 

In many of the crystals presented here it is the faces of the (001 ) and (100) forms which 
gives rise to these complex patterns of compositional sector zoning, although in some 
examples the sectoral patterns arise from growth and compositional differences between faces 

of the (001) and {102} forms, example 4 is such a case. 

Example 4. 
This example, also from the Loch Sunart Granodiorite of the Strontian Complex, 

demonstrates particularly well many of the principles outlined above and illustrated using 
examples 1,2 and 3. In this case (Plate 4.4) both the (001) and (102) faces have been 
important during the growth of the crystal and it is changes in the relative importance of faces 

of these two forms and faces of the adjacent form ((111)) that are responsible for the internal 

pattern of compositional sector zoning. It can be seen that the crude 'Christmas tree' structure 
running the length of the crystal is zoned internally, some is due to crystal face-parallel 

zoning and some of which is caused by changes in the relative importance of faces of the 
( 001) and (102) forms. The pattern of zoning within the 'Christmas tree' structure is due to 
two processes: 1) growth alternating between faces of the (001) and (102) forms, this in 

combination with the fact the that the interfacial angle of these two faces is small (21 °) gives 
rise to a pattern which in places resembles a series of interlocking wedge shapes; and 2) 

relatively simple compositional sector zoning in which faces of the (001) and (102) forms 

grew simultaneously. Both of these features are shown diagrammatically in Figure 4.6, the 
highly angular pattern of the sector boundaries is typical of the internal patterns of 
compositional sector zoning in the titanites studied during the course of this research. 
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Areas (volumes) resulting from 
growth on the (001) face, which is 
orientated on the diagram thus - 

Areas (volumes) resulting from 
growth on the (102) face, which is 
orientated on the diagram thus - 

Fig. 4.6. Diagram showing how changes in the relative importance of the (001) and (102) faces, 
during growth can give rise to some of the patterns of compositional sector zoning that have been 

observed. 

The outermost rim of this crystal shows a marked compositional discontinuity which can 
be traced all the way around the crystal, outside this the zoning is mainly of the discontinuous 

crystal face-parallel type, although some compositional sector zoning can be seen towards the 

right hand crystal termination. 

The first four examples of compositional sector zoning in titanite were taken from basic, 

intermediate and acid calc-alkaline igneous rocks; to further demonstrate how common this 
feature is example 5 is taken from an augen gneiss which is thought to have had an igneous 

precursor. 

Example 5. 
The augen gneiss from which this example was taken is granodioritic in composition and 

from the KrAkmo area of West Central Norway (Robertson, 1988), this Precambrian body 

had an igneous origin but was subject to later Caledonian deformation and metamorphism 
(Roberts and Wolff, 1981). Deformation produced a distinct foliation defined by mica-rich 
layers and quartz ribbons mantling feldspar augen, titanite is present as large generally 
idioblastic grains (Robertson, 1988). The grain shown in Plate 4.5 shares many of the 

textural features of the examples described above, ie. the grain is compositionally sector 

zoned and the sectors themselves have angular'saw- tooth' edges. Although the titanites in 

this rock generally have good crystal shapes many of them have irregularly-shaped low r) 
(and hence low REE content) areas at crystal edges and in particular at the wedge shaped 
crystal terminations. 



Plate 4.5. ZCI of a titanite from a granitic gneiss from the Kräkmo area of 
west-central Norway. This grain shows faint compositional sector zoning which is 
most apparent because of the faint 'Christmas tree' structures that can be seen in the 
very centre of the grain. The terminations of the crystal have areas of very low rl. 
This grain is extensively cracked and some parts of the grain have been plucked 
during sample preparation. 
15 kV, 20 nA, (6,7), scale bar 100 gm. 
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The existence of compositional sector zoning in titanites from a rock which has 

undergone metamorphism and deformation suggests that if the texture is originally igneous 

and not due to growth in metamorphic environment that intra-grain diffusion of the REE 

within titanites at elevated temperatures is very slow. 

4.5) SUMMARY. 

Compositional sector zoning in titanites has been found to be a very common feature of a 

variety of calc-alkaline rock types, ranging from the basic rocks of the appinitic suite, 
through monzonites, diorites and granodiorites to true granites. In addition compositional 

sector zoning of titanites has also been found preserved in a granodioritic augen gneiss of 

originally igneous origin. Studies of typical crystal habits of titanites from calc-alkaline rocks 

show that the faces of the { 111) form dominate, however it is the other morphologically less 

important forms, (001) ,( 100), { 102) and ( 110), that are largely responsible for the visual 

patterns of compositional sector zoning that have been observed. The patterns of 

compositional sector zoning are dominated not only by the number of crystal forms 

developed in titanites but also by changes in the relative importance of the different crystal 
faces during progressive growth. 

The compositional sector zoning in titanite is due to variations in the concentrations of the 
REE, Y, Nb, Fe and Al. Elements with equilibrium partition coefficients greater than one (ie. 

the REE, Y and Nb) preferentially occur within the sectors with the highest growth rates 
(measured perpendicular to the crystal face) and elements with equilibrium partition 

coefficients less than one (ie. Al and Fe) preferentially occur within the sectors with the 

slowest growth rates. 
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Chapter 5 
Discussion and interpretation of compositional zoning in 

zircon and titanite. 
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5.1) INTRODUCTION. 

The purpose of this chapter is to discuss the possible origins of the zoning textures of 
zircons and titanites described in Chapters 3 and 4. Each texture type will be discussed in a 

general way with proposed models of formation being described; in a separate section the 
preferred interpretations of these textures are given along with the relevant supporting 
information. It should be noted that although the textures are considered separately it is 

possible that they have common causes, that is the different textures represent different 

responses to the same set of growth conditions. 
In Chapters 3 and 4 it was noted that zoning in titanite and zircon is usually due to trace 

amounts of several elements and it is assumed that the partitioning of these elements obeys 
Henry's Law, that is partitioning is not affected by the absolute concentration of the trace 

element in question. Watson (1985) on the basis of existing experimental studies and studies 

on natural systems discussed the applicability of Henry's Law to trace element partitioning 

and concluded that the failure of Henry's Law in natural systems due to high or low trace 

element concentration was probably not of widespread significance. 

5.2) CRYSTAL FACE-PARALLEL CONTINUOUS AND 
DISCONTINUOUS COMPOSITIONAL ZONING. 

5.2.1) Discussion. 

This discussion is restricted to zoning that is present within material that crystallized 

along with the host rock, ie. it does not cover zoning present within any subhedral or 

anhedral cores and only includes the zoning present in the outermost rim of such crystals. It 

is necessary to exclude such core material from the discussion since it may not have grown in 

the environment in which it is now present (see Section 5.3.2). It is a basic premise that the 

crystal face-parallel zoning records progressive outward growth by addition of new material 

on crystal faces. 
Changes of composition recorded in the crystal-face parallel zoning could be due to three 

general mechanisms (it is important to emphasise that these mechanisms are not mutually 
exclusive, they have only been separated to allow clarification of the arguments and it is 

possible that the same processes within a magma may result in the operation of more than one 

of the general mechanisms outlined below), namely. 
1) Changes in composition due to pervasive changes in the physical or chemical 

conditions of the whole magma, even on the smallest scale. Equilibrium is maintained 
between the growing crystal face and the bulk magma. 

2) Changes in composition due to local changes of physical or chemical conditions within 

the immediate vicinity of the growing crystal. Equilibrium is maintained only between the 

growing crystal face and the immediately adjacent magma, not the bulk magma. 



58 

3) Changes in composition due to processes occurring across the growing interface or as 
a result of the nature of the interface, ie. interface kinetics. Equilibrium between the crystal 
and the magma, even the magma immediately adjacent to the crystal, may not be achieved. 

Each mechanism will be discussed in turn. 

Magma-wide changes in physical or chemical conditions. 
Here the discussion is concerned solely with the physical and chemical controls on 

mineral/liquid trace element partitioning, it is possible that magma-wide changes in some 
physical or chemical parameter will also have some additional effect, such as allowing 
convection or changing the crystal growth rate, but for the sake of clarity these processes are 
not discussed here. It is assumed, for the purposes of discussion, that the physical and 
chemical changes that may control zircon/liquid partitioning result in an homogeneous liquid, 
ie. there are no compositional heterogeneities developed within the melt 

The dependence of mineral/liquid trace element partition coefficients on various chemical 
and physical parameters has been demonstrated for many systems. Green & Pearson (1986a) 

studied the partitioning of REE between titanite and silicate liquid and discovered that the 
REE increasingly partition towards titanite with increasing SiO2, increasing pressure and 
decreasing temperature. For zircon /liquid systems there is only the REE partitioning study of 
Watson (1980) outlined in Chapter 3 and this work did not explore the effects of varying 
physical and compositional parameters. Little can be said in either a quantitative or a 
qualitative way about the controls on partitioning in the zircon/liquid system, however it 

seems likely that the partitioning behaviour of zircon will depend on the physical and 
chemical conditions that prevailed within the melt at the time of growth. Even if the trace 
element partition coefficients for a given accessory phase (or indeed any mineral) were 
constant during progressive crystallization, the concentration of elements within the mineral 
would change with time due to progressive changes in the concentrations within the melt 
brought about by crystallization of the phase of interest and/or other phases (ie. model B-3 of 
Albarede & Bottinga (1972) see Table 5.1). 

Table 5.2. Summary of the crystallization models of Albar e& Bottinga (1972). 

A. Infinite liquid reservoir. 
A-1 The growth rate of the crystalline phase is small enough to allow continuous equilibrium, ie. 

the resultant crystalline phase will be homogeneous. 
A-2 Diffusion in the liquid is too slow to maintain a homogeneous liquid phase and consequently 

to maintain equilibrium between the bulk phases. 

B. Finite liquid reservoir. 
B-1 Like A-1. 
B-2 Diffusion in the crystal is too slow to assure re-equilibration with the varying composition of 

the liquid phase, the crystal will be zoned. 
B-3 Diffusion in the liquid is too slow to maintain a homogeneous liquid phase, the crystal will 

be zoned but compositionally different from case B-2. 
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Local changes in physical or chemical conditions adjacent to the interface. 
Much as changes in the physical and chemical parameters of the magma as a whole may 

alter the partitioning of trace elements, local changes may have essentially the same effect, the 
only difference is the scale and scope of influence of the changes and the range of possible 
causes. Albarede & Bottinga (1972) predicted, on the basis of crystallization models (their 
A-2 and B-3 models, Table 5.1), that disequilibrium in terms of trace element partitioning 
could exist between a crystal and the bulk magma if there was an imbalance between the rate 
of crystal growth and the rates of elemental diffusion in the magma. The imbalances in 
diffusion and growth rate would result in the existence of a boundary layer adjacent to the 

growing crystal. Such a boundary layer could affect the composition of the growing crystal 
in two ways: 1) it may have a different trace element composition to the bulk magma, but the 

same partition coefficients may operate; and 2) partition coefficients different from those of 
the bulk magma may operate within the boundary layer. Clearly both effects could occur in 

the boundary layer. These local changes of composition brought about by imbalances in the 

crystal growth rates and trace element diffusion rates could be generated by growth of the 

phase of interest or by an adjacent crystal. Clearly potentially complex systems could be 

developed in a magma containing several simultaneously crystallizing phases. 

Interface kinetics. 
The group of processes that are considered here are those that occur at the growing 

interface as a result of the processes of growth or due to the nature of the interface. Much is 
known both experimentally and theoretically about the general processes of crystal growth 
(Kirkpatrick (1981) reviewed the kinetics of crystallization of igneous rocks). Central to the 
theoretical models of crystal growth is the rate at which atoms are attached to the interface. 

The rate of attachment is dependent on the degree of supersaturation of the growing crystal 

and the mechanism of attachment of atoms to the crystal surface. The mechanisms of 
attachment of atoms onto the crystal surface can be divided into two types (Kirkpatrick, 
1981). 

1) Continuous growth, in which the atoms become attached wherever they encounter the 
crystal interface, this type of growth is usually associated with 'rough' non-planar interfaces 
(Dowty, 1980). 

2) Layer (or lateral) growth, in which the crystal interface is atomically smooth and atoms 
become attached permanently only at the edges of layers or steps where they are effectively 
bonded to two surfaces (Dowry, 1980). 

Many experimental studies have demonstrated the importance of growth rates and growth 

mechanism (a reflection of interface type) on the effective partition coefficients (as opposed to 

equilibrium partition coefficients), that operate in a given mineral/liquid system: eg. Kouchi et 

al. (1983a) on Ni distribution between olivine and melt; Kouchi et al. (1983b) on Al and Ti 

distribution between clinopyroxene and melt; and Gamble & Taylor (1980) on crystal/liquid 

partitioning in augite as a function of cooling rate. The variations in composition recorded by 

crystal face-parallel zones may reflect variations in the mechanisms of growth and/or crystal 
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growth rate. Interface kinetics in connection compositional sector zoning is further discussed 
in Section 5.4. 

5.2.2) Interpretation of crystal face-parallel continuous 
and discontinuous zoning in titanites and zircons. 

Discontinuous chan ges in com sition. 
The rate at which a crystal grows can be controlled by one of three processes (Dowty, 

1980): 1) the rate at which material is transferred across the crystal interface and attached to 
the crystal surface; 2) the rate of material transport through the growth medium to the site of 
growth; and 3) the rate of removal of the latent heat of crystallization from the interface. 

In siliceous melts crystallizing in a plutonic environment heat diffusion is much more 
rapid than chemical diffusion, thus the transfer of the latent heat of crystallization does not 
influence the rate of crystal growth (Dowty, 1980). This implies that in the absence of 
external influences on the absolute temperature of a magma in a plutonic environment that a 
high degree of thermal stability will be maintained at any point within the magma and 
throughout significant volumes of the magma. For this reason the effect of the diffusion of 
the latent heat of crystallization is assumed to be unimportant and is disregarded in the 
following discussion. 

It is considered that repeated fluctuations in the physical and chemical conditions within 
siliceous plutonic environments are unlikely to occur, such changes are likely to take place 
progressively and over significant periods of time. If each multiple crystal face-parallel zone 
within a mineral records a relatively rapid magma-wide change in physical or chemical 
conditions then the magmas from which the examples of crystal face-parallel zoning in this 
study were taken must have suffered typically 20-30 such events during growth. This is 

considered unlikely as there is no other or independent evidence of such events having taken 
place and no obvious mechanism by which these changes of chemical and physical 
conditions may be brought about. 

The crystallization models of Albarbde & Bottinga (1972) predict that under suitable 
conditions of crystal growth compositional gradients will be established within a magma if 
rates of elemental diffusion control crystal growth rates, ie. elemental diffusion is slower than 
the interface reaction. The important question in assessing the applicability of these models to 
growth of zircon and titanite in siliceous melts is whether crystal growth rate is controlled by 
elemental diffusion in the magma and if so what effect this has on the composition of the 
growing crystal? Since any compositional gradients established during crystal growth will 
not be preserved in the finally crystallized granitoid, evidence of their former existence relies 
on: 1) theoretical models which assume values for the rates of interface reaction and element 
diffusion; or 2) on the ability to reproduce the necessary conditions in laboratory crystal 
growth experiments. 

As an aside, some workers (eg. Bacon, 1989 and Green & Watson, 1982) have 

explained the existence of mineral inclusions (in particular accessory minerals) in other 
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phases on processes of local saturation and nucleation owing to the formation of a 
compositional boundary layer around the growing crystal caused by imbalances in the crystal 
growth rates and diffusion rates in the magma. However, whilst being consistent with the 

current understanding of the solubility of accessory minerals, such explanations of the cause 
of mineral inclusions should not be used as unequivocal evidence for the former existence of 
crystal growth-induced compositional gradients since there are alternative models for the 
origin of mineral inclusions. 

Experimental studies of accessory mineral growth in siliceous magmas under 
representative conditions would require unrealistically long experimental durations, thus little 
is known directly about accessory mineral growth rates or whether compositional gradients 
are established around growing accessory minerals. Although more is known about diffusion 

of elements in siliceous melts from both an experimental and theoretical standpoint, the 
question is whether the diffusion rates of the elements which make up accessory phases, 
included are the minor elemental constituents, are incompatible with typical accessory mineral 
growth rates. Two general situations are possible. 

1) The accessory mineral growth rates are sufficiently slow that diffusion processes will 
maintain an homogeneous melt composition (Models A-1 and B-2 of Albarede & Bottinga 

(1972), Table 5.1). Crystals grown from such a melt will be unzoned if the melt was an 
infinite reservoir (Model A-1), or continuously zoned if the melt was a finite reservoir (Model 
B-2). 

2) The accessory mineral growth rates are more rapid than diffusion processes within the 

melt, ie. the melt will be compositionally heterogeneous on a small scale (Models A-2 and 
B-3 of Albarede & Bottinga (1972)) and diffusion will control crystal growth rate. Minerals 

grown from such a melt will be continuously zoned. It is possible that these compositional 

gradients are not only self induced but also due to the crystallization of other, adjacent 

minerals. 
If the growth rates of zircon and titanite are controlled by the rates of element diffusion 

then compositional gradients of some elements will be established within the melt around the 

growing crystal. The width of a compositional gradient for a particular element will depend 

on the crystal/liquid partitioning ratio of that element, its diffusivity and the growth rate of the 
crystal. Zhang et al. (1989) demonstrated, using mineral dissolution experiments where 
crystal dissolution was controlled by diffusion rate, that the compositional gradients of 
different elements had different widths. Henderson er al. (1985) emphasised the role of 
cation charge on the rate of element diffusion in silicate melts, they observed that, with the 

exception of monovalent cations, diffusion rate is mainly dependent on cation charge rather 
than ionic radius, diffusion rate decreasing with increasing cation charge. The observations 

of Henderson et al. (1985) can be used to predict that the REE Y (all 3+), Ti, Zr, U Th (all 

4+) and Nb (5+) would all have relatively slow diffusion rates (compared to the major 

constituents of siliceous melts) and that if compositional gradients are induced around 

growing zircon and titanite crystals that they will likely involve these elements. 
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It is considered that relative movement between a crystal and a melt containing 
compositional gradients would result in multiple crystal face-parallel zoning of the type 

observed in zircons and titanites. Relative movement of crystals and magmas could be 
brought about by three processes which are not mutually exclusive: 1) gravity-driven crystal 
settling; 2) convection induced by heterogeneities in magma density (density heterogeneities 

will accompany compositional gradients); and 3) an externally induced forced convection 
brought about by processes of transport, emplacement or deformation of a partially 
crystallized magma. 

Only small scale relative movements (in the order of the size of the diffusion gradients) of 
a growing crystal and a melt containing compositional gradients would be necessary to have 

the desired effect of changing the composition of the melt adjacent to the growing crystal 
interface and thus changing the composition of the growing crystal. Assessing the relative 
importance of the three processes of movement within a crystallizing magma requires 
independent evidence as to whether these processes did occur or are likely to have occurred. 
However, it is likely that all three processes of movement probably contribute to causing the 
observed crystal face-parallel zoning patterns, although the scales of crystal settling and 
magma convection within a granitoid magma are probably restricted by high magma yield 
strengths and viscosities. 

If multiple crystal face-parallel zoning in zircons and titanites is due to the processes 
outlined above then the growth rates of these two phases will not have been constant but will 
have fluctuated depending on the concentration adjacent to the interface of the elements 
required for growth. Earlier (see Section 5.2.1 and in particular the section on interface 
kinetics) it was noted that the crystal growth mechanism, which is dependent on the growth 

rate and the degree of supersaturation, can directly influence the partitioning of trace elements 
into growing crystals. Thus, in addition to the effect of relative movement of a crystal and a 
locally inhomogeneous magma on partitioning, it may be possible that interface kinetics 
influence the pattern of crystal face-parallel zoning in granitoid zircons and titanites. The 

possible influence of interface kinetics on the partitioning of trace elements into zircon and 
titanite during growth are further discussed in Sections 5.3.2 and 5.4.2. 

Continuous changes in composition. 
Some of the zircon and titanite crystals analysed showed general increases or decreases of 

a particular element or elements towards their edges, such features are thought to reflect 

gradual bulk-magma changes of composition and/or physical parameters caused by 

progressive crystallization of the medium of growth, ie. Model B-1 of Albar&le & Bottinga 

(1972). 
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5.3) NON-PLANAR CONTINUOUS AND DISCONTINUOUS 
COMPOSITIONAL ZONING. 

5.3.1) Discussion. 

A given non-planar interface within an otherwise euhedral crystal could be formed by one 
of three processes. 

1) It represents a previous exterior surface, the shape of which is due to the crystal 
having undergone a reduction in size. The crystal subsequently underwent renewed growth. 

2) It initially grew with a subhedral or anhedral shape, but subsequently grew with a 
faceted morphology, ie. there was no intermediate reduction in crystal size. 

3) It underwent some process of partial post-growth solid state recrystallization or 
alteration which resulted in non-planar interfaces. 

Each possibility will be discussed in turn. 

The non-planar interface as a 
-surface 

that has been reduced in size. 

The following discussion is concerned with the processes of crystal size reduction that 
may take place in a silicate melt, or prior to incorporation in a silicate melt. Only two 
processes may bring about the reduction in size of a crystal; 1) partial dissolution, and 2) 

mechanical action. 
A given crystal would be subject to dissolution in a silicate melt if: 1) it was incorporated 

into a melt undersaturated with respect to the major components of the crystal, or 2) it was 
present within a melt that subsequently underwent a physical or chemical change that resulted 
in undersaturation with respect to the components of the crystal. Harrison & Watson (1983) 

investigated the kinetics of zircon dissolution and Zr diffusion in granitic melts of variable 
water content and found that in the absence of bulk magma flow (ie. diffusion is the only 
transport mechanism) that the dissolution rate of zircon is controlled by the rate of Zr 
diffusion rather than the interface kinetics. This implies that the undersaturation which is 

causing dissolution is sufficiently great that the rates of diffusion and interface reaction, and 
their relative rates, become important. Zhang et al. (1989) concluded from the results of 
silicate dissolution experiments that interface reaction was relatively unimportant in 
determining dissolution rates of silicate minerals in silicate melts and that in the absence of 
bulk magma movement diffusion would be the most important control. Where diffusion is 

the rate controlling step it is expected that a crystal would lose its faceted morphology and 
become rounded (Donaldson, 1985) since dissolution at the corners and edges will be more 
rapid than in the middle of faces as there is better bulk melt access. 

Under conditions of bulk magma movement, in which a crystal is in continual contact 
with the bulk melt (ie. a diffusion gradient is never established), the rate determining step 
would be interface reaction. Zhang et al. (1989) stated that interface reaction would also 
become important when dissolution temperatures were close to the liquidus of the dissolving 

crystal, ie. the magma was only slightly undersaturated with respect to the dissolving crystal. 
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Under these conditions, both bulk magma movement and low degrees of undersaturation, 
dissolution would be controlled by interface reaction and may result in faceted morphology 
(Donaldson, 1985). A necessary corollary of this is that the refractory component of a 
granitoid, say its inherited zircon, may be present as faceted material, however whether 
suitable conditions of dissolution are commonly met during granitoid melting events is not 
known. Refractory components could also be present as euhedral crystals if prior to 
incorporation into the melt they were initially euhedral and did not undergo dissolution once 
in the melt. If interface reaction is the dissolution rate controlling step it is possible that a 
crystal which is compositionally zoned, contains many inclusions, or is altered, may undergo 
differential dissolution due to differential interface reaction rates, such a crystal could have a 
complex outline. 

The initial shape of a crystal incorporated into a melt will depend on the type and 
crystallization history of the parent rock from which it has been derived. In general zircons 
from acidic (subalkaline) rocks are euhedral whilst those from more basic or alkaline rocks 
can be very irregular, usually reflecting their position within the crystallization sequence of 
their parent rock. There are a variety of factors that control the range of euhedral forms of 
zircons that can be grown in igneous rocks, Speer (1982) summarises much of the available 
data. The shapes of zircons in sedimentary rocks reflect the ultimate source and the effect of 
sedimentary processes (Poldervaart, 1956). Robson (1987) investigated the shapes and 
surface textures of zircons that have been subject to sedimentary processes and he described 

the following features. 
1) Variable degrees of abrasion from well preserved euhedral grains to highly rounded 

polished grains. 
2) Acicular crystals that have survived largely intact. 
3) Grains with pitting due physical impact and/or localised dissolution. 
4) Cavities due to the weathering and removal of inclusions. 
5) Fractured grains. 
6) Secondary (authigenic) outgrowths on the surface of grains. 
It is clear that the shapes of zircons that have been subject to sedimentary processes can 

be highly variable and thus it is not entirely valid to generalise about the morphologies of 

grains subsequently incorporated into a granitoid magma. In certain cases it may be possible 
to identify zircons within granites which are morphologically similar to the types outlined 

above. 
It can be concluded that a mineral present within a melt undersaturated with respect to the 

components of that mineral would experience dissolution until saturation was reached and 
that the resultant shape would be a function of the rate of diffusion, interface reaction rate, 
bulk magma movement, the degree of undersaturation and the initial shape of the crystal. It 

should be noted that a crystal incorporated into a melt already saturated in the components of 
that mineral would not experience dissolution. 
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The Non-Planar Interface as a Growth Surface. 
Holmes (1921) noted that curved faces can arise in some crystals during growth and 

Donaldson (1985) discussed the possibility that under certain conditions of growth, notably 
supercooling (or supersaturation), the growth mechanism may result in the faces of some 
crystals being non-planar. There are no documented cases of such a process occurring during 

the growth of zircon. It may be of relevance to the growth of zircon under supersaturated 
conditions that Naslund (1984) observed the occurrence of hopper-shaped zircon crystals (as 
opposed to rounded) in part of the Skaergaard intrusion grown under conditions of 
supersaturation. 

Partial post-growth solid state recr stallization or alteration 
Very little is known from a theoretical standpoint about the possible processes of 

recrystallization or alteration that may occur in zircon. Partial recrystallization (no substantial 
loss and gain of components by the crystal) or alteration (substantial loss and gain of some 
components) could be brought about by partial re-equilibration of the grain due to changes in 

the surrounding chemical and physical conditions. Alteration, as defined above, would 
require an efficient mechanism of transport of the components involved. It might be expected 
that alteration or recrystallization would armour a given crystal preventing completion of the 
process and possibly resulting in internal non-planar interfaces. The key to identifying 

whether recrystallization or alteration took place may he in the nature of the interface with the 

pristine material and the internal zoning patterns (if there are any) of the recrystallized or 
altered material. 

5.3.2) Interpretation of non-planar structures in zircons. 

This section is divided into three parts; the first considers the interpretation of subhedral 

and anhedral core structures in zircons, the second considers core-related structures, and the 

third considers the origin of internally unzoned areas. All three sections are concerned with 

the actual structures described in Chapter 3 and a general explanation for all such structures 

within zircons is not intended. The interpretation of some of the structures necessarily 
involves the use of independent lines of evidence, not only the textural and compositional 
evidence presented in Chapters 3 and 4. 

Subhedral and anhedral core structures in gtanitoid zircons. 
The preferred interpretation of most subhedral and anhedral core structures seen in the 

granitoid zircons during the course of this research is that they represent refractory material 
incorporated into the magma. There are several lines of evidence which have led to this 

conclusion. 
1) The crystal face-parallel and sector zoning structures often present within cores are 

commonly truncated by the core/rim boundary. Crystal face-parallel zoning and 
compositional sector zoning structures are interpreted as resulting from processes occurring 
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during growth of faceted crystals (see Sections 5.2.2 and 5.4.2), truncation of these 

structures implies that the core/rim boundary either represents a previously existing outer 
surface to the grain and thus the grain must have undergone a process of reduction in size or 
that the rim material represents recrystallized or altered core material. 

2) The shapes of many of the zircon cores are consistent with a process of partial 
dissolution in a magma controlled by the rate of Zr diffusion or physical abrasion in a clastic 
sedimentary environment prior to incorporation into the magma. 

3) The rim material usually contains crystal face-parallel zoning, a feature which is 
interpreted as being due to processes occurring during progressive outward growth in a melt 
by growth of new material on crystal faces (see Section 5.2.2). The pattern and overall shape 
of the zoning in the rims often reflects the shape of the core and this implies that the core/rim 
boundary was a surface upon which the rim material was grown. 

4) The cores of the majority of zircons have very different internal zoning textures when 
compared to the zoning textures of the rims, this would be expected if the core and rim grew 

at different times and possibly in contrasting environments. 
5) The interpretation of the subhedral and anhedral cores as being refractory material is 

consistent with the published U-Pb zircon data for the plutons from which the examples have 
been taken. 

The nature of this latter evidence is circumstantial, the rock samples used in this study 
are, with one exception, not the same as those used in the various published accounts of 
U-Pb zircon systematics. The exception being the Kameruka Granodiorite from the sample 
loaned by I. S. Williams, the zircons from this sample were 'dated by U-Pb using the 
'SHRIMP' ion microprobe (the technique is explained by Compston & Kroner, 1988) and 
the same zircons were studied using ZCI. 

The age data obtained for the Kameruka zircons by I. S. Williams and his coworkers 
during the course of their 'SHRIMP' ion microprobe study have yet to be fully processed 

and published, while the actual ages obtained are available to the author these are not quoted 
here. Plate 5.1 shows six zircon grains from the Kameruka Granodiorite all of which have 

subhedral and anhedral core structures and have been dated using the 'SHRIMP' ion 

microprobe, the pits created by the primary ion beam during analysis can be clearly seen. All 

the ages obtained for the rims are consistent with their having grown during crystallization of 
the granitoid (-400 Ma), the cores on the other hand give a spectrum of ages from late 

Precambrian through to Archaean. One grain which texturally contains two concentric core 

structures (grain (c) Plate 5.1) gave two distinctly different Precambrian ages. In summary: 

the preferred interpretation of zircon core structures within the Kameruka Granodiorite as 
being old refractory material is entirely consistent with the U-Pb ages obtained using the in 

situ 'SHRIMP' ion microprobe methods. 
It should be noted that texturally identical structures could also be due to processes 

occurring within the same general magmatic event. For instance, during crystallization of a 
given grain growth conditions may change sufficiently to allow slight dissolution to occur 
prior to a period of renewed growth. This may occur on many scales possibly resulting in 



Plate 5.1. All the photographs are Z-contrast images of zircon grains from the 
Kameruka Granodiorite (AB40) from the Bega Batholith. The zircons have been 
U-Pb dated using the 'SHRIMP' ion microprobe, the round pits created by the 
primary ion beam during analysis are clearly visible. The cores to these grains 
yielded a variety of ages Archaean through late Precambrian, the text explains in 

more detail the significance of these ages. 
(a) 15 kV, 20 nA, (7,7), scale bar 10 µm. 
(b) 15 kV, 20 nA, (7,7), scale bar 10 µm. 
(c) 15 kV, 20 nA, (7,7), scale bar 10 pm. 
(d) 15 kV, 20 nA, (7,7), scale bar 100 µm. 
(e) 15 kV, 20 nA, (7,7), scale bar 100 µm. 
(f) 15 kV, 20 nA, (7,7), scale bar 10 pm. 



(b) 

(C) (d) 
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grains with structures indistinguishable from those resulting from incorporation of refractory 
grains. Periods of slight dissolution during general growth of a crystal may be consistent 

with growth in a magma containing local heterogeneities (as envisaged in Section 5.2.1); 

within such a magma there may be volumes that are oversaturated and volumes that are 

undersaturated with respect to the components of a growing crystal, movement of that crystal 

within the magma may result in both periods of growth and periods of dissolution. The slight 
rounding of crystal face-parallel zoning that was described in Section 3.5.2 may be an 
example in which such a process operated. The zircon grain used in Section 3.5.2 to illustrate 

this texture was from the Kameruka sample, a U-Pb 'SHRIMP' ion microprobe 

measurement obtained on the centre of this grain, within the loop formed by the non-planar 
interface, gave an age consistent with growth at time of granite crystallization (-400 Ma) 

Core related structures in zircons 
This section discusses structures to be found between the core and the first crystal face 

parallel zone of the surrounding rim of zircons. It covers the processes of crystal growth 

which are relevant to the growth of euhedral rims on irregular zircon cores, this transition to 
faceted growth was called the "recovery process" by Hosoya & Kitamura (1978). This 

discussion assumes that core structures represent a previously existing surface which was 

subsequently the basis for growth of an ultimately euhedral rim. 
Initially the surface of growth (the zircon core) would have had a non-faceted 

morphology and therefore it would have been 'rough' on an atomic scale, (le. there would 
have been topographic relief on the crystal surface - Kirkpatrick, 1975). A rough interface 

can be thought as having a very large number of irrational (high index) faces, however 

during the recovery process the number of high index faces is progressively reduced and the 
low index (rational) faces become dominant. During the initial stages of the recovery process, 

growth occurs on a non-faceted (rough) interface and thus will be of the continuous growth 
type of mechanism (as opposed to the layer growth mechanism), but later on during the 

recovery process, as planar crystal faces are progressively established, the layer growth 

mechanism will become dominant (Cahn et al., 1964; Hoysoya & Kitamura, 1978 and 
Kouchi et al., 1983b). 

The recovery process as observed in granitoid zircons appears to involve the minimum 

addition of new material that is needed to establish a completely faceted morphology, this 
implies that layer growth is the stable mechanism of adding material to zircon growing in a 

granitoid magma. 

Internally unzoned areas. 
The origin of these small unzoned areas (see Section 3.5.2) that occur within otherwise 

strongly zoned zircon grains is not understood. However from the available data the 
following observations can be made. 

1) The low grey-level of the unzoned areas compared to the average grey-level of the 

zoned parts implies that they are not merely patches in which internal diffusion (without loss 
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or gain of elemental components) has destroyed the crystal face-parallel zoning, rather it 
implies that there has been, at some stage, loss of elemental components. If the unzoned 
areas resulted from internal diffusion their grey-levels would be the average of the zoned 
areas. 

2) Since many of the these unzoned areas occur within grains (as opposed to the margins) 
and do not have an obvious association with cracks, coupled with the fact that the planar 
structures are parallel to the crystal faces and occur on the side of the internally unzoned area 
nearest to the crystal faces, implies that the process that is responsible occurred during 

growth rather than later. 

5.4) COMPOSITIONAL SECTOR ZONING. 

5.4.1) Discussion. 

If a given crystal is sector zoned then it was not in equilibrium with its growth medium 
during growth, although it is possible that there was local surface equilibrium. Many models 
exist to interpret the origin of this form of compositional disequilibrium. 

1) Difference in the atomic configurations or adsorption layers present on different faces 
during growth. 

2) Difference in normal growth rates (ie. growth rates perpendicular to crystal faces) 
between different faces and the relative elemental diffusion rates within the melt. 

3) Differences in partition coefficients between crystal faces due to differences in the 
lateral growth rates and differences in interface roughness. 

Most of the proposed models of compositional sector zoning have been based on 
examples found in rocks and thus lack detailed knowledge about the parameters of growth 
that operated, although it is usually implied that 'rapid growth' is the ultimate cause of sector 
zoning. What is meant by the term ! rapid growth' is rarely defined. Very few experimental 
studies have been undertaken to elucidate the conditions of growth for given examples of 
sector zoning, but the following are exceptions; eg. Lofgren (1973) for plagioclase feldspar, 
Long (1978) for alkali feldspar, Kouchi et al. (1983a) for olivine and Kouchi et al. (1983b) 
for clinopyroxene. Most of these experimental studies found a close relationship between 

undercooling (supersaturation), growth rate and the resulting chemical composition of the 
various sectors. 

Each of these general models are described and discussed. 

Differences in the atonic configurations and adso_rotion lavers of the crvstal 

This model has largely been advocated by Nakamura (1973) and Dowty (1976), it is 
based on the premise that each crystal face will have an adsorption layer of characteristic 
composition on its face during growth, part of which may be metastably incorporated by the 
lateral spread of growth steps. The differences in the composition of the adsorbed layers of 
the crystal faces are due to the differences in the geometry of partially bonded structural sites 
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(or protosites - Nakamura, 1973) on the different faces. Dowty (1976) proposed rules by 

which the composition of the adsorbed layer may be predicted; 1) the layer will consist of 
atoms that have high charge and small size, ie. strongly bonded atoms, and 2) in the absence 
of charge and size limitations the composition of the adsorbed layer will approach the 
composition of the growth medium more than that expected from the equilibrium partition 
coefficients, ie. the effective partition coefficients will tend to be closer to one than the 
equilibrium partition coefficients. 

Imbalances between the growth rates of crystal faces and the 
rates of diffusion of elemental species in the melt. 
This model assumes that there is local (interface) equilibrium on each of the growth faces, 

but that imbalances in the growth rates of the different faces and diffusion in the melt results 
in different compositions of melt immediately adjacent to the growing interface (Downes, 
1974). Larsen (1981) discussed an essentially similar model of compositional sector zoning 
in terms of the crystallization models of Albar&le & Bottinga (1972), suggesting that because 

of the different growth rates of different faces that the compositional boundary layer for each 
face would be different. 

Differences in partition coefficients between crystal faces due to differences in lateral 

growth rates and differences in interface roughness. 
Kouchi et al. (1983b) studied the relationship between chemistry and growth rate of 

clinopyroxenes at various degrees of supercooling during experiments in which they 
successfully produced compositional sector zoning. They demonstrated a relationship 
between crystal growth rate and element partitioning; within sectors elements with Ko<l 

showed an increase in concentration with increasing normal growth rate (ie. measured 
perpendicular to the growing crystal face), whilst elements with IC >1 showed a decrease in 

concentration with increasing normal growth rate. However, between sectors, where 
differential normal growth rates exist, the opposite was true, the sectors with the high normal 
growth rates had greater concentrations of elements with K. >1 than the sectors with low 

normal growth rates. Kouchi et al. (1983b) argued that these compositional relationships 
were related to the relative lateral growth rates of crystal faces, ie. the rate of advance of 
growth layers across the crystal surface, since crystal faces with low normal growth rates 
have high lateral growth rates (in general the lateral growth rates of morphologically 
important faces are 102-3 times larger than the normal growth rates (Kouchi et al., 1983b)). 
Sectors associated with faces with high lateral growth rates have effective partition 
coefficients tending towards one from above and below. Faces with low lateral growth rates 
have effective partition coefficients which deviate less from the equilibrium values. It should 
be stressed that the model of Kouchi et al. (1983b) is only applicable where the layer growth 
mechanism operates as it is assumed that the steps of growth layers provide the principal sites 
for element incorporation. 
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Kitamura & Sunagawa (1977) and Kouchi et al. (1983a) demonstrated a relationship 
between crystal face roughness and element partitioning, such that the low index smooth 
interfaces have Koff which are greater than Keff for high index rough interfaces, this also 
suggests that the growth mechanism is the controlling factor. 

5.4.2) The interpretation of compositional 
sector zoning in zircon and titanite. 

Sector zoning in any mineral, not just zircon and titanite, cannot be explained solely by 
imbalances in the normal growth rates of different faces and in the diffusion rates of elements 
in the melt. These imbalances in growth and diffusion rates should, from consideration of the 
crystallization models of Albarbde & Bottinga (1972), result in the compositional boundary 
layer for faces being different. However, such a situation would also result in lateral 
diffusion (ie. not perpendicular to the growing interface) between the different boundary 
layers associated with each face. Lateral diffusion would mean that there would not be a 
sharp compositional break between the boundary layers and as a result there would not be 

compositionally discontinuous boundaries between sectors. The crystallization models of 
Albarbde & Bottinga (1972), although extremely useful in concept, cannot and should not, be 
applied to explain the origin of compositional sector zoning since their models assume that 
the growth surface is a simple plane perpendicular to both the direction of normal crystal 
growth and elemental diffusion. 

It is difficult to apply rigorously the protosite model of Nakamura (1973) and Dowty 
(1976), their model requires the assessment of the size and "degree of bonding" of a partially 
bonded site and to do this it is necessary to assume where the bonds are cut by a particular 
face. Thus the coordination of partially completed sites is difficult to assess unambiguously 
and in turn the selection of elements that will fill these sites is not unique. 

The observed compositional sector zoning of zircon and titanite is thought to best fit the 
relative partition coefficient changes between sectors that Kouchi et al. (1983b) described in 
experimentally grown clinopyroxenes. 

Two types of compositional sector zoning have been identified in zircon and titanites: 1) 
differences in the patterns of crystal face-parallel zoning between sectors (this is particularly 
common in zircons, although analogous structures have been -observed in titanites); 2) 
individual discontinuous multiple zones which have different compositions within different 
sectors and are separated by compositionally discontinuous boundaries, the type usually 
described in other minerals. 

The first type arises simply by the growth of one face whilst at the same time growth 
does not occur on adjacent faces and as conditions of growth change this process affects 
different faces. Such a situation implies that different conditions of growth favour particular 
crystal faces at the expense of others. Various authors, on the basis of both experimental and 
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petrological studies, have noted that there is a close relationship between crystal habit (ie. the 
relative importance of different faces) of zircon and the physical and chemical conditions of 
growth. For example: Lipova & Mayeva (1971) noted that the substitution of the REE, U and 
Th favours the development of pyramidal faces (Chase & Osmer (1966) first noted this 
pattern with the REE), whilst Hf substitution favours the development of prism faces; and 
Pupin et al. (1978) noted that the temperature and water content of a melt determine which of 
the prism forms, ( 110) or (100), dominate; the ( 100) form becomes more important with 
decreasing temperature and decreasing water content. Similar correlations have not been 
previously identified in titanites but the observations presented in Chapter 4 do suggest that 
the crystal habit of titanite is, to some extent, dependent on the chemistry of the growth 
medium. The model favoured for the origin of multiple crystal-face parallel zoning, ie. the 
creation by processes of crystal growth of a compositionally heterogeneous magma and 
subsequent relative movement of the growing crystal with such a magma, should, from 

consideration of the work of Chase & Osmer (1966), Lipova & Mayeva (1971) and Pupin et 
al. (1978) on zircon habit outlined above, result in small-scale fluctuations in the relative 
importance of different faces during growth, this is the pattern that has been observed. 

The second type of compositional sector zoning, as observed in zircons and titanites, 
appears to fit best, with one notable exception, the relative partition coefficient changes 
between sectors that Kouchi et al. (1983b) described in experimentally grown 
clinopyroxenes. However, it is important to note that it is not possible to compare fully the 
compositional relationships of sector zoned titanites and zircons (in terms of relative changes 
of partition coefficients) with those of the experimentally-grown clinopyroxenes of Kouchi et 
al. (1983b). This is for two main reasons: 1) it is only possible to study the effect of the 
relative growth rates of different sectors on element partitioning, the effect of the absolute 
growth rate of individual sectors on the effective partition coefficients is not known and is 
impossible to measure in the natural systems dealt with here; and 2) from the model of 
Kouchi et al. (1983b) it is possible to predict the pattern of sectoral variations shown by 

particular elements. However because some elements are present in concentrations below 
detection limits it is not always possible to test these predictions, this is particularly true of 
compositional sector zoning in zircons. 

In the sectors associated with the faces of titanites which have high lateral growth rates 
(measured relative to other faces) the effective partition coefficients of the elements present in 
trace quantities are closer to unity than the sectors associated with faces with low lateral 
growth rates. The model favoured for compositional sector zoning in titanites is one whereby 
the effective partitioning behaviour is controlled by the lateral growth rates of the different 
faces, the faster the rate of lateral growth the greater the tendency for the effective partition 
coefficients to tend towards unity from both above and below. This implies that the steps of 
the growth layers are the principal sites of element incorporation (Kouchi et al., 1983b) and 
thus interface kinetics play an essential role in the formation of sector zoning in titanites. The 
sectoral variations observed in zircons are, with the exception of Hf, consistent with the 
observed variations in titanites and the model of Kouchi et al. (1983b). Even although Hf has 
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an equilibrium zircon/liquid partition coefficient of greater than unity and should therefore be 
enriched in the faces with low lateral growth rates it was found to be preferentially 
incorporated in the prism faces which have high lateral growth rates. This could be due to the 
often observed tendency for there to be a negative correlation between Hf and the REE 
(included here is Y), even although the substitution of these elements in zircon is not linked 
by a coupled substitution scheme. 

It is considered that the ultimate driving force causing compositional sector zoning is the 
nucleation and growth behaviour of the mineral and the relative rates of crystal growth, and 
elemental diffusion in the magma. In many of the rocks from which the titanite sector zoning 
examples were taken titanite occurs as a few relatively large crystals, this contrasts with the- 
apatite in the same rocks which usually occurs as many small often unzoned crystals. This 
implies that there is a marked difference in the nucleation behaviour (nucleation density) and 
growth rates of titanite and apatite in calc-alkaline granitoid melts. Lofgren (1980) stated that 
in general nucleation density is related to the nucleation rate and thus it is inferred that the 
nucleation rate of titanite in calc-alkaline magmas is low, relative to apatite. It has been noted 
that curves of crystal growth rate as a function of supersaturation have essentially similar 
shapes to curves of nucleation rate as a function of supersaturation, however the curves are 
generally displaced relative to one another. A possible arrangement of the growth rate and 
nucleation rate curves is shown in Figure 5.1; at low degrees of supersaturation, where 
nucleation rate is low, crystal growth rate is often high (point A). If titanite did grow under 
such conditions it may help to explain why, from consideration of mineral zoning, crystal 
growth rate would appear to be limited by rates of elemental diffusion. 

3ö 

ii 

Increasing degree of supersaturation 

Fig. 5.1. Schematic diagram showing a typical relationship between: 1) nucleation rate and degree of 
supersaturation; and 2) growth rate and degree of supersaturation. The significance of points A and B 
are explained in the text. The scales on both axes are arbitrary. 
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It should be noted that there is no independent experimental evidence that crystal growth 
of titanite in the examples presented occurred under the regime just described and it is 

possible that even at high degrees of supersaturation (where nucleation and crystal growth 
rates are low, point B on Fig. 5.1) that elemental diffusion would still be the rate determining 

step of crystal growth. High degrees of supersaturation could be brought about by delays in 

nucleating titanite, caused by high magma viscosities or low concentrations of the titanite 
components. For instance, Lofgren (1980) stated that increasing magma viscosity decreases 

the potential for nucleation of a given mineral at a given degree of supersaturation, and 
Donaldson (1979) noted that nucleation of olivine in basaltic magmas could be delayed if the 
concentration of olivine components in the melt was low. Thus it is possible that titanite 
nucleation could be delayed until relatively high degrees of supersaturation are attained, 
particularly if the magma was viscous and/or the concentration of titanite components in the 

magma was low (as is usually the case). 
Only experimental work on the nucleation and growth behaviour of titanite under a 

variety of conditions would help resolve some of the points raised in this section. 

5.5) SUMMARY AND IMPLICATIONS. 

5.5.1) Summary. 

cm. f aa1uiei continuous ang aisconunuous comua aonai zonmP 

The presence of multiple crystal face-parallel zoning is taken to indicate that the growth 
rates of the zircon and titanite crystals studied were controlled by elemental diffusion rates 
and not by the rate of attachment of material to the growing crystal. The fact that elemental 
diffusion rates appear to control growth rates implies that magmas locally become 

compositionally heterogeneous. The multiple crystal face-parallel zoning of the zircons and 
titanites observed during the course of this study is thought to be due to the relative 
movement of the growing crystals and a compositionally heterogeneous magma. The 

continuous changes in composition between the centre and edge of a crystal that are often 
superimposed on the multiple discontinuous zoning patterns probably reflect bulk magma 
changes in physical and chemical conditions and partition behaviour. 

The interpretation of non-planar continuous and 
discontinuous compositional zoning in zircon. 
The preferred interpretation of subhedral and anhedral core structures in zircons is that 

they in the main represent the textural manifestation of refractory (inherited) zircon. The 

shapes of zircon core structures are consistent with two possibilities: 1) partial zircon 
dissolution in a magma where Zr diffusion is the rate controlling step, or 2) incorporation 
into a magma of zircon material that has already undergone reduction by physical abrasion in 

a clastic sedimentary environment. However, it is important to note that not all such 
structures may be due to the presence of refractory material, some may be due to complex 
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magmatic histories involving relatively short-lived periods of dissolution followed by 

renewed growth. Such cases may be indicated where the style of zoning within the 
non-planar interface is essentially the same as the zoning outside. 

Isotopic analysis is the only unambiguous method of proving or disproving that 
subhedral and anhedral zircon cores represent refractory material. 

The interpretation of compositional sector zoning in zircon and titanite. 
Crystal interface kinetics are thought to play an essential role in the formation of 

compositional sector zoning in zircon and titanite. With the exception of Hf distribution in 

zircon, the sectoral distribution of trace elements in both titanite and zircon appears to be 

consistent with the relative partition coefficient changes between sectors that Kouchi et al. 
(1983b) described in experimentally grown clinopyroxenes. Kouchi et al. (1983b) are able to 
demonstrate that the lateral growth rates of the different faces (assuming that growth occurs 
by the layer growth mechanism) controls the effective partition coefficients; faces with high 
lateral growth rates (and hence low relative normal growth rates) cause the partition 

coefficients to tend towards unity from both above and below, faces with low lateral growth 

rates (high relative normal growth rates) have more extreme partition coefficients. 

5.5.2) Implications. 

This section stresses the principal implications of the existence of zoning in zircon and 
titanite, much of the discussion given below is necessarily based on the author's preferred 
interpretations of the individual zoning structures. 

1) It has been demonstrated that kinetic (time-dependent) phenomena are important to the 
processes involved in the growth of zircon and titanite in calc-alkaline plutonic environments. 
These kinetic processes, eg. diffusion rates, crystal growth rates and interface kinetics, allow 
the effective partition coefficients of the minor components of these phases to deviate from 

the equilibrium partition coefficients, compositional sector zoning represents the epitome of 
these kinetic processes. 

2) All the textures are interpreted as being of magmatic origin, ie. grown from a melt, and 
not significantly altered by subsequent post-crystallization processes, specifically excluded is 

material thought to have been refractory (the implications of zoning within material 
interpreted to have been refractory is discussed in Chapters 8 and 9). Identification of 
textures resulting from post-crystallization processes would allow processes of element 
mobility to be better understood. 

3) Many of the zoning textures of zircon and titanite are thought to be consistent with 
growth rate being controlled by the diffusion rates within the magma of their major and minor 
elemental components. Although slow diffusion of the major and minor elemental 
components of zircon and titanite in silicate melts is in accord with the findings of 
experimental studies (Henderson et al., 1985 and Zhang et al., 1989), nothing is known 

about the growth rates of zircon or titanite and thus it is impossible to prove that the growth 
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rates of these minerals are controlled by elemental diffusion. However on the basis of the 
crystallization models of Alban de & Bottinga (1972) it is argued that if crystal growth rate 
was not controlled by diffusion that unzoned or continuously zoned crystals would be the 

result. 
4) Both direct ('SHRIMP' ion microprobe) and circumstantial evidence suggests that 

subhedral and anhedral cores in zircons represent refractory inherited material. Similar 

textures in other minerals could also be used as evidence of refractory behaviour, although 
obtaining corroborative evidence may prove difficult since occurrences of inherited U-Pb 

systematics are almost exclusively restricted to zircon. However, it is worth noting that 
Copeland et al. (1988) claimed to have identified inherited U-Pb systematics in monazite 
from a leucogranite of the High Himalaya, clearly textural studies similar to those presented 
here could provide additional evidence to test such a possibility. 
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Chapter 6 
The Strontian complex: a description. 
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6.1) INTRODUCTION. 

In Chapters 3,4 and 5 compositional variations within accessory minerals from a number 
of different localities were described and discussed, but it was only possible to discuss in 
general terms the host rock. To this end a more detailed study was undertaken of the intra- 
and inter-grain compositional variations of granitoid accessory minerals from a well studied 
plutonic environment - namely the Caledonian Strontian Complex. Chapters 6,7,8,9 and 10 
are devoted to this aim. 

The purpose of this chapter is: 1) to describe, using published work, the Strontian 
Complex; 2) to outline and comment on the interpretations that have been proposed in the 
literature and, 3) to highlight the problems that still appear to be outstanding. 

6.2) THE STRONTIAN PLUTONIC COMPLEX. 

6.2.1) Regional setting. 

The Strontian Complex is a Caledonian-aged granitoid (see Brown, 1983 and Stephens, 
1988 for reviews of Caledonian magmatism) which intruded into Moine (Proterozoic-aged) 

metasedimentary and metaigneous rocks. The Moines have been divided into three units; 
namely the Morar, Glenfinnan and Loch Eil Divisions (Johnstone et al., 1969), although the 
nature and position of the boundaries is not clear (see Johnson, 1983 and Roberts & Harris, 
1983 for further discussion). The Strontian Complex is in contact with all three Moine 
Divisions and is transgressive across their boundaries (see Fig. 6.1). 

Counity rock lithologies and m=2=hic gaull 
The metasedimentary rocks of all three Moine Divisions are mainly psammitic, 

semi-pelitic and pelitic, but there are also subordinate quartzites, migmatites of several 
generations and various deformed igneous bodies, including the Ardgour Gneiss. 

The Moines adjacent to the Complex are in the sillimanite zone of a kyanite-sillimanite 

regional metamorphic sequence (Winchester, 1974). However, Ashworth & Tyler (1983) 
identified three aureole zones around the northern part of the complex. 

1) Muscovite-Sillimanite-K-Feldspar Zone, K-feldspar in. 
2) Sillimanite-K-Feldspar Zone, muscovite out. 
3) Cordierite-K-Feldspar Zone, andalusite occurs in a few localities within this zone. 

The aureole has a strong asymmetry in its outcrop pattern (Fig. 6.2), with the zones being 
considerably broader in the east than in the west (Ashworth &Tyler, 1983). 
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Fig. 6.1. Map of the regional geology of the northwest Highlands showing the relationships of the 
Strontian Complex to the Moines. After Rathbone & Harris (1979). 

Fig. 6.2. The distribution of metamorphic aureole zones around the northern end of the Strontian 
Complex. Note the strong asymmetry, the zones being considerably broader in the east. Map from 
Ashworth & Tyler (1983). 
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Metamorphic zonal patterns around the Complex resulted from the interaction of waning 

regional metamorphism and a thermal, intrusion-related, effect (Ashworth & Tyler, 1983). 
An aureole assemblage including cordierite and andalusite indicates that intrusion took place 
at a lower pressure (0.41±0.04 GPa or 4.1 kbar) than the earlier regional metamorphism and 
therefore there had been intervening uplift (Tyler & Ashworth, 1982). A temperature of 
690'C is indicated for the Cordierite-K-Feldspar isograd. Ashworth & Tyler (1983) 
interpreted the asymmetry of the aureole as being due to superimposition of thermal 
metamorphism on a lateral regional temperature gradient of 5'C/km - temperature was highest 
in the east. They considered that there was no similar pressure gradient and that the apparent 
lateral temperature gradient was real and not a function of subsequent regional tilting. 

Regional structures in the Moines. 
The deformational history of the Moines occurred in two main episodes. The age of the 

first deformation is the subject of much debate; Brook et al. (1976), on the basis of a Rb-Sr 

whole rock age for the Ardgour Gneiss of 1028±45 Ma, argued for the first deformation 
being Grenvillian, although the subsequently published U-Pb zircon data of Aftalion & van 
Breemen (1980) is considered to be consistent with a significantly younger age for this body 
(G. Rogers, pers comm., 1990). The second deformation was Caledonian, this is largely 
based on a U-Pb zircon age of 456±5 Ma for the Glen Dessary syenite (van Breemen et al., 
1979). The regional structure consists of open to tight, major and minor folds, with N-S to 
NE-SW trending axial traces. The Loch Quoich Line, which is truncated by the Complex, is 

considered by Roberts & Harris (1983) to represent the eastern limit of intense D3 
(Caledonian) deformation. West of the Quoich Line and the Complex, the Moines consist of 
large NNW and SSE trending upright folds, but to the east the rocks are less intensely folded 

and generally flat lying. 

6.2.2) Rock units within the Strontian Complex. 

A note on terminology. 
The terminology previously used for rock units within the Complex and that used in this 

study is given in Table 6.1. It is proposed that the outer parts of the Complex (the 'tonalite' 

and 'porphyritic granodiorite' of past usage) should now be termed the Loch Sunart 
Granodiorite (with non-porphyritic and porphyritic facies) and the inner part (the 'biotite 
granite') should now be called the Glen Sanda Granodiorite. Figure 6.3 shows the 
distribution of rock units within the Complex. 

Bch unart Granodion 
. 

This is a grey medium to coarse grained plagioclase, alkali-feldspar, quartz, hornblende 
and biotite rock with accessory titanite, apatite, zircon, opaques and rare allanite (See Plates 
6.1 and 6.2). The outer non-porphyritic facies and the inner porphyritic facies are 
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mineralogically very similar, the boundary being gradational over distances ranging from a 
few metres to 1.5 km (Sabine, 1963; Munro, 1965). The phenocryst phase is alkali-feldspar 
(often pink); here the term phenocryst is used to mean a large crystal set in a finer grained 
groundmass and is not intended to have any genetic connotation. There is no fine grained 
contact zone between the two fades and no veining of one fades in the other (Munro, 1965). 

Table 6.1. The terminology previously used for the three main intrusive units of the Strontian Complex 
and the terminology used in this work. 

MacGregor & Kennedy Tonalite Potphyritic Biotioegt nice 
(1932) granodiocite 

Sabine (1963) and Tonalitic (Poq, hyritic) Biotioe stanz i 
Munro (1965) gianodimite gtanodiorite bioble adamelli6e 

('tonalite) 

Munro (1973) Non-poiphyritic Porphyritic Adamdlibe 
granodiorite granodiarite 

This Work Loch Sunart Granodiorite: Glen Sanda 
non-parphyritic pcrphyzitic Granodiorite 
facies fades 

Both facies contain abundant microdiorite enclaves that on a pluton scale are evenly 
distributed (Munro, 1965), although locally there are high concentrations (Holden, 1987). 

Save for the development of alkali-feldspar phenocrysts in the porphyritic facies the two 
facies of the Loch Sunart Granodiorite are also texturally similar. Plagioclase, hornblende 
and biotite are generally euhedral, quartz and alkali-feldspar (with the obvious exception of 
the porphyritic facies) are interstitial (Sabine, 1963). The phenocrystic alkali-feldspar 
includes other phases and the edges of these generally euhedral crystals am ragged (Holden, 
1987). 

Glen Sanda Granodiorite. 
This is intrusive into the Loch Sunart Granodiorite and is a pink fine to medium grained 

plagioclase, quartz, alkali-feldspar and biotite rock (there is occasional hornblende) with 
accessory apatite, zircon, opaques and rare titanite, allanite and monazite (See Plates 6.3 and 
6.4). There are some alkali-feldspar phenocrysts and locally it is coarse grained. In all places 
the contact between this body and the Loch Sunart Granodiorite is sharp although in the north 
it is extensively sheeted. Microdiorite enclaves are present, but very uncommon (Munro, 
1965). Plagioclase is found as euhedral laths, with quartz, biotite and alkali-feldspar being, 
in general, interstitial. Alkali-feldspar locally can occur as phenocrysts often enclosing 
euhedral plagioclase (Holden, 1987). 

Minor intrusives. 
Several basic igneous bodies of variable composition (generally the term 'appinite' is 

used in the Caledonian literature) are present within both the Loch Sunart Granodiorite and 



Plate 6.1 and 6.2. Transmitted PPL (top) and XPL (bottom) photomicrographs of a 
thin section of a rock from the porphyritic facies of the Loch Sunart Granodiorite 
(BPSRT3). Plagioclase and hornblende both generally occur are euhedral grains, 
however, quartz, biotite and alkali-feldspar are interstitial. In the porphyritic facies 

of the Loch Sunart Granodiorite alkali-feldspar can also occur as phenocrysts 
(bottom right hand corner) these although generally euhedral commonly include 

other phases and have ragged edges. From textural considerations Sabine (1963), 
Munro (1965) and Holden (1987) considered these phenocrysts to have a late 

replacive origin. In the light of whole rock chemical data the origin of the 
alkali feldspar phenocrysts is discussed in more detail in Chapter 7. 
Width of the field of view 7.5 mm 





Plate 6.3 and 6.4 Transmitted PPL (top) and XPL (bottom) photomicrographs of a 
thin section of a rock from the Glen Sanda Granodiorite (BPSRG1). Plagioclase 

occurs as euhedral laths, quartz, biotite and alkali-feldspar are interstitial. Both 
feldspars are generally dusty in appearance, this probably indicates limited alteration 
to secondary clay phases. Biotite is commonly altered to chlorite and an opaque 
phase (centre bottom). 
Width of the field of view 7.5 mm. 
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Fig. 6.3. The distribution of rock units in the Complex, also shown are major geographical features. 
Map compiled from the following sources; IGS (now JIGS) Scotland sheets 44,52 and 53, and 
Sabine (1963). 

the Glen Sanda Granodiorite (see Fig. 6.3). The bodies that are found within the Strontian 
Complex, although extremely variable, consist mainly of hornblende, biotite, clinopyroxene, 
alkali-feldspar and subsidiary plagioclase with accessory titanite, apatite and opaques. They 
are generally small and irregular, but broadly equidimensional (-250-500 m across) and may 
be pipe-like in three dimensions. The contact with the pluton of at least one of the bodies is 
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lobate and 'pillowed' (Holden, 1987). A number of dyke-like 'appinitic' bodies have also 
been mapped. 

Lamprophyres, aplites, pegmatites, and porphyritic acid dykes cut both parts of the 
Complex, some of the porphyritic dykes that cut the Loch Sunart Granodiorite are thought to 
be related to the later Glen Sanda Granodiorite (Sabine, 1963). 

6.2.3) Structural features of the Strontian Complex. 

The description given here covers features internal to the Complex, but also external 
structures that are thought to be due to processes of intrusion. 

The structure of the Loch Sunart Gran iorite. 
It has long been recognised that regional structures were truncated by the pluton, but also 

locally deflected (MacGregor & Kennedy, 1932; Sabine, 1963). Observations by Sabine 
(1963), Munro (1965) and Hutton (1988a and 1988b) indicate that deformation concordant 
with the pluton margins is restricted to a narrow zone (<1 km wide) around the Complex. 
Shear directions within this zone are consistently dextral or if flat-lying show a top towards 
the south sense of movement (Hutton, 1988a). 

The contacts between the Loch Sunart Granodiorite and the Moines are inwardly dipping, 

the western contact being steepest. There is a well developed foliation parallel to the margins 
defined by alignment of plagioclase, hornblende, and biotite (Fig. 6.4). Alkali-feldspar and 
quartz are generally unaligned. The minerals, on the whole, do not show internal deformation 

and the foliation is thought to be a pre-full-crystallization fabric (Hutton, 1988b). However, a 
crystal plastic strain fabric that overprints the earlier pre-full-crystallization fabric does occur 
in the south-west between the Moines and the Glen Sanda Granodiorite (Hutton, 1988b). 

Hutton (1988b) used the abundant microdiorite enclaves and fabrics in the Loch Sunart 
Granodiorite to look at the variations in degree and orientation of strain. These measurements 
indicate the following. 

1) The principal axes of the strain ellipsoids lie in the plane of the pre-full-crystallization 
fabric. 

2) The long axis of the strain ellipsoids are orientated approximately N-S. 
3) The strain is highest at the contact with the Moines and diminishes towards the centre. 
4) The strain in the south-western area of the Loch Sunart Granodiorite between the 

Moines and the Glen Sanda Granodiorite increases towards both contacts and is also is 

generally higher than elsewhere. 
5) In the this south-western area there are also several N-S dextral shear zones. 

Emplacement of the Loch Sunart Grano diorite. 
Prior to the work of Hutton (1988a and 1988b), this part of the pluton was thought to fit 

a "diapir/balloon" model (Hall, 1987). Such a model is inconsistent with the limited, 
emplacement related, deformation in the Moines and the shape and siting of the pluton is 
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considered by Hutton (1988a) to be controlled by pre-existing country rock structures. The 
listric shape, indicated by the structural data, and the sense of movement indicators are 
consistent with intrusion and synchronous deformation of a partially crystallized magma 
between an overlying hangingwall and its footwall (Hutton, 1988b). The space for intrusion 

being largely created by relative movement of the footwall and the hangingwall, rather by 

extensive country rock deformation. 

Fig. 6.4. Map showing the basic structure of the Strontian Complex. Solid lines with barbs are 
generalised foliation trend lines with specified dip ranges in the Loch Sunart Granodiorite. The short 
unornamented lines are foliations in the Glen Sanda Granodiorite. Map taken from Figure 3 of 
Hutton (1988b). 

The structure of the Glen Sanda Granodiorite 
This is an essentially undeformed body (Sabine, 1963; Munro, 1965) that intruded the 

earlier Loch Sunart Granodiorite and in places the Moines. In the south-west, adjacent to the 

contact with the Loch Sunart Granodiorite, Hutton (1988b) found local development of 
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pre-full-crystallization deformation fabrics and discrete N-S dextral shear zones (Fig. 6.4), 

parallel to crystal plastic strain fabrics developed in the earlier Loch Sunart Granodiorite. The 
degree of strain indicated by these fabrics decreases towards the northern sheeted complex. 

Emplacement of the Glen Sanda Granodiorite. 
Hutton (1988b) considers that the siting of the Glen Sanda Granodiorite was controlled 

by a dextral shear zone (a splay of the Great Glen Fault related to the Loch Quoich Line) on 
the western side of the Granodiorite which diminishes northwards in its movement and 
terminates in an extensional fracture zone (the northern sheeted complex). The overall shape 
of the intrusion is similar to the Loch Sunart Granodiorite and the space for the intrusion was 
created by movement of a hangingwall attached to the southern side of the Great Glen Fault 
(Hutton, 1988b) (Fig. 6.5). The crystal plastic strain fabrics in the Loch Sunart Granodiorite 

are due to the emplacement of the Glen Sanda Granodiorite. 

Fig. 6.5. A model explaining the emplacement mechanism of the Glen Sanda Granodiorite in a dextral 
shear zone termination related to the Great Glen Fault. Taken from Figure 7 of Hutton (1988b). 
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6.2.4) Radiometric age and U-Pb zircon data. 

Loch Sunart Granodiorite. 
Radiometric ages have been obtained by various methods and by various workers (Miller 

& Brown, 1965; Pidgeon & Aftalion, 1978; Rogers & Dunning, 1990, in press) and the 
U-Pb zircon systematics have also been studied (Pidgeon & Aftalion, 1978; Halliday et al., 
1979; Rogers & Dunning, 1990, in press). Table 6.2 summarises the results of all of this 
work. 

Table 6.2. Summary of age and inherited zircon data available for the Loch Sunart Granodiorite of the 
Strontian Complex. 

Age (Ma) Method Comments 

429 ± 19 K-Ar biotite isotope dilution. The K-Ar ages have been recalculated using 
415 ± 18 K-Ar biotite isotope dilution. decay constants of Steiger & Jäger (1977). 
441 ± 19 K-Ar biotite total volume. 

Miller & Brown (1965). Locality - "2 miles west of Strontian". 

435 ± 10 U-Pb zircon upper No indication of inheritance. 
intercept 

Pidgeon & Aftalion (1978). Samples used; RC 1258 (non-porphyritic fades) and RC1259 (nearby 
microdiorite enclave). Locality - NM 850610. 

(-435) U-Pb zircon, 2O7Pb/2O6Pb age. U-Pb intercepts 504 +433 69 and 339 
+68-383 Ma. Inheritance thought unlikely 
by Halliday et al.. (1979) because the 
2 7pb/206pb age is close to 435 Ma age of 
Pidgeon & Aftalion (1978). See below 

- Rogers & Dunning (1990, in press). 
Halliday eta!. (1979). Sample; RC1841(porphyritic facies). Locality - NM 780560. 

425± 3 U-Pb zircon upper intercept of Sample as Halliday et al. (1979). Small 
longitudinal cracked prisms which amount of inheritance in abraded prisms 
contained no inheritance. and prism tips, this is in contrast to the 

findings of Halliday et al. (1979). The prism 
tips gave an upper intercept of 1713 
+191-155, the prisms 1083 +202.140. 

Rogers & Dunning (1990, in press). 
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Glen Sanda Granodiorite 
Two sets of workers have obtained age data on the Glen Sanda Granodiorite - Miller & 

Brown (1965) and Halliday et al. (1979). The latter also presented work on the U-Pb zircon 
systematics. All the available data is presented in Table 6.3. 

Table 6.3. Summary of age and inherited zircon data available for the Glen Sanda Granodiorite, part 
of the Strontian Complex. 

Age (Ma) Method Comments 

388 ± 17 K-Ar biofite isotope dilution. The K-Ar ages have been recalculated using 
decay constants of Steiger & Jäger (1977). 

Miller & Brown (1965). Locality - L. Uisge'. 

381+9_10 Zircon U-Pb, lower intercept Upper intercept 1462 +102 96 Ma. Marked 
of reverse discordia. inherited component. 

Halliday et al. (1979). Sample RC1840. Locality close to that of Miller & Brown (1965) - NM 
809553. 

Discussion of the radiometric age data. 
Because of the low blocking temperature of the K-Ar decay scheme in biotites (-300°C, 

Purdy & Jäger (1976), Turner & Forbes (1976)) the ages obtained from granitoids reflect 
post-emplacement cooling. Pidgeon & Aftalion (1978) disregarded the K-Ar age of 388 ± 17 
Ma for the Glen Sanda Granodiorite obtained by Miller & Brown (1965) because of the low 
K2O content (4.74%) obtained from the biotite separate. However, Miller & Brown (1965) 

attributed the low K2O content to the presence of other non-potassium containing phases. 
The U-Pb zircon studies of Pidgeon & Aftalion (1978), Halliday et al. (1979) and Rogers 

& Dunning (1990, in press) have established that the Loch Sunart Granodiorite has minor 
inheritance whilst the Glen Sanda Granodiorite has substantial inheritance. The U-Pb zircon 
lower intercept age of 381 +9.10 Ma obtained by Halliday et al. (1979) for the Glen Sanda 
Granodiorite indicates a substantial time gap between the Loch Sunart Granodiorite and the 
Glen Sanda Granodiorite. However, this age was not obtained using modern U-Pb zircon 
techniques (ie. careful grain separation and selection procedures and abrasion techniques 
(Krogh 1982a and 1982b)) and for this reason is not considered to be accurate. 

The 425 ±3 Ma U-Pb zircon age of Rogers & Dunning (1990, in press) for the Loch 
Sunart Granodiorite was obtained using careful grain selection procedures and abrasion 
techniques and is considered the only reliable age determination available for any part of the 
Complex. However, it should be noted that the marked differences in many aspects of the 
Loch Sunart Granodiorite and the Glen Sanda Granodiorite do not prevent the latter being 
significantly younger. 

The nature of zircon inheritance in the Complex, in the light of ZCI studies, is discussed 

at some length in Chapter 8. 
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6.2.5) Chemical and isotopic observations. 

Whole rock chemistry. 
The chemistry of the Complex has been considered by Sabine (1963), Marston (1970), 

Pankhurst (1979) and Holden (1987). 
Sabine (1963) showed that the chemistry of the porphyritic and non-porphyritic facies of 

the Loch Sunart Granodiorite is very similar, both parts have similar silica concentrations 
(-60 to 70 wt%). Sabine (1963), Marston (1970), Pankhurst (1979) and Holden (1987) 
noted that there are uniform variations of many elements; for example there are increases in 
K20 and A1203 and decreases in Fe203, CaO, TiO2, P205 and Sr, and to a lesser extent the 
REE and Zr with increasing SiO2. 

The Glen Sanda Granodiorite has a higher, but more restricted range of SiO2 content, 
about 70 to 73 wt% (Sabine, 1963; Holden, 1987). It has lower contents of Fe203, CaO, 
Ti02, P205, Zr, Sr, Ba and the REE than the Loch Sunart Granodiorite (Sabine, 1963; 
Pankhurst, 1979; Holden, 1979). Pankhurst (1979) described the general decrease of total 
REE content with increasing evolution, although he considered that the Loch Sunart 
Granodiorite and the Glen Sanda Granodiorite were related by fractional crystallization. The 
REE data of the Complex is considered in more detail in Chapter 7 in the light of more 
detailed knowledge of whole rock chemistry and other constraints. 

Holden (1987) showed that the 'appinites' have a broad compositional range from about 
46% to 64 wt% SiO2 (the norm is about 50-55 wt%) and are generally high in Fe2O3, CaO, 
MgO, Ni and Cr. 

Isotope chemistry. 
Apart from the radiometric age dates and inherited U-Pb zircon data there is a 

considerable base of Sr, Nd, 0, H and S isotope data, this is summarised in Table 6.4. 
The following points about the available isotope data should be noted. 
1) There is a marked contrast in the 87Sr/86Sr initial ratios, the ENd values and the stable 

isotope ratios of 0 and S for the Loch Sunart Granodiorite and the Glen Sanda Granodiorite. 
2) Enclaves found in the Loch Sunart Granodiorite have 87Sr/86Sr initial ratios that are 

similar to their immediate host, but the ENd values for the enclaves are -2 units higher. 
3) The limited Sr isotope data on enclaves from the Glen Sanda Granodiorite show that 

they have slightly lower 87Sr/86Sr initial ratios than their hosts. 
4) There is a large range of 87Sr/86Sr initial ratios and ENd values for the appinites, even 

within single bodies. 
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Table 6.4. Summary of available Sr, Nd, 0, H and S isotope data for the Strontian Complex. 

87Sr/46Sr ENd 8180 
(425 Ma) (425 Ma) (96o SMOW) 

Sources (see below) 1,2,5,6 

Loch Sunart 
Granodiorite 

Enclaves 

Glen Sanda 
Granodiorite 

Enclaves 

Appinites(2) T2 
PG 
BG 

Edge to Centre 
traverse through 
BG 

1,5,6 

0.70530 to -2.3 to 
0.70600 (22) +0.4 (9) 

0.70505 to +0.3 to 
0.70608 (5) +1.5 (5) 

0.70682 to -6.4 (1) 
0.70718 (5) 

0.70591 to 
0.70657 (3) 

0.70599 (1) -5.7 (1) 
0.70595 (1) -1.5 (1) 
0.70569 (1) -2.2 (1) 

0.70674 (E) to - 
0.70574 (C) (6) - 

SD 834S(l) 
(%oSMOW) (%oCDT) 

34 7 

7.1 and 7.3 -57 and -52 -1.8 
(2) (2) (mean of 6) 

8.5 (i) -56 (2) +7.0 
(mean of 3) 

Numbers in brackets correspond to the number of detenninations. All initial 87Sr/86Sr ratios and ENd 
values have been recalculated to the 425 Ma U-Pb zircon age of Rogers and Dunning (1990, in 
press). More than one isotope technique has been used on some of the samples, notably those for the 
enclaves and appinites, the reader is referred to the relevant papers. 
(1) -S isotope data obtained from pyrite and pyrrhotite separates. 
(2) - naming of individual appinites from Holden (1987): PG and T2 are in the Loch Sunart 
Granodiorite, BG in the Glen Sanda Granodiorite. 
References: 1, Hamilton et al. (1980); 2, Halliday et al. (1979); 3, Harmon & Halliday (1980); 4, 
Harmon (1984); 5, Holden (1987); 6, Holden et al. (1987); 7, Laouar (1987). 

Discussion of the isotope data. 
The ENd values of around +1 for the enclaves of the Loch Sunart Granodiorite led 

Holden et al. (1987) to suggest that they represents mantle input into the genesis of the 
granitoid. Equilibration of Sr isotopes is thought to be the reason there is not a contrast in 
87Sr/86Sr initial ratios for the enclaves and their host (Holden et al., 1987). They also state 
that because the enclaves plot at the end of the Sr-Nd array for the Loch Sunart Granodiorite 

that mantle derived Nd is an important contributor to the overall Nd budget of the Loch 
Sunart Granodiorite. The limited Pb isotopic memory shown by zircons from the Loch 
Sunart Granodiorite indicates that there was some crustal contribution. 

The ENd values, the 87Sr/86Sr initial ratios and the substantial zircon inheritance shown by 
the Glen Sanda Granodiorite indicate that there was a greater crustal input in its genesis than 
in the Loch Sunart Granodiorite (Halliday, 1984) and that the two parts of the intrusion 
cannot be related solely by fractionation processes. 
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The centre to edge variation of 87Sr/86Sr initial ratios of an appinite that cuts the Glen 
Sands Granodiorite was interpreted by Holden (1987) as being due to mixing with the host 
granitoid. The most primitive of these values indicate that the appinites have a mantle origin 
(Holden, 1987). However the limited data base, the lack of understanding of the petrogenesis 
of the Caledonian 'appinite' suite and the variability of the Sr and Nd isotope results preclude 
more extensive comment. 

6.3) PROBLEMS OUTSTANDING. 

It can be seen that many aspects of the Complex are well understood, although it should 
be equally clear that there are problems remaining and areas in which the data base is 
deficient. 

The relationship between the Loch Sunart Granodlorite 

and the Glen Sanda Granodiorite. 
The pluton has been considered, without good foundation, to be normally zoned (ie. 

more evolved in the centre). This is probably for two reasons; firstly, the previously used 
field terminology for the rock units was rather loosely defined and used, and secondly, prior 
to the existence of isotopic data, the Glen Sanda Granodiorite had been assumed to related to 
the earlier Loch Sunart Granodiorite by fractionation processes (Pankhurst, 1979). The fact 
that the Glen Sanda Granodiorite is clearly later and was not centrally emplaced into the Loch 
Sunart Granodiorite, the Complex is best described as being composite. 

Exactly how the Loch Sunart Granodiorite and the Glen Sanda Granodiorite are related to 
one another is not clear. The different isotopic signatures cannot be explained solely by 
fractionation processes. Although the differences could be due to two, isotopically distinct, 

sources and/or variable mixing of more than one source. The mantle signatures of the 
enclaves (Holden et al., 1987) suggest that the latter process did occur, although this should 
not be taken to indicate that this is necessarily the reason for the isotopic differences between 
the Loch Sunart Granodiorite and the Glen Sanda Granodiorite. An accurate U-Pb zircon age 
for the Glen Sanda Granodiorite is clearly needed as a first step in solving this problem. 

The relationship and between the p phyritic and non-porphyritic 
fades of the Leh Sunart Granodiorite 
The structural studies of Hutton (1988a and 1988b) indicate that the emplacement of the 

two facies should be considered as one event. Furthermore, the chemical and mineralogical 
similarities of the porphyritic and non-poiphyritic facies led Sabine (1963) and Munro (1965) 
to suggest that the two facies are closely related. An adequate knowledge of the spatial 
distribution of whole rock variations in the Loch Sunart Granodiorite is required to explore 
further the relationships between the two facies. 
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Mineral chemistry and the relationship to whole rock chemistry. 
There is simply no published data on the mineral chemistry of either the Loch Sunart 

Granodiorite or the Glen Sanda Granodiorite. Knowledge of the mineral chemistry would 
allow a better understanding of the crystallisation history, including fractionation processes 
and subsolidus changes. Together this information allows critical consideration of the whole 
rock chemistry. 

The on anaru n le h 
1 

AM ini ui iile aeavgc n f Lrunumn ý. on u lex 
The lobate and 'pillowed' contacts that at least one of the basic 'appinitic' bodies has with 

the pluton suggests that granitic and basic liquids coexisted (Holden, 1987). Holden (1987) 

also suggested that the microdiorite enclaves, which are thought to represent input of mantle 
material, may be closely related to the basic bodies. Further work on the 'appinites' is 

required before their relationship to the pluton and its enclaves is fully understood. 
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Chapter 7 
The whole rock and major mineral chemistry of the 

Strontian Complex. 
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7.1) INTRODUCTION. 

This Chapter has three aims: 1) to describe the compositional variations in the Loch 
Sunart Granodiorite and the Glen Sanda Granodiorite; 2) to describe the geographical 
distribution of composition in the Loch Sunart Granodiorite; and 3) to document the REE and 
major mineral chemistry of a small, but representative subset of samples. The same subset of 
samples is used in the description of the accessory phases which is considered in Chapter 8. 

7.2) WHOLE ROCK CHEMISTRY. 

The whole rock concentration of major and trace elements was determined by XRF. Full 
details of the sample localities, methods and analytical results are given in Appendices IA, 2, 

and 6 respectively. 

7.2.1) General chemistry of the Strontian Complex. 

In Figure 7.1 analyses of samples from Loch Sunart Granodiorite (59 samples) and the 
Glen Sanda Granodiorite (34 samples) are shown on an AFM plot and a total alkalies versus 
SiO2 diagram. These demonstrate the calc-alkaline and subalkaline affinities of both parts of 
the Strontian Complex. Harker-type variation diagrams are shown in Figure 7.2; for most 
elements there is no clear distinction between the two main parts to the Complex, although 
there is no extensive overlap either, only for total Fe (Fe determined as Fe2O3) is there a 
'compositional gap', about 0.5 wt%. The porphyritic and non-porphyritic facies of the Loch 
Sunart Granodiorite show an almost complete compositional overlap, confirming the 

Loch Sunart Granodiorite F-I 

Tholeiitic 
- 

Calc-allcaline 

Glen Sanda Granodiorite 

Fig. 7.1. Total alkalies versus Si02 diagram (a) and an AFM plot (b) showing the calc-alkaline 
affinities of both parts of the Strontian Complex. Division lines after Irvine & Baragar (1971). 
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observations of Sabine (1963). The Fe/(Fe+Mg) values for the Loch Sunart Granodiorite do 
not change systematically through the range of composition, however, there is notable scatter 
beyond that expected from analytical uncertainty. Most of this scatter is due to variations in 
the MgO concentration. The pattern in the Glen Sanda Granodiorite is similar although the 
Fe/(Fe+Mg) values are generally higher (Fig. 7.3). 

In both parts to the Complex there are systematic decreases in total Fe (as Fe2O3), Ti02, 
CaO and to a lesser extent MgO, with increasing SiO2. Similar plots for Na2O and K20 (Fig. 
7.4) show a greater degree of scatter, with ill defined trends. However, the K20 content of 
the porphyritic facies of the Loch Sunart Granodiorite is generally higher than the otherwise 
similar non-porphyritic facies. 
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In Figure 7.5 various trace element variation diagrams for the Complex are shown. The 

plots of V and Sr show most of the characteristics of the Harker variation diagrams of Figure 
7.2, there is no compositional gap or extensive overlap between the two main parts and there 
are coincident trends. For Ba and Zr there is a high degree of scatter, beyond that expected 
from analytical error. Rb shows very little variation in the Loch Sunart Granodiorite, but it is 

significantly higher in the Glen Sanda Granodiorite. This difference in the Rb concentrations 
is shown by the Rb/Sr ratio (Fig. 7.6). 

In the description of the Complex given in Chapter 5 it was noted that the REE content is 
lower in the more siliceous Glen Sanda Granodiorite than in the Loch Sunart Granodiorite 
(Pankhurst, 1979), a feature seen in other granitoid plutons (eg. Mittlefehldt & Miller, 1983). 
When considered separately the pattern of REE concentrations in the Loch Sunart 
Granodiorite is not so simple, plots of Ce and Y (as measured by XRF) have a high degree 
of scatter (Fig. 7.7), greater than the analytical uncertainty. Within this scatter there is a very 
general trend towards reduced REE concentrations in the more siliceous rocks. Pankhurst 
(1979) noted that in both parts the relative REE distribution is LREE enriched, there is no Eu 
anomaly and the patterns for a wide range of compositions are essentially parallel. The latter 
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observations are consistent with the Ce/Y ratios plotted in Figure 7.7 which show no 

systematic variation with whole rock evolution. 
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7.2.2) The spatial distribution of composition in the Strontian Complex. 

The contoured composition maps were produced using Surface II, a programme written 
by R. J. Sampson and published by the Kansas Geological Survey. An outline of the 
contouring method used by Surface II is given in Appendix 2D. Only contoured composition 
maps of SiO2 and total Fe are shown, however, similar patterns result for maps contoured for 

other elements. Due to the restricted compositional range (-69-73 wt% SiO2) of the Glen 
Sands Granodiorite only the spatial distribution of composition in the Loch Sunart 
Granodiorite is considered. 

Included in the data set are the analyses of Mercy (1963) (9 samples), Sabine (1963) (1 
sample) and Holden (1987) (8 samples), making a total of 77 (the sample numbers and grid 
references of all samples are in Appendix IA). The spacing of contours was chosen to be 
greater than the statistical variation of the data, estimated using the multiple analyses of 
Holden (1987). The distribution of sample localities is shown in Figure 7.8, in some areas 
the density of sample localities is sparse. 

a0 
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Fig. 7.8. Map showing the distribution of sample localities in the Loch Sunart Granodiorite used in 
the contouring of compositional data, included are the localities of Mercy (1963), Sabine (1963) and 
Holden (1987). 

The spatial distribution of composition in the Loch Sunart Granodiorite. 
Maps showing the spatial distribution of Si02, and total Fe are given in Figure 7.9 and 

7.10 respectively. The distribution patterns for the two elements, as would be expected, are 
very similar, there are some areas with smoothly varying composition and others with steep 
compositional gradients, the latter possibly indicating internal contacts. In Glen Tarbet, for 

example, the Si02 concentration is seen to vary from -60 to 69 wt% over a distance of 5600 
m (600 m is the distance between two adjacent samples). The distribution pattern for both 
Si02 and total Fe appears to be independent of the mapped porphyritic/non-porphyri tic 
contact, a fact which is consistent with the observations presented in Section 7.2.1. 



Fig. 7.9. Map of the Loch Sunart Granodiorite showing the spatial distribution of Si02 
concentration (wt%). The dark areas are the most basic (low in Si02), the light areas the most acid 
(high in Si02). 
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Fig. 7.10. Map of the Loch Sunart Granodiorite showing the spatial distribution of total Fe 

concentration (FeO wt%). The dark areas are the most basic (high in total Fe), the light areas the 

most acid (low in total Fe). 
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Fig. 7.11. Map of the Loch Sunart Granodiorite showing the spatial distribution of K20 concentration 
(wt%). The dark areas are low in K20 and the light areas are high in K20. 
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However, the position of the porphyritic/non-porphyritic boundary does appear to be 
relevant for K20 concentration (Fig. 7.11), the higher K20 concentrations occurring towards 
the centre of the Loch Sunart Granodiorite with the lower values to be found around the north 
eastern area of the non-porphyritic fades. Parts of the distribution pattern shown by SiO2 and 
total Fe can still be 'seen through' the pattern of K20 distribution, notably in the Glen Tarbet 
area east of Loch Sunart and in the area around the sheeted contact with the Glen Sanda 
Granodiorite. However, the overall pattern of K20 distribution confirms the distinction 
between the porphyritic and non-porphyritic facies shown in Figure 7.4. 

The distribution of K20 apart, the overall pattern of compositional distribution in the 
Loch Sunart Granodiorite shows very little concentricity. The Loch Sunart Granodiorite 
should not be considered normally zoned, since the more evolved compositions do occur at 
the margins; equally it should not be described as reversely zoned because there are 
significant deviations from a simple concentric distribution pattern. 

7.3) DISCUSSION OF THE WHOLE ROCK 
COMPOSITIONAL VARIATIONS. 

On the basis of the isotopic evidence (described in Chapter 6) it is clear that the Glen 

Sanda Granodiorite cannot be related to the earlier Loch Sunart Granodiorite solely by 
fractionation and thus the coincidental trends of whole rock composition must be largely 
fortuitous. These coincidental trends almost certainly reflect similarities in the processes and 
conditions that prevailed, and probably are to be expected of granitoids within a restricted 
range of environment and composition. 

The distribution of compositional variation in the Loch Sunart Granodiorite is not related 
to the position of the mapped porphyritic/non-porphyritic boundary, this reinforces the 

suggestion of Sabine (1963) and Mercy (1963) that the two parts should not be considered 
separately. The pre-full-crystallization fabric in the Loch Sunart Granodiorite preserves 
structures developed during the deformation of the magma when it had a high crystal content 
(Hutton, 1988b). Two points can be inferred from this. 

1) The spatial distribution of composition must have been partially controlled by the 
deformation that led to the development of the fabric, although it is difficult to asses the 

extent. 
2) Any process of fractionation that produced the observed compositional variations must 

have taken place prior to the final development of the pre-full-crystallization fabric, since 
subsequent fractionation would have destroyed this fabric. 

The restriction on the extent of fractionation possible after the fabric forming event, 
combined with the unaligned, texturally replacive nature of the alkali-feldspar phenocrysts 
(Sabine, 1963 and Munro, 1963) and the independence of K20 distribution, suggests that a 
mobile, fluid phase was in part responsible for the distribution of K20. Thus it is proposed 
that the development of the alkali-feldspar phenocrysts of the porphyritic facies of the Loch 
Sunart Granodiorite must have been, in part, due to a late, post-emplacement metasomatic 



102 

event and not wholly due to primary magmatic crystallization. The central position of the 
porphyritic facies and the listric shape of the Loch Sunart Granodiorite suggest that if the 
phenocrysts do have a replacive metasomatic origin that the late fluid phase responsible was 
concentrated in the roof, although the roof is no longer present due to erosion. 

The existence of steep compositional gradients may indicate the presence of internal 

contacts other than that between the porphyritic and non-porphyritic facies. If there are 
internal contacts the fact that they have not be identified is probably due to the importance that 
has been attached to the differences between the non-porphyritic and porphyritic facies. This 
importance is understandable, since the textural contrasts of the two facies dominates their 
appearance in the field, although the chemical evidence suggests that it is not warranted 

The internal contacts of the Ardara pluton are marked by sharp changes in the amount of 
strain measured from deformed microdiorite enclaves (Holder, 1979), with concomitant 
changes in texture and mineralogy. Similar sharp changes of strain or swings in the 

orientation of the foliation in the Loch Sunart Granodiorite were not identified by Hutton 
(1988b). The fact that there is a lack of internal structural discontinuities may be consistent 
with the essentially passive emplacement of the Loch Sunart Granodiorite that is envisaged 
by Hutton (1988a and 1988b); the space for intrusion being largely created by the relative 
lateral movement of a hangingwall and a footwall. It may also be significant that the strain 
measurement traverses carried out by Hutton (1988a and 1988b) did not approach any of the 
steep compositional gradients identified in this work. 

Both the gradational and sharp changes of composition could be due to episodic 
emplacement of a magma of changing composition. This would require that the process 
responsible for the compositional variations to have taken place below the level of 
emplacement. The exact nature of the steep compositional gradients can only be investigated 
by further field observations, structural studies and whole rock analyses. 

7.4) THE SUBSET OF SAMPLES. 

The subset of samples consists of four rocks from the Loch Sunart Granodiorite (two 
from each of the facies) and two from the Glen Sanda Granodiorite (see locality map, Fig. 
7.12). They are representative of the whole rock variations encountered in the two main parts 
to the Complex. The subset of samples was used in the determination of whole rock REE 

concentrations (by INAA), modal analysis of major mineral phases (by point counting) and 

major phase chemistry (by EPMA). The rock numbers of the subset, eg. BPSRTI, all share 
the same stem (BPSR) and thus will be referred to only by the last part. 
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Fig. 7.12. Map of the Sttontian Complex showing the location of the subset of samples. 
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7.4.1) Whole rock chemistry of the subset of samples. 

The whole rock XRF and INAA data for the subset of samples is shown in Table 7.1. 

The methods and results of the INAA are given in Appendices 2E and 7 respectively. 

Table 7.1. The whole rock chemistry (by XRF and INAA) of the samples used in the study of 
mineral chemistry. Major elements (XRF) are expressed as wt% oxide, trace elements (XRF) as ppm, 
REE (INAA) as ppm. The total includes the trace element concentrations obtained by XRF. 

Loch Sunart Granodiorite: Glen Sanda Granodiorite 
Non-Porphyritic Porphyritic 

Sample BPSRTI BPSRT2 BPSRT3 BPSRT4 BPSRGI BPSRG4 

SiO2 60.34 69.07 62.25 64.37 72.93 71.14 
TiO2 0.95 0.48 0.89 0.74 0.18 0.30 
A1203 17.10 15.32 16.03 15.59 14.75 15.47 
Fe2O3 4.93 2.66 4.44 3.92 1.25 1.76 
MnO 0.08 0.05 0.07 0.07 0.03 0.04 
MgO 322 1.40 3.30 2.88 0.65 1.08 
CaO 4.80 1.97 3.76 3.43 1.20 1.79 
Na2O 5.43 4.41 4.37 4.17 4.58 4.22 
K2O 2.26 3.95 3.56 3.78 4.14 4.04 
P2O5 0.36 0.17 0.33 0.27 0.08 0.10 
Loss 0.80 0.80 0.60 0.60 0.60 0.20 

Total 100.59 100.50 99.90 100.08 100.55 100.34 

Nb 10 9 14 15 56 
7r 260 174 214 196 117 144 
Sr 1263 655 1107 931 458 543 
Rb 43 100 67 74 130 133 
Tb 10 14 18 30 13 22 
Pb 13 24 18 18 32 32 
Zn 71 48 60 42 16 34 
Cu 8 20 19 18 13 16 
Ni 50 15 49 43 9 10 
Cr 71 19 61 58 39 
V 107 50 92 68 18 25 
Ba 1150 981 1111 964 753 964 
Hf 756644 
La 37 33 57 45 14 22 
Ce 75 54 90 86 30 45 

y 18 10 18 20 11 17 

La 49.7 43.9 66.6 59.1 19.0 24.7 
Ce 97.3 70.1 122.6 109.3 42.7 43.7 
m 36.4 20.5 41.6 36.7 16.0 16.1 
Sm 5.82 4.30 6.21 5.89 2.14 3.15 
Eu 1.58 1.06 1.39 1.38 0.66 0.81 
Yb 1.42 1.08 1.53 1.80 0.65 1.18 
Lu 0.22 0.18 0.23 0.25 0.13 0.16 
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The REE data is shown on a chondrite normalised plot (Fig. 7.13). The REE distribution 

patterns are LREE enriched, generally parallel and have no Eu anomaly (all features first 

noted by Pankhurst (1979)). The observation of Pankhurst (1979) that the more siliceous 
Glen Sanda Granodiorite has generally lower REE concentrations than the Loch Sunart 
Granodiorite is borne out. 

IiII. 1 -1 ,ý, IIII) 
La Ce Nd Sm Eu Yb Lu 

Fig. 7.13. Chondrite-normalised plot of REE concentrations in the subset of samples. The chondritic 
values used are those recommended by Nakamura (1974). 

7.4.2) The abundances of mineral phases in the subset of samples. 

A note on the modal analysis of accessory phases by point counting, 
Modal analysis of minerals present in accessory quantities by point counting of thin 

sections should be treated with caution; Gromet & Silver (1983) determined the modal 

quantities of all phases in a single granodiorite by counting 18,000 points over 10 thin 

sections and still found that the errors for accessory phases, based on counting statistics, 

were unacceptably high. The basis of modal analysis by point counting is that it is performed 

across a two-dimensional surface and most thin sections of coarse grained rocks can be 

considered to be a good approximation to this ideal. However, very small mineral grains 
(often present as inclusions) may be overestimated by point-counting because the 'area' being 

counted is actually a three-dimensional volume. It has also been noted (eg. Gromet & Silver, 
1983; Sawka, 1988 and Mittlefehldt & Miller, 1983) that because accessory phases are 
commonly small, errors due to misidentification are more likely. 
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The mineral abundance data. 
For the purpose of this study the abundances of major phases (and titanite in the Loch 

Sunart Granodiorite) were obtained by point counting and those of zircon and apatite were 
calculated by the methods advocated by Sawka & Chappell (1988); apatite from the CIPW 

norm and zircon on the basis of 0.1% zircon per 700 ppm whole rock Zr. These methods 
overestimate apatite and zircon abundances as they do not account for P and Zr contained in 
other phases, although for comparisons between similar and related rocks they are deemed 

adequate. Sawka & Chappell (1988) calculated the abundance of titanite by assuming that all 
the whole rock Ta is to be found in that phase and that the concentration of Ta in titanite from 
a given rock is constant, they used an analogous method, using Th, to calculate allanite 
abundances. These methods have not been employed due to the ubiquitous zoning present in 
these phases, a problem acknowledged by Sawka & Chappell (1988). Titanite was included 

when performing point counting, due to the lack of a suitable alternative method for 

calculating titanite abundances. The errors, estimated from counting statistics, in the 
measured abundances of titanite are still high, z 50% (1a). 

Table 7.2. Mineral abundance data; major phases and titanite by point counting (21000 points per 
thin section), apatite and zircon by calculation, all expressed as volume %. Also shown are the other 
minerals present (represented by V), in all cases abundances are low, estimated to be less than 0.1%. 
The text gives an explanation of the methods used and discusses the reliability of the information. 

Loch Sunart Granodiorite: Glen Sanda Granodiorite 
Non-Pbrphyritic Porphyritic 

Sample BPSRTI BPSRT2 BPSRT3 BPSRT4 BPSRGI BPSRG4 

Point Counting Data: 

Plagioclase 54 48 54 51 49 48 
Alkali-Feldspar 12 18 12 15 21 23 
Quartz 15 21 16 18 23 22 
Hornblende 5.2 9.0 9.2 7.5 -- 
Biotite 7.5 5.6 7.1 5.9 5.5 5.6 
Titanite 0.8 0.3 0.8 0.6 - 

'I 

Opaques and 
Other Accessories. 1.5 1.9 1.1 2.0 1.5 1.2 

Calculated Abundances: 

Zircon 0.037 
Apatite 0.85 

Other Minerals Present 

Allanite - 
Monazite - 
Magnetite/ 
Ilmenite 

0.025 0.031 0.0328 0.017 0.021 
0.40 0.78 0.64 0.19 0.24 

JJ 
JJ 
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For the reasons outlined above the mineral abundance data presented in Table 7.2 should 
only be used as a guide to the abundances of the accessory phases, the absolute values given 
are virtually meaningless. The lack of a rapid, and above all, reliable method for obtaining 
information on the abundance of phases present in accessory quantities is a serious hindrance 
to quantitative studies. 

7.5) THE CHEMISTRY OF MAJOR MINERAL 
PHASES FROM THE SUBSET OF SAMPLES. 

The chemistry of major mineral phases from the subset of samples was determined by 
electron microprobe. Full details of the methods and results are given in Appendices 2F and 8 

respectively. 

7.5.1) Plagioclase feldspar. 

Optically it can be seen that the plagioclase feldspars in all the samples are continuously 
zoned from centre to edge, multiple discontinuous zoning is only rarely found. Microprobe 

analysis confirmed the presence of continuous zoning, and show that it is towards more 
albitic edge compositions (see Fig. 7.14). Overall the plagioclase analyses are very restricted 
in their compositional range. 

Fig. 7.14. Plot of plagioclase compositions from the Strontian Complex projected onto part of the 
ternary feldspar system. 
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In the Loch Sunart Granodiorite there is also a change in composition between the 
samples; Ti, the sample with the lowest SiO2 content (60 wt% SiO2), has plagioclase 
feldspars which are generally less albitic than those of T2 (69 wt% SiO2).. Thecompositional 

contrast between the centre and edge compositions is greater in 72 (about Ab6) than in Ti 
(about Abi2). A few grains have distinct, strongly albitic (Oro 2Ab93, -99An1-2) areas around 
their edges which are discontinuous, in terms of composition, with the interior of the grain. 
Plagioclases from Gland G4 of the Glen Sanda Granodiorite are indistinguishable from one 
another and have compositions similar to those from the Loch Sunart Granodiorite. The 

plagioclase feldspar from each of the Loch Sunart Granodiorite samples have similar 
compositional ranges. 

Ba was not included in the original analysis programme, however later some plagioclase 
feldspars from each of the samples were re-analysed with Ba included, it was found that they 
did not contain detectable quantities of Ba so the original analyses were retained. 

7.5.2) Alkali-feldspar. 

The alkali-feldspars are generally microperthitic, but some areas are apparently flee of 
intergrowth, although they are probably cryptoperthitic. In most cases the alkali-feldspars do 

not contain detectable Ca, although, unlike the plagioclases, Ba was found in significant 
quantities. The preference that Ba has for the alkali-feldspar over plagioclase is the pattern 
commonly observed (Heier, 1962). The analyses are presented on a diagram (Fig. 7.15) with 

albite, orthoclase and celsian (Cn) end members. 
The alkali-feldspars often contain vein-like areas (up to 15µm across) or inqpdar patches 

of Ba-rich allcaii-feldspar (-Cnto), in grains that otherwise contain no mote than Cn4 (see 
Plate 7.1). Such areas are present in all samples, not just T1 from which analyses are 
reported. In all cases they have an epitaxial relationship to their host alkali-feldspar, they 

often seen to cross-cut microperthite structures and do not continue into adjacent phases. 
These areas with high Ba concentration are a relatively minor constituent of the total 

alkali-feldspar. The distribution of Ba in relation to the visible microperthite structures has 

not been investigated. 
Leaving aside the Ba-rich areas, the alkali-feldspars from all the samples have a restricted 

range of composition in terms of orthoclase, albite and celsian end members. Most grains 
have centre compositions which are more enriched in the albite and eelsian components than 
the edge compositions. The actual texture of the internal compositional variations (zonation) 
is not apparent optically. The four samples from the Loch Sunart Granodiorite show small 
but distinct differences of composition in terms of both alkali and Ba content. Alkali-feldspar 

analyses from Ti are more albitic and have a higher Ba contents than those from the more 
evolved T2. T3 and T4 have Ba concentrations intermediate between Ti and T2 and show a 
greater spread in terms of albite and orthoclase end members. The alkali-feldspar analyses 
from the Glen Sanda Granodiorite samples are virtually identical in terms of albite and 
orthoclase end members, although Ba concentration is slightly higher in G 1. 



Plate 7.1. ZCI of an alkali-feldspar in a thin section of BPSRTI (Loch Sunart 

Granodiorite). The high bright vein-like areas have higher concentrations of Ba than 
the darker grey host. Further explanation is given in the text. 
15 kV, 20 nA, (6,7), scale bar 100 gm. 

Plate 7.2. ZCI of amphibole grain in a thin section of BPSRT1 (Loch Sunart 
Granodiorite). The black is quartz, the light grey area is hornblende and the 
generally middle grey area between the two is actinolite, note that the compositional 
boundary between the hornblende and the actinolite is discontinuous but does not 
represent a boundary between distinct crystals. 
15 kV, 20 nA, (6,7), scale bar 10 µm. 
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Fig. 7.15. Plot of alkali-feldspar compositions from the Strontian Complex projected onto part of a 
ternary system with orthoclase, albite and celsian (Cn) end members. 

7.5.3) Amphibole. 

All the mineral names used are those recommended by the International Mineralogical 

Association report on the nomenclature of amphiboles compiled by Leake (1978). As 

described earlier, hornblende is only occasionally present in the Glen Sanda Granodiorite and 

was not found in either G1 or G4. The microprobe results for amphiboles from the Loch 

Sunart Granodiorite are presented graphically in Figure 7.16. 
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Fig. 7.16. Amphibole compositions from the Loch Sunart Granodiorite plotted on the calcic 
amphibole classification diagram of Leake (1978); number of Si cations plotted against the cationic 
Mg/(Mg+Fe2+) ratio. Amphibole mineral formula were calculated on the basis of 23 oxygens. The 

number of Fe2+ cations in the total Fe was estimated from the electron microprobe analyses by the 
method recommended by Leake (1978). 

All the amphiboles are calcic and most fall into a group which straddles the 

magnesio-hornblende/actinolitic hornblende boundary, although all the grains studied have 

areas, usually the rims, with actinolite compositions. There is no continuum of composition 

between the hornblendes and the actinolites. Plate 7.2 shows an amphibole grain which is 

predominantly hornblende but has an actinolitic edge, the boundary between the two is sharp. 

It is important to note that actinolite is over represented in terms of number of analyses, the 

maximum amount present in any one crystal is usually only a few percent. Apart from having 

substantially different Mg/(Mg+Fe) ratios and much lower concentrations of Al, the 

actinolites have lower concentrations of Ti and greater concentrations of Mg, Si and Ca than 

the hornblendes. 

The compositional variation of the hornblendes is limited, although there are increases, 

towards the rims, in Al, Fe, Ti, Na and K, and decreases in Si and Mg. The range of the 

Fe/(Fe+Mg) ratios (excluding the actinolite analyses) for the four samples is shown 
diagrammatically in Figure 7.17, also shown are the whole rock Fe/(Fe+Mg) ratios. The 

Fe/(Fe+Mg) ratios of the crystal edges (the highest values) vary in sympathy with the whole 

rocks values. 
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Fig. 7.17. The range of Fe/(Fe+Mg) ratios for homblendes analyses from the Loch Sunart 
Granodiorite in comparison with corresponding whole rock values. The actinolite analyses are not 
shown. To enable comparison, the weight percent oxide values of the amphibole analyses were used 
for the calculation of the ratios, with the FeO being recalculated to Fe2O3- 

7.5.4) Biotite. 

The biotites from the Loch Sunart Granodiorite are on the whole fresh and unaltered, 
although some grains show limited replacement by chlorite; in contrast those of the Glen 
Sands Granodiorite are extensively replaced by chlorite. Many areas, which are apparently 
biotite (being pleochroic from yellow to red-brown), give mixed biotite/chlorite microprobe 
analyses. The biotites of G1 and G4 had sufficient un-chloritised areas to allow analysis. 

Overall, the biotites from both parts of the Complex show a very restricted compositional 
range; within individual samples inter-grain variations are limited and no systematic 
intra-grain variations are discernible, however there are small, but distinct, differences in the 

composition of biotites between samples. 
The biotites from the Glen Sanda Granodiorite have generally higher concentrations of 

Al, and to a lesser extent Ti and Mn, in the octahedral site than those of the Loch Sunart 
Granodiorite. This is reflected in the lower overall Mg and Fe content of biotites from the 
Glen Sanda Granodiorite when compared with those from the Loch Sunart Granodiorite 
(Fig. 7.18), Mg and Fe are the main constituents of the octahedral site. Within both the Loch 
Sunart Granodiorite and the Glen Sanda Granodiorite biotites the concentration of these 
elements varies only slightly. 
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Fig. 7.18. Diagram showing the comparison between the octahedral Al and total Fe+Mg contents of 
biotites from the Loch Sunart Granodiorite and the Glen Sanda Granodioritc. Biotite mineral formula 

were calculated on the basis of 22 oxygens. 

Within individual samples the biotite Fe/(Fe+Mg) ratios show a limited range, although 

there are notable differences between samples (Fig. 7.19). The ratios show no apparent 

relation to the trend of whole rock evolution, but, like the amphibole edge compositions, they 

do vary in sympathy with the whole rock Fe/(Fe+Mg) values (Fig. 7.20). This confirms the 

earlier assertion that the scatter in the whole rock Fe/(Fe+Mg) is not due to analytical 

uncertainty. 
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7.6) DISCUSSION OF THE MAJOR MINERAL CHEMISTRY. 

The normal zoning (MacKenzie et al., 1982) of the plagioclase feldspars combined with 
fact that they become generally more albitic in the more evolved samples is consistent with 

changes in liquid composition due to crystallization and falling temperature. The later 

crystallization of alkali-feldspar is the pattern expected in a slowly cooling siliceous 
calc-alkaline magma, although as discussed above some of the alkali-feldspar is thought to 
have a later still metasomatic origin. The slight differences between the plagioclase feldspars 
from the two parts to the intrusion probably reflect different cooling/crystallization histories. 

The textures of the Ba-rich areas in the alkali-feldspars are thought to be due to 

replacement and although the total quantity of Ba-rich areas is restricted they contain a 

significant proportion of the whole rock Ba. This, combined with the replacive texture, 

suggests that much of the whole rock Ba was mobile at some stage. Cutting all parts of the 
Strontian Complex and the surrounding Moines are a large number of WNW-trending 
Permo-Carboniferous dykes of basic composition, over half of which show alteration that 

can be related to later baryte, calcite, galena and sphalerite vein mineralization (Gallagher, 
1964). Whether the Ba-rich areas within the feldspars are related to this later mineralization 
event is not clear. 

The compositional/textural relationships of the actinolite and hornblende in the Loch 
Sunart Granodiorite samples have been observed elsewhere by Czarnanske & Wones (1973), 
Chivas (1981), Hendry et al. (1985) and Pe-Piper (1988). It was proposed by Chivas (1981) 

and Hendry er al. (1985) that actinolite with Si > 7.3 crystallizes under subsolidus conditions 
in the presence of a fluid. If the actinolites did crystallize under such conditions it impedes the 

use of the geobarometer of Hammarstrom & Zen (1986) and Hollister et al. (1987), this uses 
an empirical correlation between Al in hornblende and pressure of solidification. 

The contrasts in composition between the biofites from the Glen Sanda Granodiorite, 

which have higher concentrations of Ti, Mn and Al in the octahedral site, and the Loch 
Sunart Granodiorite may be related to the coexisting phases; the biotites from the Loch Sunart 
Granodiorite always coexist with hornblende and substantial quantities (for an accessory) of 
titanite, unlike biotites from the Glen Sanda Granodiorite which do not coexist with 
hornblende and only rarely titanite. 

It has been observed that there is often a consistency in the Fe-Mg distribution between 

coexisting biotites and hornblendes in granitoids (Speer (1984) summarises much of the 

available data). The analyses presented here show a similar consistency, although it is 
between the biotites and the edge compositions of the hornblendes. This is mirrored in the 

whole rock Fe/(Fe+Mg) ratios. The distribution coefficient of Fe and Mg between the biotites 

and the edge compositions of the amphiboles from the Loch Sunart Granodiorite, defined as 
(Mg/Fe), jOhw/(Mg/Fe)�r�Ph; b,, k, ranges from 0.88 to 0.94. The commonly observed values for 

this parameter range between 1.1 and 0.66 (Speer, 1984). The consistency of the Fe-Mg 

distribution between the whole rocks, the biotites, and the hornblende edges (in the Loch 
Sunart Granodiorite), either reflects equilibrium growth or post crystallization equilibration. 
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7.7) SUMMARY. 

1) Both the Loch Sunart Granodiorite and the Glen Sanda Granodiorite have caic-alkaline 
chemistries. 

2) For most whole rock compositional parameters there is no overlap or gap between the 
Loch Sunart Granodiorite and the Glen Sanda Granodiorite, except in the case of total Fe 

where there is a 'compositional gap'. When elemental ratios and some trace elements are 
considered further differences become apparent. 

2) The Loch Sunart Granodiorite is not normally zoned, since the most evolved parts are 
often to be found adjacent to the margins, or reversely zoned, because there are significant 
deviations from a simple concentric distribution pattern. Due to this departure from 

concentricity it is difficult to envisage the likely three-dimensional distribution pattern. 
3) The existence of steep compositional gradients suggests that the Loch Sunart 

Granodiorite may consist of various smaller pulses intruded more or less 

contemporaneously, since all the rocks appear to be closely related by fractionation 

processes. 
4) The REE distribution patterns are LREE enriched, have no Eu anomaly and are 

essentially parallel. The REE abundances are highly variable, beyond that expected from 

analytical uncertainties, but with a general trend to lower concentrations in the more evolved 
rocks. 

5) Overall the range of composition shown by the major phases from the Loch Sunart 
Granodiorite and the Glen Sanda Granodiorite is restricted, and there are few systematic 
differences in the mineral chemistry of the two parts. 

6) Plagioclase feldspars from the Glen Sanda Granodiorite have similar compositions and 
compositional ranges to those of the Loch Sunart Granodiorite. The plagioclases from all 
samples are normally zoned, with more albitic compositions at the crystal edges. Between the 

samples of the Loch Sunart Granodiorite there is a slight progression towards more albitic 
compositions in the more evolved samples. 

7) Like the plagioclases the alkali-feldspars have similar compositions in the samples 
from both the Loch Sunart Granodiorite and the Glen Sanda Granodiorite. The 

alkali-feldspars in all samples are generally zoned towards edge compositions which are 
lower in albite and celsian components. Between samples from the Loch Sunart Granodiorite 

there is a progression with increasing whole rock evolution towards lower overall Ba content 
in the alkali-feldspars. All samples have grains with distinct vein-like Ba-rich areas. 

8) Amphibole is only found in the Loch Sunart Granodiorite samples, most are 
hornblendes, but have distinct actinolitic rims, there is no continuum of composition with the 
host hornblende. The hornblende themselves show enrichments in Al, Fe, and Ti and 
depletions in Si and Mg towards the crystal edges. The Fe/(Fe+Mg) ratios of the hornblende 

crystal edges (excluding the actinolites) reflect the whole rock Fe/(Fe+Mg) values, other than 
this the composition of amphiboles from the four samples is similar. 
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9) The biotites from the Glen Sanda Granodiorite have marginally higher contents of Al, 
Ti and Mn in the octahedral site than those of the Loch Sunart Granodiorite. Within 
individual samples the biotites have a very restricted range of composition although there are 

slight but distinct differences between samples, notably in terms of Fe/(Fe+Mg) ratios and to 
lesser extent tetrahedral Al. The biotite Fe/(Fe+Mg) ratios vary in sympathy with the 
Fe/(Fe+Mg) values of their host rock. 
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Chapter 8 
The accessory minerals of the Strontian Complex. 
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8.1) INTRODUCTION. 

This chapter has three principal aims: 1) to interpret and discuss the implications of 
compositional zoning within zircons, titanites and apatites from the Strontian Complex; 2) to 
evaluate the extent to which bulk-melt composition (ie. the composition of the medium of 
growth) influences titanite composition given that the kinetics of titanite growth determine the 
type of compositional zoning, and 3) to estimate the distribution of the REE between the 
accessory phases within a single sample each from the Loch Sunart Granodiorite and the 
Glen Sanda Granodiorite. 

8.2) ZIRCON - ZONING TEXTURES AND MINERAL CHEMISTRY. 

The study of zircon chemistry was restricted to two samples from the subset of samples, 
BPSRTI from the Loch Sunart Granodiorite and BPSRGI from the Glen Sanda 
Granodiorite. Some of the results discussed here were presented in Chapter 3 where they 

were used to illustrate the compositional variations responsible for the various zoning 
structures. This section is concerned with: 1) the zoning textures and compositional 
variations of cogenetic zircon, ie. the rims of zircons and zircons without core structures 
(core structures are assumed to represent refractory inherited material); 2) the internal zoning 
textures of core structures; and 3) the compositional variations of core structures from the 
Glen Sanda Granodiorite (the Loch Sunart Granodiorite zircons do not contain sufficient core 
material for a representative study). All the Z-contrast images shown in this section are of 
separated zircons mounted in epoxy. Full details of electron microprobe analyses are given in 
Appendix 3. 

8.2.1) Compositional variations of cogenetic zircon. 

The zircons grains from the two samples, BPSRG1 (Glen Sanda Granodiorite) and 
BPSRTI (Loch Sunart Granodiorite), are quite distinct, those from the Glen Sanda 

Granodiorite have large subhedral or anhedral core structures whilst those from the Loch 
Sunart Granodiorite have very few core structures (these are described in more detail in 

Section 8.2.2). With the exception of the obvious textural differences in terms of core 

structures, the zoning of the cogenetic zircon of both samples is dominantly of the multiple 

crystal face-parallel type, although there is also usually sector zoning in the form of 
non-equivalence between sectors of the patterns of multiple zoning, see Plate 8.1 - BPSRTI 

and Plates 8.2 and 8.3 - BPSRGI. In the zircons from both samples the pyramidal sectors 
have more zones with relative enrichments in Y, the HREE, Th and U, whilst the prism 

sectors have higher concentrations of HE 
Whilst the patterns of zoning and relative distribution of elements in the two zircon 

samples are similar, there are significant compositional differences; typical analyses showing 
the range of concentrations of the detected elements in the two zircon samples are given in 
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Table 8.1. The zircons of BPSRGI have generally higher concentrations of Y, the HREE, 
Th and U, and this manifests itself in two forms: 1) these elements were detected in more of 
the BPSRG1 analyses when compared with the BPSRTI analyses, ie. these elements were 
below detection limits in fewer of the analyses obtained from BPSRG 1 zircons; and 2) even 
in the zones from BPSRTI zircons with relatively high concentrations of these elements the 
absolute concentrations are still less than comparable zones in BPSRGI zircons. Both of 
these points can be illustrated by the following example. Fifty seven electron microprobe 
analyses were obtained from BPSRT1 zircons and of these only 34 detected the presence of 
U, the average of the detected concentration of UO2 being 0.10 wt%; this contrasts with the 
21 analyses obtained from BPSRGI zircons which consistently detected U in all 21 analyses 
and in addition the average UO2 concentration of those analyses was higher, 0.16 wt%. 

Table 8.1. Comparison of the maximum detected concentrations (wt% oxide) of various trace 
elements in zircons from BPSRTI (Loch Sunart Granodiorite) and BPSRG 1 (Glen Sanda 
Granodiorite). 

Element BPSRTI BPSRGI 

Y203 0.179 0.459 
DY203 0.049 0.072 
Fs203 0.045 0.073 
YbZO3 0.099 0.160 
17102 0.292 0.244 
U02 0.245 0.480 

Apart from the obvious multiple crystal face-parallel zoning there are no systematic 
variations in the concentrations of Y, the HRE, E, Hf, lb and U between the centres and the 
edges of BPSRTI zircons, however between the centres and edges of BPSRGI zircons there 
are general decreases in Y, the HREE, Th and U, and marked increases in Hf concentration, 
typically from -1.2 wt% to -2.2 wt%. 

8.2.2) Zircon core structures in the Loch Sunart Granodiorite. 

Plate 8.1 shows a selection of six zircon grains from the Loch Sunart Granodiorite, the 
first four (Plates 8.1(a), (b), (c) and (d)) contain no visible evidence of inheritance, the last 

two (Plates 8.1(e) and f) both apparently contain inheritance in the form of anhedral cores. A 

survey of some 100 zircon grains of varying sizes and morphologies revealed that less than 1 

grain in 10 contains a core structure similar to those shown in Plates 8.1(e) and (f). The 

amount of inherited zircon was visually estimated as being less than 5% of the total amount 
of zircon. 

It should be noted that the zircon grain-mount preparation procedure is designed to 
maximise the exposed area of any inherited core material that may be present. This is 
achieved by selecting grains of similar size and placing them in the mount in such a way that 
cutting and polishing them will result in the centres of as many grains as possible being 



Plate 8.1. ZCI of zircons from the Loch Sunart Granodiorite of the Strontian 

Complex. All the grains show marked crystal face-parallel zoning. The first four 

grains ((a), (b), (c) and (d)) contain no visible evidence, however grains (e) and (f) 
both contain small rounded cores. The significance of these cores structures are 
discussed in the text. 
(a) 15 kV, 20 nA, (7,7), scale bar 100 µm. 
(b) 15 kV, 20 nA, (7,7), scale bar 100 µm. 
(c) 15 kV, 20 nA, (7,7), scale bar 100 µm. 
(d) 15 kV, 20 nA, (7,7), scale bar 10 µm. 
(e) 15 kV, 20 nA, (7,7), scale bar 100 µm. 
(f) 15 kV, 20 nA, (7,7), scale bar 100 µm. 



(c) (d) 
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exposed, ie. there is a bias introduced and the visual estimates of the amount of inheritance 
obtained from a grain population mounted in such a way are actually overestimates. 

8.2.3) Zircon core structures in the Glen Sanda Granodiorite. 

Textural observations on the zircon core 
structures of the Glen Sancta G*ranodioi te. 
Plates 8.2 and 8.3 show a selection of 12 zircon grains from the Glen Sanda 

Granodiorite, all the grains contain subhedral and anhedral core structures. A survey of 
around 100 grains of varying sizes and morphologies revealed that > 95% of the grains 
contain subhedral and anhedral core structures. The amount of inherited zircon present within 
the rock is estimated as being > 50% of the total amount of zircon. 

The large amount of core material present within the Glen Sanda Granodiorite zircon 
population means that it is possible to study in some detail their internal textures and their 
composition. The ZCI textural studies have observed that the core structures present within 
the Glen Sanda Gaanodiorite display a wide variety of compositional zoning types, these, for 
the purposes of description only, have been arbitrarily divided into six groups. 

1) Cores with only very faint internal compositional zoning (Plate 8.2(a)), these are 
largely devoid of the fine-scale multiple crystal face-parallel zoning that is so prevalent in the 
rims of many of the granitoid zircons described in Chapter 3. 

2) Cores with multiple crystal face-parallel zoning that is markedly different from similar 
zoning in the rims in terms of r) and spacing of discontinuous interfaces (Plate 8.2(b), (c) and 
(d)). 

3) Cores with compositional sector zoning (Plate 8.2(e)). 
4) Cores which contain a large number of inclusions (Plate 8.2(f) and Plate 8.3(a)). 

Semi-quantitative electron microprobe analysis of these inclusions show them to include 

quartz, feldspar, biotite and most commonly apatite, some of the inclusions would appear to 
be SiO2-rich glass, although this could be an artifact of a mixed analysis of quartz and 
feldspar. 

5) Cores with complex internal patterns of non-planar interfaces. Some of these interfaces 

truncate other types of zoning, notably crystal face-parallel zoning (Plate 8.3(b)). 
6) Cores which appear to have complex multi-stage histories. For example the grain in 

Plate 8.3(c) has two core structures and the grains in Plates 8.3(d), 8.3(e) and 8.3(f) appear 
to have been fractured and subsequently filled by new zircon growth, 

It should be stressed that the variety of grains present is much greater than the 
descriptions given above would suggest and the arbitrary division into six groups is not 
intended to imply that there are six distinct populations of inherited zircon within the Glen 
Sanda Granodiorite. 



Plate 8.2 ZCI of zircons from the Loch Sunart Granodiorite of the Strontian 

Complex, also see Plate 8.3. All the grains contain large core structures which have 

a variety of compositional zoning types, these are described in some detail in the 

text. 
(a) 15 kV, 20 nA, (7,7), scale bar 100 µm. 
(b) 15 kV, 20 nA, (7,7), scale bar 100 µm. 
(c) 15 kV, 20 nA, (7,7), scale bar 100 µm. 
(d) 15 k°V, 20 nA, (7,7), scale bar 100 µm. 
(e) 15 kV, 20 nA, (7,7), scale bar 100 pm. 
(f) 15 kV, 20 nA, (7,7), scale bar 100 µm. 



(a) 

(c) (d) 



Plate 8.3. ZCI of zircons from the Loch Sunart Granodiorite of the Strontian 
Complex, also see Plate 8.2. All the grains contain large core structures which have 

a variety of compositional zoning types, these are described in some detail in the 
text. 
(a) 15 kV, 20 nA, (7,7), scale bar 100 gm. 
(b) 15 kV, 20 nA, (7,7), scale bar 100 µm. 
(c) 15 kV, 20 nA, (7,7), scale bar 10 µm. 
(d) 15 kV, 20 nA, (7,7), scale bar 100 µm. 
(e) 15 kV, 20 nA, (7,7), scale bar 100 gm. 
(f) 15 kV, 20 nA, (7,7), scale bar 100 gm. 



(e) (f) 
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Compositional observations on the zircon core 
structures of the Glen Sanda Granodiorite 
Given that the inherited cores of the Glen Sanda Granodiorite zircons have a wide variety 

of types and styles of zoning it might be expected that the cores would show a similar 
diversity in composition. To test this some 40 electron microprobe analyses from texturally 
diverse cores were obtained On average 1-2 analyses were carried on each core with areas of 
both high and low values of q being targeted. Table 8.1 documents the range of elemental 
concentrations observed in the cores, for comparison the maximum detected concentrations 
for the rims are also given. Full listings of the analyses are given in Appendix 3. 

Table 8.2. The minimum and maximum detected concentrations (wt% oxide) of various trace 
elements from the cores of BPSRG1 (Glen Sanda Granodiorite) zircons. For comparison purposes the 
maximum concentrations of the same elements in the rims are also given. 

BPSRGI - Cores: BPSRGI - Rims: 

Minimum Detected Maximum Detected Maximum Detected 
Element Concentration Concentration (n = 39) Concentration (n = 21) 

Y203 - 1.001 0.459 
A1203 - 0.047 0.077 
FeO - 0.341 0.050 
MnO - 0.093 - 
MgO - 0.023 - CaO - 0.440 0.108 
P205 - 0.146 - 
Ce2O3 - 0.112 - 
Nd2O3 - 0.065 - 
Dy203 - 0.076 0.072 
Fr203 - 0.149 0.073 
YbLO3 - 0.209 0.160 
Th02 - 1.721 0.244 
U02 - 0.970 0.480 

The results can be summarised as follows. 
1) The cores of zircons from the Glen Sanda Granodiorite show a greater range and 

diversity of composition than the rims. Within individual cores the range of compositional 
variation is restricted, for example Hf usually varies by less than 0.2 wt%, whereas the core 

population, when taken as a whole, shows a much the greater range of Hf concentration, 
1.1 wt%. 

2) Between cores elements such as Y, Er, Yb, U and Th can vary in concentration by 

greater than an order of magnitude from below detection limits (-0.03wt% for many of these 

elements) to concentrations as high as 1.00 wt% Y2032 0.073 wt% Er203,0.160 wt% 
Yb203,0.244 wt% Th02 and 0.480 wt% U02- 

3) A greater number and range of elements have been detected within the cores than has 

been found in the rims, for example elements such Al, Ca, Fe, and Mg which were generally 
not detected in the analysis of rims have been detected within some of the cores. 
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4) Although HREE such as Er and Yb were frequently detected within the rims of zircons 
from the Glen Sanda Granodiorite, the other 'lighter' REE were not detected, however, in 
some of the cores from the Glen Sanda Granodiorite other REE such as Dy and Ce were 
detected, particularly in those analyses which contained relatively large concentrations of the 
HREE. 

8.2.4) Discussion. 

zircon Compositional variations of cogenetic 
The zircons of BPSRGI (Glen Sanda Granodiorite) have generally higher concentrations 

of Y, the HREE, Th and U and than those of BPSRTI (Loch Sunart Granodiorite), despite 
the fact that the whole rock concentrations of Y and the HREE are lower in BPSRGI (see 
Figure 7.13 and Table 7.2). This suggests three possibilities, which are not mutually 
exclusive. 

1) The zircons of BPSRTI crystallized after many of the other REE-rich phases in that 
rock, such that the zircons crystallized from a melt much depleted in REE. Gromet & Silver 
(1983), Sawka et al. (1984) and Sawka (1988) have all claimed to have observed cases 
where the crystallization order of accessory mineral phases can influence both the absolute 
REE concentrations and the REE distribution patterns of different minerals. The significance 
of accessory mineral crystallization order is further explored in Section 8.4.4. 

2) During crystallization of BPSRG1 the zircon/melt partition coefficients for the 
elements of interest were higher than the zircon/liquid partition coefficients of BPSRTI. Little 
is known specifically about what influences REE partitioning behaviour in zircon/liquid 
systems, although in other systems (eg. titanite/liquid, Green & Pearson, 1986a) it is usually 
changes in melt composition and more specifically melt structure. 

3) Crystal growth kinetics were important in controlling the effective partition coefficients 
that operated in the zircon/liquid system, resulting in substantial deviations from the 
equilibrium conditions (ie. the processes described in Chapter 5). 

The order of crystallization of the accessory phases in the two samples is difficult to 
assess purely on petrographic considerations. However, since both samples contain inherited 

zircon, it must have been a liquidus phase within both magmas during initial crystallization. 
From this it is inferred that zircon occupied the same place in the crystallization order of the 
two samples. Thus different orders of crystallization are not considered to be important in 
determining the differences in the chemistry of the two zircon populations. 

In general it has been observed that increasing the SiO2 content of a magma results in 
increased accessory mineral/liquid REE partition coefficients (Mahood & Hildreth (1983) 
from partition studies on accessory minerals from the Bishop Tuff; and Green and Pearson 
(1986a) on titanite/liquid REE partitioning studies), this is thought to be due to greater 
polymerisation of the melt (Mahood & Hildreth, 1983). Given that BPSRGI has a higher 
SiO2 content (-73 wt%) than BPSRT1 (-60 wt%), and thus was probably more 
polymerised, it is inferred that it also must have had higher zircon/liquid REE partition 
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coefficients and this is consistent with the observed compositional differences between the 
two zircon populations. 

Greater melt polymerisation would also be expected to reduce elemental diffusivities 
(Henderson et al., 1985), and since this is considered to be the dominant control on kinetic 
disequilibrium in granitoid accessory minerals (see Chapter 5) greater melt polymerisation 
would allow the effective REE partition coefficients to deviate more from the equilibrium 
values than the effective partition coefficients of a less highly polymerised melt. Thus solely 
by considering melt polymerisation (and ignoring the likely effects of polymerisation state on 
equilibrium partition coefficients) it would be expected that zircons grown in a polymerised 
melt, under conditions where diffusion is the rate controlling step, would have effective 
partition coefficients which were lower than zircons grown in a less polymerised melt. If melt 

polymerisation does have this effect, in the case of the two zircon samples considered here it 

would appear to be less important than the expected changes in the partition coefficients 
brought about by changes in melt composition. 

The progressive changes in composition towards the edges of the Glen Sanda 
Granodiorite zircons are thought mainly to reflect progressive changes in bulk melt 
composition caused by progressive magma crystallization. 

Core structures in the Glen Sanda Granodiorite zircons. 
The diversity of composition and types of zoning textures shown by the zircon cores 

from the Glen Sanda Granodiorite and the apparent multi-stage histories of some of them is 

considered to be consistent with the cores being refractory inherited material, but in addition 
it is also taken to indicate that the zircon population of the Glen Sanda Granodiorite has 

mixed inheritance in the sense of Miller et al. (1988). The preservation of this textural and 
compositional diversity indicates that with respect to many elements the zircon cores did not 
chemically equilibrate with each other or their surroundings during the magmatic event. The 

state of Sm-Nd isotopic equilibrium between the zircon cores and their host rocks is 

described in Chapter 9. 
It should be stated that there is no existing independent evidence to substantiate the claim 

that the Glen Sanda Granodiorite has mixed inheritance, it can only be proved 

unambiguously by isotopic analysis. However, increasingly it is being realised that potential 

granitoid source regions, ie. a significant volume of the continental crust, are heterogeneous 
in terms of rock type, chemistry, age and isotopic composition on scales that are relevant to 

magma generation (Miller et al., 1988) and thus it is likely that if the crust is heterogeneous 

and a granitoid melt is produced from such a crust that any inherited zircon present will 
consist of grains with a variety of ages, ie. have mixed inheritance. It is important to note that 
U-Pb isotopic analysis of zircons containing mixed inheritance will give an upper age 
intercept that does not necessarily have any absolute geological significance. 

Zircons which have a variety of ages will have originally crystallized in a number of 
different environments, been subject to a variety of processes and will thus have different 

chemistries and internal compositional zoning textures (this will likely include visual evidence 
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chemistries and internal compositional zoning textures (this will likely include visual evidence 
of multi-stage histories). Whether mixed inheritance is evident within the scale of a single 
hand specimen will depend on the extent of convective mixing during magma segregation, 
ascent and emplacement or the extent of involvement of detrital sedimentary rocks in the 
melting event (Miller et al., 1988). It is worth noting that mixed zircon inheritance has been 
identified in granitoids that are thought to have been derived from melting of both dominantly 
sedimentary protoliths (eg. Harrison et al., 1987) and dominantly igneous protoliths (eg. 
Williams et al., 1988). In both of these occurrences the evidence for mixed zircon inheritance 
came from data obtained using in situ 'SHRIMP' ion microprobe dating. If, as Miller et al. 
(1988) claim, the continental crust is heterogeneous in terms of rock type and age on scales 
that are relevant to magma generation, then occurrences of mixed inheritance in granitoids 
should be commonplace and occurrences of inheritance with a single age should be restricted. 

If we assume that the Glen Sanda Granodiorite does contain mixed inheritance then 
convective mixing must have occurred during magma segregation, ascent and emplacement, 
or a substantial amount of detrital sedimentary material was involved in initial melting or 
partially assimilated during ascent and emplacement. Clearly these possibilities are not 
mutually exclusive, although determining which process is dominant would require the use 
of additional, independent evidence about the nature and types of source involved. However, 

existing isotope data (ENd values, 87Sr/86Sr initial ratios and the 0 and S stable isotope ratios 

- summarised in Table 6.4) indicate that there was a large crustal input in the genesis of the 
Glen Sanda Granodiorite (Halliday, 1984). 

8.3) TITANITE - ZONING TEXTURES AND M NERAL CHEMISTRY. 

The chemistry of titanites from five of the subset of samples was studied, the sixth rock, 
BP/SR/G1, did not contain titanite (see Table 7.2). 

8.3.1) Compositional zoning of titanite. 

All the titanites within these rocks are compositionally sector zoned in the manner 
described in Chapter 4, Plates 8.4,8.5,8.6,8.7 and 8.8 show examples of typical titanite 

grains from each of the five samples from which titanites were analysed. None of the titanite 

grains from any of the four samples contain core structures. Some of the titanite grains (most 

notably those of BPSRT4) have very prominent crystal face-parallel zoning towards their 
edges, these areas are devoid of structures that are related to compositional sector zoning. 

8.3.2) Titanite compositional variations. 

A total of between 25-30 electron microprobe analyses were obtained from 3-4 grains 
from each of the five samples. Complete details of the analyses are given in Appendix 4. The 

visual patterns of compositional sector zoning and range of grey-levels within each grain 



Plate 8.4. ZCI of typical compositionally sector zoned titanite crystal from BPSRTI 

of the Loch Sunart Granodiorite. This particular crystal is very large - 2.5mm long. 
The very bright area to the right of the grain is an opaque oxide phase. 
15 kV, 20 nA, (6,7), scale bar 1000 gm. 

Plate 8.5. ZCI of typical compositionally sector zoned titanite crystal from BPSRT2 
of the Loch Sunart Granodiorite. This grain also has very marked crystal 
face-parallel zoning. The dark, almost black, crystal partially embedded in the lower 
part of the grain is an apatite. 
15 kV, 20 nA, (6,7), scale bar 100 µm. 





Plate 8.6. ZCI of typical compositionally sector zoned titanite crystal from BPSRT3 

of the Loch Sunart Granodiorite. The small black areas are apatite inclusions. 

15 kV, 20 nA, (6,7), scale bar 100 µm. 

Plate 8.7. ZCI of typical compositionally sector zoned titanite crystal from BPSRT4 
of the Loch Sunart Granodiorite. This grain in common with other titanites in this 
rock has a rim that is devoid of compositional sector zoning. 
15 kV, 20 nA, (6,7), scale bar 100 µm. 





Plate 8.8. ZCI of typical compositionally sector zoned titanite crystal from 

BPSRG4 of the Loch Sunart Granodiorite. This grain has a projection on the left 

hand side which may be a limited manifestation of skeletal growth, this is not a 

twinning related structure. The dark areas are apatite inclusions. 

15 kV, 20 nA, (6,7), scale bar 100 µm. 

Plate 8.9. ZCI of large apatite crystal from BPSRT4. This contains a small anhedral 
core structure within a euhedral crystal. The rim is virtually unzoned. The 

significance of core structures in apatites is discussed in the text and in particular 
Section. 8.5.2. 

15 kV, 20 nA, (6,7), scale bar 100 µm. 
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sectors present were analysed and in addition analyses were obtained from areas of both high 

and low 11. The range of composition within single grains is relatively large, for example total 
REE content typically ranges from -0.75 to 4.5 wt%, although this is for the most part a 
function of the presence of compositional sector zoning. Due to both the presence of 
compositional sector zoning and the visual complexity of that zoning it is difficult to say if 

there are any significant centre to edge changes in composition within any of the titanites 
analysed, although if present such changes are clearly considerably less that the total within 
grain variation due to compositional sector zoning. 

Since compositional sector zoning is mainly responsible for the observed range of titanite 
compositions within all five of the samples it is necessary when comparing the chemistry of 
titanites from different samples to look at the total range of composition displayed by each 
sample and the ratios of elements which have similar chemical characteristics. This latter 

statement is based on the assumption that elements with similar chemistries will be affected 
by the kinetic processes of crystal growth to a similar degree. An example of such a group of 
elements is the REE which although they show large variations in total concentration between 

sectors their relative distribution patterns have similar shapes, there being a strong coherence 
in the behaviour of the REE as a group (Fig. 8.1). 

-ý-- T2/A1 

-'ý--- T2/A2 

--o-- T2/A3 

--t-- T2/A4 

-"+-- T1/AS 

. ---T--, 
La Ce Pr Nd Pm Sm Fu Gd lb Dy Y Er Tm Yb Lu 

Fig. 8.1. The rock-normalised REE distribution patterns for five electron microprobe analyses of a 
single compositionally sector zoned titanite crystal from BPSRT2, the analyses were obtained from 
three different sectors. Note the similarity in the pattern shapes. The analysis numbers correspond to 
those given in the appendices. The error bars shown are for analysis number T2/A5. 
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The titanite grains from each of the samples show remarkably similar ranges of 
composition to one another; the REE, Fe and Mn are both found in similar concentrations in 

titanites from each of the samples (Figs. 8.2 and 8.3), although the titanites from BPSRT2 
(the most evolved sample from the Loch Sunart Granodiorite) have slightly greater maximum 
concentrations of the REE, Fe and Mn. The titanites from BPSRG4 (Glen Sanda 
Granodiorite) have distinctly higher concentrations of Mn, Na and Al (Fig. 8.3). Between the 
Loch Sunart Granodiorite samples Na and Mn show no systematic variations. It is important 

to note that the ranges of composition displayed by all the titanites analysed is almost entirely 
due to presence of compositional sector zoning. 
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Fig. 8.2. The range of total (REE+1')203 (a) and FeO (b) concentration displayed by compositionally 
sector zoned titanites from each of the five samples, BPSRGI did not contain titanite. Note that the 
titanites of BPSRT2 have slightly higher maximum concentrations of the REE and Fe. 
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Fig. 8.3. The range of A1203 (a), MnO (b) and Na2O (c) concentrations displayed by compositionally 
sector zoned titanites from each of the five samples. Note that titanites BPSRG4 have higher 
maximum concentrations of Al, Mn and Na, also those of BPSRT2 also have a higher maximum 
concentration of Mn than the titanites of the other Loch Sunart Granodiorite. The continuous line in 
(c) is the approximate lowest limit of detection of Na. 
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8.3.3) Discussion. 

Titanite zoning structures, 
The presence of compositional sector zoning (a primary magmatic texture - see Section 

5.4) is taken to indicate that kinetically induced disequilibrium in trace element partitioning 
occurred during the growth of all titanites from these samples. Studies of these and other 
samples from both the Loch Sunart Granodiorite and the Glen Sanda Granodiorite show that 
compositional sector zoning of titanites is not just a locally developed feature caused by an 
unusual growth regime, but probably represents a ubiquitous feature developed in response 
to the kinetic processes that normally accompany titanite nucleation and growth in magmas of 
this general composition. 

The change from compositional sector zoning to purely crystal face-parallel zoning that 
has been observed in some grains (Plate 8.7) means that there has been a distinct change in 

the growth regime such that the processes that cause compositional sector zoning (in Section 
5.4.2 this was interpreted to be interface kinetics) no longer operate. This could be brought 

about by a change in the relative rates of crystal growth and elemental diffusion caused either 
by slower absolute crystal growth rate or more rapid elemental diffusion. The sharp change 
in the two growth regimes, compositional sector zoning and then crystal face-parallel zoning, 
could imply one of two things: 1) the growth conditions within the magma underwent a 
relatively rapid change; or 2) there a sharp cut-off in the conditions necessary for the 
development of compositional sector zoning in titanite, ie. there is some threshold set of 
conditions that needs to be met before compositional sector zoning can be developed at all, 
either side of this threshold compositional sector zoning is either developed or it is not. 

Compositional variations. 
The fact that the ranges of composition displayed by titanites from each of the five rocks 

is almost entirely due to the presence of compositional sector zoning implies that the kinetic 

processes of titanite growth and element partitioning largely determine the actual chemistry of 
the grains and that the equilibrium partition coefficients for the system titanite/melt have only 
a subordinate effect in determining the composition of titanites. Thus it would appear that in 

the case of the Loch Sunart Granodiorite and the Glen Sanda Granodioriic that bulk-magma 

composition had a negligible effect on the absolute chemistry of titanite and the kinetic factors 

allowed the effective partition coefficients to deviate significantly from equilibrium. 

As a final comment in this section: it is worth noting that a simple centre/edge or grain 
traverse analysis strategy applied to the titanite grains shown here (or indeed most of the 

accessory phases encountered during the course of this research) would arrive at potentially 
misleading conclusions if it were assumed that the texture of the zoning reflected continuous 
centre to edge variations of composition. In general the actual distribution of compositional 
variation within a given grain coupled with the assumption that the texture of the zoning 
reflected continuous centre to edge variations of composition would give the impression that 
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the centres of the grains were relatively enriched in REE in comparison with the edges. 

8.4) THE DISTRIBUTION OF THE REE AMONGST THE 
ACCESSORY PHASES. 

If accessory phases are zoned (as is often the case) it is impossible, just using a few 

selected electron microprobe analyses, to quantify absolutely the contribution that each phase 
makes to the whole rock REE-budget. It may be possible using bulk analysis of mineral 
separates to obtain representative average compositions for each of the minerals, although 
this can lead to selective analysis of a particular size fraction or selective analysis of parts of 
grains or analysis of inclusions of other phases. However, the very fact that the accessory 
phases are commonly zoned means that to quantify the contribution that each phase makes to 

controlling the REE (even if this is possible in absolute terms) may be of limited practical 

use. Thus for the purposes of this section it is assumed that the REE in calc-alkaline granitoid 

rocks are dominantly controlled by the accessory phases (Gromet & Silver, 1983 and Sawka, 

1988) and further demonstration of this is not attempted. 
The implications of the fact that the REE are dominantly controlled by accessory phases 

and the fact that the different minerals often have very different rock normalised REE 

distribution patterns are considered in this section. This theme is further expanded in Chapter 
9 which examines the Sm-Nd isotopic composition of the accessory phases from the 
Strontian Complex. In all cases the mineral REE concentrations have been normalised to 

whole rock concentrations, which facilitates investigation of how the relative distribution of 
the REE in each mineral differs from the whole rock distribution. This is directly analogous 
to using the REE concentrations of chondrites to study how the relative distribution of the 
REE in whole rock samples differs from that of a chondritic Bulk Earth. Normalising mineral 
REE concentrations to chondritic values is of little use in a petrogenetic sense since the shape 

of mineral/chondrite REE distribution patterns is dependent not only on the relative 

partitioning of the different REE but also the relative concentrations of the REE in the 

medium of growth at the time of crystallization. 
For two of the samples, BPSRT1 (Loch Sunart Granodiorite) and BPSRG1 (Glen Sanda 

Granodiorite), zircons, titanites and apatites were analysed and their REE concentrations 

were normalised to whole rock REE concentrations. The chondrite normalised REE 

distribution patterns of the whole rock samples BPSRT1 and BPSRGI are similar to one 

another, ie. they are approximately parallel, both are LREE enriched and neither has a 

pronounced Eu anomaly. The absolute concentration of the REE in BPSRGI is much lower 

than in BPSRT1 (Table 7.2). The similarity of the chondrite normalised patterns of the two 

rocks is confirmed by the close similarity of their respective Sm/Nd ratios as measured by 

isotope dilution during Sm-Nd isotope analysis, see Chapter 9 and in particular Table 9.1. 
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8.4.1) Zircon. 

The fact that of the REE only Er and Yb were detected by electron microprobe means that 
it is not possible to produce representative mineral/rock REE distribution patterns for the two 
zircon samples, however since the other REE must be below detection limits the detection of 
Er and Yb only is consistent with the zircons having HREE enriched mineral/rock 
distribution patterns. The Sm/Nd ratios obtained from the BPSRGI zircons by isotope 
dilution during the course of Sm-Nd isotope analysis (see Table 9.1) confirms that the 
zircons from both rocks have an affinity for the HREE. The low concentration of the REE in 

zircons from both samples combined with the fact that zircon, relative to the other accessory 
phases, is present in very small modal quantities means that zircon does not contain a 
significant quantity of the total REE content of the whole rock. 

8.4.2) Apatite. 

The apatites within both the BPSRTI and BPSRG1 samples are generally small, less 
than 100 µm, and are usually not zoned on Z-contrast images. The exception to this latter 

statement are a few larger grains (see Plate 8.9) that occasionally contain subhedral core 
structures, the significance of these core structures in apatites is discussed in the Section 8.5. 
Texturally the apatites are generally euhedral and occur as numerous small inclusions in mafic 
phases (biofite and homblende), felsic phases (plagioclase and alkali-feldspar) and accessory 
phases (zircon, titanite). 

Ten apparently unzoned apatites from both samples were analysed with the aim of 
determining their REE distribution patterns, typical rock normalised patterns for apatites from 
BPSRT1 and BPSRG1 are shown in Figure. 8.4, full details of the analyses are given in 
Appendix 5. 

The following points should be noted. 
1) Only La, Ce and Nd were detected in the apatites of BPSRTI, all the other REE were 

below the limit of detection. Thus even without a complete REE distribution pattern it is 

apparent that the apatites of BPSRTI must be LREE enriched relative to whole rock and 
therefore to chondrite (the chondrite normalised distribution pattern for these apatites is not 
shown). The Sm/Nd ratio obtained by isotope dilution during Sm-Nd isotope analysis (see 
Table 9.1) of apatites from BPSRT1 is less than the Bulk Earth value (ie. they are LREE 

enriched) and this is consistent with the electron microprobe data. - 
2) The REE distribution patterns for apatites from BPSRGI are HREE enriched relative 

to both whole rock and to chondrite (the chondrite normalised distribution pattern is not 
shown). Again this is confirmed by the Sm/Nd ratios obtained during isotopic analysis (see 
Table 9.1), which indicated that the apatites of BPSRGI have ratios that are greater than 
chondritic Bulk Earth, ie. HREE enriched. 
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Fig. 8.4. Typical rock-normalised REE distribution patterns for four electron microprobe analyses of 
two apatites from BPSRGI (open symbols) and two apatites from BPSRTI (closed symbols). Even 
though their respective host rocks have very similar chondrite-normalised distribution patterns the 
rock-normalised patterns for the apatites from the two rocks are very different. The analysis numbers 
correspond to those given in the appendices. The error bars shown are for analysis number G1/5. 

8.4.3) Titanite. 

Titanite is not present in the sample from the Glen Sanda Granodiorite, BPSRGI (Table 
7.2). Even although the titanites from BPSRTI are strongly zoned with respect to the REE 
they still contain much higher absolute concentrations of the REE than either zircon or apatite, 
this pattern is consistent with the findings of Gromet & Silver (1983) and Sawka (1988) for 
zircon-, apatite- and titanite-bearing granitoid rocks of the Sierra Nevada Batholith. 

Rock normalised distribution patterns for titanites from BPSRTI are shown in Figure 
8.5, the patterns are mainly flat with slight depletions in the LREE (La and Ce in particular). 
The fact that the REE distribution pattern is mainly flat means that the distribution of the 
MREE in titanite is similar to that of the whole rock. Such patterns are in accord with the 
Sm/Nd ratios obtained during isotopic analysis, the whole rock Sm/Nd ratio for BPSRTI is 
very similar to that obtained from the titanite grain separate from the same rock (see Table 
9.1). 
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Fig. 8.5. Typical rack-normalised REE distribution patterns for four electron microprobe analyses of 
titanites from BPSRTI. Note that the patterns are generally flat, although there are notable 
depletions in the LREE, in particular La, Ce and to a lesser extent Pr. The analysis numbers 
correspond to those given in the appendices. The error bars shown are for analysis number TZ/A4. 

8.4.4) Discussion. 

The individual accessory phases from BPSRT1 and BPSRG1 have very different whole 
rock normalised REE distribution patterns from one another and this, in part, is due to the 
different accessory-phase/melt systems having different relative partition coefficients for the 
REE (see Watson (1980) for zircon, Watson and Green (1981) for apatite and Green and 
Pearson (1986a) for titanite). A necessary corollary of this is that by crystallizing a particular 
accessory phase it is possible to change the relative concentrations of the REE of the 
remaining melt (Gromet & Silver, 1983). Thus the order of crystallization of REE-rich 

accessory phases from a given melt can have as a great a control over the REE distribution 
pattern of a mineral as the relative mineral/melt distribution coefficients (Sawka, 1988). The 
fact that the rock normalised REE distribution patterns for the apatites from BPSRTl and 
BPSRGI are very different from one another, even though their respective host rocks have 

very similar chondrite normalised REE distribution patterns, is thought to be due to the 
apatites from the two rocks having occupied different places in the order of crystallization of 
the two samples. 

The generally flat rock-normalised REE distribution patterns of the titanites from 
BPSRTI is consistent with them being the main phase that controls the REE abundances. In 
the BPSRGI sample both accessory phases (zircon and apatite) have HREE enriched patterns 
(relative to whole rock) and this requires that the LREE must be largely contained within 
some other phase. Since BPSRGI also contains accessory allanite and monazite (Table 7.2) 
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and both of these phases have markedly higher partition coefficients for the LREE than the 
HREE (allanite - Brooks et al. (1981), monazite - Mittlefehldt & Miller, (1983)) it is likely 
that the LREE of BPSRGI are contained mainly within these two phases. 

8.5) EVIDENCE FOR REFRACTORY BEHAVIOUR WITHIN 
TITANITE AND APATITE FROM THE STRONTTAN COMPLEX. 

This section uses the data and interpretations outlined above critically to assess the 
likelihood of there having been refractory apatite and titanite in the magmas of the Strontian 
Complex. Published experimentally determined zircon and apatite saturation data will be used 
along with the textural evidence already presented to assess the possible state of saturation 
with respect to P (and therefore apatite) of the Strontian magmas. Assessment of titanite 
stability, for which there is no similar experimental solubility data, relies almost totally on the 
interpretation of the internal zoning structures given in Section 8.3.1. 

8.5.1) Accessory phase stability in felsic melts. 

Watson & Harrison (1983) determined that the main controls on zircon solubility are the 
temperature and composition of the melt, they expressed their model of zircon solubility with 
the following equation: 

In Dz, zircon/melt = (-3.80 - [0.85 (M - 1)1) + 12900JT (Eqn. 8.1) 

where D7, rzirCOn/melt is the concentration ratio (wt%) of Zr in the stoichiometric zircon to that 
in the melt, T is the temperature in *& and M is a cation ratio - (Na +K+ 2Ca)/(Al"Si). 

There have been several experimental studies of the influence of P saturation on apatite 
stability in silicate melts during partial melting and crystallization (eg. Ryerson & Hess, 
1980; Harrison & Watson, 1984). Harrison & Watson (1984) found that the primary 
controls on P solubility are the temperature and SiO2 concentration of the melt, they 

expressed this in the following equation: 

In Dpapatite/melt = [(8400 + ((SiO2 - 0.5) 2.64 x 104))/T] 

- [3.1 + (12.4 (SiO2 - 0.5))] (Eqn. 8.2) 

where DPaPatitelmelt is the concentration ratio (wt%) of P in a stoichiometric fluor-apatite to 
that in the melt, SiO2 is the weight fraction of silica in the melt, and T is the temperature (°K). 

Unlike apatite and zircon, there has been no directly comparable work on the solubility of 
titanite in silicate melts of felsic composition. There has, however, been work on the general 
solubility of TiO2 by Green & Pearson (1986b) and Ryerson & Watson (1987) which 
suggests that TiO2 saturation occurs in felsic melts at about the 1% level. In addition Wones 
(1989) stressed the role of high oxygen fugacity in the stabilisation of titanite and magnetite 
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in granitic rocks. The common early crystallization of titanite in felsic melts is indicated by its 
common occurrence as a phenocryst phase in crystal-poor dacites and rhyolites (Ewan, 
1979). 

Much of the experimental work on element solubility has shown that elements such as Zr, 
P and Ti have a greater stability in peralkaline melts than in peraluminous melts. Gwinn & 
Hess (1989) called this the "peralkaline effect" and concluded that it was due to the highly 
charged cations being stabilised by excess alkalis (over alumina) in the peralkaline melts. The 
limited solubility of Zr, P and Ti in peraluminous melts raises the possibility of accessory 
phases that are stabilised by saturation of these elements being residual during partial melting 
and thus having the potential to be entrained in the melt (Watson & Harrison, 1984). 

The zircon and apatite solubility equations can be used to predict the concentration of Zr 
and P that a given magma is able to dissolve at a given temperature, or by independently 

estimating temperature it is possible to determine whether a given magma was over or 
undersaturated with respect to Zr or P. Apparent oversaturation of a given element in a rock 
could be due to several processes: 1) the presence of a refractory mineral which contains a 
significant proportion of that phase; 2) the rock composition not representing a previous 
liquid composition, ie. there has been some crystal/liquid fractionation; and 3) complete 
assimilation of country rock or magma mixing causing crystallization of a phase due to the 
resultant liquid being oversaturated with respect a particular component. 

8.5.2) Were any of the accessory phases of the 
Strontian Complex partially refractory? 

Refractory accessory phases in the Loch Sunart Granodiorite. 
Textural evidence, Section 8.2.2, indicates that the amount of inherited zircon within the 

Loch Sunart Granodiorite is limited (< 5%), this suggests that this part of the Complex may 
have been just oversaturated with respect to Zr. Thus the temperatures obtained using the 
zircon saturation equation (Eqn. 8.1) should be representative of the peak melting 
temperatures (Harrison et at., 1987) of the Loch Sunart Granodiorite magma. 

Zr saturation temperatures were calculated for the 59 whole rock samples of the Loch 
Sunart Granodiorite used in Chapter 7. The temperatures have a restricted range from 734 to 
796°C with the arithmetic mean being 768'C. Approximately 90% of the temperature 
determinations are within ±20°C of this average, the claimed analytical uncertainty for the 
technique is ±30°C (Harrison et al., 1987). The remarkable coherence of these results 
(despite the fact that Zr abundances vary by between 109 and 238ppm) strongly suggests that 
the values reflect the prevailing temperature during separation of the magma from its source. 
If the observed compositional range of the whole rocks represented the products of fractional 
crystallization then it would be expected that determination of temperatures from the bulk 

rock chemistries would yield variable and geologically unrealistic temperatures. Sawka 
(1988) also used the Zr saturation equation of Watson & Harrison (1983) to calculate Zr 
saturation temperatures and observed that the more evolved samples gave higher temperatures 
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than the less evolved, this was thought to be an artifact of crystal/liquid fractionation 

processes. 
Equation 8.2 was then used to determine the theoretical P saturation levels in the Loch 

Sunart Granodiorite, it is assumed that the arithmetic mean Zr saturation temperature of 
768°C represents the temperature attained during melting. The theoretical concentrations 
obtained are some 75% less than the actual concentrations as measured by XRF (Appendix 
6), this apparently indicates that P was oversaturated in the original magma. This can be 

stated in another way; the P saturation temperatures calculated from the measured P 

concentrations range from about 940-1025°C, these are approximately 200°C higher than the 
equivalent Zr saturation temperatures for the same rocks. It is possible that this apparent 
excess P is due to the presence of refractory apatite or due to magma mixing or country rock 
assimilation, however, the presence of anhedral and subhedral cores (see Plate 8.9) in some 
of the apatite crystals suggests that at least part of the oversaturation could be due to the 
presence of refractory apatite. 

As described earlier the compositional zoning of the titanites from the Loch Sunart 
Granodiorite is dominated by sector zoning, no anhedral or subhedral core structures were 
observed and this is taken to indicate that refractory titanite did not exist in the Loch Sunart 
Granodiorite. 

Refractory accessory phases in the Glen Sanda Granodiorite. 
The amount of inherited zircon in the Glen Sanda Granodiorite, estimated from the 

textural observations presented earlier, is considered to be in the order of ~ 50% of the total 

amount zircon. Using this figure the whole rock concentrations of Zr in the rock were 
corrected for the presence of inherited zircon and the revised figure of Zr concentration used 
to calculate the Zr saturation temperatures. The calculated temperatures for 34 rocks from the 
Glen Sanda Granodiorite have a restricted range, from 697 to 736'C, with the arithmetic 
mean being 716°C. As with the analogous temperatures calculated for the Loch Sunart 
Granodiorite, the restricted temperature range is thought to indicate that the rock 
compositions are representative of original liquid compositions and that the values themselves 
therefore represent the temperatures prevailing during separation of the magma from its 

source. As before, the temperatures are used in the determination of the theoretical levels of P 

saturation for the Glen Sanda Granodiorite magma. The calculated P saturation 
concentrations obtained are in the order 75% less than the measured concentrations, the 

temperature that would be required to saturate a magma of the composition of the Glen Sanda 
Granodiorite with respect to the measured P concentrations would be approximately 
900-950°C, which is considered to be unrealistically high. The presence of subhedral and 
anhedral cores, in some of the apatite crystals (Plate 8.9) means that it is possible that the 

oversaturation could be due to the presence of refractory apatite, although it could also be due 

magma mixing or assimilation as outlined above. 
Titanite is only occasionally present in samples from the Glen Sanda Granodiorite. The 

titanites that have been studied (eg. Plates 8.4 and 8.5) do not have anhedral cores and thus it 
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is considered that they were not partially refractory. 

8.6) GENERAL DISCUSSION. 

The marked zoning that is present within the accessory phases of the Strontian Complex, 
and in particular titanite, implies that the kinetic influences that control partitioning of trace 
elements into accessory phases are of widespread importance and not merely a locally 
developed phenomenon. The presence of this primary magmatic zoning means that it is 

possible to determine the importance or otherwise of subsolidus processes that may have 
affected the minerals since crystallization. In the case of the Strontian Complex the limited 

subsolidus alteration and recrystallization processes that produced the thin actinolitic rims on 
the hornblendes of the Loch Sunart Granodiorite and resulted in the partial redistribution of K 
(to form the phenocrysts of the Loch Sunart Granodiorite porphyritic facies) and Ba (to form 

the replacive Ba-rich vein-like areas in alkali-feldspar), seems to have had no effect on titanite 
(the main REE containing phase) or zircon. The fact that the apatites from both parts to the 
complex are generally unzoned may indicate that they were re-equilibrated in a subsolidus 
environment or that they never became zoned during initial magmatic growth. 

The very restricted range of Zr saturation temperatures (Watson & Harrison, 1983) 

obtained from both the Loch Sunart Granodiorite and the Glen Sanda Granodiorite rocks 
implies that the rocks represent original liquid compositions and thus the compositional 
variations were produced by differential partial melting rather than in situ fractional 

crystallization (separation of crystals and melt) at the current level of exposure. Substantial 
fractional crystallization involving the accessory phases, which have very different rock 
normalised REE distribution patterns, would have produced a sequence of rocks with very 
variable chondrite normalised REE distribution patterns, such patterns were not observed 
during the course of this work (Section 7.4.1) or by Pankhurst (1979). In addition both of 
these observations are consistent with the pattern of spatial distribution of composition 
observed in the Loch Sunart Granodiorite (see Section 7.2.2) being due to several smaller 
already differentiated pulses intruded more or less contemporaneously. 

Even though the chemistry of the major minerals shows a restricted range their 
composition would still appear to be linked closely to whole rock chemistry: the plagioclase 
feldspars show a slight progression towards more evolved compositions in the more evolved 
rocks; the Fe/(Fe+Mg) ratios of both the biotites and the hornblendes (in the case of the Loch 
Sunart Granodiorite samples) show a correlation with whole rock Fe/(Fe+Mg) ratios. 
However, this does not appear to be reflected in the observed compositions of titanites from 

the same rocks, the titanites from each of the samples show a similar compositional range and 
this range is largely due to the fact that the titanites are compositionally sector zoned. In the 

case of the Loch Sunart Granodiorite and the Glen Sanda Granodiorite it would appear that 
due to the kinetic factors of titanite growth that bulk-magma composition had a negligible 
effect on the absolute chemistry of titanite. 
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8.7) SUMMARY. 

1) The zircons from the the Loch Sunart Granodiorite and the Glen Sanda Granodiorite 

are distinctly different from one another in two important respects. Firstly, most zircons 
grains from BPSRGI (Glen Sanda Granodiorite) contain large core structures, which are 
interpreted as representing inherited refractory material, whilst the zircons from BPSRT1 
(Loch Sunart Granodiorite) only occasionally contain small core structures. Both of these 
observations are consistent with the published U-Pb zircon data. Secondly, the cogenetic 
zircon (the rim material) from BPSRG1 contains generally higher concentrations of Y, the 
HREE, Th and U than the cogenetic zircon from BPSRT1. It is thought that the melt from 

which the BPSRG1 zircons grew was more polymerised and that this caused the zircon/melt 
partition coefficients for Y, the HREE, Th and U to be higher. It would appear that, unlike 
titanite growth, the growth kinetics of zircon in the Strontian Complex magmas did not 
strongly influence absolute chemistry. 

2) Texturally and compositionally the core structures of the zircons from BPSRGI are 
very diverse; there are cores which are virtually unzoned, those with compositional sector 
zoning, those with crystal face-parallel zoning and those which apparently have had 

multi-stage histories. This diversity of zoning type and composition is thought to be 

consistent with the interpretation that the cores represent refractory material incorporated from 

the magma source or sources, but in addition it is also taken to indicate that the inherited 

zircon population of the Glen Sanda Granodiorite has mixed inheritance. The fact that the 
continental crust is often heterogeneous in terms of both rock type and age means that 

examples of mixed zircon inheritance in granites with a substantial crustal input are probably 
very common. The preservation of the textural and compositional features within the core 
population indicates that the cores did not chemically equilibrate with their surroundings 
within the duration of the magmatic event. 

3) All the titanites within the subset of samples from the Strontian Complex are 
compositionally sector zoned, this implies that compositional sector zoning is not due to an 
unusual set of growth conditions but is probably a response to the normal set of growth 
conditions that accompany titanite nucleation and growth in magmas of this general 
composition in a plutonic environment. Titanites from each of the five samples show a very 
similar range of composition to one another and this range is largely a function of the fact that 
they are compositionally sector zoned, the influence of the medium of growth on their 

composition would thus appear to be negligible, ie. the kinetics of titanite growth largely 
determine the range of composition that each grain displays. This contrasts with the 
progressive whole rock correlated changes in major mineral composition that were described 
in Chapter 7. 

4) Some of the titanite grains have outer rims that do not display compositional sector 
zoning (although the rest of the grain is compositionally sector zoned) but show marked 
crystal face-parallel zoning structures. This change from compositional sector zoning to 
purely crystal face-parallel zoning implies that there has been a distinct change in the growth 
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regime such that the processes that cause compositional sector zoning no longer operate. This 
change may be due to a distinct event or it may indicate that there is a sharp cut-off in the 
conditions necessary for the development of compositional sector zoning in titanite, either 
side of which compositional sector zoning is either developed or it is not. 

5) The preservation of the primary magmatic zoning textures of both titanites and zircons 
suggests that the subsolidus alteration process or processes that affected the hornblendes to 
produce the actinolitic rims, resulted in the porphyritic facies of the Loch Sunart Granodiorite 
and gave rise to the Ba-rich areas of the alkali-feldspars did not affect the titanites or the 
zircons. 

6) Only HREE were ever detected in the zircons from BPSRT1 and BPSRGI and 
although it is not possible to produce complete REE distribution patterns the fact that only 
HREE were detected is consistent with the zircons from both samples having HREE enriched 
rock normalised distribution patterns. In the apatites from BPSRTl only the LREE were 
detected and this is consistent with them having LREE enriched rock normalised distribution 

patterns. This contrasts with the apatites from BPSRGI which have HREE enriched rock 
normalised distribution patterns, almost complete REE distribution patterns were obtainable 
from the apatites of this rock. Titanite is not present in the BPSRGI sample, however 
titanites from the BPSRT1 sample give rock-normalised distribution patterns for the REE that 
are generally flat, although there are notable relative depletions in the LREE, particularly La 
and Ce. The LREE of sample BPSRGI must be contained within the allanite and monazite 
known to be present. 

7) Given that the two whole rocks samples (BPSRT1 and BPSRGI) have very similar 
chondrite-normalised distribution patterns the fact that the rock normalised distribution 

patterns for their respective accessory phase are variable is due to two factors; firstly, 
different mineral phases have different relative mineral/melt partition coefficients for the REE; 

and secondly, the order of crystallization of the containing phases. This latter point is 

exemplified by the fact that the apatites from the two samples have very different rock 
normalised REE distribution patterns even though they probably had very similar relative 
partition coefficients for the REE. The fact the different accessory phases from both the Loch 
Sunart Granodiorite and the Glen Sanda Granodiorite have different rock normalised REE 
distribution patterns is consistent with the fact that substantial fractional crystallization 
involving the accessory phases did not occur since this would have resulted in rocks with 
very variable chondrite-normalised distribution patterns, such patterns have not been 

observed. 
8) The range of Zr saturation temperatures calculated for the Loch Sunart Granodiorite 

using the experimentally determined Zr solubility equation of Watson & Harrison (1983) is 

very restricted, within the claimed error of the technique. This coherence suggests that the 
values reflect the prevailing temperature during separation of the magma from its source. If 

the observed compositional range of the whole rocks represented the products of fractional 

crystallization then it would be expected that determination of temperatures from the bulk 

rock chemistries would yield variable and geologically unrealistic temperatures. 
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9) Halliday et al. (1979) showed that there was substantial inheritance in the zircons of 
the Glen Sancta Granodiorite and this is supported by the textural observations of this work. 
The observation by Rogers & Dunning (1990, in press) that a small quantity of inherited 

zircon exists within the Loch Sunart Granodiorite is also consistent with the observations of 
this -work. From the existence of anhedral cores in some apatite crystals and from P 

saturation considerations it is considered possible that there is refractory apatite in both the 
Loch Sunart Granodiorite and the Glen Sancta Granodiorite. Textural observations do not 
indicate the presence of any anhedral cores in titanite and from this the presence of refractory 
titanite is considered unlikely. 
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Chapter 9 
Sm-Nd isotopic studies of REE-rich accessory minerals 

from the Strontian Complex. 
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9.1) INTRODUCTION. 

The case for and against refractory behaviour in the accessory phases of the Strontian 
Complex was outlined in Chapter 8, but can be summarised as follows: 1) substantial 
inheritance does exist in zircons from the Glen. Sanda Granodiorite (Halliday et al. (1979), 

the textural observations of this work support this (see Section 8.2.3); 2) a small amount of 
inherited zircon exists within the Loch Sunart Granodiorite (Rogers & Dunning, 1990, in 

press), this small quantity is consistent with the textural observations of this work (see 
Section 8.2.2); 3) from P saturation considerations and the existence of anhedral cores in 

some apatite crystals it is considered possible that there is refractory apatite in both parts to 
the complex; and 4) from textural considerations we would not expect to find refractory 
titanite in either part. This chapter documents the Sm-Nd isotopic composition of the 
accessory phases from the Strontian Complex to assess the state of isotopic equilibrium in the 
light of the predictions on possible refractory behaviour. 

9.2) Sm-Nd ISOTOPIC DISEQUILIBRIUM. 

It has already been demonstrated that the accessory phases of both parts of the Strontian 
Complex contain most of the REE of the whole rock and that the different minerals have 
different REE distribution patterns (Section 8.4). Given that different minerals will have 
different Sm/Nd ratios, through time they will evolve to have different 143Nd/144Nd ratios 
(Fig. 9.1), the whole rock 143Nd/144Nd ratio being a weighted average of the different 

mineral ratios. This situation will prevail in any rock where there are different phases with 
different Sm/Nd ratios. 

A given partial melt will only have the isotopic signature of its source (the weighted 
average of the mineral values) if complete equilibration between the melt and the various 
minerals in the source takes place; if equilibrium is not achieved then the 143Nd/144Nd ratio of 
the extracted melt may not be representative of the source value. O'Nions & Pankhurst 

(1974) discussed isotopic disequilibrium melting with respect to Rb-Sr isotope systematics, 
however the principles are the same for other radiogenic isotope systems, including Sm-Nd. 
They stated that if isotopic equilibration was not achieved between the source and the melt 
then varying degrees of partial melting would produce melts of varying isotopic signatures. 
For example, Beswick & Carmichael (1978) suggested that the contribution of apatite during 

melting of mantle sources may be of critical importance in determining the isotopic ratios of 
Nd and Pb in mafic magmas. 

Disequilibrium melting could also be identified if isotopically unequilibrated residual 
source material (restite, Chappell, et al. (1987)) were to be entrained in the melt, although it 

would obviously be difficult to distinguish, purely on the basis of isotopic data, restite from 

other refractory minerals incorporated into the magma during ascent or emplacement. 
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Mineral 1 

High Sm/Nd 
Ratio y 

Mineral 2 

Whole Rock 
Mineral 3 

1 Increasing 
143 Nd/1aa Nd 

Mineral 4 

ý 

V-ýIl Low Sm/Nd 
Ratio 

Point of Whole Rock and 
Mineral Crystallization 

Time -- * 

Fig. 9.1. Diagram showing the effect of the Sm/Nd ratio of different minerals on their 143Nd/144Nd 
ratios with the passage of time. Also represented (schematically) is the fact that the whole rock 
Sm/Nd and 143Nd/144Nd ratios are weighted averages of the minerals ratios. 

It should be noted that isotopic disequilibrium within a rock could also arise due to 
mixing between isotopically distinct magmas that had partially crystallized prior to mixing. 
For example, Geist et al. (1988) described Sm-Nd isotopic disequilibrium between 

plagioclase megacrysts and their host andesite in the Edgecumbe Volcanic Field, SE Alaska; 
the plagioclase population was interpreted as representing a mixture, one from a mafic 
magma that had partially crystallized prior to partially assimilating a contaminant (siliceous 

crust), another from the refractory contaminant and a third in equilibrium with the matrix of 
the resultant rock. 

9.3) Sm-Nd ISOTOPE VALUES IN STRONTIAN 
ACCESSORY MINERALS. 

To test whether the accessory phases from the Strontian Complex are in isotopic 

equilibrium with respect to Sm-Nd isotope systematics isotope analyses of the following 

accessory minerals were determined (the method of mineral separations is given in Appendix 
2A). 

1) BPSRTI (Loch Sunart Granodiorite) - apatite and titanite. 
2) BPSRGI (Glen Sanda Granodiorite) - apatite and zircon. 
3) BPSRGI (from 'Appinite PG' of Holden (1987)) - apatite and titanite. 
All the minerals used for isotopic analysis were hand picked, the selected grains had a 
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variety of morphologies, were crack free and had as few inclusions as possible; altered, 
cracked and cloudy grains were rejected. The methods used to determine the Nd isotopic 

composition and the Sm and Nd concentrations of the mineral separates and whole rocks are 

given in Appendix 2G, this appendix also gives details of the parameters used in calculation 

of ENd values and TCHUR ages. The full results are given in Table 9.1. 

Summary of the Sm-Nd isotope results. 
The analytical uncertainties in the measured 143Nd/144Nd ratios give ENd values which are 

considered to be better than ±1.1 units (2(y), this was estimated from the uncertainty on the 

measured 143Nd/144Nd ratio of Al Til (this analysis has the greatest uncertainty of 
143Nd/144Nd ratio). Most of the results have lower analytical uncertainties than this, down to 
±0.5 ENd units. 

1) The whole rock ENd425 values for BPSRT1, BPSRG1 and BPSRAI agree, within 

analytical uncertainty, with the previously published values for the respective facies of the 

pluton (see Table 6.4 in Chapter 6). 
2) The apatite and titanite ENd425 values for BPSRTI are in equilibrium with each other 

and are similar to the whole rock value, je. the values agree within analytical uncertainty. 
3) The two apatite ENd425 values for BPSRGI are in equilibrium with each other and are 

similar to the whole rock value. 
4) The two BPSRG1 zircon ENd425 values (- 9.5) are not in equilibrium with the apatites 

or the whole rock, the values being some 3 ENd units more negative. This difference is 

beyond that expected from analytical uncertainty. 
5) The apatite and titanite ENd425 values for BPSRA1 appear to be in equilibrium with 

each other and their host rock 

9.4) DISCUSSION OF THE RESULTS. 

9.4.1) Sm-Nd isotopes in accessory phases other than zircon. 

With the exception of the zircon separate from BPSRG1 (Glen Sanda Granodiorite), the 

whole rocks and their respective accessory minerals appear to be in isotopic equilibrium with 

respect to Sm-Nd isotopes. There are three possible explanations for this: 1) they crystallized 
in equilibrium from an isotopically homogeneous melt, ie. devoid of refractory minerals; 2) 

any refractory minerals present were equilibrated before or during the melting/crystallization 

event; and 3) any disequilibrium is masked by the analytical uncertainty of the technique. On 

this last point it should be noted that the long half life of 147Sm (106Ga) and the limited 

fractionation (in comparison with the analogous Rb-Sr isotope system) of Sm relative to Nd 

between phases mean that it is entirely possible that analytical uncertainty could mask slight 
disequilibrium within these phases. However, at the present scale of study the degree of 
disequilibrium (if any) is insignificant. 
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Very little is known about the behaviour of Sm-Nd isotopic systems in REE-rich 

accessory phases during high grade metamorphism or melting. Watson et al. (1985) carried 
out experiments on the diffusion of Sm, Sr and Pb in apatites at elevated temperatures 
(900-1250°C) and established Arrhenius relationships for the diffusive behaviour of Sm, Sr 

and Pb which enabled extrapolation to lower temperatures. They concluded that at 
temperatures below -760°C Sm-Nd isotopic source information may be retained in refractory 
apatites during melting events with durations shorter than 106 years. If there is a refractory 
apatite component within any of the three Strontian samples then clearly the conditions and 
duration of heating and melting were such that it was able to equilibrate or that it is of such a 
small proportion as to have no significant effect on the measured values. 

There is no textural evidence (ie. subhedral and anhedral cores) of refractory behaviour in 

the titanites from either the Loch Sunart Granodiorite or Appinite PG (of Holden (1987)), 

this is consistent with the fact that the Sm-Nd isotopes of the titanite separates are in 

equilibrium with the host rock and apatite values. 
The effect of metamorphism on the Sm-Nd isotope systematics of apatite and titanite from 

a -3.6Ga tonalitic augen gneiss from northern Michigan were described by Futa (1981), the 

results indicated that they were reset with respect to their Sm-Nd isotope systematics during a 

metamorphism at 1.75Ga. This would suggest that during prolonged heating that the Nd (and 

presumably the other REE) within apatite and titanite is sufficiently mobile that equilibration 
of Nd isotopes is possible. The Sm-Nd systematics of other phases in the same rock, 
allanite, biotite, quartz and plagioclase, were also reset during the 1.75Ga metamorphic 
event. Futa (1981) also explored the Sm-Nd systematics of zircon from the same rock, this is 

discussed below. 

9.4.2) Sm-Nd isotopes in zircons from the Glen Sanda Granodiorite. 

In the case of the zircons from the Glen Sanda Granodiorite their ENd425 values are 

clearly not in equilibrium with the other phases analysed or with the whole rock. This 
disequilibrium could have two possible explanations: 1) zircon has experienced some 
post-crystallization disturbance of its Sm-Nd isotope systematics which did not affect the 

other REE-rich phases; or 2) the zircons from the Glen Sanda Granodiorite (which are 
known to contain substantial inheritance (Halliday et al., 1979)) did not completely 

equilibrate with respect to Sm-Nd isotopes within the duration of the magmatic event and 
thus retained some record of their Sm-Nd isotopic history. The fact that the zircons from the 
Glen Sanda Granodiorite are known from U-Pb analysis to contain inheritance means that a 

model whereby two isotopically distinct partially crystallized magmas subsequently mixed 
cannot be the sole explanation of the observed disequilibrium. 

Isotopic disturbance of zircons within the Glen Sanda Granodiorite is considered unlikely 

as there is no independent evidence of a post-crystallization (425Ma) event affecting the 
Strontian Complex and as described earlier the zircons selected for analysis were all of high 

integrity. Futa (1981) observed that two zircon fractions from the -3.6Ga tonalitic augen 
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gneiss described above did not retain the 143Nd/144Nd ratios required to plot on either the 
3.6Ga isochron line (the age of the rock) or the 1.75Ga isochron line (the age of 
metamorphism), instead the 143Nd/144Nd ratios of the zircons plot on a much younger 
isochron line, defined by the 143Nd/144Nd and 147Sm/144Nd ratios of the zircons and the 
143Nd/144Nd ratio of the whole rock at -3.6Ga. Futa (1981) observed that the zircon 'ages' 
do not correspond to any known geological event, but pointed out that they are similar to 
U-Pb lower intercept ages for U-rich zircons from the same augen gneiss obtained by 
Peterman et al. (1980). Futa (1981) speculated that the extensive radiation damage suffered 
by the zircons may make movement of Sm and Nd more likely under milder geological 
conditions. The possibility of mixed Sm-Nd zircon systematics was not considered by Futa 
(1981). 

There has been no experimental work on diffusion of REE in zircons and this is a major 
drawback to discussing the behaviour of Sm-Nd isotopes in zircons during heating and 
incorporation into a magma, however some basic comments and observations can be made. 
Unlike the U-Pb isotopic system in zircons (and other minerals) which can be reset purely by 

outward diffusion of radiogenic Pb, the equilibration of Nd isotopes requires both outward 
and inward diffusion of Nd (and by inference the other REE), outward diffusion of Nd will 
not alter the 143Nd/144Nd ratio of the zircon, the ratio can only be altered by equilibration with 
another source of Nd with a different 143Nd/144Nd ratio. Previously (Chapters 3,5 and 8) it 

was noted that the inherited cores of zircons often retain what is considered to be their 
primary zoning textures and in addition it was observed that the REE compositions of the 
refractory zircons cores are highly variable and it was argued that this was consistent with the 
cores having a variety of ultimate sources. The compositional discontinuities within cores, 
which at least in part are caused by variations in REE content, are often sharp, it would be 
expected that if there had been significant chemical diffusion of the REE (inward or outward) 
that sharp compositional discontinuities would be at least partially destroyed by the processes 
of diffusion. Recently, on the basis of experimental work, Baker (1989) has demonstrated 

that chemical diffusion of Sr (in response to a chemical potential gradient) may be much 
slower than self-diffusion of Sr, ie. diffusion that occurs in the absence of a chemical 
potential gradient and usually modelled as a "random walk" phenomenon. Although this has 

only been experimentally demonstrated for Sr, Baker (1989) states that such behaviour is 

consistent with current multicomponent diffusion theory. This, coupled with the fact 
diffusive transport of elements in a chemical potential gradient is rate-limited by chemical 
diffusivities and isotopic equilibration of an element is rate-limited by self-diffusivities 
(Baker, 1989) means that isotopic equilibration may not be accompanied chemical 
equilibration. Thus the fact that the zircon cores are not in chemical equilibrium with their 

rims or each other does not necessarily imply that they are also in isotopic disequilibrium. 
Equally, however, the existence of chemical equilibration would imply that isotopic 

equilibration had occurred. Thus despite the observations of Baker (1989) the preservation of 
chemical disequilibrium in the inherited zircon population of the Glen Sanda Granodiorite 
does not rule out the possibility of there being Sm-Nd isotopic disequilibrium in zircons. 
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For the purposes of further discussion it is assumed that the zircon ENd425 values of the 
Glen Sanda Granodiorite zircons do represent, at least in part, a record of the pre-melting 
Sm-Nd history of the inherited zircon population. The eNd425 values of the BPSRGI zircon 
separate must represent a combination of the Nd isotopic composition of the cores, which 

may have been partially equilibrated, and that of the rims. The rims are assumed to be in 
isotopic equilibrium with the other Sm-Nd containing phases and will thus have a CNd425 

value of --6. Given that the whole grain ENd425 value of the zircons is -9.5 then the cores 
will have more negative ENd425 values than the whole grain value, how much more will 
depend on the relative concentration of Sm and Nd in the cores and rims and the proportion 
of core and rim material. If the earlier assertion (Section 8.2.4) that the inherited zircon 
population of the Glen Sanda Granodiorite has mixed inheritance is correct then the actual 
ENd425 value of the core material will represent an average, this should be borne in mind 

when considering the following discussion. 

9.5) Sm-Nd ISOTOPIC DISEQUILIBRIUM IN ZIRCONS. 

From both published analyses (eg. Nagasawa, 1970; Gromet & Silver, 1983; Mahood & 

Hildreth, 1983) and experimentally-determined partitioning information (Watson, 1980) we 

would expect zircons, in general, to have higher Sm/Nd ratios than both typical sialic 

continental crust and many other REE-rich accessory phases. Such zircons will evolve in a 
given time interval to higher ENd values than either the other phases or the whole rock, the 

principles of this were illustrated in Figure 9.1. The Nd isotopic signature of any granitic 

partial melt extracted from this sialic crust will of course depend on the extent of 

equilibration, but for the purposes of this discussion it is assumed that most of the REE are 

controlled by a single phase which has a Sm/Nd ratio similar to the whole rock value (eg. 
Mineral 3 of Fig. 9.1). Zircon is assumed on the basis of published studies (eg. Gromet & 

Silver, 1983 and Sawka, 1988) to contain a very small proportion of the total whole rock 
REE content and thus does not significantly contribute to the whole rock Nd isotopic 

signature. If the REE are controlled dominantly by a single phase then a partial melt extracted 
from such a source will result in a melt with a Nd isotopic signature which is not vastly 
different from that of the source. In view of the textural evidence presented earlier any zircon 
entrained in this melt may remain undissolved and unequilibrated and hence may retain its 

own Nd isotopic composition. Subsequent Sm-Nd isotopic analysis will show the zircon 
143Nd/144Nd ratios to be higher than the resultant host rock ratio if, as stated above, the bulk 

of the REE are not found in the zircon. 
The fact that the zircon separates from BPSRGI have lower ENd value than their host 

rock despite having higher Sm/Nd ratios suggests two possibilities which are not mutually 

exclusive. 
1) The chemistries of the zircon cores in this rock are unusual (different from the 

expected norm) by virtue of having Sm/Nd values lower than that of their host rock, ie. the 

sialic continental crust. This can only be tested by selected analysis of the core material. 
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2) That there was another, more primitive source for some of the Nd present within the 
Glen Sanda Granodiorite; that is there was mixing of an older source, characterised by 

strongly negative ENd425 values, with a younger more isotopically primitive source with 
much higher ENd425 values. 

Two models based on the possibility of mixing of isotopically distinct sources will be 
discussed. Both are general models intended to illustrate the broad possibilities involved with 
inherited Sm-Nd systematics and both assume that the undissolved zircon does not 
equilibrate with the environment in which it is found. The first model assumes that the 
zircons crystallized in sialic continental crust shortly after it was stabilised from a mantle 
source (arbitrarily chosen to be -2.6Ga), ie. the zircons had initial 143Nd/144Nd ratios that 
were close to contemporaneous mantle values at the time of crystallisation. The second 
assumes that the zircons crystallized from a magma, produced by the melting of sialic 
material that had been resident in the crust for a long period of time, such that the 
143Nd/144Nd initial ratios of the zircons were much lower than the contemporaneous mantle 
values. 

Model 1 (Fig. 9.2). 

This model assumes that the sialic continental crust and the zircons remained isotopically 

undisturbed from the time of crust separation (and zircon crystallization) from the mantle until 

0.513 

Above Bulk Earth 
ENd Values Are Positive Granite Production 

Time (t) 

Sialic Crust 
(-0.1) 

0.511 

0.510 

3.0 

0.512 

Below Bulk Earth 
ENd Values Are Negative 

I 
2.0 

Age (Ga) 

I 

a. o 

0.509 

0.0 

Fig. 9.2. Model 1. This assumes that the zircons crystallized from a source which had not long 
been stabilised from the mantle and thus for the zircons to evolve to negative ENd they must have 
147Sm/144Nd ratios which are less than bulk earth, which is 0.1966. The values in brackets are the 
147Sm/144Nd ratios. See text for further explanation. 
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the time of melting (t) to produce the granite. The isotopic evolution of these old zircons will 
depend on the their Sm/Nd ratios; if the zircons are to evolve to have negative E1Nd values 
then their average 147Sm/144Nd ratio must be less than the Bulk Earth value (0.1966) 

assuming that the mantle source did not have a low ENd value at the time of crust separation. 
Subsequent mixing of the sialic source with a younger source with higher 143Nd/144Nd 

values could produce the desired relationship between the whole rock and zircon 143Nd/144Nd 

values. The principles of the mixing process are outlined in Figure 9.3. The resultant whole 

rock 143Nd/144Nd value (point 3) is the result of mixing of a primitive Nd isotopic source (2) 

with an old sialic source (1). The actual value of the mixture will depend on the proportions 

of the two sources and their respective Nd concentrations. The 143Nd/144Nd value of the 

zircon rims will have be the same as the mixed rock (ie. point 3). The whole zircon grain 
143Nd/144Nd value (point 5, core + rim) will also be a mixture, between the inherited zircon 

value (4) and the mixed whole rock value (3). It should be clear that the relative 143Nd/144Nd 

values of a whole zircon grain analysis (5) and its host rock (3) will depend on the 

proportions of both mixing processes mixing and the absolute concentrations of Nd, they 

need not always have the relationship shown in Figure 9.3. 

Primitive Nd Isotope (2) 
High 143 Nd/ 144 Nd 

Source - Whole Rock Value 

(3) a 

Low 143 Nd/ 144 Nd 

Resultant Mixture of 
Whole Rock Sources and 
the Value of the Zircon Rims 

(5) Resultant Whole Zircon 
(Rim + Core) Value 

(4) Q Inherited Zircon Value (Core) 

Old Sialic Crust - 1) Whole Rock Value 

Fig. 9.3. Schematic diagram showing how the 143Nd/144Nd ratio of a whole zircon grain (5) (core + 
rim) can be derived by mixing of an inherited zircon ratio (4) and the ratio of the rim (2). The rim 
ratio is also the product of mixing of two isotopically distinct sources, (1) and (2). This mixing 
model is further explained in the text. 

Model 2 (Fig. 9.4). 
If the 147Sm/144Nd ratios of the zircon cores in the Glen Sanda Granodiorite are to be 

typical of zircons and therefore greater than Bulk Earth (0.1966) then constraints may be 

placed upon their history on an Nd isotope evolution diagram (Fig. 9.4). Assuming that the 

observed Nd isotopic relationships between whole rock and zircon in the Glen Sanda 
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Granodiorite are the result of mixing processes at 425Ma similar to those outlined above 
(Model 1 and Fig. 9.3) , then the fact that the cores of the Glen Sanda Granodiorite zircons 
had lower 143Nd/144Nd ratios at 425Ma than contemporaneous Bulk Earth implies that the 

evolutionary paths for zircons and Bulk Earth must have diverged at some time in the past. 
Clearly, in this case, the zircons cannot have crystallized from a magma shortly after 

extraction from a chondrite or more depleted mantle. Instead they must have grown during 

melting of pre-existing crust at some time subsequent to its extraction from the mantle. This 

pre-existing crust with its attendant low 147Sm/1"Nd ratio would have had time to evolve to 
143Nd/144Nd ratios lower than Bulk Earth by the time of zircon crystallization. 

0.513 

Above Bulk Earth 
ENd Values Are Positive 

Sialic Crust 
Line (4.1) Below Bulk Earth 

ENd Values Are Negative 

., 

Separation of Sialic Crust 
From Mantle 

3.0 

Bulk Earth 
Line (0.1966) 

ti 
V` Zircon Crystallization 

Granite Production 
Time (t) / 

/ Zircon Line 
(Greater Than Bulk Earth) 

I-I 
2.0 

Age (Ga) 
1.0 

0.512 

z 0.511 
z 

0.510 

0.509 

0.0 

Fig. 9.4. Model 2. This allows for the 147Sm/144Nd ratio of the inherited core material to have ratio 
greater than that of the Bulk Earth and still retain negative ENd values. The zircons crystallized from or 
were equilibrated with sialic continental crust that had been resident in the crust with a 147Sm/144Nd 

ratio of -0.1 for a significant length of time. This model is explained further in the text. 

It should be noted that zircon cores with 147SI144Nd ratios less than Bulk Earth (Model 

1) could still have been involved in a model similar to Model 2 where they are produced 
during a crustal melting episode, but it is not necessary to invoke such a model, whereas with 

cores which have 147Sm/144Nd ratios greater than Bulk Earth such a model is necessary. 
Inherited zircons with negative ENdt values at the time of incorporation into the final magma 

which are not in equilibrium with their host rock and which have 147Sm/144Nd ratios greater 
than Bulk Earth must have been involved in a model similar in general concept to Model 2. 
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If the inherited zircon population of the Glen Sanda Granodiorite is a collection of grains 
with different sources and ages then the Nd isotopic composition of the bulk zircon 
population will be the result of numerous combinations of variations on the two general 
models outlined above. However, on the basis of the likely Sm/Nd ratios to be expected in 

zircons it is thought that the majority of the inherited zircons of the Glen Sanda Granodiorite 

originally crystallized or were equilibrated with crust that had 143Nd/144Nd ratios that were 
significantly lower than contemporaneous mantle values. 

9.6) QUANTITATIVE MODELLING OF Sm-Nd ISOTOPIC 
DISEQUILIBRIUM IN ZIRCONS FROM THE GLEN SANDA 
GRANODIORITE. 

Quantitatively modelling is hindered in two respects: 1) the measured CNd425 and 
147Sm/144Nd values are both averages of the inherited core and the rim, the actual core value 
is not known; and 2) the core value is also an average of all the cores, these may have widely 
varying ages and compositions. The average ENd475 value of the cores in the Glen Sanda 
Granodiorite must be more negative than -9.5, how much more is dependent on the 
proportion of core to rim and their respective Sm and Nd concentrations. 

Bearing in mind the difficulties in quantitatively modelling Sm-Nd disequilibrium the 
following discussion illustrates a possible quantitative model based on Model 2, see Fig. 9.5. 
Its purpose is to illustrate the potential of such a model rather than to account directly for the 
measured Nd isotopic composition of the inherited zircons in the Glen Sanda Granodiorite. 
Initially the model considers that zircon crystallization took place at 1.5Ga, the approximate 
upper intercept age of the U-Pb zircon discordia for the Glen Sanda Granodiorite determined 
by Halliday et al. (1979), this age does not correlate to the timing of any known local 

geological event probably because the inherited zircon population consists of a number of 
ages (see Section 8.2.4). The effect on the model of using ages of known local geological 
events is also considered. 

1) At 2.92Ga Lewisian sialic continental crust separated from the mantle, this crust had 

an initial 143Nd/144Nd ratio of 0.508959 and a typical 147Sm/144Nd ratio of 0.10 (age and 

ratios from Hamilton et al., 1979). 

2) At 1.5Ga there was a reworking event which resulted in either zircon crystallization or 
isotopic equilibration, the zircons took on the prevailing 143Nd/144Nd ratio that the 2.92Ga 

crust had evolved to by 1.5Ga . The zircons are assumed, for the sake of the model, to have 
had a 147Sm/144Nd ratio of 0.24, similar to the value of the bulk zircon fraction analysed. 
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Fig. 9.5. A quantitative model of the Sm-Nd evolution of inherited zircons from the Glen Sanda 
Granodiorite, involving crystallization of zircon (with 147Sm/144Nd ratios greater than bulk earth) due to 
a reworking of sialic crust with a long crustal residence time. Values in brackets are 147Sm/144Nd 
ratios. Full details of the model are given in the text. 

3) Between 1.5Ga and 425Ma (the time of granite production) these zircons evolved to 
have 143Nd/144Nd ratios of 0.511585, this equates to a ENd425 value of -9.9. 

4) If an age of -1.75 Ga (the approximate age of the Laxfordian event which affected the 
Lewisian) is used as the timing of the sialic crust reworking the inherited zircons would give 
a ENd425 value of -5.4. If, on the other hand, we use a reworking age of -1. OGa (a 
Grenvillian age) the resulting ENd425 value for the inherited zircons would be -18.7. 

9.7) SUMMARY AND CONCLUSIONS. 

The presence of inherited zircon in the Glen Sanda Granodiorite, which is inferred from 
both textural evidence presented earlier and from the previous U-Pb isotopic work (Halliday 

et al., 1979), is also manifest in the Sm-Nd isotope systematics. It is believed that this is the 
first such description of Sm-Nd disequilibrium in zircons from young (non-Archaean) 

plutonic rocks. The differences in the 143Nd/144Nd ratios of the zircons and whole rock at the 
time of crystallization of the Glen Sanda Granodiorite suggest that the zircons were not totally 
reset with respect to their Sm-Nd isotopic systematics within the duration of the melting and 
crystallization event. In addition to the isotopic results both the preservation of internal 

compositional discontinuities and the highly variable REE concentrations of the zircon cores 
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implies that the diffusion and exchange of the REE, and by inference Sm and Nd, with the 
Glen Sanda Granodiorite melt was not an efficient process and did not completely equilibrate 
the melt with respect to their REE content. However, the findings of Baker (1989) outlined 
above (Section 9.4.2) mean that it is not possible to infer from the textural and compositional 
evidence that there is also Nd-isotopic disequilibrium. 

The zircons from the Glen Sanda Granodiorite have ENd425 values which are more 
negative than that of their host rock. This could be due to two possibilities. 

1) The inherited zircon cores crystallized with initial 143Nd/144Nd ratios close to the 
values of contemporaneous mantle and therefore must have 147Sm/144Nd ratios very much 
lower than the Bulk Earth value (0.1966) (Model 1). 

2) The inherited zircons crystallized from, or were equilibrated with, material that had a 
143Nd/144Nd ratio that was significantly lower than Bulk Earth values of the time. Such 

zircons could have 147Sm/144Nd ratios higher than Bulk Earth and still retain negative ENd 

values (Model 2), how long they could retain negative values would depend on their initial 
143Nd/144Nd ratios and their 147Sm/144Nd ratios. 

From both published determinations of typical zircon Sm/Nd ratios and the bulk (core 

plus rim) Sm/Nd ratio of the Glen Sanda Granodiorite zircon separates it is thought that 
majority of the inherited zircon cores in the Glen Sanda Granodiorite originally crystallized 
with 143Nd/144Nd ratios significantly less than contemporaneous mantle values at the time of 
crystallization. 

If the inherited zircon component of granitoids commonly retain their Sm-Nd isotopic 

composition during prolonged crustal melting events then they could potentially yield useful 
qualitative information about the Sm-Nd isotopic environment in which they originally grew. 
Quantifying possible models is hindered by lack of detailed knowledge of the actual 
143Nd/144Nd and Sm/Nd ratios of the inherited material, the measured ratios being averages 
of the core and rim material, and the strong likelihood that the inherited cores themselves 
have a wide variety of ages, sources and Sm/Nd ratios. 

Apatite and titanite, the other phases for which Sm-Nd isotopes were determined, were 
both in equilibrium with their respective host rocks. Of these, only apatite shows any 
evidence (through apparent P oversaturation and textural studies) of refractory behaviour. 
The fact that the apatite is in equilibrium with its host rocks suggests that either apatite was 
not refractory (and consequently an alternative explanation is required for the apparent P 

oversaturation and textural observations), or it equilibrated as a refractory phase during the 
melting/crystallization event. Equilibration of apatite with respect to Sm-Nd isotopes would 
be expected from the findings of Watson et al. (1985) on the diffusion behaviour of Sm in 

apatites at elevated temperatures. 
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Chapter 10 
Summary, suggestions for future work 

and concluding remarks. 
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10.1) SUMMARY. 

10.1.1) Zoning in zircon and titanite. 

Textural studies of the accessory minerals, facilitated by exploiting the backscattered 

electron (BSE) technique, have demonstrated that accessory zircon and titanite from 

calc-alkaline granitoids and related rocks are virtually ubiquitously zoned, the zoning textures 
identified ranging from multiple crystal face-parallel zoning, subhedral and anhedral core 
structures to compositional sector zoning. Until recently studies of compositional zoning in 

minerals relied heavily on centre/edge (so called 'core/rim') or grain-traverse strategies of 
electron microprobe analysis, however the complexity of the zoning structures commonly 
identified during the course of this research must call into doubt interpretations of mineral 
chemistry based on such strategies. Increasingly, new techniques (eg. laser-interferometry 

and Nomarski interference imaging) are being developed and established techniques (eg. 

cathodoluminescence) more fully exploited such that the internal compositional zoning of 

minerals can be visualised and this in turn means that interpretations of mineral chemistry 
become less dependent on a priori assumptions about the texture of the zoning. It should be 

the duty of all mineralogists and petrologists to investigate the texture of the internal 

compositional variations of a mineral before attempting to interpret its chemistry. Not to look 

at the texture is directly analogous to taking whole rock samples from an area in which the 
field relationships are not known, ie. unless the "blunderbuss" analytical strategy is adopted 
then there is a high probability of misinterpretation. 

The zoning textures of zircon and titanite that were observed indicate that the chemistry of 
these minerals in granitoid rocks is strongly influenced by the kinetic factors of crystal 
growth, namely within-magma elemental diffusion rates, crystal growth rates and interface 

kinetics, and that there was commonly chemical disequilibrium between the growing mineral 
and its environment. The presence of zoning in these two accessory mineral phases is largely 

a reflection of fundamental magma properties and the processes linked to crystal growth 

rather than unusual growth conditions. These textures indicate that even in plutonic granitoid 

environments, disequilibrium induced by the kinetics of crystal growth commonly occurs and 
that the disequilibrium recorded in the zoned grains is preserved after crystallization of the 

grain and during the subsequent subsolidus temperature interval. 

10.1.2) The Strontian Complex. 

Whole rock chemistry. 
On the basis of whole rock chemistry and previously published petrographic and 

structural observations (ie. Sabine, 1963; Munro, 1965; Hutton, 1988a and 1988b) it was 
decided to clarify the relationships between the mapped rock units of the Strontian Complex 

by renaming them; the two outer rock units (the 'tonalitic granodiorite' and the 'porphyritic 

granodiorite' of past usage), have been named the Loch Sunart Granodiorite (with outer 
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non-porphyritic facies and inner porphyritic facies) and the clearly later 'biotite granite' has 
been renamed the Glen Sanda Granodiorite. The Loch Sunart Granodiorite (-60-70 wt% 
SiO2) and the Glen Sanda Granodiorite (-70-73 wt% Si02) show no extensive overlap in 

composition while only in terms of total Fe content is there a 'compositional gap'. The two 
facies of the Loch Sunart Granodiorite are, with the exception of their K20 content, 
chemically indistinguishable and this is consistent with the spatial distribution of composition 
across the Loch Sunart Granodiorite which does not show a concentric pattern or a pattern 
related to the mapped position of the internal boundary of the porphyritic facies. 

The geographical pattern of compositional variation suggests that the Loch Sunart 
Granodiorite was emplaced as a number of small essentially contemporaneous pulses and that 
the differentiation process that produced the compositional variations displayed by the whole 
rock chemistry took place prior to emplacement. The decoupled distribution of K20 relative 
to other whole rock chemical parameters is thought to indicate that K was partially mobile in a 
late fluid phase and thus the alkali-feldspar phenocrysts of the porphyritic facies of the Loch 
Sunart Granodiorite are late and replacive. The central position of the porphyritic facies 
(away from the intrusion margins) and the shape of the intrusion (inwardly dipping contacts) 
suggests that this late fluid was concentrated towards the roof, although this is difficult to 
prove since the roof has been removed by subsequent erosion. 

Major mineral chemistry. 
The mineral chemistry of six samples was studied, these samples cover the entire range 

of whole rock composition present within the Complex. The normal zoning (in the sense of 
MacKenzie et al., 1982) of the plagioclase feldspars of both the Loch Sunart Granodiorite 

and the Glen Sanda Granodiorite combined with fact that they become generally more albitic 
in the more evolved samples suggests that the crystallization of plagioclase was dependent on 
bulk-magma composition and temperature. The Ba-rich areas present in all alkali-feldspars 
are thought to have a replacive origin and although the total quantity of these Ba-rich areas is 

restricted they must contain a significant proportion of the whole rock Ba. This, combined 
with the replacive texture, suggests that Ba, in addition to K, was also partially mobile 
although thereAno evidence of a correlation between the distribution of Ba and that of K. 

The actinolitic rims found on many of the hornblendes of the Loch Sunart Granodiorite 

are thought to be due to crystallization or alteration (substantial addition and loss of 
components) under subsolidus conditions in the presence of a fluid. The amount of actinolite 
is very limited and the dominant amphibole (> 95%) is hornblende. The biotites from the 
Glen Sanda Granodiorite have higher concentrations of Ti, Mn and Al in the octahedral site 
than those of the Loch Sunart Granodiorite, this is probably related to the coexisting mineral 
phases; the biotites from the Loch Sunart Granodiorite always coexist with hornblende and 
substantial quantities (for an accessory) of titanite, unlike biotites from the Glen Sanda 
Granodiorite which do not coexist with hornblende and only rarely titanite. The biotites and 
the edge compositions of the homblendes show a consistency in their Fe-Mg distribution 

which is mirrored in the whole rock Fe/(Fe+Mg). The consistency of the Fe-Mg distribution 

I 



157 

between the whole rocks, the biotites, and the hornblende edges (in the Loch Sunart 
Granodiorite), either reflects equilibrium growth or post-crystallization equilibration. 

Observation on the accessory minerals. 
The zircons from the Loch Sunart Granodiorite and the Glen Sanda Gtanodiorite differ in 

two important respects. 
1) The zircons from the Loch Sunart Granodiorite (sample BPSRT1) only occasionally 

contain core structures (interpreted to represent inherited material), this is in marked contrast 
to the zircons of the Glen Sanda Granodiorite (sample BPSRGI) most of which (-95%) 

contain large core structures. The core structures of the Glen Sanda Granodiorite are very 
diverse in terms of their types of internal zoning and their composition. This diversity 
indicates that the inherited zircon cores did not equilibrate with the magma and it is also 
thought to be consistent with the zircon inheritance being mixed in the sense of Miller et al. 
(1988), ie. having a variety of ultimate sources and ages. This mixed inheritance, if it exists, 
is consistent with the existing published radiogenic and stable isotope data that indicate that 
there was substantial crustal input into the Glen Sanda Granodiorite magma(s). 

2) The cogenetic zircon material of the Loch Sunart Granodiorite (ie. the grains without 
the cores and the rims of grains with cores) generally has much lower concentrations of Y, 

the HREE, Th and U than the cogenetic zircon material of the Glen Sanda Granodiorite, this 
is despite the fact that the Glen Sanda Granodiorite has lower overall concentration of Y and 
the REE. This is primarily thought to be due to higher zircon/liquid partition coefficients in 

the Glen Sanda Granodiorite melt. 
The titanites from both Loch Sunart Granodiorite and the BPSRG1 Glen Sanda 

Granodiorite have compositional sector zoning which is a ubiquitously-developed feature in 

these rocks. This implies that the kinetic processes responsible for compositional sector 

zoning in titanite normally accompany nucleation and growth and that compositional sector 
zoning does not represent a response to an unusual set of growth conditions developed only 
locally within the magma. The compositional range displayed by the titanites from five rocks 
from the Strontian Complex (four from the Loch Sunart Granodiorite and one from the Glen 
Sanda Granodiorite) is dominantly a function of the fact that they have compositional sector 
zoning. Titanites from each of the five samples samples show a very similar range of 
composition to one another and thus the influence of the medium of growth on their 

composition would thus appear to be negligible and that the kinetics of titanite growth largely 

determine the internal compositional range. 
The fact that only the HREE were ever detected in the zircons from BPSRTI and 

BPSRG 1 is consistent with the zircons from both samples having HREE enriched rock 
normalised distribution patterns. The apatites from BPSRTI have LREE patterns (only the 
LREE were ever detected), this contrasts with the apatites from BPSRGI which have HREE 

enriched patterns (almost complete patterns were obtainable for the apatites from BPSRGI). 
Titanite is not present in the BPSRG 1 sample, however titanites from the BPSRTI sample 

give rock normalised distribution patterns for the REE that are generally flat, although there 
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are notable relative depletions in the LREE, particularly La and Ce. The generally flat patterns 

shown by the titanites is a consequence of the fact they contain most of the whole rock 
budget of the REE. Since both the zircons and titanites of BPSRG1 are HREE-enriched 

relative to whole rock it is thought that the LREE are contained within allanite and monazite 
both of which are known to be present within the Glen Sanda Granodiorite but of low modal 

abundance. 
Even though the whole rock samples BPSRTI and BPSRG1 have very similar 

chondrite-normalised REE distribution patterns the rock-normalised REE distribution patterns 
for their accessory phases are very variable within a single rock and between rocks. This 

variability has three prime causes: 1) the different accessory minerals have different relative 
mineral/melt partition coefficients for the REE; 2) the accessory mineral assemblage present; 
and 3) the crystallization order of the accessory mineral assemblage. The importance of the 
last two points is best illustrated by the fact that the apatites from the two samples have very 
different rock-normalised REE distributions, this is thought to be due to the accessory 

mineral assemblages that are present in each of the rocks (BPSRTI: titanite, apatite and 

zircon; BPSRGI apatite, zircon, allanite and monazite) and the crystallization order of that 

assemblage. 

10.1.3) Sm-Nd isotopic disequilibrium in zircons. 

Sm-Nd isotopic analysis of accessory phases from three rocks of the Strontian Complex 

show that the apatite and titanite separates from each rock are in isotopic equilibrium with 

each other and their respective host rocks. However, two zircon separates from the Glen 

Sanda Granodiorite were not in Sm-Nd isotopic equilibrium with their host rock, this is 

thought to be due to the presence of an inherited component to their Sm-Nd isotopic 

systematics. Thus the diffusion of the REE within zircons at crustal melting temperatures 

must have been sufficiently slow to prevent complete Sm-Nd isotopic equilibration within the 

time-scale of the Strontian magmatic event, ie. initial melting through to final crystallization. 
The strongly negative ENd4u values of the zircons, given that they have 147Sm/1«Nd which 

are greater than Bulk Earth, is taken to indicate that the inherited component of the zircons 

crystallized from, or was equilibrated with, material that had been resident in the crust for a 

considerable period of time. In addition, the fact that the zircons have 8Nd42s values which 

are more negative than their host rock indicates that the host rock was produced by mixing of 

at least two isotopically distinct sources. 
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10.2) SUGGESTIONS FOR FUTURE WORK. 

10.2.1) Accessory mineral zoning. 

Limited studies of other accessory phases, notably apatite and allanite, have shown that 
these phases are also commonly zoned and thus worthy of study. As many of the zoning 
textures in zircon and titanite described here were not visible using conventional transmitted 
or reflected light optical techniques it is likely that other minerals (included here are major 
phases) previously thought to be unzoned may be similarly zoned. 

Many of the zircon and titanite zoning textures identified during the course of this 
research apparently represent chemical disequilibrium and such textures appear to be the 
norm (and are by no means exceptional). This casts doubt on the validity of the use of 
experimentally-determined equilibrium partition coefficients for elements that concentrate into 

these phases. The work presented here suggests that the determination of effective partition 
coefficients from the study of 'real' systems may potentially be of more use, partition 
coefficients determined on minerals found in crystal-poor volcanic rocks may yield more 
reliable information about effective partition coefficients than studies of plutonic rocks. 

In addition to looking at other minerals, it may be instructive to look at the zoning 
textures of accessory minerals found in other environments, of particular interest would be 

rocks of peralkaline composition. On the basis of experimental work (eg. Henderson et al., 
1985) it is known that the diffusion of elements in silicate melts is strongly dependent on the 
melt structure and that in turn melt structure is a function of melt composition. Several studies 
(eg. Watson and Harrison, 1983, and Gwinn & Hess, 1989) have noted that the solubility of 
highly charged cations (eg. Ti4+, Fe3+ and Zr"-') is dependent on the excess concentration of 
alkalis needed to charge balance aluminium, excess alkalies resulting in increased solubilities 
for highly charged cations; Gwinn & Hess (1989) termed this the "peralkaline effect". Baker 
(1990) experimentally demonstrated that chemical diffusivities of most elements in silicate 
magmas (except the alkalis) is dependent on the alkali/aluminium ratio of the magma such that 

at a ratio of unity (metaluminous) there is a diffusivity minimum and in strongly 
peraluminous and peralkaline melts diffusivities are generally higher. Baker (1990) also 
stated that these findings are in accord with those of Riebling (1966) who demonstrated that 
for melts of 75 mol% Si02 in the Na2O-A1203-Si02 system the viscosity coefficient goes 
through a maximum where the alkali/alumina ratio is equal to one. Other studies have 

suggested that within silicate melts the REE may complex with F (Ponader & Brown, 1989). 
All these features suggest that the behaviour of highly charged elements within peralkaline 
and F-rich melts may contrast strongly with the behaviour of highly charged elements within 
calc-alkaline magmas. Given that the rate of processes such as diffusion may be very 
different in peralkaline and F-rich magmas compared with peraluminous and metaluminous 
systems it is possible that the zoning textures of accessory phases grown in such magmas 
may be very different from those found in calc-alkaline rocks. 
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Studying the zoning textures of minerals thought to have crystallized from, or have been 

altered by, late stage melts and fluids may allow us to understand better the mobility of 
elements in such systems. The identification of vein-like (replacive) Ba-rich areas in 

alkali-feldspars from the Strontian Complex (see Section 7.5.2) is a simple but effective 
example of how careful textural studies of minerals, in conjunction with quantitative electron 
microprobe analysis, can reveal the mobility of elements in magmatic and hydrothermal 

systems. 

10.2.2) Sm-Nd isotopes in REE-rich accessory phases. 

The occurrence of Sm-Nd isotopic disequilibrium in zircons recorded in the Glen Sanda 
Granodiorite of the Strontian Complex is unique in the literature. It is important to test 

whether this occurs in other granitoid zircon populations with known U-Pb isotope 

inheritance. Abrasion of zircon grains with Sm-Nd isotopic disequilibrium caused by 

inheritance would concentrate the core material and allow more representative 143Nd/144Nd 

and 147Sm/141Nd ratios for the cores to be obtained and this in turn would help further to 

constrain potential models of the 143Nd/144Nd-time evolution of the inherited zircons. An 

alternative, although less complete alternative, would be to use an ion microprobe to obtain 

elemental Sm/Nd ratios (Reed, 1986) by selective analysis of zircon cores. From Sm/Nd 

elemental ratios it is possible to calculate, using the known relative abundances of Sm and Nd 

isotopes, 147Sm/144Nd ratios. Knowledge of 1475m/144Nd ratios would help constrain, to 

some extent, models of the Nd isotopic evolution of the inherited zircons. The ion 

microprobe is not able to measure 143Nd/144Nd ratios with sufficient precision. 
If inherited zircon populations do commonly contain a variety of ages then, unless 

selective Sm-Nd isotopic analysis of individual cores is possible (which at present is not the 

case), it will be difficult to quantify further the models outlined in Chapter 9. However, even 
the semi-quantitative information that can be derived from the occurrence of Sm-Nd isotopic 

disequilibrium in zircons may be of considerable value in determining the nature of source 

regions and processes that occurred during granitoid magma production. 
Clearly the next problem that needs addressing is the behaviour during heating of the 

Sm-Nd isotopic systematics of other mineral phases, this may be best addressed through the 

study of REE-rich phases in well characterised high-grade metamorphic terrains. For 

example, Vance & O'Nions (1990) on the basis of chemical and isotopic studies of zoned 

garnets stated "it is possible that large (? 10 mm) garnets may remain closed systems for Nd 

and Sm diffusion right up to granulite facies temperatures". Laboratory based experimental 
studies may be of limited use because of the long duration experimental runs that would be 

necessary to produce meaningful results. 
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10.3) CONCLUDING REMARKS. 

The results presented here emphatically confirm the assertion of E. B. Watson and T. M. 
Harrison who, in their 1984 review paper, "Accessory minerals and the geochemical 
evolution of crustal magmatic systems: a summary and prospectus of experimental 
approaches", stated the following: 

"Our current belief is that complete trace element and isotopic equilibrium between crustal 
melts and residual accessory minerals will rarely be attained-it is specifically those increases 
in preserved disequilibrium (their italics) that may contain the most information about rock 
histories - information that can be extracted only if the fundamental accessory-phase 
parameters have been well characterized". 
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Appendix 1) Sample localities. 

Appendix lA) The Caledonian Strontian Complex NW Highlands. Scotland 

LSG NPF - Loch Sunart Granodiorite, Non-Porphyritic Facies. 
LSG PF - Loch Sunart Granodiorite, Porphyritic Facies. 
GSG - Glen Sanda Granodiorite. 
A- Appinite 
All samples, except those with BPSR stem, were collected by WE. Stephens. 

Sample Grid Reference Rock Unit/Type Sample Grid Reference Rock Unit/Type 

Str NO53 NM 864 531 LSG PF 
Str NO54 NM 833 656 LSG NPF 
Str NO55 NM 788 613 LSG PF 
Str NO56 NM 809 613 LSG PF 
Str NO57 NM 784 610 LSG NPF 
83SR18 NM 819 643 LSG NPF 
83SR19 NM 815 652 LSG NPF 
83SR20 NM 807 646 LSG NPF 
83SR20A NM 774 599 LSG NPF 
83SR22 NM 796 638 LSG NPF 
83SR23 NM 793 632 LSG NPF 
83SR24 NM 787 626 LSG NPF 
83SR25 NM 863 604 LSG NPF 
83SR26 NM 885 541 LSG PF 
83SR27 NM 745.508 LSG NPF 
83SR28 NM 753 536 LSG NPF 
83SR29 NM 756 534 LSG PF 
83SR30 NM 760 548 LSG NPF 
83SR31 NM 763.547 LSG PF 
83SR33 NM 780 554 LSG PF 
83SR34 NM 776 565 LSG PF 
83SR35 NM 771 577 LSG NPF 
83SR36 NM 785 596 LSG PF 
83SR38 NM 804 557 GSG 
83SR39 NM 829 542 LSG NPF 
83SR40 NM 841 532 LSG PF 
83SR41 NM 870 524 LSG PF 
83SR42 NM 762 506 LSG PF 
83SR43 NM 775 500 GSG 
83SR44 NM 785 506 GSG 
83SR45 NM 786 517 GSG 
83SR46 NM 788 525 GSG 
83SR47 NM 798 539 GSG 
83SR48 NM 789 545 GSG 
83SR49 NM 783 537 LSG PF 
83SR50 NM 774 532 LSG PF 
83SR51 NM 833 503 GSG 
83SR52 NM 817 501 GSG 
83SR53 NM 810 491 GSG 
83SR54 NM 815 481 GSG 
83SR55 NM 835 478 GSG 
83SR56 NM 841493 GSG 
83SR57 NM 856 513 GSG 
83SR58 NM 844 521 LSG PF 
83SR59 NM 814 636 LSG PF 
83SR60 NM 829 627 LSG PF 
83SR61 NM 845 636 LSG NPF 

83SR62 NM 855 641 LSG NPF 
83SR63 NM 863 632 LSG NPF 
83SR64 NM 847 626 LSG NPF 
83SR65 NM 837 617 LSG PF 
83SR66 NM 822 619 LSG PF 
83SR67 NM 824 634 LSG PF 
83SR68 NM 794 576 LSG PF 
83SR69 NM 813 588 LSG PF 
83SR70 NM 819 575 LSG PF 
83SR72 NM 805 573 LSG PF 
83SR73 NM 795 555 LSG PF 
84SR2 NM 749 493 LSG PF 
84SR4 NM 766 490 GSG 
84SR5 NM 775 480 GSG 
84SR6 NM 760 471 GSG 
84SR7 NM 751 466 LSG PF 
84SR8 NM 742 470 LSG NPF 
84SR9 NM 743 483 LSG NPF 
84SR 10 NM 744 499 LSG NPF 
84SR11 NM 753 413 GSG 
84SR12 NM 748 413 GSG 
84SR13 NM 740 408 GSG 
84SR14 NM 766 418 GSG 
84SR15 NM 769 431 GSG 
84SR16 NM 782 429 GSG 
84SR17 NM 790 435 GSG 
84SR18 NM 799 443 GSG 
84SR19 NM 798 453 GSG 
84SR20 NM 808 458 GSG 
84SR21 NM 815 463 GSG 
84SR22 NM 826 470 GSG 
84SR26 NM 860 594 LSG NPF 
84SR27 NM 847 580 LSG NPF 
84SR29 NM 832 587 LSG PF 
84SR30 NM 844 593 LSG NPF 
84SR31 NM 848 600 LSG NPF 
84SR32 NM 836 658 LSG NPF 
BPSRTI NM 842 610 LSG NPF 
BPSRT2 NM 860 608 LSG NPF 
BPSRT3 NM 801 610 LSG PF 
BPSRT4 NM 780 560 LSG PF 
BPSRGI NM 810 551 GSG 
BPSRG2 NM 805 523 GSG 
BPSRG3 NM 795 523 GSG 
BPSRG4 NM 786 482 GSG 
BPSRG5 NM 778 463 GSG 
BPSRAI NM 795 603 A 
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Localities and sources of additional analyses used in the contouring of composition in the Loch Sunart 
Granodiorite: 

Sample Grid Refenence Rock Unit/Iype Source 

S23/281 NM 853 651 LSG NPF 
S24/282 NM 849 646 LSG NPF 
S25/283 NM 841 641 LSG NPF 
S14/231 NM 794 633 LSG NPF 
S15/232 NM 791 637 LSG NPF 
S3/220 NM 777 609 LSG NPF 
S2/219 NM 779 610 LSG NPF 
S I/218 NM 783 611 LSG NPF 
S6/223 NM 776 609 LSG NPF 
S41864* NM 761 505 LSG PF 
S205G NM 846 610 LSG NPF 
S208G NM 786 612 LSG PF 
S213G NM 781 595 LSG PF 
S340G NM 806 603 LSG PF 
S343G NM 818 603 LSG PF 
S347G NM 796 602 LSG PF 
S351G NM 743 507 LSG NPF 
S352G NM 802 609 LSG PF 

Mercy (1963) 

1. 
n 

n 
n 

Sabine (1963) 
Holden (1987) 

11 
11 
1. 

0 

I' 

n 
n 

* Lab. No. 1734. First reported in Summary of Progress of the Geological Survey for 
1958 (published 1959). 

Appendix 1B) Other sample localitiec 

Sample Locality Grid Reference 

RAT 11/1 Ratagain, NW NG 8913 1733 
Highlands, Scotland. 

RAT 13/1 Ratagain, NW NG 8872 1741 
Highlands, Scotland. 

AB 40 Kameruka, South - 
East Australia. 

DR 55A Kr9kmo area, West 6284 5705 
Central Norway 

RockUnit/Type 

Diorite. 

Diorite. 

Kameruka Granodiortte, part of the Bega 
Batholith of the Lachlan Fold Belt. 
Granodioritic augen gneiss (Robertson, 
1988) Precambrian body part of 
Caledonian Tannas Nappe (Gee et al., 
1985). 

Ratagain samples collected by W. E. Stephens. 
The Kameruka Granodiorite sample AB 40 was loaned by I. S. Williams of the Australian National 
University. 
DR 55A was collected by D. C. Robertson. 



177 

Appendix 2) Methods. 

Appendix 2A) Accessory mineral separation and pi partition. 

Accessory minerals were separated from three samples (BPSRAI, BPSRTI and BPSRGI) using the 
facilities at the SURRC, East Kilbre. Approximately 20kg of each sample was crushed to less than 2mm 
using manual methods (a sledgehammer! ), a Sturtevant jaw crusher with steel jaws and a disc grinder. Mineral 
separation was achieved by using a Wifley water table, a Frantz magnetic separator and heavy liquids. All the 
minerals used for ZCI studies and Sm-Nd isotopic analysis were either selected from the separates by hand 
picking or further purified by picking. The zircons mounted in epoxy were selected by size and morphological 
criteria so that subsequent grinding and polishing would cut all the grains as near their centres as possible. 
Several grain mounts were required to cover the range of sizes and shapes encountered. 

Appendix 2B) Whole rock sample preparation for XRF. INAA and isotopic analysis. 

Samples of 2-3kg were prepared by removing all surface weathering using a grinding wheel. The samples 
were then crushed using a Lake and Elliot hydraulic splicer with stainless steel jaws, a Sturtevant jaw crusher 
with steel jaws and a tungsten carbide Tema swing mill. The latter reduces the sample to less than 200 mesh. 

Appendix 20 Whole rock XRF analysis. 

Major elements were determined using fused glass beads prepared from 0.5g of rock powder, 2.5g of 
Spectroflux 105 and ammonium nitrate as an oxidant. X-ray analysis was performed on a Philips PW 1212 
using a Rh tube for primary excitation. Calibration was done with reference to a monitor (H12, supplied by 
K. Norrish) and 25 international rock standards. Matrix corrections were applied on an iterative basis by 
on-line computer. This is essentially the method of Norrish and Hutton (1969). 

Trace elements were determined using pressed powder discs prepared with Moviol as a binder. Primary 
excitation was by Rh tube and analysed by either LiF 200 or LiF 220 crystals. The apparent fluorescence 
values are calculated for the better international standards by inverting the normal matrix correction procedure. 
The apparent fluorescence values are then regressed against their intensities (already corrected for line overlap 
or blank values) and the coefficients of the line used in analysis. All intensities are calculated in terms of a 
monitor used in the first sample position to help correct for machine drift. 

Appendix 2D) Contour maps of composition: 
the 'Surface II Graphics System'. 

Surface II is a computer programme used for the creation of contour maps of spatially distributed data. It 
has undergone several updates and modifications since it first became available in 1975, the version used here 
was last updated in September 1985. It contours a grid matrix of Z values estimated from irregularly spaced 
X, Y and Z sample data points For all the contour maps the same method was used; the 50 by 50 grid matrix 
of Z values was calculated from a distance weighted average of the nearest four data points, the scaled inverse 
distance squared being used as the weighting function, the contours were smoothed by interpolating to a finer 

grid using a bicubic spline interpolation. The contoured maps were subsequently traced onto a suitable base 
map of the Strontian Complex. 

Appendix 2E) Whole rock INAA. 

Samples of 0.1 g, including standards, were individually packed in Al foil; each packet was irradiated 
along with Fe wire flux monitors (Goodfellow Metals FE005152,99.5 % purity) in a flux of 3.6x 1012 
n. cm-2s-1 for 6 hours. After 3-4 days the powders were separated from their flux monitors and transferred to 
ampules to ensure constant geometry during the counting process. Gamma emitters with energies below 150 
KeV were counted with a LEPD Ge(Li) detector and gamma emitters with energies above 150 KeV were 
counted with an 80cm coaxial Ge(Li) detector. Counting was performed on two occasions; the first, 4-5 days 
after irradiation, the second, 11-12 days. Both detectors were controlled using an EGG-ORTEC Data 
Acquisition and Analysis System. Results were calculated by comparing the induced activities with those 
induced in the standard (BCR-1), measurements on the Fe wire flux monitors were used to correct for 
variations in the flux experienced by the samples. The REE concentrations of BCR-1 used in the calculation 
process are those recommended by Govindaraju (1984). A St. Andrews University, Department of Geology, 
internal standard (80/NSY -a nepheline syenite) was run as an unknown, the REE concentrations obtained 
closely agreed with previously determined values. 
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Appendix 2F) Major mineral electron mic=robe analysis. 

The microprobe analysis of the major phases were made on a JEOL 733 Superprobe equipped with WDS 
operating at 15kV and 2OnA. A focussed beam was used for amphiboles, but it was defocussed for biotites 
(10µm diameter), plagioclase feldspars (101im diameter) alkali-feldspars (50µm, diameter) and for narrow 
Ba-rich areas in the alkali-feldspars (101im diameter). Count times were 10s on peak and 5s on two 
background positions. The following standards were used; wollastonite (Si, Ca), corundum (Al), rutile (Ti), 
ferrite (Fe), manganese, periclase (Mg), jadeite (Na), orthoclase (K), barite (Ba). Apparent concentrations were 
corrected using the ZAF methods outlined in Section 2.3.1. 

Appendix 2G) Sm-Nd isotopic analysis. 

Weighed samples, both powdered rock and mineral separates, were dissolved in concentrated HF and 16M 
HNO3 in sealed PFA teflon (Savillex) beakers. The zircon separates underwent the same dissolution procedure 
except that the HF/f N03 dissolution was performed in PTFE teflon bombs in an oven at 220°C for 5 days. 
After drying down the residue was redissolved in 16M HNO3 and re-dried prior dissolution in 6M HCI. Sm 
and Nd concentrations were determined by isotope dilution, an aliquot of the sample was spiked with a 152Sm 
spike and a 145Nd spike, the amount of spike used was adjusted depending on the approximate concentration 
of Sm and Nd expected in the sample. Chemical separations of the bulk REE fraction were performed using 
standard cation exchange columns with techniques similar to Richard et al. (1976). Sm and Nd were isolated 
using PTFE teflon columns with techniques similar to Halliday et al. (1984). All analyses were performed on 
a fully automated V. G. Isomass 54E mass spectrometer. The separated Sm and Nd were run as metal species 
on triple filament assemblies, the sample being loaded in dilute H3PO4 on one of the Ta side filaments, the 
centre filament being Re. All isotopic data were corrected for machine discrimination using 146Nd/144Nd = 
0.7219. The Johnson and Mathey Nd standard gave a 143Nd/144Nd value of 0.511839±17 (2a) during the 
course of this study. Analytical blanks for Sm and Nd were <0.2ng. Sample ENd and TCHm (for whole rock 
determinations only) values were calculated using present day bulk earth parameters; 143Nd/'Nd = 0.512638, 
147Sm/144Nd = 0.1966. Decay constant (? L) for 147Sm = 6.54 x 10-12 a'1. 



179 

Appendix 3: Electron microprobe analyses: zircons. 

For analyses cross referenced with a plate number the first part of the analysis coding denotes the plate 
number (eg. 3.1); the second part denotes the analysis number, for analyses not cross referenced with a plate 
number a letter is used to denote different grains, this is then followed by the analysis number. All the 
concentrations are expressed as wt% oxide, Fe is calculated as FeO. n. d. - not detected. The structural 
formulae of the zircon analyses have been calculated to 16 oxygens. 
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Appendix 4: Electron microprobe analyses: titanites. 

For analyses cross referenced with a plate number the first part of the analysis coding denotes the plate 
number (eg. 3.1); the second part denotes the analysis number, for analyses not cross referenced with a plate 
number the rock number is given and a letter is used to denote different grains, this is then followed by the 
analysis number. All the concentrations are expressed as wt% oxide, Fe is calculated as FeO. n. d. - not detected. The structural formulae of the titanite analyses have been calculated on the basis of 20 oxygen. 
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Appendix 5: Electron microprobe analyses: apatites. 

The first part of the analysis coding (eg. Ti) denotes the rock: the second part the analysis number. All 
the concentrations are expressed as wt% oxide, Fe is calculated as FeO. n. d. - not detected. The structural 
formulae of the apatite analyses have been on the basis of 26 (0, F). 



204 

ýe ý 

C7 

ý ý 

C7 

äý 
äv 
m v ý 
F- 
a N 
a 
m 

ý 
.ý e 
ý 
Ny 

"ý 
T 

ý 
C 
Q 

C 
.ý 

13 
C 

F 

ý 
F 

ýf 

ý 
I- 

C 
F- 

ý 
(- 

1 

F 

, ý- 

ý 
a ä 
m 
ý 
2 
ý ý 
h 
ý 
ý h 
C 
4 
ý 

G 
QI 

ý 
F 

C 
F 

F- 

N 
Oý 
^ `O 00 0 ýC ^ Cl %0 N vl 00 00 V1 ýD 

TV M^ vl V1 ury l+1 Oa fýl H1 
'CCtýOCO^O'C70^'O^TlO00 '0fC 

NOCCOOCOOdOOCOCO000eC 

OOO ooa- m OO UN Nn V, 
M- vý riOl N 
10 0NR OC 

ooýicý enM NMN 
^ -' O-0 C9916 

NOÖC: O 
VN 

Ö Cý OÖCÖ6COCOCÖCCC 

Q0 
N 
oM- oM 

yrý 
10 M 

ýý 
Z1 

ýý 
Öý 

p 
Öý Ö ti ÖÖvbC 

NOCCONOCVÖÖ1ÖÖLÖCOÖÖCCC 
Q ý1 

C) 0 cc N 
xN C-6 Ný Oýý VOb ^^000ý -6-6 

C NO Cro -' Ö l"i06 CÖO ,CO ödÖOÖ CC 
O V1 

'C TJ V1ý^'0'C 
^ 

Iý OCN 
NC CÖO^'Oý C'C3009 

oöecöäöcVöd2öö2öcdöööd d 

Ozý . 6V? 00 ri 070^'7ý OC/0 C9 tfo 

VOÖC O^ ÖÖMOÖCÖÖCOCCÖCCCC 
OY 

ýý ö°ýp 
vn 

ýh= qq 
ýn 

ppOp. 
ýn00'O ^ oDO'dlý O. "'900'O'OCSf C C9'Ö L 
moo CÖ ^a Ö Cý ÖÖCÖÖCCCCCCCCC 

ý hýOONýfNW 
YA1. "ý" TO 

OOýN00V09ý'IM.. "7 eýj'Oý'! t7C'Cj'0990 
6Ö Ö^ C. Gý 00COOCOCCCCCC 

LZ ýýsýýýýýeýýýýýýýýýýýs 

10 00- 01 V '7 N 
pVý 

O 
NýO^JMC! 

i--CIO^OO^^ 
9'O'O'Ot7C'O'O'O 

M00CO 
ý^ 

0Cv00C000CCCCCCCC 

yýpp ý ýp. Q{ 
eMý 

OO Mý 
ÖÖ ýT7 --ý09Y? 

Ö 
^'ÖÖ 

ýCt! 7 CC C'Ö'Ö 

t1 ÖGC O^ O C'Q ÖOCOOCGCCCCCcc 
Rý 

r- 10 10 
ýCöv hOOä<'? 

^"'ý ^ý', 
N'dC'C 7'CT79'Ö Tl 

ýddedcýod. ýoodoodc22dd2ce 

ýöciýýcö, 
ödýNn, Q=ryödtiv, ýcýti 

f`1 0CC0OOCOOOCOOC0CCCCCCd 

(yýpvp _^ 
MOyfVj M1^ g ýoor 

ýýhpp 
000'CN<vOCe+1 O^H S/0T1 C 99O'6 T7 

010 00 Ö^Ö Cv1O O COO dOCCcdddd 
Q ý/f 

MrNh 1rl ý/1 ý/f V1 OO 40 
0' Ni a V1 V1 00 ^y V1 aa}} ýý}} N 

,Oa ^NOýO 'OaOSfO'OCO'9C'O V 

MOÖ 00-0 Cz4 00C00C0CCCCCCG 

w00 ano-00 mpmp.. r ýo 
=Ö'e79NÖ8ÖMýqCýeýtiÖCtitiýýýýs7 

tnÖ CCÖv-Ö Ö- CO C6 C3 CO CCCCCCC 

`fO"" ýý ý°=ýtiöödödvc`3ýývd oý-Od-ýod ýCc l'7 -- CC 466 Coo co CCOGCGc 
Oh 

M 
00 

8 

9 

ý N N ý 

ý g 
C' 

ý 
0 

8 

ý ý a S 

ý N 

pn 
Oý 

ý 

F 

ö 

a 

8 

ý 
8 

ý ý 
8 
N 
ýD 
S 

ý 

ftö 
ý zF¢H v XJ4 vvHo >- ý ir 

ýp 

ýO: 

S NOS SS 

ýýSO 

,.., 
d " d'. +d O. dO'ÖO dOd' 

NýNa 

ö 
ý8 888 Ný'öö 

öä$ Räö 

°6 öa8 ; zoS 
-ýÖ ""O. nd a00 " 00 O" 000 ' 

ýý äýý "gý ää ässsäs 
-. p 0'nC ch 00 OpO " 000000 " 

Mh 
-°vtA i 

ýn 
týi0 

N 
'n i°Dö 

8ý 88$ 
cvd '' pvid ' oýdp' " dd 'd' ddo 

h 
Vý1 f"b'1 týý1 ! -1 

ýý Ný 0 
. 
ý--" 

"^" ar 
M 

'O'` NOO ' Ov1000.00 ' CDC '01 

°9 et! RA 

'All 

oööö=ý voö öö 
ý 

-dooöho'aöo'oo'o """ 

aýiaHayýÜýHýýýäýyýaýýýý 

nN0,32 iQQ hý 

CO"0 /i d' Oý GÖ'0'' 

OM $'ýp ýa' Nio 

.. 
ý .+ä V1 0,00 MM 

°rc öwö yöö öö 

-c ö n0 " O, OÖ " 00 ", " 

12! 9VINiýfippÖ ^Oý ýV1 

CT^'ýV1yppýý 
ýNý}} _M_ ÖrHOh00o; 

-OÖ ' OvfÖÖOýÖÖ Ö 

ýýc eýýrp Qý 
ý! 

r-ý ý 
vi10 

orqö $rö ýMqöö öö ö 

ý ýý ý ^Ig =ý ý_; sý ý 
12g ý is s os § 
-. CO "ÖýiÖ "eCöd "OÖ "d "11"" 

mýg ýsö äg gs 
-oo 'M Ov, O ' OýOO ' Oo 
OIc ýopNýÖ$r ^a ý 
Y1N Ný Vp10_^Oý P^ tý1 
ýC ýtiSOeýO 00 S 
ý0 ' 'OVi00a00'00 '0 ''*M 

SNOO In 00 

NN 
NYýi 

VýN10 
ýtNý1 NN 

CC.. ONý vNi, sQ 88 8$ 

NC,.. '0v+0'OýÖO'00'0' 'O' 

iýýQýayYÜýýýýÜdýha 
s, ý 57 

ý 
ý 
r 

b 
M 

r 

yQý 

N 
r 

ý 

ý 
In ý VY 

ý 

ý 
ý 

r M 
,2 

r 

ýo 
ý 
ý 

r 

QM $ r 
M 
r 

r 
M 
r 

ý 

N 

00 

O. 

ri 

ý 
ý 



205 

0 

ü 

ý 
Q 

ý 
v 

r 
v 

Nm DfýpO. NýppOýyyOr 
qq(ý ýýpp tPNý ýNb'C-1ý1Öý00Ö 

ayya{{GOýO^9 
V O9Otiv, 

eýiÖ d doNdoNöd döööö d cö dci ad 

NOCCOQO OgO OC cd c (D CCCOCCC 

rýýMM Nýý eO v1 a0 TN 

ä ývq . 
ýýýä-otiööv-vö= -ti odei 

fVO C COý^O Ch 00 C6 OCOC OO CÖCC 

ýc'v, vdý$r, 
öýöödý=ýSvö$ööv, 

e; 
N0GCONÖC! "ýO ýCOO =O C CD ÖÖOCC 

Q ý 

, sýss ýýýýýQýýýýýýýýýýýý 

ý 
C' 
0 

0 

ý 4 M 

S 
ý 

ý 

F 

00a Vý100Mtýý1 ýDM Vý1gýý 

$ö Sa, ý'$^ieýö 8ög25 
-. p', ov, ooaoo ý ot0ýý 00 ýý 

. 

opp "0 

h M1 o... ej M 
Nj .. 

n. gOýM 
'OM 1- N 00lT 00tý 

Vt äg S°ýýýýý 8$ $$$ 
-o ' '0 vloöo oo "0' o' ö000 

g1hiihi 

-0 " c; vi 

äö öäö, ööö öö 
ý 

ö. 25, öö 

0 v, 0 " ao0 00 0 0000 

ýýýan aH 

ý ý h 
O 
ý 

r 
M 
O 
Q 

r 

W 
M 
ý 

r 

M 
ý 

0 
N 

ý 

H 
O 



206 

Appendix 6) XRF Analyses: whole rocks - Strontian. 

Appendix 6A) Analytical precision. 

The precision estimates are based on six replicates on six separate beads or pressed powder pellets (trace 
elements and MnO) of a granodiorite and the standard deviation values are derived in the manner of Harvey et 
al. (1973). Precision estimates expressed as wt% for major element oxides and as ppm for trace elements. 

Element Standard Deviation Element Standard Deviation 

Si02 0.177 Sr 1.8 
Ti02 0.006 Rb 1.4 
A1203 0.042 lb 4.2 
Fe203 0.114 Pb 0.8 
MnO 0.0003 Zn 0.7 
MgO 0.035 Cu 0.8 
CaO 0.010 Ni 1.2 
Na20 0.099 Cr 1.4 
K20 0.013 V 0.9 
P205 0.011 Ba 8.0 
Nb 2.0 Hf 0.41 
Zr 6.9 Ce 2.0 
Y 1.5 La 1.3 

Appendix 6B) The electron MkMRMbt analyses. 

The analysis codings are cross referenced with sample localities given in Appendix 1. Oxide 
concentrations are given in wt%, trace elements in ppm. Fe is expressed as Fe203. 
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Appendix 7) Whole Rock INAA: The Subset of Samples - Strontian. 

Figures are in ppm. Figures in brackets are the 1a errors. 

Sample BPSRTl BPSRT2 BPSRT3 BPSRT4 BPSRGI BPSRG4 

La 49.7 43.9 66.6 59.1 19.0 24.7 
(6%) (6%) (6%) (6%) (9%) (8%) 

Ce 97.3 70.1 122.6 109.3 42.7 43.7 
(7%) (7%) j6%) (6%) (8%) (7%) 

Nd 36.4 20.5 41.6 36.7 16.0 16.1 
(9%) (11%) (9%) (9%) (13%) (1395) 

Sm 5.82 4.30 6.21 5.89 2.14 3.15 
(2%) (2%) (2`) (295) (3%) (2%) 

Eu 1.58 1.06 1.39 1.38 0.66 0.81 
(11%) (13%) (12%) (11%) (16%) (13%) 

Yb 1.42 1.08 1.53 1.80 0.65 1.18 
(10%) (11%) (9%) (9%) (18%) (11%) 

Lu 0.22 0.18 0.23 0.25 0.13 0.16 
(6%) (6%) (5`) (5%) (8%) (6%) 



211 

Appendix 8) Electron microprobe analyses: major phases - Strontian. 

Appendix 8A) Detection limits and analytical precision. 

Detection limits. 
The detection limits (wt%) were calculated (using Equation 2.4) from the number of counts obtained 

from peak and background positions from the relevant element standards using the beam conditions and 
count times outlined in Appendix 2F. As discussed in Section 2.3.1 the calculated values should only be 
used as a approximate guide to the expected detection limits. 

Element Oxide Detection Limit (wt%) 

SiO2 0.015 
TiO2 0.019 
A1203 0.090 
FeO 0.031 
MnO 0.030 
MgO 0.010 
CaO 0.014 
Ba0 0.060 
Na2O 0.027 
K2O 0.023 

alyti ision. 
Values of analytical precision (± wt%) were calculated from the combined analytical uncertainties of 

the standards and unknowns using Equations 2.5 and 2.6. The table below gives analytical precision values 
for typical alkali-feldspar, biotite, amphibole and plagioclase microprobe analyses. 

Element Oxide Alkali-Feldspar Biotite Amphibole Plagioclase Feldspar 

SiO2 65.66 (±0.30) 37.50 (±0.21) 49.24 (±0.24) 60.61 (±0.27) 
TiO2 - 3.33 (±0.11) 1.15 (±0.07) - 
A1203 20.48 (±0.14) 15.29 (±0.11) 6.36 (±0.08) 24.92 (±0.15) 
FeO - 17.98 (±0.30) 14.72 (±0.27) - 
MnO - 0.23 (±0.06) 0.41 (±0.07) - 
MgO - 13.28 (±0.12) 14.29 (±0.12) - 
CaO -- 11.98 (±0.19) 5.20 (±0.12) 
BaO 1.49 (±-0.11) --- 
Na2O 1.26 (±0.07) 0.06 (±0.05) 1.23 (±0.07) 8.54 (±0.17) 
K20 14.30 (±0.29) 9.87 (±0.22) 0.64 (±0.05) 0.33 (±0.04) 

appendix 8B) The electron microprobe analyses. 

The first part of the analysis coding (eg. T3) denotes the rock: the second part the analysis number, in 
the case of alkali-feldspar and plagioclase feldspar a letter denotes individual grains. All the concentrations 
are expressed as wt% oxide, Fe is calculated as FeO. n. d. - not detected. Alkali-feldspar and plagioclase 
feldspar structural formula have been calculated to 32 oxygens, amphibole and biotite analyses to 23 
oxygens. 
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