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Abstract 

The cathodoluminescence (CL) of cassiterite (SnO2) from the paragenetic sequence in the lodes at 
South Crofty Mines has been used in the interpretation of the processes which govern mineral 
deposition. Luminescence is controlled by the substitution of Ti, Fe and W for Sn in the cassiterite 
lattice. Ti and W behave as luminescence activators whereas Fe quenches luminescence. The observed 
colours and intensity of the luminescence are believed to result from the interplay between these 
effects. Successive generations of cassiterite formed during the separate stages of paragenetic evolution 
show different luminescence colours. These are believed to reflect changes in bulk composition of the 
fluid, which is indicated by the systematic variation in the composition of tourmaline in the associated 
gangue. 

CL also reveals details of growth and deformation in individual crystals. Growth textures observed in 
CL are broad concentric growth banding, oscillatory zoning and sector zoning. Sector boundaries often 
show a zig-zag form which is indicative of competitive growth of adjacent crystal faces. Interpretation 
of CL textures is used to support the hypothesis that cassiterite growth took place under two main 
regimes. These are, firstly, conditions in which fluid pressure decreased abruptly when tectonic 
reactivation caused dilation of parts of the lode fracture system and secondly, conditions of sustained 
hydraulic pressure within fractured vein fill. In tectonically induced fractures the crystals are stubby, 
have non-equivalent growth faces and are commonly tetragonal bipyramidal forms in which sector 
zoning is invariably present. In hydraulic fractures crystals take a predominantly tetragonal prismatic 
form. Thus, it is believed that growth under these contrasting conditions leads to distinctive 
morphology and zoning in cassiterite, providing a basis for typomorphic characterisation. 
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Introduction 

THE composite lodes at South Crofty Mine, 
Cornwall, U.K. contain multiple generations of 
cassiterite associated with tourmaline, chlorite, 
quartz and fluorite gangue. Descriptions of these 
veins, which are the classic form taken by tin 
mineralisation in the Camborne-Redruth mining 
district, have been given by Henwood (1843), 
Collins (1882), Flett (1903), MacAlister (1906), 
Dines (1956) and Hosking (1964). The complexity 
of the hydrothermal and tectonic processes re- 
sponsible for the superimposed paragenetic 
stages in the lodes is evident in all these published 
descriptions. Two principal paragenetic stages 
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associated with cassiterite mineralisation can be 
recognised. These are the earlier 'tourmaline 
stage', in which the gangue consists dominantly of 
tourmaline, followed by the 'chlorite stage', in 
which chlorite dominates over tourmaline. Struc- 
tural and paragenetic studies (Farmer and Halls, 
in press) show that cassiterite is found in two main 
environments regardless of gangue mineralogy. 
Cassiterite mineralisation is hosted either (a) in 
discrete veins formed by structural reactivation of 
pre-existing fractures, or (b) in the matrix of 
hydraulic breccias. 

Textural evidence, provided by the intergrowth 
of tourmaline and cassiterite, demonstrates that 
these two minerals are co-genetic. Interpretation 
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of hydrothermal chemistry therefore depends on 
a knowledge of the compositional variations in 
these two minerals and an understanding of the 
factors which govern these variations during 
paragenetic evolution. An independent con- 
straint is provided by fluid inclusion microther- 
mometry. Non-destructive electron beam analyti- 
cal techniques (SEM-EPMA) provide a means of 
investigating compositional variations in tourma- 
line, however, levels of substitution in the cassit- 
erite lattice lie at the limits of detection using 
wave-length dispersive (WD) analysis. Cathodo- 
luminescence (CL) offers an alternative tech- 
nique for studying, optically, the effects of cryptic 
elemental variations in the cassiterite lattice. 

A considerable literature concerning the appli- 
cation of CL imagery to the interpretation of 
carbonate diagenesis, quartz growth and defor- 
mation and rare-earth activated luminescence of 
apatites and zircons now exists (see Marshall, 
1988), however, there are only a few studies of 
cassiterite luminescence and there has been no 
systematic investigation of variations in cassiterite 
CL phenomena with respect to paragenetic 
sequence in a single deposit. Details of zoning and 
crystal growth are not easily observed using 
standard microscopic techniques, but CL images 
resolve these details and provide a basis for 
interpretation of compositional variations and the 
way in which these variations can be related to 
crystal growth. 

In this study the chemical variation and zoning 
in cassiterite has been related to parallel varia- 
tions in tourmaline chemistry and to thermo- 
metric measurements of fluid inclusions from the 
main stages of the paragenetic sequence pre- 
served in the South Crofty lodes. These obser- 
vations are used to interpret the mechanisms 
which are believed to govern cassiterite 
precipitation. 

Instrumentation 

Standard 30 ~tm polished thin sections were 
prepared from vein material collected at under- 
ground locations in South Crofty Mine. CL 
images were obtained using a Technosyn 8200 
Mark II Cold Cathodoluminescence Stage 
mounted on a Nikon Labophot Microscope. This 
instrument was operated using a 20 kV accelerat- 
ing voltage and 390 ~tA gun current. Under these 
conditions it was possible to obtain colour images 
on Kodak Ektar  1000 colour film at a magnifica- 
tion of 50x using 50 second exposures. CL 
spectra were generated using an $20 photomulti- 
plier attached to a JEOL Superprobe in the 
Department of Materials, Imperial College. Point 
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analyses and element mapping were performed 
using a different JEOL 733 Superprobe in the 
WD mode with a 15 kv accelerating voltage, beam 
current of 40 ~tA and with the beam focused to a 
spot size of approximately 5 ~tm. Data collection 
was automated using programmable routines in 
LINK software. WD measurements were cali- 
brated against both pure metal and oxide 
standards. EDS analyses of tourmaline were 
made using the same JEOL machine under 
operating conditions of 15 kv accelerating voltage 
and a beam current of 2 ~A. Regular Co 
calibration and reference to known standards 
during analysis maintained maximum control on 
analytical quality. Thermometric measurements 
of fluid inclusions were made on a Linkam 
THM600 heating and freezing stage which was 
calibrated using synthetic fluid inclusions and 
chemical standards. 

Cassiterite geochemistry 

A number of accounts of the geochemistry of 
cassiterite exist in the scientific literature. These 
range from investigations of the chemical and 
physical factors governing the semiconductor 
properties of synthetic cassiterites to studies of 
the chemical variations found in natural cassiter- 
ites from a variety of metallogenic environments. 
Cassiterite has a tetragonal lattice structure 
similar to that of rutile, belonging to the p42/mnm 
space group. In a purely ionic model cassiterite 
would consist of close packed 0 2- ions with Sn 4+ 
ions occupying half the octahedral interstices. 
However, since the length of the Sn-O bonds in 
cassiterite have been measured at 20.5 nm and the 
sum of the ionic radii is 21.1 nm (Kohnke, 1962), 
it is evident that electron sharing between Sn and 
O occurs. This gives cassiterite the property of n- 
type semiconduction and permits a wide range of 
impurity elements to enter the structure 
diadochically. 

Many diadochic substitutions in cassiterite have 
been recorded, both from the Cornubian orefield 
(e.g. Moore and Howie, 1979; Swinden, 1984; 
Hosking et al. ,  1987) and other major tin pro- 
vinces (e.g. Wolf and Espozo, 1972; Dulski, 1980; 
Izoret et al . ,  1985). Following Goldschmidt's 
(1937) rules which assume a simple ionic struc- 
ture, elements with ionic radii within +12% of the 
Sn 4+ radius (8.3 nm) could substitute diadochi- 
cally. Schemes for the substitution of Sn 4+ by 
transition metal impurities have been suggested 
by M011er et al. (1988), Izoret et al. (1985) and 
Ruck et al. (1989). These involve coupled substi- 
tutions of (Ta, Nb)-Fe and W-Fe pairs and direct 
substitution by Ti 4+. 
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FIG. I. Uncorrected spectra showing characteristics of cathodoluminescence corresponding to the different colours 
observed: (A) blue centre, (B) yellow rim (Plate 6a), (C) yellow band, (D) dark band (Plate 6b). 

CL behaviour of cassiterite 

By combining the results of WD analysis with 
CL spectra from mapped grains in samples from 
South Crofty it has been shown that blue lumi- 
nescing zones (see Plate 5a) with distinctive 
spectral peaks at 460-465 nm (Fig. la) contain 
higher levels of W (Fig. 2a), whereas yellow 
luminescing zones (see Plate 5a) with spectral 
peaks at 520-550 nm (Fig. lb, c) are enriched in Ti 
(Fig. 2b). Specific peaks are broadened due to 
interference by other spectral peaks of differing 
intensities (e.g. Fig. la-d). Where Fe is present 
together with Ti or W, quenching of luminescence 
causes a lowering of the intensity of the character- 
istic peaks although the spectra are otherwise 
similar (e.g. Plate 5b, Fig. lc, d). These results are 
in accord with the earlier investigations of the CL 
behaviour of cassiterite made by Hall and Ribbe 
(1971) and by R6mond (1973). 

On the basis of electron probe analyses of 
natural hydrothermal cassiterites, Hall and Ribbe 
(1971) concluded that Ti and W impurities are the 
chief activators responsible for cathodolumin- 
escence. Characteristic emission bands were 
observed at peak wavelengths of about 565 nm 
and 440 nm respectively. Combinations of Fe, Ta 
and Nb substituting for Sn in cassiterite quench 
CL so the intensity of emitted light is decreased. 
R6mond (1973) has also suggested that AI and V 
can act as CL activators in cassiterite. However, 
spectral measurements made on synthetic films of 

pure tin oxide by Bertrandt-Zytkowiak et al. 
(1988) showed that a peak occurs commonly at 
560 nm, so intrinsic luminescence in cassiterite 
cannot be discounted. 

A full spectral investigation using doped cassit- 
erite samples has not been undertaken, so inter- 
pretations of CL effects are necessarily somewhat 
empirical. There are also other factors which 
could potentially activate luminescence in cassit- 
erite and these have not been studied. They 
include vacancy-induced non-stoichiometry as in 
willemite (Bhalla and White, 1971), radiation 
damage as in diamonds (Mendelsohn et al., 1978) 
and dislocations as in authigenic quartz (Grant 
and White, 1978). 

Zonal patterns in cassiterite 

The techniques used to reveal subtleties of 
compositional zoning in minerals, such as the 
chemical etching of pyrite (e.g. Fleet et al., 1989) 
and the backscattered S.E.M. imagery of dolo- 
mite (e.g. Searl, 1989) do not serve to distinguish 
the delicate patterns of zoning in cassiterite. 
However, existing studies indicate that CL 
imagery is effective for this purpose. 

Three types of zonal growth are observed and 
are classified as fo l lows : -  

Broad growth banding, in which the chemistry 
of the growing crystal responded progressive 
changes in the environment so that concentric 
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zones of variable width were formed, reaching a 
maximum of approximately 150 ~,m. Growth was 
continuous or interrupted leading to several 
characteristic pa t t e rns : -  

(i) continuous growth produces a sequence of 
broad bands as shown in Plate 5a. In this example 
a blue luminescing core is surrounded firstly by a 
dull band in which luminescence is quenched and 
then finally by a broad band with a more yellow 
coloration. 

(ii) continuous growth may also produce a 
cyclic pattern of luminescence as shown in Fig. lc 
in which an alternating succession of broad blue 
and yellow luminescing bands are present. 

(iii) interruptions in growth lead to unconfor- 
mities in the pattern of concentric bands. Exam- 
ples are shown in Plate 5d in which a nucleus of 
blue/dull luminescing cassiterite is overgrown by a 
bright yellow luminescing zone and in Plate 5e in 

which a yellow luminescing nucleus is overgrown 
by a blue/dull luminescing band. 

Fine scale oscillatory zoning, in which an 
alternating sequence of thin bands (generally 15 
~tm or less) parallel to growth surfaces show 
different luminescence. For example, in Plate 5b 
repeated yellow and dark bands correspond with 
Ti-rich and Fe-rich compositional zones in the 
cassiterite crystal. Oscillatory zoning may occur 
together with broad growth banding and sector 
zoning (Plate 5b, e). 

Sector zoning, in which parts of a crystal that 
formed under crystallographically different faces 
show variations in their luminescence colour and/ 
or intensity. Sector zoning in the samples from 
South Crofty is of two distinct types. In the first 
type [101] sectors show blue luminescence and are 
W-activated. Examples of these blue sectors are 
found both in pyramidal section (Plate 5d) and 

FIG. 2. Wave-length dispersive elemental maps showing the distribution of (A) W, (B) Ti and (C) Fe in the 
cassiterite crystal illustrated in Plate 6a. Brightness correlates with elemental concentration for each element but 
there is no correlation in brightness and abgolute concentration between the different maps. In Fig. lc the solid 

black areas are tourmaline inclusions which have been given a false colour. 
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basal section (Plate 5e). In the second type, [101] 
sectors show dull luminescence relative to adja- 
cent sectors because of Fe-quenching (Plate 5a, b, 
Fig. 2c). W-activated sector zoning is more 
common early in the tourmaline stage of the 
paragenesis whereas, Fe-quenched sector zoning 
occurs late in the tourmaline stage and in the 
chlorite stage. 

Discussion of types of zoning 

By definition, compositional zoning in crystals 
is a non-ideal state of the lattice which arises 
because diffusion rates within the lattice are much 
less than the rates at which growth adds new 
material to the crystal surface. Compositional 
zones produced during crystal growth record 
progressive changes and/or local fluctuations in 
the physio-chemical environment from which the 
crystal grows. Hydrothermal experiments have 
demonstrated that diffusion of metal ions within 
the cassiterite lattice is negligible under hypother- 
mal conditions (Dusausoy, 1990, written commu- 
nication). Systematic variations in the type of 
zoning in cassiterite should therefore reflect 
changes in fluid chemistry, pressure, temperature 
and fluid supply in the hydrothermal environ- 
ment. There are three factors which control 
different types of compositional zon ing : -  

(i) progressive changes in the bulk composition 
of the fluid during particular stages in the 
sequence of mineralisation. 

(ii) local fluctuations in the composition of the 
hydrothermal fluid near the surface of the grow- 
ing crystals. 

(iii) variations in the co-ordination of lattice 
sites available on different faces of the crystals 
growing in the hydrothermal medium. 

(iv) growth mechanism. 
Oscillatory zoning is generally explained in 

terms of kinetically controlled diffusion in the 
layer of solution immediately surrounding the 
growing crystal and is not directly related to 
changes in the bulk chemistry of the fluid, e.g. 
Haase et al. (1980), Allegre et al. (1981) and 
Loomis (1982). Mechanisms for the formation of 
oscillatory zoning in a variety of minerals have 
been reviewed and discussed by Searl (1989). In 
the case of cassiterites from South Crofty, the 
similarity in charge, electronegativity and size of 
Sn 4+ ions and Ti 4+ compared to Fe ions, may lead 
to preferential incorporation of Ti rather than Fe 
into the cassiterite from the solution boundary 
layer. This could account for the alternation of 
yellow luminescing and dull oscillatory zones 
which are revealed by CL (Plate 5b). In a dynamic 
hydrothermal regime, such as that responsible for 

the vein system at South Crofty, it is unlikely that 
the oscillatory cycles will be exactly periodic. This 
lack of even periodicity in the spacing of oscilla- 
tory zones seen in CL images can be explained in 
terms of the perturbation of the solution bound- 
ary layer by turbulent flow through the fracture 
system (Huppert et al., 1987). 

Broad growth banding is distinguished from 
oscillatory zoning by the greater width of indi- 
vidual bands and by the general lack of cyclicity. 
The progressive changes in composition which 
occurred during crystal growth are explained in 
terms of the evolving chemistry of the parent 
fluid. Abrupt changes in the composition of 
successive bands are likely to be the result of 
changes in fluid chemistry and/or dramatic 
changes in temperature or pressure which might 
cause periods of dissolution and would affect solid 
solution between tin and other elements. The 
structures and mineral textures observed in the 
South Crofty vein system demonstrate that hydro- 
thermal and tectonic processes were interactive 
during mineralisation (Farmer and Halls, in 
press). There is reason to believe that pulses of 
fluid were throttled between segments of the 
fracture system so that episodes of rapid crystal- 
lisation in more or less closed domains were 
interrupted by movements which led to replenish- 
ment from adjacent, temporarily independent 
reservoirs which had evolved to slightly different 
compositions. Evidence for such a process is 
provided both by fluid inclusion chemistries and 
changes in the composition of the tourmaline 
gangue. Mixing of transitional fluids with waters 
from external sources can also be invoked during 
the later stages of paragenetic evolution. 

Oscillatory zoning occurs in conjunction with 
some specific broad-scale growth bands (e.g. the 
predominantly yellow bands in Plate 5c). It is 
evident that conditions favouring the formation of 
oscillatory zoning were effective for only limited 
periods during growth, coinciding with certain 
ranges of solution chemistry, or particular physi- 
cal conditions. Small fluid volume to crystal 
volume ratios within the fractures (probably in 
excess of 104: 1), permit temporal variations in 
solution chemistry. 

Compositional sector zoning (e.g. Plate 5a, e) 
can only develop in minerals in which more than 
one crystal form are combined. The preservation 
of sector zoning depends on crystal growth and 
diffusion rates. A crystal will only show sector 
zoning if the rate of cation diffusion in the lattice 
is slower than the growth rate of that crystal 
(Nakamura, 1973). If many potential substituting 
ions are present in a solution, then competition 
for occupancy of the same lattice sites will occur. 
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Table 1. 

Variation in Fe and Tisuhstitution in ca~sitr paragenesis disctmsedin the 

text. 

P a r a g e n e t i c  S t a g e  B l a c k  T B l u e  �9 Q u a r t z  C h l o r i t e  

O x i d e  n = 7 8  n=55  n = 2 8  n=131 

Max imum 0 . 1 8 8  0 . 3 4 2  0 . 1 7 3  0 . 4 3 1  

FeO Mean 0 . 0 5 2  0 . 1 0 9  0 . 0 3 8  0 . 0 8 3  

S t d .  Dev .  0 . 0 4 7  0 . 0 8 7  0 . 0 4 0  0 . 0 8 1  

Max imum 0 . 3 7 8  0 . 2 2 9  0 . 5 8 0  0 . 3 9 6  

T i 0 2  Mean 0 . 0 7 6  0 . 0 6 1  0 . 1 5 7  0 . 1 1 5  

S t d .  Dev 0 . 0 9 2  0 . 0 6 1  0 . 1 7 0  0 . 0 9 1  

Aside from physical differences in size and 
electronegativity of the substituting ions, the 
main factor which will determine the order of 
preference is the non-equivalence of surface 
cation sites on different crystallographic forms. 
Incorporation of imperfectly sized impurity ions is 
governed by their co-ordination within partially 
completed growth faces or 'protosites' (Naka- 
mura, 1973). Dowty (1976) explained sector 
zoning using the protosite concept and defined 
the flexibility of each protosite on the basis of the 
number of completed bonds in the first coordina- 
tion sphere. Considering octahedral sites, the 
capacity of a protosite to accept 'incorrect' atoms 
is inversely related to its fractional rating so sites 
with 5/6 partial co-ordination are less able to 
accept foreign atoms than 4/6 sites which are less 
able than 3/6 sites (Dowty, 1976; Reeder and 
Prosky, 1986). 1/6 and 2/6 sites would have 
weaker bonding so that impurity ions, although 
easily absorbed on the growing surface, would 
also be expelled readily from a new growth layer 
by surface diffusion (Dowty, 1976). Sites with 3/6 
co-ordination are therefore considered most 
likely to retain impurity ions. In cassiterite the 
common forms are ranked in terms of their 
protosite co-ordination as follows:-- 

(110} form: 4.5/6 co-ordination 
{001) form: 4/6 co-ordination 
{111} form: 3.5/6 co-ordination 
{101) form: 3/6 co-ordination 
{100} form: 3/6 co-ordination 

Thus, following Dowty (1976), the most likely 
sites for the preservation of substituting impurity 
ions in cassiterite occur on the (100) and {101) 
forms, as observed in the South Crofty cassiterites 
(Plate 5d, e). 

The zig-zag boundaries between sectors, de- 
scribed as fir-tree zoning by Raven and Dickson 
(1989), can be explained in terms of differences in 
rates of growth in adjacent sectors (Sunagawa, 
1984). The growth rate itself is controlled by a 

number of factors which include the roughness of 
the solid-liquid interface and the chemical poten- 
tial difference between the solid and liquid 
(Sunagawa, 1984). Plate 5e shows that the dull 
luminescing sectors are wider, and have grown 
faster, where they coincide with dull luminescing 
oscillatory zones. This suggests that in cassiterite 
transient high Fe (possibly Ta and Nb) ion 
saturations in the boundary layer may influence 
inter-sectoral rates of growth. 

Paragenetic relationships 
Machel (1985), Reeder and Grams (1987) and 

others who have studied compositional zoning in 
carbonates have recommended caution when 
deducing changes in the bulk chemistry of fluids 
from zonal variations in crystal chemistry deter- 
mined by point analytical techniques because 
chemical variation over a short range is often 
large. The cassiterites analysed in this study show 
a range of substitutions which give rise to complex 
variations in the composition of zoned crystals. 
For this reason it is only possible to make general 
deductions about the fluid chemistry during each 
stage of paragenetic evolution (Table 1). Because 
of this limitation further information about the T- 
X characteristics of the mineralising fluids is 
desirable. 

At South Crofty~ the two main stages of the 
cassiterite-bearing paragenesis have been charac- 
terised on the basis of variations in tourmaline 
composition supported by microthermometric 
studies of fluid inclusions. This information can 
be used in conjunction with the results of CL 
studies and cassiterite composition to provide 
better constraints on the interpretation of con- 
ditions under which mineralisation took place. 
Studies by Henry and Guidotfi (1985) and Jolliff 
et al. (1986) show that tourmaline compositions 
reflect the bulk chemistry of the systems in which 
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they formed and provide valuable independent 
evidence of variations in fluid composition during 
paragenetic evolution. The Ti and Fe concen- 
trations in tourmaline are particularly useful 
because they can be correlated with CL response 
in the associated cassiterite. The levels of W in 
tourmaline have not been determined but its 
presence as an impurity in cassiterite from all the 
paragenetic stages suggests it is a persistent 
component of the mineralising fluid. 

The first main stage of the tin-bearing para- 
genesis, the tourmaline stage, contains a gangue 
of tourmaline with subordinate quartz. The first 
cycle of the tourmaline stage is characterised by 
unzoned, compositionally homogeneous tourma- 
line grains. In hand specimen these tourmalines 
show a progressive change in colour from black at 
the beginning of the cycle to blue at the end of the 
cycle. Both varieties are penetratively intergrown 
with cassiterite. Tourmaline compositions evolve 
towards the schorlitic (Fe-rich) end-member in 
each cycle of mineralisation (Fig. 3). A corre- 
sponding decrease in Ti content is also observed, 
which is a reflection of the progressive reduction 
of Ti/Fe ratios in the fluid (Fig. 4) Concurrently, 
the CL response of cassiterite changes from the 
yellow and blue colours activated by Ti and W to 
increasingly dull brown and blue Fe-quenched 
luminescence (Plate 5e , f ) .  A second cycle of vein 
tourmaline-cassiterite mineralisation has also 
been identified. In this case, blue-green coloured 

Mg �9 Drav,te 

Mg / ~  . .... 
[]  B u e r o e n t e  

av , te  

/ 
Fe 60 70 8o AI  

FiG. 3. Magnesium-iron-aluminium ternary diagram of 
tourmaline compositions from specific paragenetic 
stages determined by EPMA (data set consists of 
approx. 570 probe analyses). Inset shows typical 
positions of end-member tourmaline species (after Deer 

et al., 1986). 
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FIG. 4. Iron vs. titanium plot for tourmalines from 
specific paragenetic stages (data set consists of approx. 

570 probe analyses). 

tourmalines have more dravitic (Mg-rich) compo- 
sitions (tourmaline cycle #2,  Fig. 3) and are less 
Ti-rich. However, high Ti/Fe ratios are found in 
tourmalines at the start of this second cycle (Fig. 
4) and give rise to yellow luminescence in 
cassiterite. These can be found as overgrowths on 
earlier dull-blue luminescing cassiterites (Plate 
5d). In hydraulic fractures containing a dominant 
gangue of quartz with only minor tourmaline 
(which is the only Fe-bearing mineral at this stage 
of the paragenesis), cassiterite luminescence is 
most intense because of the absence of Fe- 
quenching (Plate 5c). 

In the chlorite stage which is the second major 
stage of the cassiterite-bearing paragenesis at 
South Crofty, tourmaline is subordinate to Fe- 
chlorite in the gangue, however this tourmaline 
can be compared to those of earlier paragenetic 
stages. Individual tourmaline crystals show dis- 
tinct broad-scale growth banding with compo- 
sitions tending towards ferridravite with low Ti/Fe 
ratios, and dravite with high Ti/Fe ratios (Figs. 3 
and 4). Cassiterite of the chlorite stage shows 
distinctive bright yellow and dark oscillatory 
zones combined with broad growth banding 
(Plate 5b). 

Microthermometric analysis of fluid inclusions 
in cassiterite and associated gangue minerals, 
particularly quartz, has provided homogenisation 
(Th) and ice melting (Tmice) temperatures of the 
mineralising fluids (Fig. 5). The summary 
diagram provides a framework within which the 
measurements of inclusions in cassiterite can be 
interpreted. Inclusions in cassiterite of both the 
tourmaline and chlorite stages which are not in 
obvious microfractures and are probably of pri- 
mary origin have relatively high homogenisation 
temperatures (Table 2). Within the tourmaline 
stage, the cassiterites intergrown with black 
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FIG. 5. Summary diagram of microthermometric data 
obtained from fluid inclusions in gangue minerals from 
each broad paragenetic stage at South Crofty Mine 
(data set consists of over 600 paired measurements). 

tourmaline have slightly higher Th than those 
intergrown with later blue tourmaline. Within the 
chlorite stage the range of homogenisation tem- 
peratures is noticeably wider. It is assumed that 
pressure corrections would not significantly affect 
the relative values of the sets of Th data, so it is 
inferred that cassiterite deposition took place 
during the hottest (earliest?) part of each para- 
genetic sub-stage. In the tourmaline sub-stages of 
the paragenesis, Th values cover only a narrow 
range which, considering temperature dependent 
solid solution mechanisms alone, could not 
account for the extent of elemental substitution 
observed in these cassiterites. The large range in 
Tmi~ (i.e. salinity) is a consequence of the 
trapping of fluids with high but variable salinity. 
These are believed to be residual fluids formed 
during the separation of a H20-rich vapour 
phase, and because these inclusions co-exist with 
the vapour-rich inclusions and have similar homo- 
genisation temperatures, they are assumed to be 
co-genetic (e.g. Ramboz et al. ,  1982). The sep- 
aration is believed to have been caused by reduc- 

tion of pressure during successive structurally 
regulated dilations of the lode system. 

Cassiterites from the tourmaline stage of the 
paragenesis are believed to have been crystallized 
from fluid of magmatic departure. Tourmaline 
compositions show a magmatic fractionation 
trend with progressively lower Mg/Fe and Ti/Fe 
ratios (e.g. Nieva, 1974, and Power, 1968). The 
trend of decreasing salinity and temperature 
revealed in the fluid inclusions from the tourma- 
line stage (Fig. 5) can also be explained as a result 
of the entrapment of fluids generated progress- 
ively during the crystallisation of a hydrous 
magma (Bodnar and Cline, 1990) without invok- 
ing mixing with cooler meteoric waters (e.g. 
Jackson et al. ,  1989). However, in the chlorite 
stage of the paragenesis, tourmaline compositions 
can be interpreted in terms of mixing between a 
magmatic fluid and more oxidizing exo-granitic 
fluids (e.g. formational brines and/or meteoric 
waters, Fig. 5) within spaces created by reactiva- 
tion of the fractures hosting the earlier tourmaline 
stage of mineralisation. 

Typomorphism of cassiterite and depositional 
environments 

The dominant forms contributing to crystal 
shape can be identified using CL imagery, and 
morphology appears to be systematically linked 
to conditions of deposition at various stages of 
paragenetic evolution. This variation forms a 
basis for the definition of typomorphic facies. 

In the tourmaline stage, cathodoluminescence 
shows that stubby cassiterite crystals, with dimen- 
sions along the crystallographic c-axis similar to 
those in the a- and b-axis directions, are domi- 
nated by the tetragonal bipyramids {111} and 
{101} in combination with the minor pinacoid 
(001) and prism faces (110) and (100). In cassiter- 
ites of this stage, sectors of the {101} form are 
commonly W-enriched and show blue lumin- 
escence. In cassiterites associated with predomi- 
nantly quartz gangue, which are typically formed 

Table 2. 

Microthermometric data for fluid inclusions in cassiteritcs from the paragcnetic stages at South 

Crofty Mine. All temperatures have been corrected against calibration curves and arc given in 

degrees Celsius. 

Paragenetic 
Stage 

Black 

Tourmaline Blue 

Quartz 

Chlorite 

T Q m p e r a t u r e  o f  T e m p e r a t u r e  o f  
Homogenization (Th) Ice Melt  (Tmic e) 

360 to 375 -6 to -12 

280 to 340 -4 to -26 

300 tO 350 -5 to -12 

2 6 0  t o  3 4 0  - 3  t o  - 1 0  
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in hydraulic breccias, different morphologies are 
observed. Few prism faces are developed, com- 
monly (110) faces only are present, giving the 
crystals trapezoid forms in thin section (Plate 5c). 
Protracted histories of growth and dissolution are 
revealed by unconformable overgrowths within 
each crystal and occasionally quartz crystals 
nucleate on the growth surfaces of cassiterite 
(Plate 5c). The morphology of cassiterites from 
the chlorite stage of the paragenesis is complex 
(Plate 5b) with a combination of bipyramid and 
prism faces, complicated by twinning. Sector 
zoning is also common, with high levels of Fe 
impurities in [101] sectors. 

In his detailed study of the crystal forms of 
cassiterite from the Kalima region in Zaire, 
Varlamoff (1949) recognised a systematic varia- 
tion in the dominant crystal forms found at 
different depths in and around isolated granite 
plutons. He concluded that these variations were 
independent both of the type of host rock and the 
mode of emplacement, whether in open fractures 
or by replacement. He therefore postulated that 
these were typomorphic variations related to 
systematic changes in temperature and pressure 
around and within the plutonic bodies. Varlamoff 
observed that the outer zone of cassiterites 
tended to show more prismatic habits dominated 
by the forms (110) and {100} whereas those from 
the interior zones were dominated by the forms 
{111} and {101}. This perception of typomorphic 
zoning takes no account of the dynamic factors 
operating in the environment of deposition. 

Within the tourmaline stage, textural evidence, 
such as the even, fine-grained, penetrative inter- 
growth of tourmaline needles with the quartz 
gangue (Plate 5e) suggests that nucleation and 
growth of quartz and tourmaline took place 
simultaneously and rapidly in response to reduc- 
tions in confining pressure caused by fault reacti- 
vation. It is evident from textural studies of 
orthomagmatic tourmaline breccias that borosili- 
care fluids respond to abrupt falls in pressure by 
crystallising masses of microcrystalline tourma- 
line (e.g. Allman-Ward et al., 1982). It is believed 
that in the South Crofty lodes, the early formation 
of discrete fractures filled by microcrystalline 
tourmaline gangue was also chiefly pressure- 
controlled. Rapid fluid pressure reduction which 
triggers nucleation of tourmaline and separation 
of a H20-rich vapour phase within the fluid, also 
leads to the co-precipitation of cassiterite. The 
small size and even dissemination of cassiterite 
crystals is consistent with high nucleation rates 
and therefore high degrees of supersaturation, 
Plate 5a (e.g. Mullin, 1972). In samples contain- 
ing larger but still evenly spaced and equally sized 

crystals, relatively fewer nuclei were formed, 
indicating a lower degree of supersaturation. The 
precipitation of tourmaline and cassiterite 
together with the separation of a vapour phase 
triggered by the initial pressure drop depletes the 
fluid in tin and borosilicate components but leaves 
a pressurised residue. Further fracturing and 
hydraulic brecciation could be expected to occur 
leading to the formation of veins with quartz as 
the main gangue mineral. At this stage pressures 
could be sustained with only slight fluctuations as 
the fractures propagate. The fluids, now depleted 
in tin species, could be expected to reach satu- 
ration more slowly as the fluid cooled. The 
elongated morphology of the crystals and the 
parasitic nucleation of quartz on their growing 
surfaces may indicate that they grew in vapour 
(Thiel and Helbig, 1976) or within a gel. 

The growth of cassiterites in the chlorite stage is 
inferred to have been governed by mixing of hot, 
magmatically-derived fluids with cooler exo- 
granitic fluids. The chief factor governing 
cassiterite precipitation, both in the chlorite stage 
and in the quartz-filled hydraulic fractures, was 
evidently reduction in fluid temperatures (e.g. 
Eadington, 1988). The factors controlling the 
difference in morphology between cassiterites 
from the chlorite stage and cassiterites from 
quartz-filled hydraulic fractures could be: 

(a) systematic differences in fluid temperature 
and pressure which, together, would control 
levels of supersaturation and thus the growth 
mechanism operating on non-equivalent faces. 
Growth rates on non-equivalent faces could be 
expected to be different because transitions 
between different types of growth mechanism 
occur at different levels of supersaturation for 
non-equivalent faces (Sunagawa, 1977). 

(b) systematic differences in fluid composition, 
for example in the concentration of Fe, which 
may poison particular growth surfaces, or 

(c) heterogeneity in the mixing fluids of the 
chlorite stage, which could cause irregularities in 
crystal growth. 

In attempting to explain morphological varia- 
tions in cassiterite from the different paragenetic 
stages which compose the lode system at South 
Crofty Mine it is necessary to take into account 
not only the conditions of temperature and 
pressure under which mineralisation occurred, 
but also the composition of the fluids, the rate at 
which conditions were changing and the mechan- 
isms which could be responsible for those 
changes. The combination of evidence from CL 
imagery, fluid inclusion studies and the textural 
and paragenetic relations of cassiterite from 
South Crofty Mine shows that the relationship 
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between fracturing and fluid behaviour during the 
stages of the paragenetic evolution were differ- 
ent. These differences explain the patterns of 
minor elements substituting for Sn in the cassiter- 
ite lattice and also provide a basis for the 
interpretation of typomorphic variation in terms 
of dynamic tectonic and fluid processes. 

C. B. FARMER E T A L .  

morphic variations of mineral species in hydro- 
thermal systems. 

Conclusions 

Systematic variations in zoning and morphol- 
ogy of cassiterite from South Crofty have been 
studied using cathodoluminescence imagery. The 
spectra produced during electron bombardment 
can be related to specific CL activating or 
quenching impurities substituting in the cassiter- 
ite lattice. The analyses presented are consistent 
with Ti activation of yellow luminescence, W 
activation of blue luminescence and the quench- 
ing of luminescence by Fe impurities, as reported 
in previous studies. The CL responses of cassiter- 
ire from different stages of the paragenetic 
sequence correlate with the Ti and Fe contents of 
co-existing tourmalines. W is evidently present in 
the mineralising fluids throughout the history of 
evolution of the South Crofty lodes. 

Fe substitution in cassiterites increases 
progressively throughout the tourmaline stage of 
the paragenesis. The highest levels are associated 
with Fe-enriched blue tourmaline and the lowest 
range of homogenisation temperatures. This 
demonstrates that the level of substitution of iron 
in cassiterite is directly related to the concen- 
tration of iron in the mineralising solutions. On 
the basis of trends in tourmaline composition, the 
corresponding change in Ti content of cassiterites 
in the tourmaline stage of the paragenesis prob- 
ably also reflects changes in solution chemistry. 
This is likely to be the general case for most 
substitutions of transition metal elements in the 
cassiterite lattice because their ionic radii and 
electron field strengths are similar to that of the 
Sn 4+ ion. 

Episodic supply of fluids during the stages of 
mineralisation plays an important role in deter- 
mining patterns of zonation during crystal 
growth. The textures of cassiterite revealed by CL 
can be attributed to two factors: (a) variations in 
the composition of the mineralising fluid; (b) 
variations in the tectono-hydrothermal con- 
ditions, i.e. pressure and/or temperature, govern- 
ing cassiterite deposition. 

In turn these factors determine the dominant 
form in which the cassiterite crystals grow. From 
these considerations it is clear that factors other 
than temperature and pressure must be taken into 
account when seeking an explanation for typo- 
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PLATE 5. (a) Cathodoluminesence (CL) image of a cassiterite crystal showing a blue luminescing core, quenched 
cross-shaped sectors and yellow luminescing rim. The bright blue luminescing areas are fluorite (the long dimension 
of image is 0.65 mm). (b) CL image of cassiterite showing fine scale oscillatory zoning within yellow and dark 
banding. Duller luminescing discordant zones are largely an artifact of light reflection within the crystal, except in 
the oval-shaped crystal to the left of the figure which exhibits Fe-quenched sector zoning. The non-luminescing 
areas consist of chlorite (the long dimension of image is 0.65 mm). (c) CL image of cassiterite crystal showing a blue/ 
dull luminescing sector-zoned core and yellow luminescing overgrowth. The gangue consists of non-luminescing 
tourmaline, red-luminescing quartz and bright luminescing specks of fluorite (the long dimension of image is 0.65 
mm). (d) CL image of cassiterite with a yellow luminescing core, blue/dull luminescing sector zoning, dissolution 
and an overgrowth in which the pattern of luminescence is repeated. The pink luminescing mineral is quartz, and 
where intergrown with non-luminescing tourmaline it shows a purple colour (the long dimension of image is 2.6 
mm). (e) CL image of cassiterite showing broad blue and yellow growth bands with superimposed fine scale 
oscillatory zoning. Discordant zones define a dissolution surface with cassiterite overgrowth. Euhedral, purple 
luminescing quartz grains nucleate on the overgrowth surface (the long dimension of the image is 2.6 mm). (f) CL 
image of cassiterites with bright yellow luminescing apatites. The cassiterites show yellow and blue luminescing 
growth bands (the long dimension of image is 1.3 mm). 


