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SUMMARY. Several discordant, garnet-bearing bodies 
are described from the St. Just part of the Land's End 
granite aureole, Cornwall. It is suggested that these 
formed by a combination of metasomatic replacement 
and dilation with concomitant precipitation. Other Ca-Fe 
aluminosilicates (containing large amounts of Zn, Sn, B, 
and Be) are also present in the bodies. The chemical, 
petrographic, and field evidence suggests that the intro- 
duced material was transported by hydrothermal fluids. 
These fluids could well be related to the intrusion of the 
granite and the earliest phases of ore mineralization. 
Chemical analyses of garnets, calcic amphiboles and one 
apatite, epidote, diopside, and axinite are given. 

THE heterogeneous, basaltic hornfelses adjacent to 
the Land's End granite have often been cited as 
examples of large-scale contact metasomatism 
(Tilley, I935; Reynolds, 1947; Floyd, i965). More 
recently a metasomatic origin for some of the 
hornfelses has been questioned and the suggestion 
made that pre-metamorphic alteration must be the 
prime factor for determining the unusual rock com- 
positions (Vallance, 1967; Chinner and Fox, I974). 
The object of this account is to describe a group of 
calcium-rich assemblages that occur as discordant 
bodies within the hornfelses. A mechanism for their 
development is discussed. 

Geological setting 

The St. Just portion of the Land's End meta- 
morphic aureole forms a narrow coastal strip, 
about 5 km long, on the NW flanks of the granite 
pluton (fig. I). The Devonian aureole rocks consist 
of a metasedimentary unit of pelitic hornfelses, 
interbedded with a volcanic sequence of basaltic 
hornfelses (Jackson, 1976). 

The volcanic rocks occur as massive or pillow 
lavas and intrusive sheets. Primary features, such 
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as pillows, amygdales, and flowbanding, are rela- 
tively common. Although the basalts were meta- 
morphosed in the greenschist and lower hornblende 
hornfels facies they can be matched chemically with 
similar greenstones from the Cornubian province 
(Floyd, 1976 , Jackson, 1976 ). The basaltic lavas 
are often interbedded with, or pass laterally into, 
banded amphibolites. This banding is caused by 
variations in amphibole and feldspar content and 
is particularly marked in areas of intense deforma- 
tion and shearing. The field evidence and similarity 
in chemistry (Table 1I) suggest that the amphibolites 
developed from the metabasalts (Jackson, i976 ). 
The basaltic rocks were subjected to low-grade 
regional metamorphism and intensive shearing 
during the Hercynian orogeny. This produced a 
variety of mineral assemblages: albite, epidote, 
calcite, magnetite-ilmenite, actinolite, chlorite, and 
quartz. 

Two 'exotic' assemblages can be recognized in 
the aureole. The first is the mineralogically hetero- 
geneous, cordierite-cummingtonite-anthophyllite 
hornfelses (Tilley and Flett, 193o ). The most recent 
studies suggest that these have developed by iso- 
chemical metamorphism of the previously degraded 
basalts (Vallance, 1967; Chinner and Fox, i974). 
The second variety consists of a typical skarn 
assemblage, in which garnet, epidote, calcite, 
diopside, hornblende, and magnetite are parti- 
cularly prominent. Floyd (1965, 1975) considers 
that these calc-silicate hornfelses were formed by 
the metasomatic introduction of calcium into the 
metabasalts. 

Thermal metamorphism during the emplacement 
of the Hercynian granite pluton produced assem- 
blages in the hornblende hornfels facies. The 
basaltic rocks are now predominantly represented 



428 

OCATION 

"5O ~N 

D. H. M. ALDERTON 

i~ ~i!?i;:. \ 

- - -  ..... 
, _ , , _  .... , , k i n  , 

]7 

2 - - - -  [ ]  GRANITE 

1 ~ "\.\ [ ]  METAPEL~TE [] ...... 
1 Chycornish Car~ 

i ~'~ 2 Crowns Rock 

ii: ...... ~ . . . . . . . . .  ~.~o 
" 5i~;: i 5 Stamps and Jowl Zawn 

6 Car~ Vellan Cape : 
7 Corn Du 

!~:~ 8 Trewellard South Cliff 

FIG. I. Simplified geological map of the St. Just area, 
showing sample localities. 

by plagioclase-amphibole hornfelses, as well as 
by the 'exotic' hornfelses mentioned previously. 
During the later stages of granite emplacement, the 
granite roof and its hornfels envelope were fractured 
and vigorous hydrothermal activity ensued. The 
circulation of such fluids promoted large-scale 
transfer of material within the aureole and produced 
the abundant vein and replacement ore deposits of 
tin and copper (Dines, I956 ). 

Calc-silicate bodies 

The skarn assemblages typically occur either as 
sheets or as veins of varying size. The main sheet- 
like horizons outcrop at two localities, Crowns 
Rock and Carn Vellan. In addition small horizons 
occur at Carn Du, Trewellard North Cliff, 
Trewellard South Cliff, Botallack Head, Grylls 
Bunny, and Chycornish Carn (fig. 0. The occurrence 
of similar material around the disused mines of 
Botallack and Wheal Edward indicates that more 
horizons occur at depth. This was confirmed during 
a recent exploration programme in Levant Mine, 
which revealed the extensive development of calc- 
silicate horizons to depths of 4oo m below the 
surface. These horizons tend to have an irregular 
shape; they are up to 15 m in thickness and dip 
gently (2o ~ towards the NW. The predominant 
minerals are garnet and magnetite, with lesser 
amounts of diopside, epidote, hornblende, calcite, 
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chlorite, and sphene. Although a definite conclusion 
regarding their mode of emplacement is not possible, 
the irregular form and diffuse contacts with the host 
hornfelses suggest an origin by metasomatic replace- 
ment. Two features appear to be associated with 
their development: the close proximity of highly 
folded and sheared, banded amphibolites; and the 
presence of more impermeable horizons, usually 
hornfelsed pelites. The significance of this associa- 
tion is discussed later. 

Narrow (<  I cm) veins of garnet, axinite, and 
tourmaline are common throughout the St. Just 
part of the aureole and have also been described 
from the Tater-du region, to the SE of the granite 
(Floyd, I965). They tend to be near vertical in 
attitude and cut across all other hornfels types, 
including the calc-silicate, sheet-like horizons. 

Crowns 
Rock ,0 

I 

Sou~h 

Stamps and Jowl Z a w n  

W h e a l  Cock 

FIG. 2. Diagrammatic representation of the size and form 
of some typical calc-silicate veins. 

Larger veins, up to one metre in width, also occur 
and these have a dyke-like appearance (figs. a and 3). 
Such veins cut the other hornfels types but are 
themselves cut by the tin and copper-bearing lodes. 
The veins trend towards the N or NE and dip 
steeply (>  7 o~ towards the E. They have a slightly 
irregular form and inclusions of the host rocks are 
sometimes noted (fig. 4). The contacts of the bodies 
with the host rocks vary in character. In the case of 
the Crowns vein, where the host is a garnet- 
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FIG. 3- Fro. 4- 

FIG. 3 (left). Calc-silicate vein at Crowns Rock. The vein trends from the top right to lower left of the plate and has 
concentrations of tourmaline near its margins. The host is a banded, calc-silicate sheet horizon. FIG. 4 (right). Contact 
between calc-silicate vein (below) and host hornblende hornfelses (above) at Wheal Cock Cam. Note the profusion of 
coarse amphibole crystals at the contact. Note also the hornfels xenolith in the vein which appears to have suffered 

some 'digestion' and rotation. 

magnetite skarn, the contacts are sharp (fig. 3). The 
vein at this locality has all the appearance of  having 
formed by dilation with concomitant  precipitation 
from a solution. The vein at Wheal Cock C a m  on 
the other hand is situated in hornblende hornfelses. 
Here the contact is more irregular and some replace- 
ment  of  the hornfelses is indicated, Indeed, some 
parts of this vein, and the hornfels inclusions, have 
selvedges of  coarse, green amphibole (fig. 4). This 
mineral appears to have formed by reaction between 
the introduced material and the hornblende horn- 
felses. The inclusion in fig. 4 shows a rotat ion rela- 
tive to the adjacent hornfelses, suggesting that  a 
small amount  of  fracturing and movement of  the 
wall-rocks took place. It is therefore proposed that  
the veins formed by precipitation within a fissure 
with consequent marginal replacement of  the wall- 
rocks. However, it must be noted that the presence 
of sharp junctions does not preclude an origin by 
replacement (e.g. King, I948 ). Thus the relative 
importance of precipitation versus replacement 
cannot  be gauged until critical features, such as the 
relationship to earlier structures, can be deduced. 

Good  examples of  these veins can be seen at the 
localities mentioned in Table I. 

Petrography of  the veins. Whilst the majority of  
the calc-silicate bodies  contain the typical skarn 
minerals already ment ioned ,  the larger veins have 
a more varied mineralogy. !Approximate modal  
compositions of some typical veins are given in 

TABLE I. Approximate modal content o f  some calc- 
silicate veins 

I 2 3 4 5 

Garnet 80 30 60 80 - -  
Axinite tr 40 I o - -  I O 

Epidote tr tr IO 5 40 
Hornblende tr 15 Io - -  35 
Diopside tr 5 IO - -  - -  

Tourmaline IO tr - -  - -  io 
Sulphides tr tr - -  5 tr 
Apatite - -  3 - -  - -  tr 
Calcite tr tr - -  ro - -  
Sphene tr tr - -  - -  tr 
Quartz - -  tr tr - -  - -  
Chlorite - -  tr - -  - -  - -  
Zeolite - -  - -  tr - -  - -  

tr: trace : not present Values in ~o 

t. Crowns Rock. 2. Wheal Cock Carn. 3- Carn 
Vellan. 4- Stamps and Jowl Zawn. 5. Chycornish 

Carn. 

Table I. The dominance of  garnet is clear, but other 
Ca, Fe, and B-rich phases are also abundant.  

All the minerals in these veins are characterized 
by a relatively large crystal s i z e - - t h e  garnet 
(rhombdodecahedra with {IIO} up to 4 cm in 
length), amphibole (up to 7 cm), and apatite (up to 
5 cm), being especially distinctive in the Wheal Cock 
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vein. Thin section studies reveal the presence of 
zoning in almost all mineral phases. This is strikingly 
displayed by the tourmalines, most of the garnets 
(which also exhibit sector twinning), and the axinites 
(which show a slight purple to colourless pleo- 
chroism). Similar anisotropic garnets have been 
figured by Murad (1976) and Lessing and Standish 
0973). 

In the Wheal Cock vein it is clear that the garnet, 
amphibole, and pyroxene are the earliest minerals 
to have formed. These minerals are extensively 
replaced by axinite. Chlorite, calcite, epidote, and 
sphene occur in all the veins as retrogressive products 
of the earlier formed silicate minerals. The axinite, 
tourmaline, and sulphides appear to be related to 
a later phase of hydrothermal activity as these 
minerals also occur as infillings in the numerous 
voids. 

Fluid inclusions are present in the apatite, axinite, 
and pyroxene from the Wheal Cock vein. The 
primary and pseudo-secondary inclusions in these 
minerals are two-phase systems (liquid plus water 
vapour), which homogenize into a liquid phase 
on heating. Salinities of the fluid phase are less than 
26~  (equivalent weight NaC1) and uncorrected 
homogenization temperatures for the apatite are 
between 36o and 38o~ These results are un- 
corrected for the pressure during mineral formation; 
assuming a IO ~ salinity and a pressure of I kb, an 
additional c. IOo~ is envisaged (Lemmlein and 
Klevtsov, i96I ). Although the apatite may not be 
cogenetic with the other minerals, it seems reason- 
able to suggest that the vein formed at a tempera- 
ture close to 5oo ~ The minerals were therefore 
deposited from hot, presumably saline fluids that 
had broadly similar characteristics to those associ- 
ated with the earliest Sn-Cu lodes of the district 
(Jackson, 1976 ) . 

General geochemical considerations. Representa- 
tive chemical analyses of the calc-silicate horizons, 
the veins, and their host rocks are given in Table II, 
p. M6o. The samples were first dissolved in a 
mixture of hydrofluoric and perchloric acid (the 
solution B of Riley, 1958 ). This solution was used 
for determining the majority of the major elements 
whilst the trace elements were determined on a more 
concentrated solution. Atomic-absorption spectro- 
photometry was used for the determination of A1, 
total Fe, Ca, Mg, Mn, Be, Co, Cr, Ni, Cu, Pb, Sn, 
Zn, and Li. Na and K were determined by emission 
flame photometry. Large concentrations of Ca and 
Mg were checked by titration with EDTA (Bennett 
and Reed, 197 I). Detection limits for the same trace 
element vary slightly because the samples were 
analysed during a period in which new equipment 
was acquired. The Sn values were confirmed by 
X-ray spectrography, using cadmium acetate as an 

internal standard. Si was determined by the classical 
gravimetric technique of Washington (193o) with 
the later modification involving coagulation by 
addition of polyethylene oxide (Bennett and Reed, 
1971). Fe 2+ was determined by addition of 
ammonium metavanadate and titration with 
ferrous ammonium sulphate (Wilson, I955). Water 
was determined by the Penfield tube method 
(Washington, 193o). P, Ti, F, and B, were all deter- 
mined colorimetrically: P by the molybdenum blue 
method (Riley, 1958); Ti by the addition of hydrogen 
peroxide (Riley, I958); F by the alizarin fluorine 
blue method (Hall and Walsh, I969); and B by a 
modification of the curcumin method (Grinstead 
and Snider, 1967). C1 was determined gravimetri- 
cally by precipitation as silver chloride and CO 2 
by non-aqueous titrimetry (Read, 1972). 

The calc-silicate assemblages as a whole have a 
similar chemistry and show a marked concentration 
of Ca. Local enrichments of P and B are also noted 
in apatite and axinite-rich samples. Where replace- 
ment is envisaged, elements such as Ca, Mn, P, 
and B must have been introduced into the host 
metabasalts, with the consequent removal of Si, Mg, 
Na, and K. Precipitation from a solution neces- 
sitates the introduction of all the components listed 
in the analyses. In either situation a large amount of 
Ca must have been introduced. As the wall-rocks 
adjacent to these bodies show no marked depletion 
in this element (Table II, nos. 8 and 9, P. M6o) it 
must have been derived from deeper tectonic levels 
rather than by lateral secretion. 

The reaction that caused the recrystallization of 
the wall-rock to the coarse amphibole in the Wheal 
Cock vein is close to isochemical (Table llI, no. 7 
and Table II, nos. 7, 8, and 9, P. M6o). However, 
some exchange of alkalis appears likely. 

Large amounts of certain trace elements are 
present in some of the rocks (Table II, p. M6o). 
Several of these, e.g. Cu, Co, Cr, and Ni, are 
typically present in substantial quantities in basic 
volcanic rocks (Prinz, 1967). There are particularly 
high concentrations of Zn in the St. Just rocks but 
contents in the range lOO to 2oo ppm are not unusual 
for basaltic rocks (Wedepohl, 1972 ). It is probable 
therefore that the presence of these elements in the 
calc-silicate assemblages can be related to the 
original content of the host volcanics. Elements such 
as Sn, Be, and B have, however, probably been 
introduced from an external source and deserve 
special mention as they are typically associated with 
granitic rocks. 

Studies by Floyd (I968) and Alderton and 
Jackson (I974) have revealed that there are several 
factors controlling the distribution of tin in the 
aureole of the Land's End granite. First, there 
appears to be a chemical control, since the tin is 
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concentrated in the more Ca-rich environments. 
Thus the following sequence reflects both the average 
content of tin and calcium: calc-silicate veins > 
calc-silicate sheets > hornblende hornfelses > 
cordierite cummingtonite-anthophyllite hornfelses. 
Not all the Ca-rich phases have high tin contents, 
however (Table III, p. M6o). The above sequence is 
also one of decreasing ferric iron values and it is 
therefore possible that this element may control tin 
distribution as well. 

Secondly, there is a regional control, as the area 
between Crowns Rock and Carn Vellan contains 
the more tin-rich, calc-silicate assemblages and has 
the majority of the tin lodes (fig. I). Other parts of 
the St. Just aureole, and the Tater-du to Newlyn 
region, contain fewer tin lodes and have calc- 
silicate assemblages with much lower tin contents. 
It is thus a possibility that the hydrothermal activity 
responsible for ore deposition is related to the 
formation of the calc-silicate assemblages. The 
increasing concentration of elements such as Sn, 
Be, and B in these fluids can be gauged from the fact 
that the later individual phases and the veins them- 
selves have higher contents of these elements. This 
temporal influence is a third control on the tin 
distribution. 

Mineral chemistry. Eleven minerals were 
separated from the calc-silicate assemblages by 
heavy liquid and magnetic methods. They were 
analysed chemically by the methods outlined 
previously, and all the analyses have been recalcu- 
lated on the basis of no HzO-. The minerals con- 
sisted of five garnets, two amphiboles, one apatite, 
one axinite, one epidote, and one pyroxene. The 
purpose of analysing these minerals was twofold: 
to discover if their major element chemistry was 
controlled by the immediate geological environ- 
ment; and to see whether their trace element con- 
tents could elucidate the origin of the fluids that 
formed the bodies. 

All the garnets have a similar major element 
chemistry (Table III, p. M6o). They all contain 
over 90 ~o of the grossular and andradite molecules, 
in the range Gr,~o 0 Anz0.s (Crowns vein)'to Gr62. s 
An31. 5 (Crowns sheet). Only a minor amount of 
hydrogrossular is present (~< I.1%). These garnet 
end-member molecules were calculated using the 
procedure suggested by Rickwood 0968), with the 
exception that almandine was derived before 
grossular. Although the cations (particularly Ti) 
were not wholly used up, over 96~  were allotted 
and the recalculations are thus considered accept- 
able. If the vein garnets alone are considered, there 
appears to be a difference between the Crowns 
garnet and the three specimens from further north 
(Wheal Cock, Carn Vellan, Stamps and Jowl). 
This difference is no doubt due to the Crowns 

vein being situated in a calc-silicate sheet horizon 
whilst the other three are in hornblende hornfelscs 
(and may in fact all be part of the same vein). The 
garnet from the host calc-silicate horizon at 
Crowns (no. z) is generally similar but has a lower 
grossular:andradite ratio. The only trace ele- 
ment present in substantial amounts appears 
to be tin. The Crowns vein garnet contains over 
2ooo ppm Sn, whilst the others contain between 
ioo and 4oo ppm. No cassiterite was visible in 
thin section and the tin was assumed to be in solid 
solution in the garnet. 

The other mineral analyses are also presented in 
Table III, p. M6o. The apatite from Wheal Cock 
(no. 6) is a fluorapatite with a low content of HzO, 
CI. and CO 2. Some trace elements appear to be 
present in quite large amounts, e.g. Sr, Co, Cu, 
and Zn. 

The amphibole from the Wheal Cock vein (no. 7) 
is pleochroic in thin section (~ ~ light yellow-green, 
/~ = dark green, 7 " blue green). The composition 
(Table III, p. M6o) corresponds to a potassian 
magnesian hastingsite while the amphibole from 
the Chycornish Carn vein (no. 8) is a magnesio- 
hornblende (Leake and Winchell, i978 ). Both the 
amphiboles are enriched in Sn (99 o, 78o ppm) and 
Zn (zoo, 25o ppm). Large amounts of Zn are 
common in amphiboles (Wedepohl, 1972 ) but high 
contents of Sn are unusual. 

The 'epidote' from the Chycornish Carn vein 
(no. 9) is midway between epidote and clinozoisite. 
As with the garnets, Sn is the main trace element 
present (I2OO ppm). 

In thin section the pyroxene appears turbid due 
to incipient alteration and this is confirmed by the 
high water content in the analysis (no. io). The 
optical characteristics suggest that it is diopside and 
this is confirmed by the recalculation of the chemical 
analysis. Large concentrations of Zn and Cr are 
present in the pyroxene (15o and I I5 ppm). 

A partial analysis of the axinite from the Wheal 
Cock vein (no. x I) reveals that Co, Ni, Sn, and Zn, 
are all present in substantial amounts (>  IOOO ppm). 
It also contains more Be than any other mineral 
phase analysed (43 ppm). Axinite quite often con- 
tains appreciable amounts of Be (see Hellwege, 
i956 , and MacKenzie, I97Z ). The high Mn content 
of the axinite (4.2~o MnO) indicates that a large 
proportion of this element in the veins is located in 
this mineral (the garnets also contain Mn ; typically 
l ~,,~ MnO). 

The minerals analysed in this study are typical 
skarn minerals enriched in Ca and Fe 34. Many are 
also enriched in Sn and Zn. Zinc seems to be pre- 
ferentially enriched in those phases that contain 
more Fe z+ , as might be expected from the similar 
ionic radii and electronegativities of these two 
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elements. However, Zn does seem to be enriched in 
the aureole rocks (Table II, p. M6o) and high Zn 
concentrations are not unusual in such environ- 
ments (Wedepohl, I972 ). 

From published analyses of the Sn content of 
rock-forming silicates (Hellwege, t 956; Hamaguchi 
and Kuroda, I969) it appears that Sn concentrations 
greater than ioo ppm are rather unusual and are 
generally associated with tin-rich regions. High Sn 
concentrations in silicate phases have been noted 
by several authors (Hellwege 1956; Dadfik and 
Nov~k, 1965; Mulligan and Jambor, I968; Mclver 
and Mih~ilik, i975). These authors described high 
Sn concentrations in garnet, axinite, epidote, and 
pyroxene. E1 Sharkawi and Dearman (I966) also 
reported the presence of substantial Sn concentra- 
tions in garnets from skarns in the Meldon area, 
Devonshire, as well as the tin-bearing analogue of 
sphene (malayaite). Various suggestions have been 
put forward as to the structural position of the Sn 
but as andradite-rich garnets commonly have these 
high contents the substitution of Sn for Fe 3§ (rather 
than Fe z+, Ca, Ti, or Si) is most favoured. 

The large concentrations of Sn found in the veins 
indicate that other tin-bearing phases are present. 
No cassiterite or tin-bearing sulphide has been 
found in any of the garnet-rich veins. Stokesite (a 
silicate of Ca and Sn) was first discovered in the 
immediate vicinity by Hutchinson (I9OO) and more 
recently by Couper and Barstow (1977), and is thus 
a possible candidate. The presence of malayaite is 
also possible. 

The Wheal Cock vein in particular contains 
measurable amounts of Be. Much of this is located 
in the axinite, but the respective values do allow the 
possibility of other Be-bearing phases being present. 
Kingsbury (1961 ) found helvine in the adjacent mine 
dumps of Wheal Cock and in places this was 
altered to herderite (a Ca-Be phosphate). This 
correlates with the association of axinite and apatite, 
especially as Kingsbury noted that the helvine con- 
tained substantial amounts of Zn and Mn. It there- 
fore seems likely that other Be-rich phases could be 
found in these veins, especially as danalite and 
phenakite can occasionally be found on some of the 
mine dumps. 

Origin o f  the calc-silicate bodies. The morphology 
of these bodies indicates widespread introduction 
of material into the hornfelses. The larger, sheet- 
like horizons appear to replace rocks of basaltic 
origin. Their association with sheared amphibolites 
and impermeable pelites suggests that pronounced 
foliation aided fluid migration whilst the imperme- 
able horizons acted as structural barriers. 

The calc-silicate veins cut the earlier assemblages, 
including the sheet-like horizons. They therefore 
represent a second phase of hydrothermal re- 
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mobilization, which was associated with the forma- 
tion of tensional fissures. Similar veins containing 
garnet, epidote, axinite, etc. can be found at other 
localities where volcanics oec~ar within the meta- 
morphic aureole of a granite (Reid and Scrivenor, 
19o6; Firman, I957; Floyd, 1965; MacKenzie, 
1972 ). Anhydrous, grossular-rich garnets have been 
synthesized in the temperature range 5oo-6oo ~ 
(Mill and Katinin, 1966; Shoji, 1974). This would 
thus correlate well with the fluid inclusion data and 
the suggestion by Floyd (1971) that temperatures in 
the immediate aureole of the granite during its 
intrusion were in the order of 5oo-6oo ~ 

It is suggested that the excess Ca in these bodies 
was derived from the basaltic rocks, as they contain 
large quantities of this element (Table II, p. M6o). 
However, this does not preclude a significant con- 
tribution from the pelites (which contain up to 
5 wt ~ CaO) or the granite (typically 1 ~ CaO). 
Floyd (I 965) discussed the formation of the Ca-rich 
hornfelses in the Tater-du region and suggested that 
the breakdown of hornblende and plagioclase would 
liberate large quantities of Ca. Now that pre- 
metamorphic, low-grade, hydrous degradation of 
the original basalts is envisaged, an alternative 
source for the Ca could be the calcite and epidote 
derived from such reactions (Floyd, 1975). It is 
worth noting that similar garnet-rich bodies occur 
in association with altered gabbroic and ultrabasic 
rocks (Bilgrami and Howie, 196o; de Waal, 1969; 
Easton et al., I977). One suggestion for the origin 
of rodingites in particular is that they were formed 
by the liberation and subsequent concentration of 
Ca during the hydrothermal alteration of pyroxene 
and plagioclase in these rocks. 

Whereas a component like Ca could have been 
derived by 'internal metasomatism' of the basaltic 
rocks (Floyd, I967 ), an external source for elements 
such as Sn, Be, and B is likely. Such a source could 
be the granite, which is enriched in these elements 
(e.g. Hall, I97I ). The presence of these elements in 
the hypothermal ore veins of the area, and the 
similarity in fluid inclusion data, suggest that there 
may be an association. 

The garnet-rich veins are thus the product of  an 
early phase of hydrothermal activity, since they cut 
the other hornfels types, but are themselves cut by 
the NW-trending, hypothermal, Sn-Cu lodes (fig. 1). 
This has been substantiated by the K-Ar  dating of 
the amphibole from the Wheal Cock vein at 28o Ma. 
The granite intrusion is dated at 28o-29o Ma and 
the earliest ore mineralization at 270-280 Ma 
(Dr. A. Halliday, pers. comm.). 

Stable isotope studies have shown that the hypo- 
thermal ore mineralization in the region was 
accomplished by fluids that had a large meteoric 
component (Sheppard, 1977). A stable isotopic 
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analysis of  the amphibole from Wheal  Cock 
revealed that ~180= +9.0~ and ~D --61~ . 
Unfortunately, the isotopic systematics of  the 
amphibole-water system are not at present accur- 
ately defined (Bottinga and Javoy, 1975; Suzuoki 
and Epstein, 1976 ) . However it is possible to estimate 
the isotopic fractionation between the amphibole 
and water (bearing in mind the imprecise nature of 
the fluid inclusion data and the uncertainty in the 
effect of  octahedral Fea+). In the temperature range 
4oo-6oo ~ water in equilibrium with this amphibole 
would have an isotopic composition in the range 
8180 = @IO to @II0/00, and 3 D =  --5 to 300/00 . 
These compositions lie outside the field for 
Cornubian magmatic waters (~180 = + io to + 13, 
~ D - -  4o to --65; Sheppard, 1977). Thus the 
fluids associated with amphibole formation must 
have contained a substantial proport ion of  a non- 
magmatic (presumably meteoric) component  (c.f. 
Taylor and O'Neil ,  1977). 

It seems likely that a large-scale circulation of 
fluids with a high meteoric component was initiated 
during the later stages of  granite intrusion. Hot,  
saline fluids leached certain elements, e.g. Ca, from 
the degraded basalts through which they passed. 
This dissolved material was later fixed in minerals 
such as garnet during the formation of the sheet- 
like, skarn horizons. 

Whilst this earlier phase of  hydrothermal activity 
was of a pervasive nature, the later phase was 
restricted to well-defined, planar fissures. As the 
development of  the bodies progressed, elements like 
Sn, Be, and B became concentrated in the later 
minerals, indicating that the fluids had gained 
increasing access to a reservoir rich in such elements 
- -probably the granite. The hydrothermal activity 
culminated in the development of extensive eco- 
nomic deposits of tin and copper. 
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