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ABSTRACT

Skarn assemblages in the aureole developed around the
Land's End granite (Cornwall, Eneland) contain tin as cas-
siterite, malayaite and tin-bearing epidote (up to 2,840/o
SnO), titanite (up to 7.090 SnO), and amphibole (up to
0.790 SnO). X-ray-diffraction data and microprobe ana-
lyses indicate that tin occurs in solid solution in the epi-
dote, probably by coupled substitution according to the
scheme: Sn4+ + Fea+ _ 2 (Fe3+,A13+). The introduc_
tion of tin into the epidote structure increases the volume
of the cell.

Keywords: epidote, tin, coupled substitution, skarn, Corn-
wall, England.

SoMraaIns

Des skarns min6ralis& en 6tain affleurent dans I'aurdole
du granite de Land's End (Cornouailles, Angleterre). Outre
la cassitdrite, on trouve des silicates stannifCres: epidote
(usqu'd 2.8490 en poids SnOr, titanite (usqu'd 7.0Y0 en
poids SnO), malayaite et amphibole (jusqu'i 0.790 en
poids SnO). Les donn€es de diffraction X et les analyses
par microsonde dlectronique montrent que l'6tain se trouve
dans I'dpidote en remplacement de Al ou Fe suivant
le schdma de substitution coupl€e: Sn4+ + Fe2+ =
2 (Fe3+,611+;. L'introduction d'6tain entraine un
accroissement de la maille.

Mots-cl&: epidote, substitution de Fe,Al par Sn, skarn,
Cornouailles, Angleterre.

INTRODUCTIoN

Tin-bearing epidote is rare; it is known from a few
localities only (Myer 1965, Mulligan & Jambor 1968,
Alderton & Jackson (1978) (Table l). Epidote that
contains up to 2.8490 SnO2 occurs in a skarn at The
Crowns near Botallack, Cornwall, England. It has
been studied to establish the mode of the substitu-
tion of tin in the structure.

Gnoloctcer- Ssrrrxc

The St. Just mining district is located on the north-
western flank of the Land's End granite. The meta-
morphic aureole forms a narrow coastal strip about
0.5 km wide and 5 km long (Fig. l). Hornfelsic rocks

consist of pelites (Mylor Slates) interbedded with
basalts that occur as massive or pillow lava and intru-
sive sheets (Jackson 1976). Thermal contact meta-
morphism produced cordierite'spotted slates in
pelites and amphibolites (greenstones) in some
basalts. Next, an intense metasomatism produced the
skarns by transformation of hornfelses. Finally'
fluids circulating through a fracture system deposited
the tin-bearing mineral assemblage (Jackson et al.
r982).

Mineralogical and paragenetic studies of skarns
(Alderton & Jackson 1978, van Marcke de Lummen
1985) have led to the recognition of two main stages
in the process of skarn formation. The first stage is
marked by the crystallization of a garnet (grossular-
andradite) zone surrounded by an amphibole zone.
Locally, the two are separated by a narrow zone of
pyroxene. The second stage produced two main
mineralogical facies by transformation of the
minerals of the first stage. One of these is a vesu-
vianite facies with or without magnetite; the other
is a chlorite - amphibole - tourmaline (or axinite)
facies that also locally contains tin-bearing minerals
in quantities of economic significance. Besides
malayaite CaSnSiO5 and cassiterite, the other tin-
bearing minerals are titanite, epidote, amphibole and
axinite (van Marcke de Lummen 1985).

EPIoors PARAGEI'{ESIS

The tin-bearing epidote is associated with cas-
siterite, malayaite, titanite and amphibole. Titanite
contains up to 7.090 SnOr, 1.e., l0 mole 9o
CaSnSiOr. The amphibole is a ferroan pargasite
with up to 0,7r/o SnO2 (Table 2). Titanite and
malayaite are closely associated with cassiterits in a
dark brown mixture surrounded by Sn-bearing epi-
dote, Sn-bearing amphibole and a chlorite (Fe-
ripidolite) that does not contain tin.

Epidote as well as chlorite and amphibole are con-
sidered to have been formed by alteration of garnet
during the second stage of skarn formation.

ANanYrrcan METHoD

Analyses were done by using a CAMEBAX elec-
tron microprobe (wavelenglh-dispersion spectro-

4tr



412 THE CANADIAN MINERALOGIST

TABLE 1. REPORTED OCCURENCES OF TIN-BEARING EPIDOTE

1ocal i ty occurrence paragenesis % 5n02 ln epidote reference
(nunber of analyses)

Baja Cal i fornia
Mexi co

Cassiar  d ist r ic t
northern British
Co l umbia

Chycornish Carn
Botal lack, Corn-
wa l l i  Eng land

The Crowns, Bo-
ta l  lack,  Corn-
wa l l ,  Eng land

hydrotherrnl ?
vein

massive cpx,am,g!(0.9) ,
sKarn qtz,cc

vei n ax ,am(0 .1 ) , t o

0 .38  (1 )

0 .80  ( r )

0 . 1 6  ( 1 )

up !0
2 .84  (8 )

Myer 1965

Mu l l l gan  &
Jambor 1968

Alderton &
Jackson 1978

this studym a s s j v e  a m ( 0 . 7 ) , c a s ,
skarn  TT(7 .0) , ;hT ,na l

cpx c l inopyroxene, am amphibole,  gr  garnet ,  qtz quartz,  cc calc i te,  ax axin i te,
to tourmal ine,  cas cassi ter i te,  t i  f i tani te,  chl  chlor i te,  mal  malayai te.  Tin-
bear ing minerals are under ' l ined (wi th weight  % Sn0z).

meter). Acceleration voltage was 15 kV and probe
current (Faraday cage current) was 20 nA. A count-
ing time of l0 s was used. Natural and synthetic sili-
cates and oxides were used as standards; fayalite for
Si, wollastonite for Ca, hematite for Fe, corundum

Ftc. l. Schematic geological map of the St. Just mining
district. 1: Land's End granite, 2: hornfels, 3: main
skarn outcrops.

for Al, rhodonite for Mn, and malayaite for Sn.
Cations other than these were not detected in epi-
dote. The raw data were reduced using a ZAF model
correction-program from CAMECA.

Covrposrrrox oF THE EproorB

Calculation of the mineral formula was made on

TABLE 2. COMPOSTTION OF TII{-BEARING
MINERALS ASSOCIATED IIITH EPIDOTE

si02 36.56 22.87
Tl0,  0.14 0.00
At zos 15.59 o. o0
Feor 22,37 0.48
Fe203 6.55
Mno 0.30 0,00
Mgo 1.34 0.00
Cao 11.13 21.9I
Na20 0.64 0.00
KzO z.Lg 0.00
sn02 0,70 55.39
F  0 .00

H , O I  L . B 7
Total ,-9.54 m0.65
0.F,c1 0.04

ATOMIC PROPORTIONS:

0 + 0 H  2 4  5

5 .90
2 .10
4.00
0-!f
0.80
0.02

3.02
n ? ,

5.03

0.22
0 .10
T:28
2 .00

1 .00

0.00
0,97
o .02

ffi

1 .03

29.07 0.00
31 .51  0 .54
3.34 0.00
I .O2 1.02

0 .00  0 .05
0.00 0.00

28.09 0.00
0 .00  0 .00
0 .00  0 .00
6 .71  98 .81
t . 22
0.00

-____:_ -___:_
100.96 100.42

0 . 6 1

s1
A1

A1
Fe
Ti
Sn
Fe
Mg

Na

OH
F

5

0 .98

0 .13

0 .80
0.09
0 .03

0 .01
0 .97
0.02

T.05 T:00'
1 .02

0. 13

1.  mph lbo le ,  2 .  na laya i te ,  3 .  t i tan i te ,  4 .  cass . l -
te r i te , '  Fe0/Fe203 and H20 based on  ion  propor t ions .
- not detemined.



TIN.BEARING EPIDOTE FROM SKARN IN CORNWALL

TABLE 3. COMPOSITION OF TIN-BEARING EPIDOTE

4t3

AT0MIC PR0PORTI0NS: (13 0 + 0H):

Si0z 36.69
Al z0: 22.88
Fezo: I  13.60
MnO 0.44
Cao 22.5L
Sn02 1 .9 f
Hr0 ,  1 .94
Total 99-.€7

36.36 36.81
21.68 22.74
14.25 13.80
0.38  0 .00

22.33 23.L6
2 . 4 7  1 . 6 4
t .82  1 .86

Tr:29 100.0-I

3.00

2. r0
0 .80
0 .08
T3A
I . J  T

0 . 0 3
zJ.I
1 .00

36.91  37 .27
23.01  ?3 .67
L?.60  L2 .37
0 . 4 1  0 . 1 4

2 L . 9 t  2 2 . 8 6
2.84  0 .47
1.87  1 .86

99-T t8.6-4

3 .00

2 , 2 5
u .  / 3
0 . 0 2
3m
L . 9 7

r .  00

2 . 9 6
0 .04
T.n-o
2 . L L
0.84
0 .05
3:00
2 . 0 0

1 . 0 0

37.07
23.63
13.40
0.00

23.55
0.63
r .88

100;16

2 . 9 6
0.04
TJ'O
z . L 6
n  a 1

0 . 0 2
T-7'T
2 . 0 t

I  .00

36. 39
2 r .86
14.51
0 . 2 6

22.66
2 . 0 0

. 1 . 8 2
99-50

2 . 9 9
0 . 0 1
T.T'O
2 . L L
0 . 8 1
0.06
236
1 . 9 9
0 . 0 2
z.0T
r .00

L 2 . 7 2
I  6 1

36.91
23.L7
1 2 . 9 1
0 .  t r

23.07
1 . 7 1
r .86

99:74

2 . 9 7
0 . 0 3
T. 0
L .  L O

0.  78
0 .05
TgE
1 . 9 9

1.00

1. 19

z  . 3 0
0.04
TJ'O
2 . L 4
0.82
0.06
3-J'Z
I . e 4
0 .03
TS7
1.00

AI

AI
tFe
Sn

MN

OH

Fe2O33 11.6r  12 .40
Fe03 L .79  0 .91

12.15  L2 . r6
1 . 9 0  1 . 4 8

the basis of 13 O,OH per formula Cfable 3). The var-
iations in the chemical formula of the clinozoisite
- epidote minerals are restricted to the range between
Ca2Al3Si3Op(OH) and Ca2Al2Fe3 + Si3O,2(OH). As
shown in Table 3, the epidote composition is
clinozoisitelo-2o - epidotee66.

IABLE 4. X-RAY-DIFFMCTION DATA
FOR 5n-BEARING EPIDoTE

hkl  d(A)mes I d (A).u i  
"

4 .03
J .  } I
' t  t 1

2 , 9 7
2 . 6 8
z . o \
2 .54

2 .46
2 . 4 1
t 1 1

2 . 1 7
2 . L 2
2 .08
2.0L4
1  0 ? n

1 .881

r.o+o

L.582

c  8 ,936 '  b  5 .635 ,  c  10 ,225  A ,  B  I 15 .62 " '
v  464.3 n3.  Standard errors are unKnown.
Intensi t ies I  are est imated v isual ly .

IJp to 0.44V0 MnO is present and is assumed to
be Mn2+ in substitution for Ca. A Mn3+ content as
low as 0.2090 Mn2O, would pqoduce a strong pink
pleochroism (not observed in our samples); the
(Fe,Mn)O content can range up to 590 without
affecting the optical properties of epidote (Strens
1966).

Although most of the iron presumably occurs as
Fe3+, Fe2+ is likely to be present in small amount
and enters the epidote structure as a substitution for
Al as well as Ca (Deer et al. 1962). The Sn content
in the sample analyzed reaches 2.84V0 SnO2.

X-Rev-Dm'rnecrroN DATA

A single-crystal fragment was ex€rmined. A Gan-
dolfi camera was used with Ni-filtered Cu.l(o radia-
tion. The parameters of the monoclinic cell were
computed using a FORTRAN program written by
J. Gvildys, Argonne National Laboratory, U.S.A.
The cell parameters a, b, c, f arrd Z(unit-cell volume)
were calculated using nineteen reflections. The results
are listed in Table 4.

Seki (1959) and Myer (1965) demonstrated that the
lattice constants of epidote increase with increasing
Fel(Fe+Al) ratio. Using Myer's (1965) determina-
tive curves, the cell parameters of the analyzed
Land's End epidote (Xr. : 0.27) shopld be: a
8.898, ' 5.637, c 10.162 A, y : 460.7 A3. Except
for b, these calculated values are smaller than the
measrued ones. The large values Qf Q, c and Z of

2 0 0
2  L " T
2 0 L
1 1 3
3 0 0
3 1 7
i  o  3 l
2  0  2 J
L 2 L

2 2 0
1 2 2
2 2 r
q  t z
4 0 0
2 t 3
\  t  5 -
r t a l
, , i J
1 3 2
4 2 0
1 1 5

3U

10
100
70
50
?5

10
40
l5
? n

z a
10
10
10

10

40
40
10

4 ,027
3,496
3 .201
2,912
2 .672
Z . O U O
2 .  s30

2.462
2.407
Z . J U O
? .L72
. . 1 l J

2.075
2,0L4
1  0 ? n

1 .881

1.645

1 .581

2 . 9 8
0 . 0 2
tE-o
? . L 7
0 . 7 7
0 . 0 9
T33
l o n
n n ?

T33
l .  00

9 .82  1 r .71
2 .50  0 .59

I  tota l  i ron as Fe203,2 calculated af ter  ion proport ions,3 calculated FeO and Fez0:
weight  percent  (see text  for  explanat ion).  XFe tota l  number of  i ron cat ions.
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Sn

A[*Fe
FIG. 2. Plot of Sn yerszs EFe + Al. Number of cations cal-

culated on the basis of 13 O,OH per formula. Dashed
line: theoretical (Fe + Al): Sn correlation in the case of
a replacement of I A13+,Fe,3+ by I Sna+. Solid line:
measured correlation (R2 = 0.864).

FeO

SnO2
Ftc. 3. Plot of calculated FeO (weight Yo) uersas measured

SnO2 (R2 = 0.94). See rext for explanation of the
method of calculation.

the Land's End epidote are most probably due to
the presence of tin in its structure. Unfortunately,
it was not possible to relate this feature to an exact
tin content because the analyzed fragment was zoned
(0 - 1.090 SnO).

DlscussroN

Tin in epidote could be accommodated by substi
tution of (SnO)a for (SiOj+, by substitution for
calcium (ionic radius^I.20 A: Whittaker & Muntus
1970) 4s Sn2+ (0.93 A), o^r by substitution of Sna+
(0.77 A) for Fe3+ (0.73 A).

No inverse correlation is shown between Ca or Si
and Sn. In the calculated formula, Si is always close
to 3.0, and Ca+ Mn is close to 2.0. Thus the zubsti-
tution of Ca or Si by Sn seems to be unlikely. On
the contrary, an inverse correlation occurs between
Sn and Al + Fe (Fie. 2), indicating that the substitu-
tion of Al + Fe by Sna+ is most likely. As no univa-
lent cations such as Na or K are present, charge
balance is assumed to be achieved by the presence
of Fd+ instead of Fe3+.

Mulligan & Jambor (1968) described an unusually
high Fe2+ content (1.5 9o FeO) in their tin-bearing
epidote. Unfortunately, the Fd+/Fd+ ratio €nnot
be determined by electron-microprobe analysis.
However, the amount of Fd+ and Fe3+ in the epi-
dote structure can be estimated with the aid of the
stoichiometry of the mineral formula and charge-
balance considerations. Assuming that there are 3
Si in the formula, the other cations Ca, Mn, Al,
Fd+, Fe3+ and Sna* are calculated to total 5
cations:
x C a  +  y M n  +  e A l  +  a F d *  +  v F e 3 *
+  w S n a +  : 5  ( l )
anduF*+ + vFe3* :  EFe Q)
where.rCa,yMn, zA. ,u Fd+,  vFd+ and wSn4*
are the atom proportions in the formula. As these
5 cations must give 13 positive charges:
2x Ca + 2y Mn + 3z Al + 2uF8+ + 3v Fe3+
+ 4w Sna+ = 13 (3)
where the coefficient 2,3 and 4 refer io the number
of positive charges assigned to each cation. By sub-
traction of (l) and (3),
y F e 3 +  =  3 - 2 w  S n a + - z A l  ( 4 )
Knowing EFe, z Al and w Sn from the calculated
mineral formula, the proportions of Fd+ and Fe3+
can then be estimated from (2) and (4). The results
are presented in Table 3.

The number of F*+ ions is systematically higher
than the number of Sn4+ ions. In the calculaxion of
the epidote formula, Fe2+ is first allocated to the
6-fold co-ordination site with Sn in substitution for
Al and Fe3+, and the excess is then allocated to the
8-fold co-ordination site with Ca and Mn. The cal-
culated Fd+ increases and. (Fd+ + Al3*) decreases
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with increasing Snn* (Fig. 3) following the coupled
substitution:
Sn1+ + Fe2+ _ 2(Al3+,Fe3+)

This type of substitution was previously proposed
by Mulligan & Jambor (1968) for the introduction
of tin in andradite. In allanite, substitution of Fe3+
and Al3+ by Fd+ is similarly used to correct the
charge imbalance arising from the replacement of
Ca2+ by trivalsnt rare-earth elements @eer et al.
1962)* Substitution of the larger cations Spo* (r
0.77 A) and Ed* (r 0.73 A) for Fe3* (r 0.64 A) and
Al3* (r 0.61 A) is responsible for the increase of the
lattice constants.

Assuming that the total amount of tin and iron
does not exceed one atom per formula, the tin-
bearing epidote formula can be expressed as:
carAlrsna+fd +r(Ire3 +,A13 + )l_2rsi3ou(oH)
with a maximum of 0.5 for x. In our samples, x
reaches 0.N i.e., 1890 of the maximum substitution.

CoNcLUsIoNs

Tin probably is present in epidote in substitution
for Fe3+ and Al3+; charge balance is considered to
be achieved by the presence of Fd+ according to
the coupled substitution:
Sna+ + Fd+ :2(Fe3+,Al  3+)

However, owing to the relatively small amount of
tin in our samples, this interpretation must be
regarded with caution. Our understanding of the
mechanism of tin substitution in epidote could be
greatly improved using M6ssbauer spectJoscopy.
Unfortunately, the samples available for this study
are quite small and not sufficiently plentiful for the
use of such a spectroscopic approach.
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