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THE RUSSELL MEDAL

Dr Bob King, recipient of the first Russell Medal, with Dr Bob Symes, President of the Russell Society (left) and
Prof. Bob Howie. Honorary Member (right). Photograph taken at the Society’s conference weekend at
Loughborough University, April 1992.



EDITORIAL

This tenth issue of the Journal of the Russell Society also marks the tenth anniversary of its publication, and the
twentieth anniversary of the Society itself. The Society celebrated the anniversary by establishing a new
international award for outstanding services to mineralogy, The Russell Medal. It is most appropriate that the first
recipient of this medal was a protégeé of the late Sir Arthur Russell — Dr R.J. King, founder of the Society, the first
editor of its Journal, and acknowledged expert on the topographical mineralogy of Britain and the conservation of
mineral collections. :

Bob King became fascinated by rocks as a result of his father’s interest in natural history. As a lad he took enquiry
specimens to Leicester museum where he was inspired by the late H.H. Gregory, Keeper of Geology, and later
attended his extramural classes. Under Gregory’s direction he began reading geology at London University. He
joined the army in 1941, and even became involved in repatriating mineralogical specimens under fire during service
in Europe! Back home, he returned to his farming roots. but still dealt with enquiry specimens passed to him at the
local museum. Bob later joined the Department of Geology at Leicester University, playing a major part in the
subsequent success and development of that institution, and remaining on the staff for over 30 years. The teaching
collection he built stands today as a model for all establishments teaching geology. In addition, Bob worked for
more than 50 years to assemble one of the finest and most extensive contemporary private collections of British
minerals, which now forms the core of the collection at the National Museum of Wales in Cardiff. Now settled in
Tewkesbury and curator of the John Moore Countryside Museum, he is building a second collection of
minerals . . .

Like children, successful journals grow, mature, and become respected members of the establishment. When the
time came to pass on the editorship. the Society was fortunate in choosing Richard Bevins to nurture its Journal to
full adulthood. Richard and his co-editor Peter Williams put in a great deal of unstinting effort to produce the
Journal in its current glossy, professionally typeset format, and to ensure the continued publication of interesting,
important and, above all, scientifically reliable information in its pages. In taking over as editor, I am conscious of
the high standards set by my predecessors, and will aim to maintain these so that the Journal remains a real asset to
the reputation of the Society —even though I have already fallen at the first hurdle, in respect of the late appearance
of this particular issue!

For most people, writing scientific papers is an acquired skill and becomes easier with practice. Not surprisingly,
therefore, many of our contributions are written by professional mineralogists. However, as Brian Young pointed
outin a guest editorial not long ago, those who, with no previous experience of scientific writing, have taken up the
challenge to commit their records to print, have almost always found the process to be much less daunting than they
imagined. If there is something significant to report, it is worth the effort to place it on permanent record. This
Journal would like to see more contributions from the ‘amateur’ sector, and the Editor and Editorial Board will be
delighted to give any help necessary.

George Ryback
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SUPERGENE COPPER MINERAL ASSEMBLAGES
AT BOTALLACK, ST JUST, CORNWALL

R.J. BOWELL

Department of Mineralogy, The Natural History Muscum, Cromwell Road, l.ondon SW7 5BD

Native gold has been found associated with chlorargyrite, gypsum, natron, and a suite of secondary
chlorides and sulphates in an underground level of Botallack mine. Kréhnkite is present and this is
believed to be the first reported occurrence of the mineral in the British Isles. This assemblage differs from
the secondary copper mineral assemblages observed in material from the mine tailings around Botallack
mine and Wheal Cock. The supergene mineral assemblage examined from the underground section is
thought to represent seawater alteration of the hypogene copper lodes.

INTRODUCTION

Botallack mine (SW 363 336) in the St Just mining
district, Cornwall (Fig. 1), although not renowned for
substantial metal production, is still one of the most
famous of Cornish mines. The area contains the type
localities for botallackite and stokesite and is known for
good specimens of axinite, almandine, connellite, cup-
rite, hematite, goethite, paratacamite and phenakite.
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FIGURE 1. Schematic geology of the St Just district
(after Jackson er al., 1982).

The origin of the mine is uncertain but mining
operations are known from 1721, although organised
mining did not start until the building of the first engine
house on The Crowns rocks between 1795 and 1801
(Noall, 1972). Wheal Cock and other nearby mines
were later incorporated into the Botallack sett. Tin and

copper were the main products of the mine but from
1875 onwards arsenic was also recovered. The remains
of the kilns used to roast the sulphide ore can still be
seen today. In 1894 the mine closed because of severe
flooding but opened briefly betwen 1906 and 1914,

The Botallack mines were eventually bought by
Geevor Tin Mines Ltd and the Allen shaft was refitted
with new headgear in 1986 as part of an expansion
programme at Geevor. But with the closure of Geevor
mine in 1990 the mine is once again abandoned.

GEOLOGY

Geologically, the St Just district can be divided into two
units (Fig. 1): an eastern unit, formed by the Land’s End
granite pluton, and a western unit of basalts and
sedimentary rocks in the contact aureole. The northern
part of the pluton consists of medium to coarse-grained
two-mica granites. Hydrothermal alteration has taken
place leading to sericitization of feldspars and chlorit-
ization of biotite. The contact aureole consists of an
interbedded sequence of sediments and basalt lavas of
possibly Devonian age (Miller and Mohr, 1964).
Laminated argillites are the most abundant rocks but
calcareous, tuffaceous and fine-grained argillites, cherts,
and arenites are also present. Deformation of the
volcano-sedimentary sequence during the Hercynian
orogeny resulted in the formation of northeast-trend-
ing, north-plunging major and minor folds. During
emplacement of the granites, the host rocks were
thermally metamorphosed in the albite-actinolite and
hornblende hornfels facies. The production of skarns
rich in magnetite and garnet occurred early in the
mineralizing sequence, with boron in these fluids pro-
ducing axinite and tourmaline (Jackson et al., 1982).
Extensive fracturing of both the pluton and the hornfels
envelope produced conduits which were subsequently
utilized by hydrothermal fluids. Veins and replacement
deposits were developed in the roof and contact zones
of the pluton and up to 2 km into the aureole. Five styles
of mineralization have been recognised (Jackson er al.,
1982). In chronological order these are: metasomatism,
barren pre- and post-joint pegmatites, mineralized
sheeted vein systems, minerulized fissure systems, and
irregularly shaped replacement bodies. The major ore
minerals in the hypogenc quartz veins at Botallack are,

45



in order of decreasing abundance. chalcocite. arseno-
pyrite, bornite, chalcopyrite, cassiterite, hematite,
scheelite, and bismuthinite. The mineralogy of the
hypogene lodes and the country rocks has been des-
cribed in detail elsewhere (Carne, 1822; Greg and
Lettsom, 1858; Collins, 1892; Russell, 1920; Russell and
Vincent, 1952; Couper and Barstow, 1977; Couper and
Clarke, 1977; Embrey and Symes, 1987; Wolloxall,
1989).

SAMPLE COLLECTION AND ANALYSIS

Samples were collected in situ in 1989 from the 100-
fathom level in the Wheal Hazard section of the Crowns
lode. At this locality the stope was breached by the sea
in the late 1970s and was subsequently infilled by
precipitates. Additional material was collected in 1989
and 1990 from the cliffs (SW 3625 3405) and the Skip
shaft dumps at Wheal Cock (Fig. 2).
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FIGURE 2. Location map of Botallack mine (after
Noall, 1972).

Mineral identification was carried out in hand
specimens and polished thin sections. The identifi-
cations were confirmed by X-ray diffraction (Phillips
PW 1390, using Ni-filtered CuK, radiation) and Fourier
transform infrared spectroscopy (Perkin-Elmer 1700B,
using KBr pellets). The minerals described in this study
are now in the collections of the Natural History
Museum, London, and the Department of Geology,
Southampton University.

SUPERGENE MINERALS

The extensive supergene alteration of the Botallack
copper lodes has produced a wide range of secondary
chlorides, hydroxides, oxides, phosphates, arsenates
and sulphates. In the descriptions below, minerals
marked with an asterisk have not been described
previously from the Botallack area, and krohnkite is
also new to the British Isles. A summary of the
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supergene minerals found at each of the three studied
localities is given in Table I.

TABLE I. Supergene mineral assemblages described in
this paper. The minerals are listed in order of decreasing
abundance.

Wheal Hazard  Botallack Cliff  Wheal Cock
(100 fathom level)[SX 3625 3405]  (Skip shaft dump)
Quartz Quartz Quartz
Limonite Limonite Limonite
Gypsum Gypsum Chalcocite
Cuprite Goethite Cuprite
Jarosite Cuprite Goethite
Brochantite Chalcocite Scorodite
Chalcophyllite  Scorodite Copper
Paratacamite Jarosite Pharmacosiderite
Natron Paratacamite Jarosite
Atacamite Botallackite Olivenite
Botallackite Antlerite Libethenite
Connellite Connellite Paratacamite
Woodwardite Gold Pseudomalachite
Antlerite Chlorargyrite ~ Chalcophyllite
Chalcanthite Woodwardite Malachite
Kréhnkite Atacamite Connellite
Langite Copper Digenite
Devilline Dijurleite
Gold Cornwallite
Chlorargyrite Cornubite
Scorodite Erythrite
Cyanotrichite Manganite
Clinoclase
Bismuth
Liroconite
Silver

ANTLERITE,* Cu,SO,(OH),

This occurs as green coatings on gypsum and limonite
in the Wheal Hazard section, associated with other
copper sulphates, chlorargyrite, gold and botallackite
(Fig. 6); occasional crystals measured up to 0.1 mm.
Antlerite is also present as a coating on jarosite and
limonite in material from the cliff section.

ATACAMITE, Cu,CI(OH),

Although thought at one time to be the dominant
copper hydroxychloride at Botallack (Church, 1865b),
more recent work showed that all the ‘atacamites’ from
Botallack mine in the Natural History Museum col-
lections are the more stable polymorph paratacamite
(Frondel, 1950: Bannister er al., 1950). In this study all
three polymorphs were found (atacamite, botallackite,
and paratacamite). Atacamite occurs as dark green
rhombohedra up to 1.6 mm in size, associated with
botallackite, brochantite, chalcanthite, chlorargyrite,
connellite, cuprite, gold, jarosite, kréhnkite, langite and
limonite (Fig. 6). Atacamite was observed only in the
vicinity of the sea breach underground.



FIGURE 3. Botallackite crystals associated with. other copper minerals on a quartz-limonite matrix. Botallack cliff

exposure. SEM photograph, scale bar 0.032 mm.

BISMUTH, Bi

Small rhombohedral crystals of bismuth have been
recorded from Allen shaft (Greg and Lettsom, 1858;
Wolloxall, 1989). In this study similar samples to those
reported by Wolloxall (1989) were found on the Skip
shaft dump, with bismuth wires up to 3 mm long
associated with chalcocite, copper, silver and connellite
on a chert-gossan matrix,

BOTALLACKITE, Cu,CI(OH).

Botallackite was decribed by Church (1865b) as a new
mineral from Botallack mine; the actual locality was the
20-fathom level of Wheal Cock, out under the sea
(Kingsbury, 1964). The mineral is trimorphous with
atacamite and paratacamite, and slowly recrystallised
to the more stable polymorph paratacamite (Pollard et
al., 1989a). In this study botallackite was observed as
small pale green needles on a limonite matrix, asso-
ciated with atacamite, paratacamite, copper sulphates,
and gold, in the Wheal Hazard section and at the cliff
exposure (Fig. 3).

BROCHANTITE, Cu,SO,(OH),

Brochantite occurs as acicular crystals up to 0.3 mm
long, associated with antlerite, atacamite, botallackite,
chalcanthite, chlorargyrite. connellite, cyanotrichite,
devilline, gold, jarosite, kréhnkite, langite, and limon-
ite, in the Wheal Hazard section close to the sea breach
(Fig. 7).

CHALCANTHITE, CuSQO,.5H,0

A blue coating of chalcanthite on limonite, closely
associated with antlerite, atacamite, botallackite,
brochantite, chlorargyrite, chalcophyllite, connellite,
cyanotrichite, devilline. krohnkite and woodwardite.
occurs in the Wheal Hazard underground section.

CHALCOCITE, Cu.S

This mineral is common in the cliff exposure and
in material from the dumps at Wheal Cock. No
chalcocite was observed underground in the Wheal
Hazard section, although chalcocite was the main ore
mineral in this part of the Crowns lode. The most
common habit is as a granular aggregate, but occa-
sionally prismatic crystals were found. One exceptional
specimen, now in the collection of Southampton
University, carried a pseudohexagonal twinned crystal
30 mm in size.

CHALCOPHYLLITE,* Cu,.AL,(AsO,),(SO,),(OH),,.-
33H.0

Blue-green to emerald-green crystals of chalcophyllite
(average size 0.02-1.1 mm) occur in vugs associated
with other copper sulphates in the Wheal Hazard
section. Chalcophyllite flakes (0.05-4 mm) were also
found on a quartz-limonite matrix, associated with
cornwallite, cornubite, erythrite. liroconite, para-
tacamite, and pharmacosiderite, from the dumps at
Wheal Cock (Fig. 4).
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FIGURE 4. Chalcophyllite (CP). cornwallite (CN). and
pharmacosiderite (PH) on a quartz-limonite matrix.
Skip shaft dump. Scale divisions 1 mm.

CHLORARGYRITE, AgCl

In the Wheal Hazard assemblage, honey-yellow to
brown crystals (up to 0.2 mm) of chlorargyrite are
present (Fig. 6). Additionally, chlorargyrite is asso-
ciated with gold on material collected from Botallack
cliffs. Here the grains are larger (average 0.5 mm, with
one grain 4 mm in size).

CLINOCLASE,* Cu;AsO,(OH),

This occurs as blue-green fibrous crystals (average size
0.03-0.06 mm, with one crystal 5.5 mm long) coating
limonite and associated with copper arsenates and
sulphates, erythrite, and pharmacosiderite, on the Skip
shaft dumps at Wheal Cock.

CONNELLITE, Cu,Cl,SO,(OH),,.3H,0

In the Wheal Hazard section, connellite forms a light
blue to turquoise-blue crust consisting of small crystals
(0.5 mm) associated with atacamite, botallackite and
copper sulphates (Fig. 6). Connellite also occurs as a
light blue crust on chalcocite associated with copper in
material collected from the Botallack cliffs, and with
copper and bismuth in material from the Skip shaft
dumps. Tallingite, described by Church (1865a) as a
new mineral from Botallack mine, has been shown to be
a carbonatian variety of connellite (Pollard er al.,
1989b), but infrared traces of connellite from Botallack
collected in this study showed no trace of carbonate.

COPPER, Cu

Brown-red tetrahedrons of copper up to 3 mm in size,
associated with bismuth, chalcocite, connellite and
silver, were found in surfacc material from the Skip
shaft and from Botallack cliffs. Additionally, a moss-
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like aggregate of copper 12 mm long was found on the
Skip shaft dumps.

CORNUBITE, Cu,(AsQ,),(OH),

This occurs as dark green coatings up to 1 mm thick,
associated with chalcophyllite, clinoclase. cornwallite,
erythrite, liroconite. paratacamite. pseudomalachite,
and pharmacosiderite, on quartz-limonite matrix from
the Skip shaft dump.

CORNWALLITE, Cu,(AsO,),(OH),.H,O
Cornwallite forms a light green coating on quartz-
limonite matrix and is associated with chalcophyllite,
clinoclase, cornubite, erythrite, liroconite, paratacam-
ite and pharmacosiderite (Fig. 4). Cornwallite is also
associated with cuprite. erythrite. libethenite, pseudo-
malachite, pharmacosiderite. olivenite, and scorodite,
again on a quartz-limonite matrix. Both associations
were found only on the Skip shaft dump.

CUPRITE, Cu,0

Lustrous complex aggregates of dodecahedral and
octahedral crystals of cuprite, with individual crystals
up to 6 mm across, were found in the Wheal Hazard
section. intergrown with limonite, gypsum, jarosite,
natron and quartz and coated by secondary copper
sulphates and chlondes, chlorargyrite, and gold (Fig.
5). Cuprite was also found associated with copper,
copper arsenates, libethenite, and pseudomalachite on
a quartz-limonite-chalcocite matrix in material from
the Skip shaft dump, and with copper in quartz-
limonite matrix from the cliff section.

CYANOTRICHITE,*Cu,ALLSO,(OH),,.2H,0

This occurs as blue acicular aggregates (up to 0.05 mm)
on limonite, associated with copper sulphates, in the
Wheal Hazard section.

DEVILLINE, CaCu,S0O,),(0OH),.3H,0

Dark green to turquoise coloured crusts and aggregates
of small needles (up to 0.7 mm), associated with other
copper sulphates, from the Wheal Hazard section.

DIGENITE (Cu,S) AND DJURLEITE (Cuy,S,4)
These copper sulphides are present as microscopic
grains associated with chalcocite replacing bornite in
one sample from the Skip shaft dump, although both
have been reported as being fairly common at Botallack
(P.C. Tandy. personal communicution).

ERYTHRITE, Co,(AsO,),.8H,0

Radiating pinkish-red fibres on limonite associated
with libethenite, pharmacosiderite, pseudomalachite,
scorodite, and secondary copper arsenates, occur in
material from the Skip shaft dump.



FIGURE 5. Cuprite crystals partly coated by antlerite, atacamite, brochantite, chalcanthite, chlorargyrite,
connellite, devilline, gypsum, langite and woodwardite. Wheal Hazard, 100 fathom level. SEM photograph, scale
bar 0.13 mm.

FIGURE 6. Gold (AU) associated with antlerite (AN), atacamite (AT), brochantite, botallackite (BO),
chlorargyrite (CH), connellite (CO), cuprite, (CU) and limonite (I.). Wheal Hazard, 100 fathom level. SEM
photograph, scale bar 0.29 mm.
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FIGURE 7. Kréhnkite (KR) fibres partly coated by cyanotrichite, devilline, gypsum and jarosite, associated with
brochantite (BR) and langite (LA) on a cuprite-limonite matrix. Wheal Hazard, 100 fathom level. SEM

photograph, scale bar 0.23 mm.

GOETHITE, FeO(OH)

Botryoidal massive goethite with well-developed colour
banding on fresh surfaces is common in the Botallack
area. Fine splays of acicular goethite crystals (up to 1.5
mm) occur in druses in massive goethite, and in a
quartz-limonite matrix. in material from Botallack cliffs
and Skip shaft dump.

GOLD, Au

Platelets and wires of gold are present in the quartz-
limonite-cuprite matrix of the Wheal Hazard section,
associated with copper sulphates and chlorides,
chlorargyrite, jarosite, gypsum, and natron (Fig. 6).
The grain size was 0.15- 5mm. Six grains were located in
polished sections and their composition ranged from 96
1097 wt% Auand 2103 wi% Ag, with minor Cuand Fe
(Bowell, 1992). Additionally, four gold grains were
found in similar material from the cliff exposure.
ranging in size from 0.1 to 0.3 mm. These grains
occurred largely in fine-grained quartz or a chert type
matrix.and have aslightly greater gold content than the
gold from the underground exposure (Bowell, 1992). In
both cases inclusions of cuprite. goethite, gypsum,
jarosite, and scorodite are common in the gold grains.

GYPSUM, CaS0O,.2H,0
Gypsum forms massive grey translucent aggregates,
occasionally with slightly corroded crystals up to
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25 mm in size. Much of the gypsum is intermixed with
limonite and quartz and is coated by secondary copper
minerals. Gypsum is present in the underground and
surface exposures.

JAROSITE, KFe,(SO,),(OH),
Jarosite was found at all the sites examined and forms
yellow to brown earthy masses which partly coat
goethite. Material collected from the cliff site had trace
quantities of Pb and Ag (by semi-quantitative EDX
analysis), but elsewhere has a composition close to the
ideal formula.

KROHNKITE,* Na,Cu(S0,),.2H,0

Kréhnkite was found only in material from the Wheal
Hazard section and this is its first reported occur-
rence in the British Isles. The identification was con-
firmed by XRD and IR spectroscopy. The mineral
occurs as blue interpenetrating fibres (Fig. 7) associated
with antlerite, atacamite, brochantite, botallackite,
chalcanthite, chlorargyrite, connellite, cyano-
trichite, devilline, gold, goethite, gypsum, jarosite,
langite, limonite, paratacamite, quartz, and wood-
wardite.

LANGITE, Cu,SO,(OH),.2H,0
This occurs as blue globular aggregates associated with



other secondary copper minerals, particularly broch-
antite, on quartz, cuprite, gypsum and jarosite, in the
Wheal Hazard section.

LIBETHENITE, Cu,PO,(OH)

Libethenite forms dark green crusts up to | cm across
on a quartz-limonite-chalcocite matrix from the Skip
shaft dump. It is intergrown with pseudomalachite,
pharmacosiderite, olivenite, and scorodite, and is
associated with cornwallite and cornubite.

LIROCONITE,* Cu,AlAsO,(OH),.4H-.O

This mineral was found as a light blue granular
aggregate (up to 0.05 mm grain size), associated with
chalcophyllite, cornwallite, cornubite, olivenite, par-
atacamite, pharmacosiderite, and pseudomalachite, on
a quartz-limonite matrix in material from the Skip shaft
dump.

MALACHITE, Cu,CO,(OH),

Malachite occurs as a green coating on a quartz-
jarosite-limonite matrix in material from the Skip shalft
dump.

MANGANITE, MnO(OH)

Although manganite is reported as being common at
Botallack (Wolloxall, 1989), in this study only one splay
of black needles was found in a vug in quartz-limonite
matrix from the Skip shaft dump. The longest needle
measured 1.2 mm.

NATRON, Na.C0O,.10H,0

Natron occurs as a white precipitate intergrown with
gypsum and jarosite in the Wheal Hazard section. This
confirms a recent uncertain record of this mineral at
Botallack mine (Ryback and Tandy. 1992).

OLIVENITE, Cu,AsO,(OH)
An olive-green coating of olivenite, associated with
other secondary arsenates and phosphates, was found

FIGURE 8. Druse of olivenite crystals in quartz-
limonite matrix associated with other copper arsenates.
Skip shaft dump. Scale divisions 1 mm.

on a quartz-limonite matrix in material from the Skip
shaft dump (fig. 8).

PARATACAMITE, Cu,CI(OH),

The most common copper hydroxychloride polymorph
at Botallack is paratacamite. Rhombohedral crystals
up to 1.1 mm in size occur in the Wheal Hazard section
and the Botallack cliff exposure, associated with other
secondary copper minerals. chlorargyrite. and gold.
Additionally, paratacamite occurs intergrown with
chalcophyllite, copper arsenates and phosphates,
erythrite, and pharmacosiderite on a quartz-limonite
matrix in material from the Skip shaft dump.

PHARMACOSIDERITE. KFe,(AsQO,),(OH),.6-TH,O
This mineral occurs as small reddish brown crystals (up
to 0.5 mm) intergrown with erythrite and scorodite,
replacing arsenopyrite in material collected from the
Skip shaft dump (Fig. 4). It is also associated with
secondary copper minerals in a quartz-limonite-
chalcocite matrix.

PSEUDOMALACHITE, Cuy(PO,),(OH),

A botryoidal aggregate of pseudomalachite, 3 mm in
size, partly coated by copper phosphates and arsenates
and resting on a quartz matrix, was found on the Skip
shaft dump. Pseudomalachite also occurred here
intergrown with chalcophyllite. clinoclase. cornwallite,
cornubite, erythrite, libethenite, liroconite, olivenite,
paratacamite, and pharmacosiderite, on quartz-limo-
nite-chalcocite matrix.

SCORODITE.* FeAs0,.2H,0

Scorodite forms a yellowish-brown to brownish-green
coating associated with erythrite and pharmacosiderite,
replacing arsenopyrite in material from the Skip shaft
dump. Additionally, scorodite is associated closely with
gold, and occurs in the cliff exposure as free grains and
inclusions in gold, and in the Wheal Hazard section as
inclusions in gold and jarosite.

SILVER, Ag

A single 0.6 mm-long wire of silver was found on the
Skip shaft dump associated with bismuth, chalcocite,
copper, and connellite.

WOODWARDITE, Cu,Al,SO,(OH).,.2-4H,0(?)
Woodwardite occurs as a green coaling associated with
other copper sulphates in the Wheal Hazard section,
and as individual grains up to 0.07 mm at the Botallack
cliff exposure.

DISCUSSION

The supergene leaching of copper in south-west
England has been _recorded in numerous studies, al-
though no detailed investigation has becn made of the
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supergene mineralogy (Henwood, 1843; Spargo, 1865;
Church, 1865b; Dewey, 1923; Dines, 1956; Kingsbury,
1964). Supergene alteration of the copper lodes prob-
ably started in the post-Armorican early Mesozoic
period when south-west England was approximately
200 300 miles from the equator (Tarling. 1979). The
climate was that of a semi-arid desert with minor
volcanic activity and deposition of sandstones and
marls in a fresh-water environment. Under a hot arid
environment, sulphides such as arsenopyrite would
oxidize to form a series of more stable secondary
phases. Although sphalerite and galena are present in
the hypogene ore, no secondary zinc or lead minerals
have been found. Present-day alteration of the copper
lodes occurs dominantly by the action of sea-water
either on the cliffs or at breaches in the mine. such as in
the assemblages from Botallack cliffand Wheal Hazard
decribed here (Table ).

This may explain the abundance of otherwise rare
phases such as chlorargyrite, some of the copper
sulphates, natron, and even gold. Although the effects
of post-Armorican weathering cannot be ruled out, the
presence of metastable phases such as atacamite and
botallackite suggest that their deposition is relatively
recent. With time these phases will alter into the more
stable polymorph paratacamite (Pollard et al., 1989a),
as probably happened on museum specimens collected
from Botallack in the 19th century (Bannister et al.,
1950; Frondel, 1950). The original botallackite
(Church, 1865b) was collected from a submarine level
in Wheal Cock into which sea-water had seeped for
some 30 years through a plugged breach (Kingsbury,
1964), and was accompanied by what were described as
‘tallingite’ (carbonatian connellite) and atacamite.
Thus the conditions were probably similar to those in
the Wheal Hazard section studied here.

Both native bismuth and silver have been reported
previously from Botallack (Wolloxall, 1989), but gold
has not been recorded. Bismuth and silver may be
resistant hypogene phases which have been preserved in
the supergene assemblages, rather than products of
supergene alteration, and the same could be said of the
gold. However, the presence of cuprite, goethite, gyp-
sum. jarosite and scorodite inclusions in the gold grains,
and the lack of a gold- enriched rim on the grains (a
common feature of hypogene gold subjected to super-
gene alteration), point to a supergene origin. The
concentration of gold in sea-water i1s 0.002-48.7 pg/l
(Goldberg, 1987; Koide et al., 1988; McHugh, 1988),
the gold occurring as a complex with many of the
dissolved species present in sea-water, such as chloride,
bromide, iodide, thiosulphate, ammonia, and anions of
organic acids (Koide er al., 1988). In groundwaters, the
average concentration of gold is 0.002 pg/l but locally,
where high concentrations of suitable ligands occur
(e.g. from admixed sea-water), gold solubility may
increase by four orders of magnitude (Mann, 1984;
Stofiregan, 1986; McHugh, 1988). However, because of
the limited Eh-pH environment under which these gold
compluexes are stable and the limited availability of
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suitable ligands, extensive leaching of gold is unlikely so
precipitation occurs. In the case of gold-thiosulphate
complexation the breakdown of the complex ion
Au(S,0,),” produces sulphate ions, which could explain
the presence of jarosite and gypsum as inclusions in the
precipitated gold.

Consequently the supergene copper assemblage
at Botallack represents the product of supergene
alteration of the copper lodes from the Permian to
the present day, producing a suite of arsenates, hal-
ides, phosphates, sulphates, sulphides, and oxides
which, along with the hypogene ore, has been ex-
tensively modified and overprinted by sea-water
infiltration.
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