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Chemical analysis of garnets from skarns in south-west England has revealed that they are all grandites, containing at least 90% of
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distinction in chemical composition between garnets formed in a calcareous protolith compared to those in a basaltic protolith. It
is therefore proposed that garnet composition is a function of fluid parameters and growth processes. High concentrations of tin
in some samples demonstrate that this element was present in metasomatic fluids emanating from the granite before the advent of
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INTRODUCTION
Garnets occur in several geological settings in south-west
England, yet detailed descriptions are typically brief and they
are poorly characterised. By far the most common setting for
these garnets is in contact metamorphic environments, in close
proximity to the granites. These environments can best be
described as skarns, formed from contact metamorphism and
additional chemical modification by the influx of hydrothermal
fluids from the granites (metasomatism).
Although most previous studies have described such skarn
garnets as part of the grossular-andradite series, relatively few
chemical analyses have been presented to support this
assertion. Furthermore, the few available analyses are typically
of ‘bulk’ samples and by classical ‘wet’ chemical methods.
These analyses suffer because they could be influenced by the
presence of admixed mineral inclusions and, additionally, are
not able to distinguish any small-scale chemical variations that
may be present. The aim of this study is to characterize these
skarn garnets through chemical analysis. From the results it may
be possible to determine the controls on garnet composition,
assessing the relative importance of the nature (chemical
composition) of the protolith versus the chemical composition
of the metasomatising, granitic fluids.

SAMPLES

AND

METHODOLOGY

Most of the important garnet occurrences have been
sampled for this study (e.g., Collins, 1871). Samples have been
collected by the author and supplemented from collections at
Royal Holloway, the University of Keele and the British
Geological Survey (BGS) (see Table 1). The BGS material is
particularly valuable as it includes both exploration drill core
and samples collected in the 19th Century from locations that
are no longer readily accessible (e.g., Figure 1a).
In SW England, skarn garnets have commonly formed by
alteration of both basic, igneous lithologies (‘greenstones’) and
calcareous sediments. The development of skarns in calcareous

sediments (carbonates) is a common phenomenon worldwide,
but skarns in basic volcanic lithologies are rather more unusual.
Calcareous sediments are present at various locations in both
Devon and Cornwall. Regional and contact metamorphism has
converted these impure limestones to a compact, relatively finegrained (flinty), calc-silicate assemblage known locally as ‘calcflinta’ (e.g., Phillips, 1964). However, at some locations close to
the granites, metasomatism has superimposed a new, coarser
grained, calc-silicate assemblage, containing a wide array of
new minerals and often including garnet. The Lower Devonian
Meadfoot Beds of Central Cornwall, which occur north and east
of the St Austell granite, contain several calcareous units which
have experienced metamorphism and many such (skarn)
locations were previously exposed in roadstone quarries
(Barrow and Thomas, 1908; Ussher et al., 1909). In addition,
exploration for tin mineralization in the area north of the St
Austell granite during the last few decades resulted in a large
number of drill cores that intersected these calcareous units;
some of these are now lodged with the BGS and thus are
available for study.
Calcareous sediments are also abundant in the Lower
Carboniferous strata of Devon. Metamorphic calc-silicate
assemblages are well-developed both at the southern margin of
the Dartmoor granite in the South Brent to Ivybridge area
(Barrow, 1912; Busz, 1896, 1901; Fitch, 1932), and in limestonechert units to the north of the Dartmoor granite in the
Okehampton region (Edmonds et al., 1968; Dearman, 1962; El
Sharkawi and Dearman, 1966).
Basic volcanic rocks (‘greenstones’) consisting of basaltic sills
and lava flows are particularly abundant in west Cornwall. They
are well-exposed in the contact metamorphic aureoles adjacent
to the Lands End granite (Floyd, 1965; van Marcke de Lummen,
1985; Jackson and Alderton, 1974; Alderton and Jackson, 1978)
and to the north of the Carnmenellis granite, in the Camborne
– Redruth mining district (Hill and MacAlister, 1906).
Some notable garnet occurrences are also found in uncertain
geological settings. The Haytor iron mine formerly exploited
magnetite from a predominantly magnetite and amphibole
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Table 1. Garnet-bearing samples used in the current study.

a

b

Figure 1. (a) An example of an old BGS specimen used in this study: MR 1897 from Camborne. (b) Reverse side of MR1897 showing veins
of red-brown garnet fringed by a ‘front’ of green pyroxene.
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bearing lithology, but garnet occurs sporadically here as well.
The protolith is uncertain but could be (slightly calcareous or
sideritic) units of the Ashton shale (Upper Carboniferous,
Crackington Formation) (Scrivener et al., 1987). However, it is
interesting to note that greenstone is also present in the nearby
Smallacombe deposit (Collins, 1873).
There are also some poor exposures of garnet-bearing, calcsilicate lithologies in Perran Sands and similar material was
found in some of the nearby mines (Flett, 1906; see also
Henley, 1971). The host rocks here are sediments of the Lower
Devonian Trendean Formation/Meadfoot Group, but the
original Geological Survey memoir and geological maps up
until 1974 described the protolith of these calc-silicate
assemblages as greenstone. It is also recorded as greenstone in
the original log of the Duchy Peru exploration borehole (Texas
Gulf Anglo, 1973‒4; available at BGS). Subsequently this
borehole core material was re-examined and the calc-silicates
were ascribed to alteration of an exhalative, sea floor carbonate
layer (Goode and Merriman, 1977; Scrivener et al., 2006) and
this interpretation is now reflected in the more recent geological
maps.
Samples were first studied by thin section optical
microscopy. Chemical analysis for major elements and X-ray
mapping were undertaken on polished thin sections by energy
dispersive X-ray analysis using a Hitachi S3000 scanning
electron microscope coupled with a Link systems energy
dispersive detector at Royal Holloway. Standardisation was
performed using natural minerals and synthetic chemicals.
Preliminary trace element concentrations in selected garnet
samples were obtained by laser ablation inductively coupled
mass spectrometry (LAICPMS) using a custom-designed, UV 193
(nm) Excimer laser-ablation system coupled to an Agilent
7500ce quadrupole ICPMS. The isotope 43 Ca was used as the
internal standard to normalize element intensities and
calibration was performed using the National Institute of
Science and Technology standard NIST 610 glass.
Major element compositions were used to calculate
proportions of end member garnet components. For this, the
programme of Locock (2008) was used which calculates 29
natural and hypothetical end members and on this basis also
assesses the validity of the chemical analysis.

PETROGRAPHY
Field observations indicate that the
skarns form irregular bodies close (but
not necessarily immediately adjacent)
to the granite contacts. In the aureole
of the Land’s End granite (at Crowns
Rock, Botallack, St Just) the original,
host basaltic rocks have been
converted to hornblende hornfels by
regional and contact metamorphism,
and calc-silicate skarn bodies have
subsequently
developed
by
progressive, pervasive replacement.
Here, and at other locations, there are
often at least two stages of garnet
formation – first as massive bodies,
then as later, distinct, fracturecontrolled veins with sharp margins.
The cross-cutting, vein-like bodies are
particularly impressive in the cliffs at
Wheal Cock where they reach two
meters in width (e.g., Alderton and
Jackson, 1978).
The mineralogy of the skarn bodies
can be complex. Pyroxene and
sometimes amphibole are typical
early-formed phases and garnet and
other calc-silicates formed later. This
can be seen as garnet replacing

amphibole and pyroxene, or as a metasomatic ‘front’ of these
minerals in advance of the garnets (Figure 1b). Other minerals
present include epidote, scapolite, idocrase, ilvaite,
wollastonite, calcite, apatite, titanite and magnetite (see
references cited above). Pressure – Temperature conditions for
the formation of these skarns are currently poorly constrained.
Indeed, experimental studies have indicated that garnets
characteristic of skarn environments are stable over a large
temperature range (e.g., Gustafson, 1974). Limited fluid
inclusion data (Alderton and Jackson, 1978) and the nature of
mineral associations in the Land’s End granite metamorphic
aureole (Floyd, 1971) indicate that temperatures of (peak) skarn
formation were in the range 500–600 °C at around 1 kb
pressure.
Later retrograde replacement of these earlier phases is
marked by the development of amphibole, axinite, epidote,
quartz, calcite, chlorite, and sulphides.
The calc-silicate minerals can be large (up to a few cm in
size) and well-formed. Garnets can exhibit a range of colours:
green to yellow to pink to brown. In thin section they often
appear anisotropic, sector twinned and zoned (see Fig. 2),
features typical of skarn garnets worldwide (e.g., Akizuki 1984;
Ivanova et al., 1998; Jamtveit et al., 1993, 1995; Mullholland,
1984; Lessing and Standish, 1973). (See also the study by Rice
(1993) on possible causes of sector zoning in garnets from SW
England). Anisotropy appears to be a particular feature of
grossular-andradite (‘grandite’) garnets and could be due to
strain developed from the size differences of Al and Fe during
ionic substitution.
The mineralogy of the skarns also reveals enrichments in
several elements that are indicative of fluids derived from the
granites, for instance:
•
•
•

•
•
•

Boron in ubiquitous axinite and tourmaline, (plus rarer
danburite and datolite);
Tungsten in scheelite;
Beryllium in danalite, helvine, phenakite, herderite and
bertrandite (e.g. Kingsbury, 1961; but note caveats in
Tindle, 2008);
Tin in stokesite, wickmanite and silicates (epidote, titanite,
malayaite) (e.g. van Marcke de Lummen, 1985);
Fluorine in fluorite; and
Phosphorus in apatite.

Figure 2. Thin section image of garnet from Belstone showing anisotropy, sector twinning
and zoning. Two laser ablation tracks are also visible. (Crossed polars).
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CHEMICAL

COMPOSITION

The major element compositions, determined by electron
microscopy, are presented in Table 2 and portrayed in Figures
3 and 4. Although some analyses of separate zones in individual
samples are presented, most of these analyses are mean values
of predominantly unzoned portions of the garnets. Because of
zoning they may thus represent only a gross indication of

overall composition. Also included in the figures are the ‘bulk’
analyses of Botallack samples from Alderton and Jackson
(1978). Note that the ‘bulk’ analyses presented by Floyd (1965)
for garnets from Tater du do not satisfy Locock’s (2008) criteria
and are not presented here. In addition, the analyses of Crowns
Rock garnets presented by van Marcke de Lummen (1985)
indicate hydrogrossular, but no other examples of this phase
have so far been recorded during this study.

Table 2. Chemical analyses of skarn garnets from South-West England (weight %). Total Fe presented as FeO. Gro and And = % of grossular
and andradrite components respectively. Each analysis is a mean of n separate analyses.

Figure 3. Triangular diagram portraying molar proportions of
garnet end-members developed from different protoliths.
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The analyses from this study show that all the garnets are
dominated by the Andradite (Ca3Fe3+2(SiO4)3) - Grossular
(Ca3Al2(SiO4)3) series, with these two components typically
making up more than 90% of the total. Most of the remainder
is made up of small amounts of almandine, spessartine,
uvarovite, pyrope and schorlomite (Ti-garnet). Figures 3 and 4
indicate that there could be differences in both major and minor
element composition based on protolith. For instance, there
appears to be higher levels of Ti and Mn and less of the
andradite component in those garnets formed from a volcanic
protolith. However, this distinction is certainly not definitive
and there is some overlap. Note that Figure 4 would support the
suggestion that, of those with an uncertain protolith, both the
Perran and Haytor garnets formed from calcareous sediments.
The optical zoning is found to correlate with chemical
composition (Figure 5) and represents antithetic variations in
content of the andradite (Fe) and grossular (Al) molecules (see
Figures 6 and 7), in common with the findings of many other
studies of skarn garnets (see references above). The individual
zones in some samples show large compositional differences,
for example Lydia Bridge (Gr40An57 to Gr0An97), Mulberry
(Gr28An67 to Gr9An81), Botallack (Gr69An25 to Gr40An54),
Lostwithiel (Gr51An47 to Gr2An95) and Hay Tor (Gr29An68 to
Gr0An98). As garnet composition seems to be very sensitive to
changes in fluid composition (including temperature, pH,
oxygen fugacity; see Jamtveit et al., 1995) this chemical zoning
could reflect changes in fluid parameters, but in the examples
studied here it is thought to be more likely to be related to nonequilibrium growth and diffusion at growing crystal faces (e.g.,
see review by Shore and Fowler, 1996).
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Figure 4. Bivariate plot of weight % MnO vs TiO2 for all garnets.

Figure 5. Chemical zoning in sample CM4 (Mulberry) picked out by backscattered electron imagery. Lighter zones are enriched in heavier
elements (Fe and Sn); darker zones are enriched in lighter elements (Al).
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One key observation is the enhanced concentrations of Sn in
some garnets. Elevated contents (at >0.1 weight %) are noted in
most samples, but this is a particular feature of the garnets from
Mulberry and Belstone, which have concentrations at % levels
(Table 2) with a maximum of 6 weight % Sn observed in some
zones in the Mulberry garnet. These enrichments in Sn are very
similar to those seen in other Sn-rich skarns, where Sn has
entered Fe-silicates, especially garnets, epidote and pyroxene
(e.g., Mullholland, 1984; Mulligan and Jambor, 1968; Dadak and
Novak, 1965; McIver and Mihalik, 1975). There has in the past
been much debate regarding the position of the tin in the
garnet structure with most authors favouring the coupled
substitution of Sn4+ + Fe2+ = 2(Fe3+). These studies have
highlighted the presence of Fe rich skarn minerals but
strangely, some show an inverse relationship between Sn and
Fe in the garnets on a small scale, whilst some reveal the
opposite. In the Mulberry garnets there is a clear positive
correlation between Fe and Sn (Figure 7), a relationship also
noted by Mulholland (1984).
No other ‘trace’ constituents occur at elevated
(>100ppm/0.01 wt%) levels. Although the rare earth elements
and W can be concentrated in skarn garnets (e.g. Jamtveit et al.,
1993) values of these elements found here by ICPMS do not
appear to exceed 50ppm.

a

Titanite has also been found to concentrate Sn and up to
7 wt % Sn has been noted in some of these samples. This
observation, together with the recorded enrichments of Sn in
epidote (van Marcke de Lummen, 1986; see also Alderton,
1988) and the presence of malayaite (the tin analogue of
titanite), show that Sn can enter into other silicates when these
phases are growing, rather than form cassiterite.

CONCLUSIONS
This study has confirmed previous assertions that the
granite-associated skarn garnets in SW England are grandites
but with a large range in composition, from almost pure
andradite to c.80% grossular.
In spite of their differences in chemical composition, both
basaltic and carbonate lithologies have tended to produce
similar garnet compositions and there appears to be only minor
differences in major and minor element composition based on
host lithology. The main control on garnet composition would
therefore appear to be fluid composition and the prevailing P–T
conditions.
These results provide an insight into fluid processes
operating during and after granite emplacement but before the
mainstage Sn mineralization. They illustrate that Sn was present

b

Figure 6. Chemical zoning in Haytor garnet picked out by SEM X-ray mapping. (a) Fe and (b) Al. Colour brightness equates to increasing
concentration. (Note that some regions depicting high concentrations of both Fe and Al are due to the presence of amphibole).

Figure 7. Profiles of (Kα) X-ray counts for Al, Fe and Sn along a traverse across zones in sample CMF4 (Mulberry). Note positive correlation
between Fe and Sn, and inverse relationship between these elements and Al.
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in the fluids being released from the granite during contact
metamorphism and metasomatism, and before the main
mineralization process was initiated. Interestingly, the Sn
contents of these skarn garnets do not necessarily correlate with
areas of subsequent enhanced Sn-lode mineralization. For
instance, the garnets from the Camborne-Redruth area (one of
the richest in Sn lodes) do not have significantly elevated Sn
contents, whilst those from Okehampton (relatively less lode Sn
deposits) exhibit high tin contents (plus additional Sn-bearing
silicates). It seems that the early release of Sn-rich fluids from
the granite generated skarns with Sn located in silicates,
whereas later release via brittle fractures resulted in the
formation of the classic lode mineralization. In areas such as
Mulberry and Botallack, Sn-rich fluids were associated with the
formation of both skarns and lode deposits.
Finally, the presence of high concentrations of tin in these
silicate minerals has important economic implications. A simple
chemical analysis of rocks during an exploration programme
could lead to false indications of economic potential if
mineralogy is not taken into account.
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