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Guest editorial- the history and future of the Journal of The Russell Society 

The first issue of this Journal appeared 25 years ago in 1982. Having now reached double figures in the 
numbering of the Journal, and with this issue being the 20'\ it is timely to look back at its history, to takc 
stock of its accomplishments, and to consider what the future may hold for this publication. 

The 20 issues contain over 200 papers, notes and reviews together with editorials, conference reports, book 
reviews and obituaries. As far as the Journal is concerned, the aim of the Society has been to publish original 
peer-reviewed articles on topographical mineralogy of the British Isles, although articles on associated topics 
are welcomed and have always been included. 

The fact that the Russell Society publishes a Journal owes much to the enthusiasm and dedication of Bob 
King, who acted as the Editor for the first four issues (numbered as volume 1 parts 1-4) published in the 
period 1982-1986. Richard Bevins, ably assisted by Peter Williams, was the Editor for the next four issues 
(2 : 1-3:2; 1988-1991). They introduced a number of changes to the style of the Journal, such as the cover 
format and two parts per volume. The late George Ryback made a major contribution as the Editor for eight 
issues (4 : 1-7 :2) published in the period 1991-2001. After a short period of uncertainty, Alan Dyer acted as 
the Editor for the following issue (8:1; 2003) which included articles derived from manuscripts that had been 
sent to Brian Young. Norman Moles has been the Editor for the last three issues (8:2, 9 and 10; 2005-
present) and he has managed to publish an annual issue of the Journal. During this period it was decided that 
the numbering should be a simple sequential annual volume number. All of these editors have had the advice 
and support of an Editorial Board composed of experts in various fields related to topographical mineralogy. 

During his Editorship, Bob King was assisted in the production of the Journal by Nigel Moreton. Since then 
the following members have held the position of Journal Manger: Nigel Moreton (1988-1989), Roy Starkey 
(1990-1991), Rex Cook (1992), Harry Day (1993-1998), Kevin Johns (200 I), Rob Bowell (2003), Jim 
Robinson (2005-2007, with some help from Nick Schaffer) . Photographs have been an important component 
of the published articles and colour photographs have always been a feature of the front cover, and often of 
the rear cover - these striking cover designs are celebrated in the array on the rear cover of this volume. In 
recent years the cost of printing colour has reduced and during Jim's period of management, the introduction 
of colour photographs within articles has added greatly to the visual appeal of the Journal. 

Funding the publication of the Journal has always presented the Society with a challenge. Member'S 
subscriptions have covered part (or all) of the costs of publication, and a number of auctions of mineral 
specimens provided further resources. The publication of several issues received valuable support from 
benefactors: Peter and Greg Tom at Bardon Hill Quarry (1 :4-3 : 1); Redland Aggregates (2: 1); Ralph Sutcliffe 
(3:1-3:2). Additional funds were generated by the sale of advertising space (4 :1-6:2). 

What of the future? Considering the number of articles that authors have submitted in recent years, it is 
reasonable to assume that we can sustain the annual publication of a Journal volume. However, this places 
heavy burdens on the Editor and Journal Manager who have to juggle voluntary work for the Society with 
other demands on their time such as salaried work, attending to the family, even an occasional holiday. An 
equally impOitant consideration is the diminishing visibility of print-only publications in an increasingly 
computerized and networked world . Both of these issues could be resolved if the management of the Journal 
were to be contracted to a publishing company - a company that, in addition to typesetting and printing the 
Journal , would provide online access of articles to Society members and paying subscribers, together with 
worldwide internet access to titles and abstracts. The increased visibility and availability of the Journal 
would attract more authors to submit more articles, allowing an increase to biannual publication. These 
exciting ideas are currently being explored by thc Editor and officers of the Russell Society. 

In the next 25 years we hope to continue the best traditions of the "JRS" and also to bring the Journal , and 
topographical mineralogy, truly into the 21 51 century. 

Frank Jnce 
Secretary of The Russell Society 

December, 2007 
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ZONED OXIDATION DEPOSITS IN TYNEBOTTOM MINE, GARRIGILL, 
CUMBRIA 

Trevor F. BRlDGES 
10 Springfield, Ovington, Prudhoe NE42 6EH 

David 1. GREEN 
Manchester Museum, The University, Manchester, MI3 9PL 

Zoned iron and copper post-mining oxidation deposits from a pile of waste rock in Tynebottom Mine, Garrigill, 
Cumbria are described. The inner part of each individual deposit usually consists of iron minerals such as limonite 
and jarosite with some gypsum derived from the oxidation of pyrite and chalcopyrite in the rock matrix. This 'iron 
zone' is then surrounded by a rim of copper based minerals, the most common sequence being brochantite, leading 
in to serpierite and devilline and finishing with malachite. Other minerals occurring in this zone include linarite, 

anglesite, cerussite, wroewolfeite and an as yet uncharacterised blue rare earth element mineral. Beyond the rim of 
copper based minerals the matrix is usually at least partly covered with flowstone calcite or tufts of aragonite or 

quite commonly both, as well as other carbonates such as brianyoungite and hydrozincite. It is suggested that the 
sequence of deposition reflects a gradual increase in pH as fluids migrated away from the oxidation centres. 

INTRODUCTION 

Post-mining deposits of supergene minerals on the 
walls of mines are common. In several of the mines in 
the Nenthead area, Cumbria, such as Brownley Hill Mine 
and Carr's Level , spectacular roof to floor white coatings 
of hydrozincite occur (Bridges and Young, 1998). 
Beautiful blue coatings of what are probably copper
bearing silica gels (ej Moreton, 2007) occur in many of 
the Coniston mines. In Bwlchglas Mine in the Central 
Wales orefield there is an interesting and unusual floor to 
roof encrustation of white 'flows tone' cerussite 
(Braithwaite, 1982). Copper minerals such as malachite, 
langite and brochantite often occur in patches on the 
walls of copper mines and sometimes these show 
zonation of different minerals. 

In Tynebottom Mine itself encrustations of erythrite 
and copper minerals have long been known (Bridges and 
Young, 1998), although the deposits have been sadly 
depleted by over enthusiastic collecting. Since 1998, 
symplesite and parasymplesite have been recorded from 
the mine (Green et aI., 2003) and recently we have also 
identified mimetite on a specimen from the K.D. Savage 
collection . Within one pile of waste rock in the mine, 
excellent examples of patches of zoned encrustations of 
oxidised copper and iron minerals were found and form 
the subject of this paper. 

LOCALITY AND GEOLOGY 

Tynebottom Mine straddles the Pennine Way a little 
to the west of the village of Garrigill in Cumbria. The 
mine worked flats in the Tynebottom Limestone 
(Dinantian) associated with the Drybum Washpool Vein 
(the western extension of the BrowngiJl Vein) close to its 
intersection with the Windshaw Bridge Vein and also 
along the latter vein (Dunham, 1990). Two levels, one at 
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river level (NY 7393 4183) and one in a group of trees 
nearby (NY 7885 4186) have been driven onto the veins 
and are linked in the underground workings. 

The limestone associated with the flats is 
extensively metasomatised to a partially silicified, 
recrystallised rock with numerous idiomorphic crystals 
of pyrite and marcasite. Galena was the main ore 
mineral, but sphalerite also occurs. There are large 
amounts of pyrite and marcasite in the workings, much 
of which is oxidised to big patches of limonitic ochre, 
which occur both on the walls and in the waste rock left 
by the miners. Ixer et al. (1979) reported glaucodot and 
gersdorffite as minute overgrowths on arsenical 
marcasite and Vaughan and Ixer (1980) reported traces 
of ullmanite in addition to these. The erythrite and traces 
of supergene nickel mineralisation in the mine are 
derived from oxidation of these cobalt and nickel bearing 
sulpharsenides and the arsenical marcasite itself, which 
carries 3-4 % Co and I % Ni (Ixer et aI. , 1979) and is 
very abundant. Ixer and Stanley (1987) reported a suite 
of silver-bearing sulphosalts on the basis of specimens 
collected from the mine by A.W.G. Kingsbury. In view 
of the now established Kingsbury frauds (Ryback et al. , 
1998 and 200 I), this suite may well not be derived from 
Tynebottom Mine. No similar material has ever been 
found at Tynebottom Mine by other mineralogists. 

Whi Ie reporting serpierite and devilline from the 
Northern Pennines, Bridges (1987) briefly mentioned 
most of the supergene minerals in this study, but not the 
zonation of the minerals, which was not apparent at the 
time. The current study concerns material recovered 
from a roughly cone shaped pile of waste rock, situated 
near the west end of the flats close to an oval shaft in the 
floor. 
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NATURE OF THE DEPOSIT 

The pile of waste rock was approximately 3 melTCS 
diameter and 1.5 metres high when first visited by one of 
us (TFB) in 1983, but had been largely dismantled by 
collectors by the time further visits were made in 2004. 
Specimens collected on both of these visits provided the 
basis of this study. It should be noted that specimens 
showing zonation of the supergene minerals were 
targeted, so the study is not representative of the whole 
waste rock pile. 

The distribution of the mineralisation seemed to be 
random and sporadic in the quite large pile of waste 
rock. The oxidation patches were not concentrated near 
the top of the pile. The observations that follow are 
made on the basis of the study of just over 40 specimens, 
but since several specimens had more than one oxidation 
patch, the total number of oxidation patches studied 
exceeded 70. Only specimens with a distinct 
limonite/jarosite centre to the patches are included in the 
study. The patches of mineralisation can be divided into 
two zones: 

• An inner 'Iron Zone' - dominated by iron minerals . 

• An outer 'Copper Zone' - dominated by copper minerals. 

The mineralised patches generally occur in a 
'Carbonate Field' dominated by calcite or aragonite, or 
both. Smaller patches, which range in size from less 
than 5 mm to approximately 20 mm are often almost 
circular (Fig. I) . Larger patches, an example of which is 
shown in Figure 2, range up to over 8 cm across, have an 
irregular shape due to inclination of the upper surface of 
most of the rock fragments and often extend over more 
than one fragment. Sometimes two or more pieces of 
rock are actually cemented together by the supergene 
mineralisation (Fig. 3) and occasionally by flowstone 
deposits of calcite, but readily break. apart on handling. 
Individual oxidation patches often overlap, which also 
results in an irregular appearance. Rarely there has been 
more than one phase of formation with two or even three 
copper mineral zones extending outwards from one 
centre of oxidation and sometimes corroded calcite crust 
or aragonite tufts or both appear between these copper 
zones. Figure 4 shows all these features. 

METHOD 

The specimens were dirty as collected and were not 
cleaned due to the fragile nature of the encrustations. 
Initially the specimens were examined using a 
stereomicroscope and notes made on the minerals 
present and their order of deposition. Some minerals, 
such as the primary sulphides, gypsum and linarite were 
identified purely visually based on morphology and 
colour. Wet chemistry and energy dispersive 
spectroscopy (EDS) were used extensively to be sure of 
the identity of the other supergene species, followed by 
X-ray diffractometry (XRD) where further confirmation 
was considered necessary. (However, hydronium 
jarosite has not been fmnly identified and this is 
indicated using italics.) Finally a piece was broken off 
about half of the specimens to establish the nature of the 
rocks on which the oxidation encrustations occurred. 
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Figure 1. Near circular oxidation patches, with limonitic 
centres and brochantite and malachite rims. Note the i1owstone 
calcite on the left upper edge. Specimen width 10 cm. 

Figure 2. Large irregular oxidation patch. Brochantite is the 
dominant cupper mineral. Note the crust of aragonite below 
the copper minerals. Specimen width 9 cm. 

Figure 3. Two small rock fragments cemented by gypsum and 
limonite. Specimen width 6 em. 

THE NATURE OF THE ROCKS 

The majority of the rocks on which the encrustations 
occur are recrystallised limestone with varying degrees 
of silicification. Small crinoid stems are usually 
apparent. Some of the rock is relatively soft and 
effervesces vigorously in di lute hydrochloric acid to give 
a colourless albeit dirty solution, indicating the rock is 
mainly calcite rather than ankerite. Depending on the 
dcgree of silicification, the rock becomes harder and in 
some cases does not effervesce with acid, except for the 
crinoid stems, which rcmain unaltered on all specimens. 
However, the surface of highly silicified specimens does 
effervesce, due to the nature of the dirt coating. 
Specimens often show thin vein lets of calcite or quartz, 
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and crystals of both occur in cavities in a few cases. 
Minute specks of pyrite and chalcopyrite can be seen on 
the inside of many of the specimens after breaking, and 
in some cases small limonite encrusted cavities are 
apparent. Where breaks cross the surface of a specimen, 
larger crusts of chalcopyrite are sometimes visible, but 
these are not necessarily oxidised. A few specimens 
consist of calcareous shale, which tend to be more 
oxidised, with abundant limonite indicating the shale 10 

be rich in pyrite or marcasite. These specimens also 
effervesce vigorously in dilute hydrochloric acid . The 
wall rock in the vicinity of the waste pile consists of 
recrystallised limestone with shale bands and is 
superficially the same as the rocks in the waste pile. It is 
likely the rocks were not moved very far by the miners. 

Figure 4. Overlapping oxidation patches, with two copper rims 
extending from the large iron zone and rufts of aragonite 
between these two rims. Field of view 5 cm. 

MINERALS OF THE 'IRON ZONE' 

No zonation of the minerals is evident in this zone 
the mineralisation being fairly uniform up to the start of 
the copper zone. Many of the specimens have a shiny 
surface 'glaze', which often extends into the other zones. 
EDS and wet chemistry suggests some of the glaze is an 
amorphous aluminosilicate with traces of other elements 
while some is calcite and possibly cerussite. ' 

Three primary minerals are of interest: 

CHALCOPYRITE, CuFeS2 

Golden yellow patches of chalcopyrite, usually of 
the order of I mm across, are visible beneath the 
limonite on about 20% of the specimens and visually 
these do not seem to be oxidised at all. Small 
idiomorphic crystals are also visible in many of the 
broken rock sections. 

GALENA, PbS 

Small broken cleavage sections of galena are visible 
on seven specimens. These are oxidised and often 
covered with a thin shiny encrustation which effervesces 
in dilute nitric acid. EDS detected lead as the only 
element present and so it is presumed to be cerussite. 
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PYRITE (MARCASITE), FeS2 

Also visible in some of the broken rock sections are 
small idiomorphic crystals of pyrite. Some of the 
crystals have a micro-porous structure and may be 
marcasite or pyrite after marcasite . Both will behave in a 
similar way under oxidising conditions. 

The supergene minerals observed are: 

LIMONITE, FeO.OH 

Brown ochreous deposits and stains of limonite are 
by far the most abundant mineral in the central area of 
the individual deposits and are clearly visible on Figs. 1-
4. The rock matrix under these deposits often has a 
corroded and pitted appearance, due to oxidation of the 
sulphides. In many cases the surface has the shiny glaze 
discussed above. 

Gypsum crystals occur on about 25% of the 
specimens. Crystals are generally less than 2 mm long 
and the commonest form consists of striated monoclinic 
'se lenite '. These crystals are mostly transparent and 
colourless, but in some cases are heavily iron stained. 
Crusts of small needles also occur and these are often 
iron stained. 

JAROSITE, K2Fe6(S04)4(OH)1 2 
HYDROMUM JAROSITE, (H30hFe6(S04h(OH) 12 

Small yellow ochreous deposits of jarosite, often in 
the fonn of hemispheres occur on about 15% of the 
specimens. EDS shows most of the deposits to be 
jarosite and this has been confirmed by XRD 
(MANCH:XRD1358), but rarely EDS shows the ochres 
contain little or no potassium. MANCH:XRD1357 
shows these to be plumbojarosite or hydronium jarosite, 
but neither EDS nor simple wet chemistry will 
distinguish between these. However, there is no sign of 
any lead mineral on the specimens, so while hydronium 
jarosite is not fully confirmed, on balance it is the more 
likely species. 

WAD, Hydrated impure manganese oxides 

On one specimen jet black lustrous blebs of wad 
occur in the iron zone (see later) . 

MINERALS OF THE 'COPPER ZONE' 

The width of this zone is usually less than 5 mm, but 
occasionally extends up to 10 mm. It consists of a 
number of mainly copper bearing minerals which have a 
tendency to occur sequentially from inside to outside of 
the zone. 

BROCHANTITE, CU4S04(OH)6 

Crusts of minute emerald green brochantite crystals 
are present on about 85% of the zoned oxidation patches. 
It is usually, but not invariably, the first mineral in the 

5 



copper zone immediately adjacent to the inner iron zone. 
Usually crystals merge to form a continuous crust. 
Rarely, poorly formed individual flat plate or needle 
shaped crystals occur, but are usually <0.5 mm long. 
Pale green rims adjacent to the iron mineralisation were 
checked by XRD since they were thought to possibly be 
antlerite, but proved to be brochantite as well. Figure 5 
shows a good example of brochantite with a pale inner 
rIm. 

Malachite is present on approximately 50% of the 
patches, generally occurring on the outside of the zone, 
adjacent to the carbonate field. Rarely, it is the only 
copper mineral present. It does not form crystals, 
usually occurring as a botryoidal crust up to 
approximately 5 mm across and sometimes forming a 
raised wall (Fig . 6). 

Figure 5. Brochantite with pale inner rim. The arrow marks a 
sampling point. The pale blue outer rim to the brochantite is 
serpierite/devilline. Field of view 5 em. 

Figure 6. Raised wall of malachite 0.3 mm high with minor 
brochantite and serpierite. Field of vicw 5 mm. 
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SERPIERlTE, Ca(CU,Zn)4(S04MOHk3H20 
DEVTLLINE, CaCu4(S04)2(OHk3H20 

These two minerals are usually highly intergrown 
and difficult to separate for analysis. Both have been 
confirmed to be present. Visually the serpierite consists 
of pale turquoise-blue radiating usually flat crusts of 
feathery needles with a silky lustre. Devilline is less 
abundant than serpierite and appears to take the form of 
minute blue-green flat plates «0.5 mm), rather than the 
feathery growths of serpierite. The minerals occur in 
about 30% of the copper zone patches. Very rarely they 
are the first minerals to form in the zone (i.e. adjacent to 
the iron mineralisation), sometimes the last minerals, and 
sometimes occur surrounded by brochantite . Individual 
crystals are no more than 0.5 mm long. The outer pale 
blue rim of the copper zone of Figure 5 consists of these 
minerals. 

LINARlTE, PbCU(S04)(OH)2 

Royal blue crystals and flat glassy crusts of !inarite 
occur on approximately 25% of tbe copper zone patches. 
Individual crystals are usually isolated from each other 
and can occur seemingly at random in the zone. Crystals 
are generally quite small, but on one specimen, close to 
galena, good euhedral transparent blue monoclinic 
crystals up to I mm long occur. 

Good transparent colourless striated monoclinic 
crystals of gypsum occur on abollt 20% of the copper 
zone patches. The crystals reach 2 mm long and are 
similar to the best crystals of the iron zone. When they 
occur they are scattered at random in the zone. 

CERUSSITE, PbC03 and ANGLESITE, PbS04 

These minerals occur on four specimens as white 
encrustations of minute crystals forming patches up to 
about 15 mm across. The patches bridge the space 
between the 'Iron Zone' and the carbonate area and in 
three cases are closely associated with galena. Wet 
chemical analysis showed one patch to be entirely 
cerussite, two to be anglesite and the third to be a 
mixture of both. EDS only detected lead, which is to be 
expected, since the sulphur peaks are hidden by the 
larger lead peak. 

WAD, Hydrated impure manganese oxides 

Rarely minute black spots of wad, similar to those of 
the iron zone, occur at random amongst the copper 
minerals, but see later. 

Radiating circular blue crusts lip to 2 mm across 
have been found on one specimen (Fig. 7) and have been 
confirmed to be wroewolfeite by XRD (MANCH: 
XRD 1207). On another specimen a minute group of 
crystals 1.5 mm long have the colour and morphology of 
wroewolfeite. EDS only detects copper and sulphur, 
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which is considered adequate to confirm the mineral. 
Wroewolfeite has been previously recorded from 
Tynebottom Mine (Braithwaite, 1982). 

UNKNOWN BLUE RARE EARTH ELEMENT 
MINERAL 

An as yet uncharacterised rare earth mineral 
containing cerium and neodymium in addition to copper, 
calcium and sulphur occurs on about 20% of the 
specimens collected. It consists of small radiating 
hemispheres of sky blue needles, similar to but a more 
intense blue than serpierite. The balls often coalesce to 
form 'furry' mats . It is difficult to be certain of 
distinguishing the mineral from serpierite without 
analysis such as EDS . When present in an oxidation 
encrustation, it generally forms after brochantite and 
before malachite (Fig. 8), but occasionally it is the only 
mineral in the copper zone. In addition to forming part 
of the copper zone mineralisation, this mineral often 
occurs isolated from any other supergene mineral, except 
gypsum, which is nearly always in association on all 
specimens. 

Figure 7. Radiating sprays of wroewolfeite with brochantite . 
Field of view 6 mm. 

MINERALS OF THE CARBONATE FIELD 

The 'Carbonate Field' is the surface of the specimens 
not covered by the oxidation patches. It is usually more 
than 50% of the area of the specimen, sometimes 
significantly more than 90% and rarely less than 5%. 
Aragonite and calcite are the dominant minerals, but it 
should be noted that on four of the specimens there were 
no carbonate minerals at all. The minerals have grown 
on dirty (mostly dusty) surfaces. 
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Figure 8. A band of the rare earth mineral between brochantite 
and aragonite. Field of view 5 mm. 

ARAGONITE, CaC03 

Aragonite occurs on about 75% of the specimens 
mainly as hemispherical balls of minute radiating 
needles. Individual balls are usually no more than 1 mm 
across, but often coalesce to form continuous mats of 
crystals. This type of aragonite is common in the 
Nenthead area mines and its identity bas been confirmed 
by XRD. 

CALCITE, CaC03 

Some calcite has the morphology of primary 
mineralisation and is not included in this study. The 
supergene calcite takes the form of thin encrustations of 
'flowstone' and is often coated with aragonite . It is 
present on approximately 50% of the specimens 
examined. XRD shows that aragonite is often intergrown 
with the calcite. 

WAD, Hydrated impure manganese oxides 

Black encrustations of impure hydrated manganese 
oxides/hydroxides are far more common in the carbonate 
field than tbe other zones. They occur on about 45% of 
the specimens and are most abundant close to the outer 
margin of the copper zone. EDS analyses on five 
specimens shows that in addition to manganese these 
contain a wide range of different elements in variable 
amounts. The elements include iron, cobalt, nickel, zinc, 
copper, lead, silicon, rare earth elements and calcium. 

Gypsum crystals exactly similar to those described 
above were observed in tbe carbonate field of five 
specimens. 
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BRlANYOUNGITE, Zn3(C03,S04)(OH)4 and 
HYDROZINCITE, ZnS(C03)2(OH)6 

Small white crusts of minute silky crystals of 
brianyoungite occur in the carbonate field of four 
specimens mostly in intimate association with smooth 
surfaced mamillary crusts of hydrozincite. XRD shows 
both minerals to be present. On three of the specimens, 
gypsum was in close association. 

DISCUSSION 

The main agents for the oxidation of sulphides are 
oxygen and water. Tynebottom Mine, with two adits at 
different heights and with different orientations is very 
well ventilated and the oxygen and carbon dioxide 
concentrations will be at atmospheric levels. The source 
of the water is more problematic . At the time of all the 
visits there was a small number of points where water 
was dripping from the roof onto the pile and there are 
oxidation rings on the roof. However, there are no signs 
of water channel-ways on the specimens and the 
oxidation rings are not restricted to upward facing 
surfaces. The most likely explanation is that the rock 
pile became very damp, with numerous beads of 
condensation, during times of high external atmospheric 
humidity and this has been observed to happen by the 
authors. This dampness, combined with the powerful 
desiccant action of sulphuric acid (see below for the 
source), was probably enough to start and continue the 
oxidation process. The frequent periods of dampness 
would also seem to be the most likely explanation for the 
formation of the aragonite tufts which are abundant in 
Tynebottom Mine and other mines of the Nenthead area. 

The sulphides observed by stereomicroscope 
provide the elements for the formation of the iron, lead 
and copper minerals such as limonite, brochantite and 
linarite. Calcium is available from the limestone, which 
may well have provided the manganese, but the source of 
the zinc (presumably sphalerite) has not been observed 
and that of the cerium and neodymium requires detailed 
study of the constituents of the rock and was not within 
the scope of this investigation. Specimen material could 
be made available for research . 

At the points of oxidation, very low pH solutions 
will have been generated, since the oxidation of pyrite 
(and marcasite) generates sulphuric acid. The oxidation 
of chalcopyrite also contributes to the formation of 
sulphuric acid. The evidence suggests that as the 
solutions wicked away from the points of oxidation, the 
pH was increased by reaction with the carbonate in the 
rock or on the rock surfaces. This resulted in the 
hydrolysis of ferric ion in solution forming the limonitic 
ochres and jarosite, probably in the pH range of 1- 3. 
These are the main minerals of the 'Iron Zone'. 

While clearly some chalcopyrite has oxidised, it is 
interesting that so much appears to be unaffected by 
oxidation. Chalcopyrite does not oxidise as easily as 
pyrite and marcasite and it is possible that in order to 
oxidise in the rock pile the chalcopyrite needed to be 
associated with one of these latter minerals. Pyrite and 
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marcasite readily oxidise to Fe3
+ in solution at low pH 

and this acts as a catalyst for the oxidation of other 
sulphides (Williams, 1990). 

As the solutions wicked further away from the 
points of oxidation, continuing neutralisation seems to 
have raised the pH until the copper based minerals could 
start to form in sequence. The most common sequence is 
brochantite, followed by serpierite and devilline and then 
malachite, although not all these phases are present on all 
specimens. Figure 9 shows a stability field diagram for 
the copper minerals, the required thennochemical data 
being taken from the compilation of Robie ef al., 1978. 
Since gypsum is a common constituent of the oxidation 
patches, the sulphate ion activity (aSO/-) will be of the 
order of 10-25 moUl , i.e. approximately the saturation 
concentration of gypsum. At this oSO/- Figure 9 shows 
that antlerite can form in a narrow field between pH 3 
and 3.7, brochantite in a wide field from pH 3.7 to 7 and 
malachite above pH 7. Thus, a gradual increase in pH as 
the solutions wick across the surface of the rock 
fragments and react with carbonate explains the zonation 
of brochantite and malachite. No thermochemical data 
are available for serpierite and devilline, but the zonation 
suggests these two minerals would have stability fields 
that overlap with brochantite at the higher pH end of tbe 
brocbantite field. 

Since the 'Iron Zone' minerals would have formed 
below a pH of 3, Figure 9 shows the solutions must have 
passed through the stability field of antlerite, but this 
mineral has not been found . Almost certainly this is 
because the concentration of copper in solution never 
became high enough. From Figure 9, the thenno
chemical data for the minerals and at aS042- of 10-25 

molll, it can be deduced that antlerite requires a minimum 
copper ion activity (aCu2+) of 10-11 molll to form, 
whereas brochantite can form at aCu2

+ as low as 10-59 

moUI at the brochantite/malachite fence. 

-1 ,----------,---,~-------------------,_, 

·2 

-4 

Brocbantite 
(Scpi<ri1C and 
DevilIine) 

~L--L __ ~ ____ ~ ______ ~ __ ~~ ____ ~ ____ ~ 

5 
pH 

Figure 9. Stability field diagram for the copper-sulphate-C02 

system at pC02 orO.0003 (atmospheric level). 

The rare earth element mineral usually appears at 
the same position as serpierite. When present, anglesite 
and cerussite bridge the complete copper sequence. 
Linarite occurs mainly as single crystals throughout the 
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copper zone patches, but is more common near the 
cerussite and anglesite, which probably reflects local 
concentrations of lead. 

The composition of the black deposits of wad is very 
variable. It is likely the wad transported as a colloid and, 
since manganese colloids are stabilised with a negative 
charge, they adsorb metallic ions onto their surface. The 
variability in composition probably just reflects which 
metallic ions were available. 
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COPPER-BEARING SILICA GEL FROM THE WALLS OF T ANKARDSTOWN 
MINE, CO. WATERFORD, IRELAND 

Stephen MORETON 
33 Marina Avenue, Great Sankey , Warrington , Cheshire WA5 lHY, U.K. 

Non-crystaUine, blue and green coatings of post-mining origin from Tankardstown mine, Co. Waterford, Ireland, 
have been analysed, and studied by water vapour sorption. Whilst malachite is always present, a proportion of 

these coatings consist of a polymeric silica gel framework, and aggregates of monomeric or oligomeric silica bound 
by copper. Whilst not true copper silicates, it is suggested that such gels may be related to chrysocolla, some 

examples of which also may not be a true silicate but a silica gel-like material. 

INTRODUCTION 

Colourful, rippled coatings and stalactitic fonnations 
commonly adorn the walls and roofs of old copper mines 
and yield fine specimens of nonnally scarce minerals 
such as conneJlite, langite and brochantite. Sometimes 
accompanying these are precIpItates of moist, 
amorphous, gel-like matelial often in bright shades of 
green and blue. These are familiar to explorers of 
Cornish copper mjnes, and are known also from the 
Coniston mines in Cumbria and the Alderley Edge 
mines, Cheshire (David Green, personal communication). 
They have also been observed by the author in Dhurode 
and Gortavallig mines, Co. Cork. They are spectacularly 
well developed in the 19th century Tankardstown mine, 
near Bunmahon, Co. Waterford, on the south coast of 
Ireland. Parts of the workings can be accessed by levels 
in the sea cliffs and are liberally decorated with blue and 
green encrustations (Fig. I). 

Figure 1. "The Waterfall": Deposit of blue and green 
gelatinous material in Tankardslown mine that provided 
samples for this study. 
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There is little literature on the nature of these 
deposits. Moreton and Aspen (1993) mentioned an 
amorphous "copper silicate" associated with langite from 
Dooneen mine, Allihies, Co. Cork, Ireland. This 
identification was based on the gelatinisation of the 
sample in acid. However, this test cannot distinguish 
between a true copper silicate, and a silica gel containing 
copper. Williamson (1994) analysed blue-green 
gelatinous material from settling ponds at the Ferris
Haggerty mine in Wyoming and found it contained 33.8 
% CuO, 23.5 % Si02 , 25.9 % H20 , 12.1 % Ah03, 3.7 % 
Fe20} and 1.0 % S04, indicating either a silica gel, or 
silicate-based material. 

The variable composition and amorphous nature of 
these materials makes their full characterisation very 
challenging. This has doubtless deterred many from 
trying. This paper describes the results of full 
quantitative analyses of gelatinous copper-bearing 
deposits from the walls of Tankardstown mine. 

Water vapour sorption studies were used to 
investigate their porous nature. In principle, parameters 
such as the internal surface area and pore diameter can 
be estimated. This requires data on the thickness of the 
adsorbed layer of water on the substrate as a function of 
relative pressure (Mikhail et aI., 1968; Naono and 
Hakuman, 1993) and is beyond the scope of this study. 
Here water sorption isotherms (plots of weight % water 
vapour adsorbed at various paltial pressures) were 
obtained. There exists considerable variation in the 
shape of the isotherm depending on whether the substrate 
is micro-, meso- or macro-porous, or some combination 
of these, and a qualitative study can yield useful 
information (Grillet and Llewellyn, 1998). (According 
to the IUPAC classification, micropores are <2 nm, 
meso pores 2 - 50 nm, macropores >50 nm in diameter.) 

EXPERIlVl ENT AL 

Analytical methods 

Samples of wall coatings, as free as possible of 
extraneous matter, were collected from various points. 
Sample sizes varied considerably depending on freedom 
from contaminants, thickness of coating and 
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accessibility . Quantities ranged from less than two 
grams up to about 40 grams. Five samples, representing 
a range of different colours, were taken from a spot 
named the "waterfall" and one was taken from a 
stalactitic curtain under a ladder. The "waterfall" and 
ladder are marked on the plan by Critchley (2002). 

The samples were kept in air-tight containers until 
they could be tested in the laboratory. Portions were 
dried at 105°C overnight in an oven to determine the 
content of free water as weight percentage lost. These 
dried samples were then gently pushed through a 125 !lm 
(micron) sieve to remove gritty material (mostly 
fragments of wall rock and quartz with occasional 
splinters of mine timber). The weight percentage of such 
material> 125 !lm was recorded. The fraction < 125 !lm 
was then redried at 105°C and analysed chemically. 
Some extraneous matter < 125 !lm will, doubtless , have 
been present but by recording the proportion of 
contaminants greater than this size it became apparent 
which samples were the most pure. Microscopical 
examination found that most of the extraneous matter 
was coarse in size and the sieving is likely to have 
removed most of it. The two purest (i.e. least extraneous 
matter) samples were then more extensively analysed. 

Approximately one gram of sample was accurately 
weighed and then digested with a mixture of 5 ml 
analytical grade nitric acid and 30 ml deionised water 
maintained at co. 80 °C for about 30 minutes . The 
solution was then filtered through a dried and 
preweighed sintered glass filter (porosity 3) and washed 
with de ionised water. The filtrate and washings were 
combined and made up to 250 g. The sintered glass filter 
was dried at 105°C and weighed. Calcination at 1000 
°C of the silica gel residue on the filter, and the resulting 
weight loss, enabled its residual moisture content to be 
determined and taken into account when calculating the 
percentage silica present. 

The solution was analysed on a Varian Vista MPX, 
Inductively Coupled Plasma Optical Emission 
Spectrometer (lCP-OES) for cations and sulphate. A 
semi-quantitative multi-element analysis identified the 
principal elements present. The calibration standards for 
this analysis are 10 ppm (= 0.25 % in the original 1 g 
sample if expressed as the element). Those elements 
present at less than I ppm (0.025 %) were assumed to be 
of minor importance. Sulphate, silica and copper were 
all present at much higher concentrations and so were 
individually detennined, using appropriate standards to 
ensure accuracy. Chloride was determined separately by 
ion chromatography using a Dionex DX-IOO ion 
chromatograph. Some silica was found to be present in 
the solution analysed by ICP-OES, presumably as a sol. 
This was added to that detennined gravimetrically to 
give the total amount. Carbonate was detennined using a 
Leco SC-144DR carbon analyser, which heats the 
sample in a furnace and measures, by infra-red, the CO2 
evolved. 

For other tests, samples were allowed to dehydrate 
naturally in the air until they became dry and friable. 
Sieving removed most of the extraneous matter as 

Journal of the Russell Society (2007) 

before. X-ray powder diffraction was carried out on all 
these naturally dried samples, and infra-red spectra 
obtained for the two purest. A pH meter determined the 
pH values of 10 % aqueous slurries of the air dried 
material in BDH "AnalaR" grade water (based on US 
Pharmacopeia USP28INF23 method no. 791). 

The samples of dioptase (from Tsumeb) and 
chrysocolla (from Nevada and New Mexico, exact 
localities not known) included for comparison were 
characteriscd by XRD and quantitative chemical analysis 
according to the methods above. 

Porosity studies 

Porosity was investigated by water sorption using an 
Intelligent Gravimetric Analyser made by Hiden 
Analytical Ltd. , Warrington, U.K. Typically, 
approximately 40 mg of sample is heated to co. 150 °C 
in a vacuum to remove all traces of adsorbed water. It is 
then maintained at 25 °C whilst being exposed to 
increasing partial pressures (PlPo) of water vapour (up to 
Po = 31.4 mbar - the vapour pressure exerted by water in 
a vacuum at 25°C). The weight increase (as weight % 
moisture adsorbed) is recorded for each partial pressure 
tested . The process is then run in reverse with declining 
pressures of water vapour. The result is a water sorption 
isothenn. This gives qualitative information about the 
internal pore structure of the sample. For quantitative 
work, which was not necessary for this study, nitrogen 
sorption is generally preferred using the method of 
Brunauer, Emmett and Teller (1938) . 

RESULTS 

Preliminary analyses are given in Table I below. 

Sample Appearance % WI. % ofsoJids 
location water > 125 !ill1 

Waterfall Deep blue 63.73 14.95 

Waterfall Green 81.93 4.25 

Waterfall Light blue 84.73 29.91 

Waterfall Hard blue* 82.90 23 .82 

Waterfall Medium 85.87 25.01 
blue 

Curtain Hard green 40.66 67.84** 
under ladder 

* a hard blue coating on pieces of wall rock 

** much of this was malachite 

pH 

6.32 

6.96 

6.11 

6.16 

6.56 

7.07 

Table 1. Water contents (in samples as collected), fractions 
> 125 f.lm (in the samples dried at 105 °C) and pH (of 10 % 
slurry of air dried samples). 

As the green and deep blue samples from the 
"waterfall" were the most pure (i.e. the least extraneous 
matter > 125 !lm), they were subjected to more detailed 
analyses. It should also be noted tbat the colour was 
found to be superficial. Under the surface the samples 
were mostly light blue, and all turned green on drying at 
105 °C. The colours referred to here represent the 
surface colours of the in situ material. 
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Oxide Green Deep blue 

S03 3.42 9.79 
CI 0.25 0.18 

CO2 10.37 6.80 
SiO l 10.78 3.26 
CuO 59.43 62 .69 
PbO 0.55 0.19 

Al20 3 0.51 4.53 
CaO 0.20 0.15 
ZnO 0.16 0.19 
MgO 0.07 0.17 
Na20 0.05 0.81 
Fe20 3 0.03 0.23 
NiO 0.03 0.02 
CoO 0.01 0.02 
K20 0.01 0.01 

minus 0 (= CI) -0.11 -0.08 
Total 85.76 88.96 

100 - total 14.24 11.04 
LOI 28.47 29 .69 

LOt - CO2 & SO} 14.68 13.10 

Other elements analysed for (B, Be, Cd, Cr, Hg, Mn, Mo, P, 
Sn, Ti and V) were all <0. I %. 

LOI = loss 00 ignition at 1000 Dc. 

Table 2. Analyses of green and deep blue "waterfall" material 
after drying and sieving. Figures are weight % in the dried (at 
105 DC), sieved sample. 

The difference between the totals and 100 % can be 
taken as indicative of the % water (14.24 and 11.04 for 
green and deep blue samples respectively). As an 
independent check, the samples were calcined at 1000 °C 
and the CO2 and SO, values deducted from the weight 
loss. Similar values were obtained. This latter method 
should be regarded as less accurate, however, due to 
possible losses from the crucible, and decomposition of 
CuO to CulO. 

XRD results 

XRD patterns of the air dried samples were the same 
as those of the corresponding oven dried samples. All 
the samples in Table I contained malachite in varying 
amounts, especially the sample from the ladder. Other 
peaks were present but could not always be assigned to 
specific minerals. In the deep blue sample langite and 
connellite were found, which would account for its 
colour. Five peaks from the green sample matched 
atacamite. Amorphous material was also present in 
every sample. The two chrysocollas examined for 
comparative purposes were largely amorphous to XRD, 
with only a few peaks due to quartz being detected. 

IR results 

lR spectra of the green and deep blue materials were 
ambiguous . They differed from each other somewhat in 
that the hydoxyl stretch region was much broader for the 
deep blue material than the green, and the intensities of 
the absorptions at lower wavenumbers varied between 
the two samples, although their frequencies were similar. 
The isolated silanol stretch at around 3740 cm-', which is 
distinctive of silica gel (Burneau and Gallas, 1998), 
could not be observed. The broadness of the absorption 
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in this region may have obscured it. Carbonate fi-om the 
malachite could be observed, particularly in the green 
sample. Neither sample was a good match for 
chrysocolla. 

Water sorption isotherms 

Water sorption isothenns of all materials tested 
except dioptase showed them to be porous materials with 
substantial capacity to adsorb water vapour. Desiccant 
silica gel was included for comparison. Dioptase had no 
internal porosity, and consequently almost no capacity to 
adsorb water vapour. The isotherms are shown in the 
accompanying graphs and their significance explained in 
the discussion that follows. 

60 ' 

o 0.2 0.4 0.6 0.8 
PlPo 

Figure 2. Water sorption isotherms for dioptase, for silica 
residue from the same, and for desiccant silica gel. Solid lines 
= adsorption ; broken lines = desorption. 

Top plot, in blue = Silica extracted from dioptase. 

Middle plot , in black = desiccant silica gel. 

Bottom plot (in red , barely visible along x-axis) = untreated 
dioptase . 
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Figure 3. Water sorption isotherms for green and deep blue 
gels, and for silica residues derived from them. Solid lines = 

adsorption; broken lines = desorption. 

Deep blue sample in bold blue: lower plot = untreated sample; 
upper plot = acid leached silica residue. 

Green sample in 11I' r l' 1 '-;" ilL ~ ,-,11 : lower plot = untreated 
sample; upper plot = acid leached silica residue. 
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Figure 4. Water sorption isotherms for chrysoco\la from New 
Mexico and Nevada, and for silica residues from the same. 
Solid lines = adsorption; broken lines = desorption. 

New Mexico sample in bold red : lower plot = untreated 
sample; uppcr plot = acid leached silica residue. 

Nevada sample in normal type and black: upper plot 
untreated sample; lower plot = acid leached silica residue. 

DISCUSSION 

The partial analyses in Table 1 all show very high 
moisture contents, often exceeding 80 %. All are of 
nearly neutral pH, and XRD shows that malachite is 
ubiquitous. The material collected from under the ladder 
is mostly malachite, although acid extraction did leave 
some gelatinous residue, presumably of silica gel. Wet 
chemical tests on all samples collected found in every 
one carbonate, sulphate and, after acid extraction, a 
gelatinous residue. The presence of large amounts of 
gritty detritus in most samples is unfortunate as it limited 
the number pure enough for detailed analyses to just two. 

The detailed analyses in Table 2 confinn the 
presence of carbonate from the malachite. Sulphate is 
the next dominant anion detected, followed by chloride. 
Undetectable directly by this means are hydroxide and 
silicate. The fonner will account for some of the 
difference after the other constituents are added up and 
deducted from 100 %. The latter would convert to 
amorphous silica on treatment with acid. The figures 
cited here for Si02 can therefore represent silica, silicate, 
or both . 

This raises the question as to the fonn in which the 
Si02 is present. On the one hand, it may be a true 
silicate with Si-O-Cu bonds linking Si04 tetrahedra (or 
small, defined oligomers thereof) in fixed proportions. 
On the other it may be a silica gel, in which case copper 
compounds may be loosely coordinated to it by weak 
Van der Waals forces , or physically m.ixed with it, or 
with Si-O-Cu bonds fonned as a result of cation 
exchange with protons on silanol (Si-O-H) groups. This 
last situation would only be a SUlface interaction on 
polymcric silica, and so would not represent a true 
silicate. Some combination of these is also possible. 
The evidcnce from the isothenns is consistent with it 
being primarily silica gel, rather than a silicate. 
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To be able to adsorb water vapour the substrate must 
have an open, porous stnlcture. Silica gel does, as do 
some silicates, most notably zeolites and the 
aluminosilicate clays, which is why these materials act as 
desiccants. Dioptase, a true copper silicate with a well
characterised structure (Belokoneva et al., 2002) has no 
internal porosity and so has virtually no water sorption 
capacity. So low is its sorption capacity «0.5 %) that its 
isotherm is only barely visible above the x-axis of Fig. 2. 
The act of extracting the copper with acid, leaving 
behind a silica residue, causes extensive breaking and 
making of bonds with the consequence that the residue 
has a completely different pore structure compared to the 
original silicate. It becomes a porous gel and can adsorb 
up to almost 56 % water vapour. 

The difference between the isothenns of dioptase, 
and the silica extracted from it, is obvious and profound 
(Fig. 2). In contrast, the green and deep blue samples 
(fig. 3) both behaved more like desiccant silica gel (Fig. 
2). Both had high adsorption capacities, indicating 
extensive internal porosity and a large surface area 
available for sorption. The shape of the adsorption plots, 
rising slowly at first, then rapidly at high partial pressure 
of water vapour is indicative of a macroporous material. 
The large hysteresis shown by the desorption plot of 
each, indicates that there is also a substantial population 
of micro/meso pores (Grillet and Llewellyn, 1998). That 
the green sample should have twice the total adsorption 
capacity of the deep blue one may be explained simply 
by the fact that it has a much higher silica content 
according to the analyses. 

Removal of the copper compounds by acid leaves 
the silica residue in these two samples relatively 
unaffected. Adsorption capacities increase, as may be 
expected as the purity of the silica increases. There are 
also changes in the pore size distribution, with fewer 
micro and meso pores, as indicated by the reduction in 
hysteresis. This may be due to removal of solids leaving 
behind wide, open pores. These changes are much less 
than exhibited by the dioptase system. There is no 
evidence from the isothenns for the extensive structural 
rearrangements observed with dioptase. 

Interestingly, the two samples of chrysocolla also 
behaved more like silica gel than as a true copper silicate 
(Fig. 4). Indeed, the isothenn for the Nevada sample is 
strikingly similar to that for ordinary desiccant ge.J, a 
mixed micro/meso porous material. Removal of the 
copper with acid caused some modest changes, 
increasing or decreasing the total adsorption, and 
reducing the hysteresis, but these changes are not as 
great as observed with dioptase. This is consistent with 
the silica gel-like nature of chrysocol\a. It also confirms 
previous observations of the water sorption properties of 
chrysocolla by Prosser et al. (1965), who examined eight 
different samplcs of the mineral and obtained water 
sorption isothenns similar to those here. They found 
adsorptions of up to around 28 % and large hystereses, 
typical ofaxerogel structure. 

Few conclusions could be drawn from the TR 
spectra, other than that they wcre a poor match for 
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chrysocolla. It was not possible to confirm silica gel in 
the untreated material, due to the broadness of the 
hydroxyl bands and the presence of impurities . In the 
acid leached residues of the green and deep blue 
samples, however, a sharp absorption was barely visible 
at ca. 3625 cm· l

. This is close to the stretching 
frequency of isolated silanol groups (normally ca. 3740 
cm- I for synthetic materials) and is distinctive of silica 
gel (Burneau and Gallas, 1998). It can be seen also, at 
about 3625 cm· l

, in the lR spectrum of chrysocolla . 

In addition to the sorption behaviour described 
above, there are theoretical reasons for believing the 
silica to be present as silica gel, rather than as silicate. 
True copper silicates are difficult to synthesise by wet 
methods. Simply mixing solutions of copper sulphate 
and sodium silicate does not result in the formation of 
copper silicate. Instead, the blue precipitate that forms is 
a mixture of silica gel and basic copper sulphate 
(Anderson and Hochgesang, 1940). 

From the analyses, and the chemical formulae of 
malachite and of the likely basic copper sulphates and 
chlorides, it is possible to estimate how much copper is 
accounted for by these compounds. The matter is 
complicated somewhat by the uncertainty in the identity 
of these minerals. There is, however, only a limited 
selection to choose from. The likely basic copper 
sulphates are the langite-group and brochantite. The 
likely chlorides are the atacamite-group. Connellite, 
which contains both sulphate and chloride is also 
possible . Langite, and to a lesser extent, brochantite are 
already known from the walls of Tankardstown mine, 
and the atacamite-group and connellite from other mines 
nearby (Moreton, 2005). Langite, intimately mixed with 
a silica gel-like material, is also known from Dooneen 
mine, Allihies, Co. Cork as mentioned earlier. Langite 
seems a more likely associate than brochantite as it is 
more abundant on the mine walls, and there is evidence 
for its presence from the XRD of the deep blue sample. 

Knowing the amount of carbonate, sulphate and 
chloride present fixes the amounts of basic copper 
carbonate, sulphate and chloride minerals, and hence the 
amount of copper accounted for by those minerals. 
Neither phosphate nor nitrate were detected by the ion 
chromatograph and i.n the absence of silicate, any copper 
unaccounted for may be present either as the hydroxide 
CU(OH)2, or bound to the silica surface by exchange with 
silanol protons. 

As there are other cations present, these too will 
consume a proportion of the anions. Aluminium, lead, 
calcium, iron, magnesium, zinc and sodium are the next 
dominant cations after copper. At the pHs of the gels 
aluminium salts are largely hydrolysed. The aluminium 
can only be present as hydroxide, or as silicates such as 
clays. It will not be in combination with carbonate, 
sulphate or chloride, and in relation to these anions it can 
therefore be disregarded . In the presence of excess 
carbonate, lead will form cerussite. Calcium is also 
likely to form carbonate under these conditions. These 
were deducted from the total amount of carbonate 
present and the balance assumed to be mostly malachite. 
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Zinc could be present as carbonate (smithsonite) or a 
silicate such as hemimorphite, making it difficult to take 
into account. Here it is assumed to be in the form of 
silicate, as smithsonite is common in carbonate
dominated host rocks such as limestone (the gangue at 
Tankardstown is quartz, the wall rocks carbonate-poor 
Ordovician shale, greywacke and tuff) . It was therefore 
disregarded. Only the deep blue sample contained 
enough Fe, Mg and Na to influence the results. These 
are discussed separately. The remaining cations are 
present in such small amounts they will not have a 
significant effect on the calculations. 

The various basic salts contain varying amounts of 
copper. Their compositions are summarised in Table 3. 

Mineral Fom1ula 

Copper Cu(OH): 
hydroxide 

Malachite CU2(OHhCOJ 

Langite· Cu.SO.(OH),.2H,O 

Posnjackite Cu.S04(OH),.H,O 

Brochantile C14S0,(OH)6 

Connellile CUI9CL,SO.(OH).11. 
3H1O 

Atacamite'· CU1CI(OH)J 

* and wroewolfeite 

** and polymorphs 

% 
Cu 

65.13 

57.48 

52 .06 

54.05 

56.20 

59.08 

59.50 

% % % % 
CO2 SO) CI H2O 

0 0 0 18.47 

19.90 0 0 8.15 

0 16.40 0 18.45 

0 17.02 0 15.32 

0 17.70 0 11.95 

0 3.92 6.94 16.75 

0 0 16.60 12 .65 

Table 3. Compositions of known copper minerals that may be 
present. 

By selecting minerals that contain as much copper as 
possible, or as little, one can obtain a range of values for 
the "excess" copper that is unaccounted for by those 
minerals. This has been done for the green and deep 
blue samples in Table 4. 

For the green sample there are insufficient 
carbonate, sulphate or chloride minerals to account for 
5.75 - 6.54 % copper. For the deep blue sample there is 
an apparent deficit of copper. This "deficit", however, is 
a result of the difficulty of taking into account other 
significant cations. Of these the most important is 
sodium, at 0.81 % as Na20. This alone would reduce the 
sulphate available for the copper from 9.79 to 8.74 % (as 
SO,). This causes a reduction from 59.71 % langite to 
53.30 % langite, a difference of 3.34 % copper accounted 
for by this mineral. Wet chemical tests on an aqueous 
extract detected water-so luble sulphate (barium chloride 
test) but no soluble copper (cuprammonium test) or 
chloride (silver nitrate test). This is consistent with 
sodium being the counterion for some of tbe sulphate. 

Using a revised figure of 8.74 % SO) available for 
the copper, and the data in Table 4, the copper that can 
be accounted for becomes 47.57 % (if as brochantite & 
atacamite) - 48 . 14 % (if as langite & connellite) leaving 
2.51 - 1. 94 % respectively in excess. This is equivalent 
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Sample Minerals % % chloride % sulphate %Cu %Cu in % 
chosen malachite mineral mineral accounted for excess CU(OH)2 

Green Malachite, 50.79 3.60 20.00 41.73 5.75 8.83 
langite, connellite 

Green Malachite, 50.79 1.51 19.32 40.94 6.54 10.04 
brochantite, atacamite 

Deep Malachite, 33.36 2.59 59.09 51.47 "-1.39" 0 
blue langite, connellite 
Deep Malachite, 33.36 1.08 55.31 50.90 "-0.82" 0 
blue brochantite, atacamite 

The % Cu accounted for is that present as the mineral s listed. 

The % Cu in excess is the difference between this and the total % CLI (47.48 % for green, 50.08 % for deep blue). 

The % CLI(OHh is the amount of copper hydroxide the excess copper is equivalent to. 

Table 4. Weight % copper present as basic carbonate, sulphates or chlorides in the green and deep blue samples dried at 105 °C. 

to 3.85 - 2.98 % CU(OH)2' Tf, as is likely, the other 
cations (Fe, Mg, Zn etc.) al so account for some of the 
sulphate and carbonate then the proportion of excess 
copper will be increased further. It is therefore apparent 
that even in the case of the deep blue sample, some of 
the copper is not balanced by the analysed anions. 

If this excess copper was present as hydroxide then 
up to 10 % CU(OH)2 would be present. Copper(II) 
hydroxicJe is known as the exceedingly rare mineral 
spel1iniite but amorphous copper hydroxide is unstable, 
tending to convert to black, hydrated copper(Il) oxide. 
The vividly coloured Tankardstown gels show no sign of 
blackening. It may be stabilised through coordination to 
the surface of the silica gel. When precipitated in the 
presence of silica gel copper(IJ) hydroxide is amorphous 
and will coordinate to the silica surface as polymeric 
species (Kriventsov el al. , 1999). In this respect the 
behaviour may be analogous to iron hydroxy species 
which, at low pH, attach to silica surfaces by weak 
hydrogen bonds (Moreton, 2002). An important 
differencc, however, is that iron salts are largely 
hydrolysed above about pH 3, which is also the point of 
zero charge of silica gel. The samples studied here are 
all of nearly neutral pH. Consequently, their silanol 
groups will be extensively deprotonated leaving the 
silica surface negatively charged and attractive to 
cations. 

It has been observed that, in dilute (5-30 ppm Cu 
and 2400 ppm Si02) systems, Cu2+ coagulates colloidal 
silica resulting in aggregates of polymeric silica held 
together by Si-OCu2+ O-Si bonds (Yates el al. , 1997). 
These bonds form by cation exchange with the surface 
silanol groups of the silica, an effect most pronounced at 
neutral pH . There is evidence for this in the 
Tankardstown material. Both green and deep blue 
samples left a gelatinous residue after acid extraction, 
and in each case a proportion of the silica passed into 
colloidal form and was detectcd by ICP-OES. 15 % of 
the total silica in the green sample became colloidal, 81 
% of that in the deep blue sample. This colloidal portion 
may represent silica aggregates, loosely bound by 
copper. Removal of the binding copper would then leave 
this silica in the form of a sol, while the more extensively 
polymerised silica framework remained behind relatively 
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unaffected as a gelatinous residue. It seems likely, 
therefore, that the excess copper in Table 4 is bound to 
the silica surface, ratber than being present as hydroxide . 

A complication arises in the case of the deep blue 
sample on account of its high aluminium content. Whilst 
this is unlikely to have much bearing on the calculations 
above, it does open the possibility of significant amounts 
of aluminosilicate clay minerals being present in this 
sample. Whilst these could compete with the silica gel 
to provide surfaces for chemisorption of copper, the 
aluminium may also account for a significant proportion 
of the Si02, reducing the propol1ion available as silica 
gel. This in tum may account for the relatively small 
amount of excess copper, in spite of the higher total 
copper content. This is unlikely to be important for the 
green sample with its much lower concentration of 
aluminium and higher levels of silica and of excess 
copper. 

The presence of hvo distinct types of silica, a 
polymeric gel framework and aggregates of material 
loosely bound by copper, is not such a prominent feature 
of the chrysocoUa samples studied. In both cases almost 
their entire silica content remained as solid after acid 
extraction, with only 1.6 % and 2.8 % of the total silica 
passing into colloidal form (Nevada and New Mexico 
samples respectively) . This suggests that the silica in 
chrysocolla is more extensively polymerised than that in 
the Tankardstown samples, although XRD of these two 
chrysocolLas did indicate that a little quartz was present, 
which would account for some of the insoluble residue . 
When dioptase was subjected to the same acid digestion 
as the other samples analysed here , most of the silica 
initially passed into colloidal fOlm, as may be expected 
from the breaking down of a stmcture in which the silica 
is already present in small six-membered units 
(Belokoneva el aI., 2002). This sol then coagulated into 
a voluminous gel that could only be separated by 
centrifugation, leaving just 0.5 % of the total silica still 
in colloidal suspension. 

The gel-like nature of much of what is labelled 
"chrysocolla" has long been noted . In 1913, Foote and 
Bradley described it as a silica gel containing copper 
salts. Similar views have been expressed by others 
(Garrels and Dreyer, 1952; Sun, 1963). Its amorphous 
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character, variable composition, occasional presence of 
desiccation cracks, and occurrence in some deposits with 
opal are consistent with this. Van Oosterwyck-Gastuche 
(1970), however, excluded the silica gel hypothesis 
apparently on the basis that some samples showed large 
scale structure under the electron microscope and had 
definable compositions. It is possible that there exist 
both silica gels containing copper, and more structured 
materials approaching a definable copper silicate 
composition. 

In the light of the known chemistry of aqueous 
copper and silicate systems discussed above, and the data 
gathered here, it is concluded that the soft, wet, colourful 
formations from Tankardstown mine are a mixture of 
water, silica gel, malachite and basic sulphates of copper 
with some chloride. The silica gel is present in varying 
degrees of polymerisation, some is highly polymerised 
and forms a porous framework that remains behind when 
leached with acid. Some is as aggregates of monomeric, 
or oligomeric, silica bound by copper that has exchanged 
with the protons on surface silanol groups. They have 
probably formed at near neutral pH by the mingling of 
copper bearing solutions with silica sols derived from 
leaching of the siliceous country rocks. 

It may be speculated that these copper-bearing 
silica-gel deposits represent a precursor in the formation 
of chrysocolla. The gel-like properties of the latter are 
indicative of a silica-gel origin. Over geological time 
scales, these deposits could undergo further 
polymerisation and dehydration. The more soluble 
sulphates would tend to be leached out, or converted to 
malachite, and as polymerisation and dehydration 
progressed a harder, more compact, amorphous copper
bearing silica gel would result, i.e. chrysocolla. Excess 
copper would form malachite, excess silica would 
recrystallise as quartz. Malachite and secondary quartz 
are both very common associates of chrysocolla. As 
aluminium precipitates readily at the pH values observed 
it is no surplise to see it present in both the 
Tankardstown gels, and as a minor component of 
chrysocolla. 

If one deducts the malachite and basic sulphate and 
chloride, the CuO:Si02 weight ratio is about 0.67 - 0.76 
for the green sample. The uncertainty in the amount of 
"excess" copper in the deep blue sample makes the ratio 
harder to estimate but, using the figures above, it could 
be 0.75 - 0.97. If some of the silica in this sample is in 
combination with the AI, then the ratio of CuO to silica 
gel may be towards the higher (0.97) end of the range. 
Using the standard formula for chrysocolla, 
(Cu,Al)zHzSiz0 5(OHknH20, gives a CuO:SiOz weight 
ratio of 1.3 (corresponding to a molar ratio of unity) but 
this disregards the AI, so the actual ratio will be less. A 
list of analyses of 15 separate chrysocolla samples gives 
CuO:Si02 weight ratios of 0.64 - 1.04, averaging 0.86 
(Newberg, 1967). The values here for the green and 
deep blue samples are within this range. The CuO:SiOz 
weight ratio for the Wyoming data (Williamson, 1994) is 
higher (1.4) in spite of the presence of much AhO}. The 
apparent absence of carbonate in his analyses is also 
surprising in view of its abundance here as malachite. 
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This work studied only two samples from one 
locality. Although these showed variation in 
composition they were broadly similar - silica gel with 
copper etc. As soft, colourful, silica gel-like deposits are 
common in old copper mines it would be a worthwhile 
exercise to analyse more examples from different 
localities to determine if the findings here apply 
generally , and if an "excess" of copper is a feature of 
these precipitates, as the chemistry would predict. 

A more detailed investigation of chrysocollas from 
different localities may also be merited. If the 
hypothesis here is correct, then chrysocoJla should show 
variation in the degree of polymerisation of the silica, 
depending on how old it is. Intermediates between 
'Tankardstown gel" and hard, polymerised chrysocolla 
should exist. 

There are also implications for the management of 
copper contaminated mine waste. As Yates et al. (1997) 
suggest, at neutral pH, treatment with silica sol may bind 
copper as copper/silica gel and thereby immobilise it. 

CONCLUSION 

The soft blue and green coatings on the walls of 
Tankardstown mine, and probably also similar post
mining deposits in other copper mines, are composed of 
silica gel of high water content, with copper bound to the 
surface of the gel by cation exchange with the protons on 
silanol groups. Also present in variable amounts are 
malachite, and basic sulphate and chloride minerals of 
copper. These deposits form by the mingling of copper 
bearing solutions with solutions carrying silica sol 
leached out of siliceous wallrock. Their formation, at 
around neutral pH, is consistent with laboratory 
observations of the coagulation of silica sols by dilute 
copper solutions. 
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The Pike Law area, situated 4 km NNW of the village of Newbiggin in Teesdale, hosts one of the densest 
concentrations of veins in the Northern Pennine Orefield. The veins have been worked for galena, mainly in 
antiquity, by numerous minor shafts, levels and in particular by large opencasts (hushes). Evidence from the 

abundant spoil suggests that tbe dominant mineral in the veins was fluorite, but galena is still common on the spoil 
heaps. However, the Great Limestone adjacent to the veins has been extensively metasomatised to ankerite and/or 

siderite, now oxidised to a goethite-rich ironstone. Oxidation has also resulted in the formation of supergene species 
such as anglesite, cerussite, hemimorphite and bindheimite. The site is one of the best in the whole of the Northern 
Pennines to see surface exposures of both the hypogene and supergene mineralisation characteristic of the orefield. 

INTRODUCTION 

The name Pike Law Mines refers to numerous old 
surface and underground lead workings on a closely 
spaced complex of veins which crop out over approximately 
2 km2 between Wester Beck and Flushiemere Beck, on 
Newbiggin Common on the north side of Teesdale, 
County Durham. Included within this remarkable 
concentration of old workings are large hushes, known 
as West End Hushes, Leonard's Hush, Pike Law Hush 
and Flask Hushes. In addition to the hushes, tbe courses 
of several of tbe veins are marked by abundant spoil 
heaps from small shafts, including several 'bell pits'. 

The workings have attracted the attention of mineral 
collectors, several of whom have erroneously labelled 
specimens as 'Flushiemere Mines'. The mines of that 
name lie on a separate group of mineralised structures, 
with very different mineral parageneses, to the east of 
Flushiemere Beck. Care should therefore be exercised 
when dealing with specimens attributed to 'Flushiemere 
Mines'. 

The deposits at the Pike Law mines comprise one of 
the densest concentrations of vein and associated 
replacement mineralisation within the Northern Pennine 
Orefield and offer one of the finest surface localities at 
which to study mineralisation characteristic of this part 
of the orefield. In recent years the site, particularly the 
West End Hushes, has become known for fine examples 
of supergene mineralisation which can be studied in the 
abundant mine spoil. 

The extensive, ancient opencast workings seen today 
at Pike Law clearly attest to significant exploration and 
working of the richly mineralised Great Limestone 
outcrops. In addition, the many scattered shafts, with 
their associated small spoil heaps, rich in mineralised 
rock, give evidence of much underground working, 
probably of some antiquity. However, no documentary 
evidence for working exists until the middle of the 19

th 

century when, according to Dunham (1990, p. 243) the 
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deposits were almost certainly nearing exhaustion. 
During the period 1852 to 1891 a meagre tota I of only 
1725 tons of lead concentrates were recovered , probably 
entirely from underground workings. No working has 
taken place there since 1891. Dunham Cop. cit.) 
commented on the presence of substantial tOTU1ages of 
good quality fluorspar scattered on numerous spoil heaps 
and hints at the exploration potential of the vein 
complex. 

Figure 1. View down the main hush, West End Hushes, 
showing outcrops of metasomatised Great Limestone. 

Figure 2. The lower end of the main hush (left) and subsidiary 
hushes to the north (right). 
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Figure 3. The sluice outlet on the dam to the east of the West 
End Hushes. 

Figure 4. The talus bank at the Wester Beck, 110 m from the 
end of the hushes. 

MINING REMAINS 

Dunham (1990, p. 243) briefly describes exploration 
from levels driven from both Wester and Flushiemere 
Becks and the entrances to these can still be seen. An 
adit, driven from Wester Beck (NY 9029 3078) to access 
the vein complex in the Four Fathom Limestone is also 
mentioned, though it is not known to have reached any 
of the veins. 

The West End Hushes are one of the best sites in the 
north of England to see the remains of ancient opencast 
working by hushing - the technique of flushing water 
from a dam down opencast workings in order to clear out 
waste rock. There are three medium sized dams on the 
site, one each to the north and east, both approximately 
50 m across, and one, 20 m across, to the south of the 
workings, the last being used to feed a small ore dressing 
area on the south side of the main hush. The leat used to 
fill the dams can be traced across the hillside to the 
Wester Beck. The eastern dam fed water to the main 
(southernmost) hush via a sluice and channel and could 
also be used to 'hush' workings on the east of the road . 
Figure 1 shows the main hush from the east, Figure 2 the 
lower end of the main hush and subsidiary hushes to the 
north and Figure 3 the east dam with the remains of its 
sluice. Below the hushes a talus slope extends for 110m 
down to the Wester Beck and for 180 m along the beck. 
The talus is still very high at the beck (Fig. 4) , indicating 
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that large amounts of material must have been washed 
down the valley. 

GEOLOGY 

Descriptions of the geology of the Northern 
Pennines and the Teesdale area in particular, include 
those by Johnson and Hickling (1970), Dunham (1990) 
and Johnson (1995). Figure 5 shows a simplified 
geological map of the Pike Law area, based upon British 
Geological Survey (BGS) geological map six inch (\: 
10560) scale county sheet Durham 31 SW (reproduced 
here by permission of the British Geological Survey). 

The ridge known as Pike Law, which lies between 
Wester Beck and Flushiemere Beck, exposes beds from 
the Four Fathom Limestone up to strata above the 
Firestone Sill. Exposures of the Four Fathom Limestone, 
here a grey bioclastic limestone approximately 7 m thick, 
are confined to a small area in Flushiemere Beck, east of 
Flask Hushes. In the eastern parts of Leonard's, Pike 
Law and Flask hushes there are outcrops of 
approximately 30 m of beds between this limestone and 
the Great Limestone. These beds comprise mainly 
mudstones, some with siderite mudstone ('clay 
ironstone') nodules and sandstones. 

The Great Limestone at Pike Law is approximately 
19 m thick and has an extensive arcuate outcrop on the 
ridge between Wester Beck and Flushiemere Beck. Its 
continuity is disrupted at numerous points by several 
normal faults , now occupied by veins, which mostly 
trend between E-Wand NE-SW. Dunham (1990, p. 243) 
noted minor folding both parallel and oblique to the 
trend of the veins, with dips locally reaching 30°. In the 
headwaters of Flushiemere Beck the Great Limestone 
outcrop is terminated by the nOt1h-easterly down throw 
on the NW-SE trending Flushiemere Great Vein . Good 
sections through the limestone are visible in many of the 
hushes though, as described below, much of the exposed 
limestone exhibits moderate to intense metasomatic 
alteration related to vein mineralisation. 

Overlying the Great Limestone is a considerable 
thickness of beds which, in addition to the upper units of 
the Great Limestone cyclothem, sometimes known as the 
Coal Sills, also include representatives of the overlying 
Little Limestone cyclothem. Although mapped approximately 
I krn to the west, near White Mere (NY 89003125) and 
near Flushiemere House (NY 9135 3100), roughly 0.5 
km east of Pike Law Mines, the currently available 
mapping does not reveal the presence of this limestone in 
the Pike Law area, and there seems little evidence for its 
presence in the spoil from the many shaft workings along 
the courses of the veins. It is possible that the Little 
Limestone may locally have been eroded prior to 
deposition of the overlying beds, though without more 
detailed mapping it is impossible to test this hypothesis. 
The beds which overlie the Great Limestone at Pike Law 
comprise mudstones, siltstones and sandstones. Rather 
degraded sections through these beds can be seen in 
several of the steeper sided hushes. Roughly 40 m of 
beds separate the Great Limestone from the Firestone 
Sill in the Pike Law area. 
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Figure 5. Geological map of the Pikc Law area, based upon BGS Geological map six inch county sheet Durham 31 SW, by permission of 
the British Geological Survey. IPR/90-03C. 

The Firestone Sill, which in this part of Tees dale is a 
coarse-grained sandstone, crops out between Pike Law 
and Broadley Hill. Its thickness is difficult to determine 
precisely at Pike Law, though Durham (1990, p. 31) 
noted a thickness of 18.9 m for it at Skears Mine (NY 
938 279), approximately 3 km SE of Pike Law. Several 
veins penetrate the Firestone Sill, though no mappable 
displacement of it can be demonstrated except adjacent 
to the Flushiemere Great Vein. Further mudstones, 
siltstones and sandstones overlie the Firestone Sill, 
though this part of the succession is poorly exposed in 
the Pike Law area and few veins have been traced into 
these beds. 

MINERALISA TION 

Mineralisation at Pike Law occurs as numerous 
fissure veins which occupy nonnal faults , and also in 
extensive metasomatic replacements of the Great 
Limestone adjacent to these veins. The principal named 
veins are indicated on Figure 5. 

Dunham (1990) described the remarkable conjugate 
pattern of vein fissures and associated metasomatic 
replacement deposits which characterise the Northern 
Pennine Orefield. The majority of the most productive 
lead-bearing veins trend between NE-SW and ENE
WSW. They occupy normal faults with small displacements 
which are usually less than 5 m. These veins are cut 
locally by a series of NW-SE trending 'cross veins'. 
Whereas these are also normal faults, they typically 
exhibit greater displacements, commonly over 10 m. 
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The 'cross veins' are commonly barren or only weakly 
mineralised, though some workable orebodies have been 
found locally. A third group of veins with a 
predominantly E-W orientation, the so called 'Quarter 
Point' veins, intersects both of these trends. The 'Quarter 
Point' veins typically occupy faults with sinistral 
transcurrent displacement. Although they include some 
of the largest orebodies known in the orefield, they are 
generally distinguished by low sulphide contents. 

The Pike Law vein complex includes representatives 
of the first two main vein orientations, the NE-SW trend 
and the NW SE 'Cross Vein' trend. In addition several of 
the Pike Law veins exhibit a clear E-W trend and may 
perhaps be regarded as a weak expression of the 'Quarter 
Point' group of veins. 

So far as can be established from surface mapping, 
the throw on most of the NE-SW and E-W trending veins 
at Pike Law is very small «5 m), though a northerly 
vertical displacement of up to 15 m is associated with the 
Pike Law Old Vein (Dunham, 1990, p. 243). Exposure 
of wall-rock and veins is insufficient to demonstrate 
whether any lateral displacement accompanies any of the 
E-W trending veins. Dunham (op. cit.) offered no 
information on the width of any of the Pikc Law veins 
and no complete vein sections remain today, though it 
seems likely that vein widths rarely exceeded I m. 

A striking feature of the mineralised ground exposed 
at Pike Law is the widespread occurrence of 
metasomatised limestone adjacent to the vcins. Like 
many similar veins elsewhere within the oretield, the 
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Pike Law veins are accompanied by intense replacement 
by ankerite and/or siderite, giving rise to extensive 'flat' 
deposits. These replacements commonly extend for 
several metres on either side of the parent vein and in 
places the full width of limestone between veins has 
been replaccd. A characteristic feature of this 
metasomatism is the preservation of original features, 
including bedding, stylolites and some fossils, present 
within the parent limestone. The original bedding is 
clearly visible in most exposures of metasomatised Great 
Limestone at Pike Law (Fig. 6). Fine exposures of such 
metasomatised limestone including cavities lined with 
fluorite, galena, quartz, supergene calcite and oxidised 
ankerite and/or siderite can be seen in the sides of the 
opencast trenches and in the numerous large fallen 
blocks, especially in the West End Hushes. Advanced 
supergene alteration of the metasomatised rock has 
produced large quantities of distinctive dark brown 
limonitic ironstone. Relic outlines of the original 
rhombic form of ankerite or siderite crystals are 
commonly visible in this altered rock and limonitic 
pseudomorphs of typical saddle-shaped rhombic crystals 
are common in cavities both in the 'flat' deposits and in 
the veins. Little or no fresh ankerite or siderite can be 
seen today and it is impossible to determine the original 
proportions of these two minerals in the Pike Law 
deposits. 

It seems likely, as suggested by Dunham (1990, p. 
244) that the majority of the Pike Law veins terminate 
eastwards against the NW SE trending Flushiemere 
Great Vein (Fig. 5). This important cross vein is an 
extension of a major fault belt recognised furthcr north in 
Weardale, which merges with the Lodgesike ManorgilJ 
Vein systcm a few kilometres SE of Pike Law. 
Dunham's (1990, p. 244) note of a northerly throw of up 
to 30 m on the Flushiemere Great Vein in the vicinity of 
Pike Law, is consistent with the greater vertical throw 
associated with such cross veins. It is possible that the 
Rylands No. I Vein of the Flushiemere Mines may be an 
easterly extension of the Broadley Hill Vein of Pike 
Law, east of the Flushiemere Great Vein. Similarly, the 
'B' and 'C' veins at Flushiemere may represent other 
extensions of the Pike Law complex, east of this cross 
vell1. 

The vein complex can be traced for no more than 
about 1 km west of Wester Beck. Although much of this 

Figure 6. Metasomatised Great Limestone retaining clear 
remnants of original bedding, adjacent to the vein in the main hush. 
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ground carries a substantial mantle of boulder clay, a 
number of trial shafts have been sunk to the projected 
western extension of some of the veins. However, there 
is no evidence for intense mineralisation in thc drift free 
outcrops of Great Limestone and overlying beds which 
fonn the hill spur between Black Law (NY8800 3190) 
and East Binks Edge (NY8920 3080) immediately to the 
west of these westernmost trial workings. 

All of the large scale opencast workings at Pike Law 
lie within the outcrop of the Great Limestone and the 
immediately overlying beds where, no doubt, the veins 
and their associated flat deposits were first discovered. 
This limestone is one of the most important host rocks 
for vein and flat mineralisation within the orefield 
(Dunham, 1990). Little is known of the extent of 
mineralisation within the veins in the beds between the 
Great Limestone and Firestone Si II, though numerous 
shafts clearly mark the course of thc veins. Whereas 
many of these are likely to have been sunk to the 
limestone, it seems likely that workable ore was found in 
places within these wall rocks. Payable mineralisation 
was certainly present within veins in the Firestone SiLl. 
According to Dunham (ap. cit.) mineralisation in most 
veins appears to die out downwards at or about the base 
of the Great Limestone. 

The Pike Law mines lie close to the outer margin of 
the inner, fluorite, zone of mineralisation of the Northern 
Pennine Orefield (Dunham, 1990). In common with 
other veins within this patt of the field, fluorite is an 
important gangue mineral and is present in abundance in 
all of the NE-SW and E-W trending veins worked at Pike 
Law. Dunham's (1990, p. 243) record of batyte in the 
uppermost levels of Westerhead Vein is consistent with 
the upward as well as lateral passage from fluorite to 
baryte dominated mineralisation. Batyte and witherite 
mineralisation, present in the Flushiemere Great Vein, 
and associated fractures, formerly worked at the 
Flushiemere mines, east of Pike Law, may be regarded 
as part of an 'inlier' of barium zone mineralisation within 
the outer portions of the fluorite zone. 

MINERALS OF THE PIKE LAW MINES 

Dunham (1990, p. 243) states that the main minerals 
within the Pike Law veins are purple fluorite, galena, 
quartz and aragonite, with baryte in the highest levels of 
Westerhead Vein at the horizon of the Firestone Sill. In 
addition, he noted (ap. cit., p. 244) the presence ofbaryte 
and 'limonite' within the length of Flushiemere Great 
Vein in trials at Broadley Hill Low Level. Brief 
descriptions of the main primary minerals, as well as the 
supergene species for which the area has recently 
become celebrated, follow. 

HYPOGENE OR PRIMARY MINERALS 

ANKERlTE, Ca(Fe2+,Mg,Mn)(C03)2 and 
SIDERlTE, FeC03 

Ankerite and siderite are common in many of the 
veins of the orefield and one or both of these minerals 
typically compnse the mam constituent of the 
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metasomatised limestone adjacent to the veins (Dunham, 
1990; Bouch et aI. , 2006). At Pike Law, supergene 
alteration is intense and no fresh ankerite or siderite has 
been seen, though dark brown goethite pseudomorphs 
after saddle shaped rhombic crystals are common in 
cavities in both veins and metasomatised limestone. The 
outlines of rhombic crystals, also pseudomorphed by 
goethite, can be discerned in many examples of the 
compact metasomatised limestone. It is impossible to 
comment on the original nature or relative abundance of 
these two carbonate minerals at Pike Law. 

ARAGONITE, CaC03 

Dunham (1990, p. 243) lists aragonite as one of the 
constituents of the Pike Law deposits . Whereas it is 
certainly present here in greater amounts than at many 
Northern Pennine localities, it is not a major component 
of either the veins or metasomatic replacements. Cavities 
in ankeritised and silicified limestone in the West End 
Hushes have yielded specimens of aragonite in the form 
of white globular aggregates of compact, radiating white 
acicular crystals . Blocks of white crystalline aragonite 
with a crude columnar crystalline texture, up to 
approximately 10 em across, have been observed in 
Leonard's Hush. The mineral also occurs as small 
acicular needles in cavities in altered ankerite. It is 
possible that some of the aragonite at Pike Law is of 
supergene origin. 

BARYTE, BaS04 

Dunham's (1990, p. 243) reference to the presence 
of baryte in Westerhead Vein at the horizon of the 
Firestone Sill provides some evidence for an upward 
passage of the Pike Law veins into the barium zone of 
Northern Pennine mineralisation. Baryte also occurs, in 
association with 'limonite' in a replacement of the Great 
Limestone adjacent to Flushiemere Great Vein, explored 
in the Broadley Hill Low Level (NY 9088 3168), driven 
from Flushiemere Beck. White baryte, in aggregates of 
white tabular crystals, is a common constituent of the 
Flushiemere veins, and represents a very different 
paragenesis from the main Pike Law Vein complex. 

FLUORlTE, CaF2 

Fluorite is a major constituent of the veins and is 
also common in metasomatised limestone, where cavities 
are often lined with interpenetrant cubes up to 20 mm 
across. Much of the fluorite at Pike Law is purple (Figs. 
7 and 8) or greyish purple in colour. Specimens of clear 
purple cubes with diffuse turbid centres have been 
observed at Leonard's Hush. Particularly well formed 
cubic crystals from cavities in the southern wall of the 
main hush, Wcst End Hushes, include very pale yellow 
and colourless fonns, the latter commonly exhibiting a 
diffuse moderate purple tinge in the extreme outer 
portions of the crystals. Much of this fluorite is thickly 
encrusted with dark brown goethite pseudomorphs after 
original ankerite or siderite. Groups of well fOlmed 
interpenetrant yellow crystals up to 35 mm across have 
been found in a minor vein on the south side of the main 
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Figure 7. Purple fluorite cubes with supergene calcite on 
metasomatised limestone. West End Hushes. Specimen width 15 em. 

Figure 8. Purple fluorite cubes with hemimorphite. The largest 
fluorite cube is 4 mm across. West End Hushes. 

hush (Fig. 9). The presence of yellow fluorite at Pike 
Law is consistent with Dunham's (1937) observation that 
yellow fluorite is mainly found around the outer parts of 
the fluorite zone. 

The most strongly purple coloured fluorite from 
Pike Law typically exhibits a strong to moderate pale 
blue fluorescence under long wave ultra violet radiation. 
Specimens of pale greyish yellow and colourless fluorite 
from cavities in metasomatised limestone in the main 
hush, West End Hushes exhibit noticeably weaker blue 
fluorescence . This can be seen on Figurc 10, where the 
pale yellow specimen is on the left and the larger blue 
specimen on the right. The pale orange fluorescence on 
the right hand specimen is supergene calcite. 

Many fluorite crystals found on the old spoil heaps 
exhibit deep etching of the faces . This is likely to have 
resulted from attack by sulphate-rich groundwaters as 
suggested by Dunham (1990, p. 88). 

GALENA, PbS 

This was the ore mineral worked from the mines at 
Pike Law. Dunham (1990, p. 243) notes that 1752 tons 
of lead concentrates, with 6 ounces of silver per ton of 
lead, were recorded from these mines between 1852 and 
1891, though substantially larger tonnages are likely to 
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Figure 9. Pale yellow fluorite cubes. South wall of the main hush. 
Specimen width 14 cm. 

Figure 10. Pale yellow fluorite on left (Fig. 9) and blue fluorite 
on right (Fig. 7) under long wave ultra violet radiation. The 
orange fluorescence on the right hand specimen is from 
supergene calcite. 

have been raised from earlier workings. Today, galena is 
relatively abundant at Pike Law in spoil and locally in 
the exposed mineralised limestone. It occurs as 
crystalline masses, most commonly in a matrix of 
fluorite and/or oxidised ankerite and is frequently 
extensively oxidised. Some cavities contain cubo 
octahedral crystals up to 25 mm across which invariably 
have oxidised surfaces. 

QUARTZ, Si02 

Although listed by Dunham (1990, p. 243) as a 
constituent of the deposits, quartz is not conspicuous at 
Pike Law. However, good examples of pyramidal 
crystals up to 3 mm long have been found and rather iron 
stained fragments of crystalline quartz can be seen in the 
spoil from several shaft dumps. In places, the Great 
Limestone has experienced some silicification as well as 
ankeritisation, though the extent of such silicification 
cannot readily be determined. 

Debris from the old workings of Leonard's, Pike 
Law and Flask hushes, on the east side of the road, 
locally contain siderite mudstone ('clay ironstone') 
nodules. Severa l of these display a well developed 
septarian structure, though unlike most septarian 
nodules, the 'septa' here consists of quartz. Weathering 
of these has often resulted in the septa standing proud of 
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the nodule surface. In extreme cases all siderite 
mudstone has been removed by weathering leaving a 
curious honey comb like mass of quartz septa caJled 
'beetle stones' in old collections. Rudler (1905) briefly 
describes examples of such 'cellular' quartz from 
Teesdale, though it is not known whether the specimens 
to which he refers originated at Pike Law. Figure 11 
shows an example in the mineral collection of the 
Hancock Museum, Newcastle upon Tyne (accession 
number M055.24) . Very similar 'cellular' quartz has 
been observed by one of the present authors (BY) from 
shales beneath the Low Grit Sill at Coldberry Mine (NY 
930 290), approximately 4 krn SE of Pike Law. It seems 
probable therefore that the nodules at Pike Law were 
derived from the shales which overlie the Great 
Limestone. The quartz 'septa' in these nodules may be of 
diagenetic origin and thus unrelated to the mineralisation 
of the veins. 

Figure 11. Quartz 'beetle stone', presumed to be from Pike Law 
since it is an extreme example of specimens obtained from 
Leonard's Hush in recent times. Specimen in the Hancock 
Museum, Newcastle upon Tyne (accession number M055 .24). 
The scale bar is 5 em long. 

SUPERGENE MINERALS 

ANGLESITE, PbS04 

Dunham (1990, p. 89) and Bridges and Young, 
(1998) repOlt the presence of well-developed anglesite 
crystals at Pike Law up to 20 mm long and 20 mm wide 
(F igs. 12 and 13). Most common are bladed, 'sword 
shaped' crystals up to 15 mrn long. More equant irregular 
rhombic tablets also occur. The anglesite normally 
occurs in cavities in a heavily oxidised matrix of galena 
rich fluorite-bearing veinstone and porous limonitic 
ironstone. 

BTI\JDHEJMlTE, Pb2Sb20 6(O.OH) 

Bridges and Young (1998) reported the first 
occurrence of bindheimite from the Northern Pennines 
from a specimen from the West End Hushes. It occurs 
here as powdery yellow masses in cavities formed from 
the oxidation of galena in which a small amount of 
antimony is present. El Shazly e/ al. (1957) and Dunham 
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(1990) have reported small antimony contents in 
Northern Pennine galena, and the occurrence of traces of 
bournonite (PbCuSbSJ) in galena has been described by 
Vaughan and Ixer (1980). 

Figure 12. Anglesite crystal, 20 mm high. West End Hushes. 

Figure 13. Group of anglesite crystals in cavity in iron stained 
fluorite . West End Hushes. The longest crystal is 6 mm high. 

CALCITE, CaC03 

Calcite is not abundant at Pike Law and when found 
it always seems to be of supergene origin. Coatings of 
compact radiating calcite, several centimetres thick, 
occur locally and appear stalagmitic in form. Small, 
sharp, white 'nailhead' and hexagonal prismatic crystals 
of calcite locally coat goethite pseudomorphs after 
ankerite or siderite in some cavities (Fig. 15). Most of 
this calcite exhibits pale yellow to orange fluorescence 
under long wave ultraviolet radiation (Fig. 10). 
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CERUSSITE, PbC03 

Cerussite is conunon in small amounts at Pike Law. 
Most commonly it forms rather dull grey or greyish 
white coatings on galena. Where crystallised, the 
crystals are usually striated needles ('jackstraw' type) or 
striated equant blades, the latter often exhibiting 
hexagonal twinning. Locally, cerussite occurs as 
compact masses of crystals, the whole showing the 
morphology of blades of anglesite and these are 
presumed to be pseudomorphous after the latter mineral. 
Individual cerussite crystals are usually less than 5 mm 
in length. However, within the Newcastle University 
Mineral CoJlection (now in the Hancock Museum, 
Newcastle upon Tync) is a specimen (Hancock Museum 
registration no. NEWUM 4666) which comprises a mass 
of white 'jackstraw' crystals 60 mm by 60 mm with an 
attached small label reading 'Pike Law, Teesdale' (Fig. 
14). Specimens of this richness have not been seen in 
recent years and this specimen, may offer evidence that 
cerussite was formerly more abundant in the upper parts 
of these workings . 

Figure 14. A mass of cerussite crystals from Pike Law, 
Teesdale. Specimen in the Newcastle University Mineral 
Collection in the Hancock Museum (Accession number 
NEWUM 666). The scale bar is 5 cm long. 

GOETHITE, FeO.OH 

As already noted, large volumes of Great Limestone 
which have suffered metasomatic replacement by 
ankerite and/or siderite, have experienced supergene 
alteration to dark brown limonitic ironstone, which is 
often relatively porous. The precise nature of the iron 
oxide minerals present at Pike Law has not been 
determined though it is likely that, as clsewhere in the 
orefield, goethite is a major component of this oxidised 
material. No data are available on the iron content of the 
oxidised metasomatised limestone and there is no 
evidence that it ever attracted attention as an iron ore. 
Goethite pseudomorphs after saddle shaped ankerite or 
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siderite crystals are common in cavities in both veins and 
metasomatised limestone and pseudomorphs after 
ankerite and/or siderite rhombs can be seen in many 
examples of oxidised metasomatised limestone. 
Mammilated black or very dark brown goethite locally 
encrusts other minerals and rarely the mineral fonns 
crusts of radiating shiny black acicular crystal s up to 2 
mm long lining cavities (Fig. 15). 

Figure 15. Crusts of blaek goethite needles in a cavity in 
oxidised metasomatised limestone, with supergene hexagonal 
prismatic calcite. Field of view 8 em across. 

Figure 16. Crust of ca. I nun hemimorphite crystals. West End 
Hushes. 

Hemimorphite occurs as crusts, up to several 
centimetres across, composed of colourless radiating 
crystals up to I mm in length. The crusts usually occur 
on goethite pseudomorphs after ankerite and/or siderite 
or fluorite (Fig. 16). Some supergene smithsonite and 
calcite commonly accompany the hemimorphite. 
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SMITHSONlTE, ZnC03 

A few specimens have been found in which small, 
rather globular crystals of white to brown smithsonite 
encrust other minerals such as fluorite and goethite in 
small cavities. The individual crystals rarely exceed I 
mm diameter and are often associated with calcite and 
hemimorphite. A few small examples of brown, porous 
'dry bone' smithsonite have also been found . 

The presence, albeit in comparatively small quantity, 
of both smithsonite and hemimorphite suggests that 
sphalerite was originally present as part of the primary 
assemblage within the Pike Law veins , though no 
specimen of this mineral has been observed here. 

DISCUSSION 

Although of limited surface extent, the Pike Law 
vein complex is one of the densest concentrations of 
mineralisation known within the orefield. Extensive 
working of the veins within the Great Limestone and 
immediately overlying beds, took place at an early date 
and, as noted above, the known deposits were probably 
virtually exhausted prior to the systematic exploration 
and development of this part of the orefield during the 
19th century. A level , driven in the Four Fathom 
Limestone from Wester Beck (NY 9029 3078), during 
that period, failed to prove workable mineralised ground 
at that horizon. This seems to have served as a 
disincentive to further exploration by reinforcing the 
contemporary view that the deposits of the Northern 
Pennines pinched out at the base of the Great Limestone 
and no further attempts to investigate this remarkable 
vein complex at depth are known. However, Dunham 
(1990, p. 243) suggested that exploration of this vein 
complex offers some attractions, especially if the 
position of a possible feeder for the mineralisation could 
be identified. 

A recent re-interpretation of the fonn of the 
underlying Weardale Granite (G. Kimbell, personal 
communication) suggests that the Pike Law 
mineralisation occurs almost immediately above a high 
point on the upper surface of the underlying granite, 
close to its southern margin. If so, and if as suggested 
above, some of the Pike Law veins are indeed an 
expression of the Quarter-Point suite of veins, there may 
be potential for significant fluorite mineralisation at 
depth, as the widest and most productive known fluorite 
orebodies in the orefield typically occur in such veins. 

The site provides one of the finest localities in the 
orefield to examine the effects of supergene alteration on 
veins and their associated metasomatic replacements. Of 
particular interest in this context is the comparative local 
abundance of cavities containing relatively large crystals 
of anglesite within the supergene assemblage in this 
dominantly limestone hosted deposit. The mineral 
assemblage indicates that a multi-stage process of 
supergene alteration took place. The first stage was the 
oxidation of ankerite and/or siderite by meteoric waters 
to give porous 'limonite', with consequent removal of 
most of the carbonate from parts of the vein complex and 
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associated flats. It is possible that some of the cerussite 
fonned during this period. This was followed by 
oxidation of galena to anglesite, probably over a 
considerable period of time, since individual crystals of 
anglesite are often quite large. This process would have 
been aided by the relative porosity of the matrix allowing 
easy contact between meteoric water and galena. It 
should be noted that even quite small amounts of 
calcium carbonate dissolved in water stabilise cerussite 
rather than anglesite, but clearly meteoric waters have 
been able to percolate through parts of the vein and 
associated metasomatic replacements without significant 
rise in carbonate ion activity (aCO/). 

It is of interest that no leadhillite has been found at 
Pike Law. This suggests that the free carbon dioxide in 
the oxidised zone is enhanced over atmospheric, since 
leadhillite cannot form at partial pressures of carbon 
dioxide above approx. 0.0 I (1 % v/v). This in tum 
suggests that pyrite andlor marcasite were oxidising in 
the vicinity of the anglesite cavities, fOlming sulphuric 
acid and hydrated iron oxides. The sulphuric acid would 
lower pH and raise sulphate ion activity (aS042.), both of 
which would help stabilise fonnation of anglesite. 

The presence of cerussite crystals with anglesite 
morphology in some cavities indicates that a further 
stage in the supergene alteration process took place at 
some sites within the vein, caused by an increase in 
aCO{ following the fonnation of the original anglesite 
and this altered the anglesite crystals to cerussite. Jeffrey 
(2001) has described the fonnation of abundant anglesite 
in a similar geochemical environment in a Iimestone
hosted deposit in the Derbyshire Orefield. 
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THE MINERALOGY OF BARDON HILL QUARRY, COALVILLE, 
LEICESTERSHlRE 

Francis INeE 
78, Lecontield Road, Loughborough, Leiccstershire, LE I I 3SQ 

The Precambrian and Triassic rocks exposed at Bardon Hill Quarry, Coalville, Leicestershire are the hosts for both 
hypogene and supergene minerals. A number of quartz- and/or carbonate-rich veins in the Precambrian rocks are 
associated with medium-high temperature hydrothermal mineralisation. Low-medium temperature hydrothermal 
mineralisation is present in the Precambrian rocks and the Triassic sediments adjacent to the Precambrian-Triassic 

unconformity. A copper-dominated suite of supergene minerals occurs in the quarry; these are most prominent 
near the Precambrian-Triassic unconformity. This paper describes the local geology, the minerals occurring in the 

quarry and makes some observations on the hypogene and supergene processes responsible for their formation. 

INTRODUCTION 

At 278 m (912 ft) above sea level, Bardon Hi II is the 
highest point in Leicestershire. From its summit, on a 
clear day, thcrc are panoramic views of large areas of 
Central England. Bardon Hi 11 is an outcrop of 
Prccambrian rocks surrounded by later Triassic 
sediments and Bardon Hill Quarry (SK 456 133) exploits 
the Precambrian rocks for the construction industries. As 
quarrying has proceeded a number of quartz- andlor 
carbonate-rich veins have been exposed In the 
Precambrian rocks; a combination of the effects of these 
veins, the nature of the Triassic sediments and the 
presence of a marked Precambrian-Triassic 
unconformity have resulted in a suite of hypogene and 
supergene minerals. Bardon Hill is an SSSI for its 
geology, flora and fauna (English Nature, 1983) and 
Bardon Hill Quarry is an SSST for its geology and 
mineralogy (English Nature, 1987). 

HISTORY OF QUARRYING 

Noble (1995) has described the history of Bardon 
Park, including the quarrying activity in the area around 
Bardon Hill. Fenn (Aggregate Industries website) has 
chronicled the history of quarrying at Bardon Hill from 
1858-1918, together with some observations on earlier 
quarrying operations. Both Noble and Fenn note that 
Burton (1622) provided the earliest record of quarrying 
at Bardon Hill: 'The hill is in the bottom a large 
circumference, rising up (not very steeply) to a great 
height, being (as T take it) one of the highest of that rank, 
very rough and full of wood , within which there arc great 
quarries of hard stone, which some take to be a kind of 
limestone'. By 1857 large scale extraction was in 
progress (Worssam and Old, 1988) and a map from the 
early years of 20th century (Bosworth, 1912) shows a 
number of quarries on the west and north sides of Bardon 
Hill (from west to east: the Main Quany with five 
benches, Scotland, Siberia). A map in the description by 
Jones (1926) of the petrology and structure of the 
Charnian rocks of Bardon Hill shows additional 
workings (from west to e<lst: Main Quany with five 
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benches, Scotland, Lower Siberia, Upper Siberia, 
Extension Quarry). These individual quarries have 
become part of the, now, mLich larger quarry (Fig. 1). 
Extraction no longer takes place to the north east of 
Bardon Hill and this area of the quarry has been back
filled with the Triassic overburden that has been 
removed from the western end of quarry; additional 
overburden is currently (2007) being dumped on fields to 
the east of Bardon Hill near Kellam 's Farm. 

Figure 1. View of Bardon Hill Quarry looking east towards the 
summit of Bardon Hill. 

GEOLOGY 

Whilst Burton (1622) might have thought that the 
rocks at Bardon Hill were ' a kind of limestone', it is one 
of a number of limited exposures of late Precambrian 
vulcanic rocks of the Charnian Supergroup in the 
Charnwood Forest area of Leicestershire. The Charnian 
rocks have been assigned to the Neoproterzoic III 
(Vendian) era with a minimum age range of 550-600 Ma 
(Carney et 01., 2000). Apart from their significance as 
sume of the oldest rocks in England, the Precambrian 
rocks of the Charnian Supergroup are particularly 
important given that Ediacaran fossils occur in some 
members of the sequence (Ford , 2000). The Charnian 
rocks are overlain unconformably by Cambrian, 
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Figure 2. Geological sketch map of Bardon Hill Quarry based on Carney and Pharaoh (2000, p. 41), reproduced with the permission of 
John Carney and the Joint Nature Conservation Committee, Peterborough. 

Carboniferous or Triassic rocks and the entire sequence 
is partly covered by Pleistocene glacial deposits 
(Worssam and Old, 1988; Carney et al., 2000; Ambrose 
et al., 2007). 

The geology of the Charnwood Forest area has been 
discussed by Watts (1947), Carney et al. (2000) and 
Ambrose et al. (2007) and that of Bardon Hill in 
particular has been described by Carney (2000a) and 
Carney and Pharaoh (2000). Bardon Hill and the area 
near Whitwick (3 Ian to the NNW) probably represent 
the eroded remains of late Precambrian volcanic centres 
(Le Bas, 1996; Carney, 2000b). These centres produced 
the volcaniclastic material that gave rise to the sediments 
that make up some of the Precambrian sequence in the 
Charnwood Forest area (Moseley and Ford, J 985; Le 
Bas, 1996). The Peldar Porphyritic Dacite (Carney, 
2000a; Carney et al., 2000) and the andesitic Bardon 
Breccia (Worssam and Old, 1988) represent the remains 
of the volcanic centres (see Fig. 2 for a geological sketch 
map of Bardon Hill Quarry). The Precambrian 
volcaniclastic rocks exposed in the quarry are those of 
the Bradgate Formation of the Maplewell Group 
(Moseley and Ford, 1985). A major fault andlor shear 
zone that trends east-southeast across the quarry 
(separating the dacites and andesites from the 
volcaniclastic rocks) probably has a down-throw to the 
south (Carney, 2000a) and has occasionally contained 
large quartz lenses (up to 5 m wide). These quartz lenses 
and a number of smaller quartz- andlor carbonate-rich 
veins (up to 100 mm wide) in the Precambrian rocks are 
associated with both low-medium and medium-high 
temperature hypogene mineralisation. 
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Features associated with sub-aerial erosion in the 
Triassic era are common in many of the Leicestershire 
quarries (Bosworth, 1912; Watts, 1947; Worssam and 
Old, 1988; Ambrose, et al., 2007). Bardon Hill Quarry is 
no exception and the Precambrian-Triassic unconformity 
is well exposed (Ambrose, et af., 2007); in particular, the 
prominent wadis formed during the erosion of the 
Precambrian rocks in the Triassic era (Fig. 1). A basal 
breccia containing Charnian clasts covers the 
Precambrian-Triassic unconformity and grades into the, 
almost horizontally bedded, red-brown (with greenish 
bands) siltstones and mudstones of the Mercia Mudstone 
Group (Worssam and Old, 1988; Carney and Pharaoh, 
2000). The nature of the Triassic sediments and the 
presence of the Precambrian-Triassic unconformity have 
exerted a marked control over the low-medium 
temperature hypogene mineralisation. 

MINERALS 

Petrological studies have identified the minerals that 
that occur in the andesites and dacites exposed in Bardon 
Hill Quarry. Andesite: plagioclase feldspar (altered in 
part to epidote), quartz, chlorite, epidote, iron oxide, 
?titanite, calcite, white mica; Dacite: plagioclase feldspar 
and quartz phenocrysts in a fine-grained glassy matrix of 
plagioclase and quartz with chlorite and white mica on 
cleavage planes (Worssam and Old, 1988). 

A variety of techniques, including wet chemistry, 
optical properties and X-ray methods (XRD, EDS, XRF), 
have provided data that supports the identification of the 
individual minerals described below (a table of analytical 
data will be provided on request). The minerals noted in 
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italics are those where further work is required to 
confirm their occurrence. Most of the photographs were 
taken with a Nikon 4500 digital camera, some in 
combination with a Wild M7 A stereomicroscope and 
employing the CombineZ5.3 software (Hadley, 2006). 

Albite occurs in various parts of the quarry . King 
(1967) described its presence in alpine-type veins that 
took the form of ladder veins cutting a southeast trending 
andesite dyke (dip 820 NE) in a shatter belt in Upper 
Siberia Quarry (SK 4598 1326). These veins were highly 
cavernous and the albite occurred as colourless, 
translucent, occasionally greyish-white, iron-stained 
twinned tabular crystals with a coating of 
microcrystalline chlorite and/or albite associated with 
quartz and rare gold. More recently pinkish tabular albite 
crystals, associated with quartz, chlorite, calcite and 
dolomite, occurred in east trending alpine-type veins in 
the volcaniclastic rocks of the Bradgate Formation on the 
south side of the quarry. 

ANATASE, Ti02 

During an investigation of a specimen in the King 
Collection at the National Museum of Wales 
(K62B41118), SEM-EDS analysis revealed that some 
orange material contained mainly titanium and oxygen 
together with small amounts of palladium (0.34%). XRD 
analysis of this sample indicated that it is anatase (Tom 
Cotterell, personal communication). Figure 3 shows a 
SEM image of a minute tabular crystal of anatase. 

Figure 3. SEM image of anatase (scale bar 20 f.\m). King 
Collection specimen K6284/118, National Museum of Wales; 
Tom Cotterell photograph. 

Azurite can occur as small vivid bluc prismatic 
crystals (I mm x 0.5 mm); morc commonly, it is found 
as crusts and coatings of bright blue to powdery blue 
microcrystals associated with native copper, cuprite, 
malachite, chrysocolla and occasionally vanadates and 
palygorskite. Azurite occurs sporadically near the 
Precambrian-Triassic unconfonnity in the basal breccia 
of the Triassic sequence, especially at the torographical 

foumal of (he Russell Sociery (2007) 

'lows' on the Precambrian surface. King (1973) 
indicated that it partly covered areas of up to 160 m2 and 
cemented the sandier components of the breccia. Some 
of the bettcr azurite specimens (Fig. 4) were recovered in 
the mid-1980s from a temporary exposure of the 
Precambrian-Triassic unconformity on the north side of 
the quarry known as 'The Island '; the azurite occurred 
with native copper, cuprite, chrysocolla and malachite in 
the basal breccia and also partly filling fractures in the 
Precambrian rocks. It is reasonably common to find the 
azurite altered partly (or sometimes totalJy) to malachite 
and/or chrysocolla. 

Figure 4. Deep blue azurite , green malachite and pale green 
chrysocolla (field of view 20 mm x ) 7 mm). Neil Hubbard 
specimen 1489; Frank Tnce photograph. 

BAR YTE, BaS04 

King (1973) noted that the lower beds of the Triassic 
sequence adjacent to an east-dipping shear zone in the 
Precambrian rocks contained baryte and dolomite. More 
recently, small white to pink thin tabular crystals of 
baryte (some in aggregates with a typical cockscomb 
habit) associated with quartz, calcite and pyrolusite, 
occurred in the major east-southeast trending fault and/or 
shear zone that crosses the quarry. White to pale pink 
baryte with a similar habit also occurred with pale 
yellowish-green to dark green masses of chlorite (Fig. 5), 
albite and quartz in fractures in the Precambrian 
volcaniclastic rocks on the south side of the quarry. 

Figure 5. Pale pink baryte on dark green chlorite (field of view 
8 mill x 5 mm). Nei I Hubbard specimen; Frank Ince photograph. 
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CALCITE, CaC03 

Calcite occurs sporadically throughout the quarry in 
both the Precambrian rocks and, more commonly, in the 
Triassic basal breccia. Evans and King (1962) recorded 
that calcite occurred with palygorskite. The calcite is 
never very spectacular and usually occurs as small (up to 
2 cm) colourless to white scalenohedral crystals that 
often show signs of partial dissolution. Colourless to 
brown calcite, occasionally associated with dolomite and 
vesignieite, occurs in the quartz-rich areas of the major 
east-southeast trending fault and/or shear zone that 
crosses the quarry. Calcite also occurs on the south side 
of the quany, both in a shattered quartz vein with pink 
baryte and pyrolusite and in a series of alpine-type veins 
with pinkish albite, chlorite and dolomite. 

CHLORITE GROUP (pycnochlorite) 

King (1968) mentioned that chlorite occurs with 
chalcedonic quartz. King (1973) also described the 
occurrence ofpycnochlorite in the ladder veins that cut a 
southeast trending andesite dyke (dip 82° NE) in a 
shatter belt in Upper Siberia Quarry (SK 4598 1326). It 
occurred as dull green microcrystalline masses (up to 26 
mm in diameter) associated with quartz and albite; 
paragenetically the chlorite post-dated the quartz and 
predated the albite. Veins of chalcedonic quartz still 
occur at the west end of the quarry and some of this 
material has a greenish colour, probably produced by 
inclusions of chlorite. Pale yellowish-green to dark green 
masses of chlorite associated with albite and quartz, and 
minor white baryte, occur in east trending alpine-type 
veins in the Precambrian volcaniclastic rocks on the 
south side of the quarry. 

Chrysocolla is quite common in the copper-rich 
areas of the Triassic basal breccia; especially at the 
topographical 'lows' on the Precambrian surface and is 
associated with native copper, cuprite, azurite, malachite, 
together with calcite, vesignieite and palygorskite. King 
(1973) described chrysocolla in four habits: 

1. Nodules of cuprite (up to 30 mm in diameter and 
weighing 12 g) replaced by chrysocolla often 
containing a kernal of unaltered cuprite. 

2. Encrustations and extensive coatings that have a 
collofonn texture possessing desiccation cracks. 

3. Veinlets with finely fibrous or lace-like 
intergrowths. 

4. Disseminations in the sandstone components of the 
Triassic sequence where pale-green, powdery 
chrysocolla coats the sandstone grains. 

The chrysocolla that has been recovered more 
recently is variable in colour, ranging from a deep 
turquoise blue-green through bluish green to pale blue 
and a bluish grey. It usually has a dull lustre with a waxy 
or powdery appearance and fills cavities or coats the 
surfaces of fractures in the host rock. It also fonns 
pseudomorphs after a number of other copper-containing 
minerals, e.g. azurite, malachite and cuprite. 
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COPPER, Cu 

Native copper, usually associated with cuprite, 
malachite or chrysocolla occurs sporadically in the 
vicinity of the Precambrian-Triassic unconformity, 
especially in near the topographical ' lows ' on the eroded 
surface of the Precambrian rocks and in the basal breccia 
of the Triassic sequence. King (1967) described a 
number of occurrences of native copper at Bardon Hill 
where it was associated with cuprite, malachite, azurite, 
chrysocolla, dolomite and pyrolusite. The most common 
habits were those of arboresecent masses of native 
copper (fig. 6), frequently enclUsted by cuprite, 
malachite and/or chrysocolla, and thin veins and strings 
of native copper in cuprite and/or malachite-chrysocolla. 
More recently, similar material has occurred with 
comparable associations. 

Figure 6. Native copper coated with red cuprite and green 
malachite (field of view 105 mm x 75 mm). King Collection 
specimen K19241l960, NMW 83.41G.M25, National Museum 
of Wales; Frank [nee photograph. 

CUPRITE, CU20 

Cuprite, usually associated with native copper, 
occurs sporadically at the Precambrian-Triassic 
uneonfonnity, especially in the region of the 
topographical ' lows ' on the eroded surface of the 
Precambrian rocks and in the basal breccia of the 
Triassic sequence. King (1973) described quite large 
(156 nun x 92 mm x 30 mm) masses of massive cuprite 
(enclosing coarsely filiform native copper) sometimes 
containing cavities lined with small octahedral vivid to 
dark red cuprite crystals (up to 1.1 mm); however, this 
material had been strongly oxidised and coated with 
malachite, chrysocolla, azurite , dolomite and pyrolusite. 
More recently, small masses of red to purple-red or black 
cuprite have been found associated with malachite and 
chrysocolla, usually as patches in the Triassic breccia or 
in fractures in the Precambrian rocks. Occasionally 
cavities in the Triassic breccia also contain lustrous ruby 
red octahedral cuprite crystals (up to 1 mm; fig 7). King 
and Wilson (1976) noted that a vanadium-rich cuprite 
occurred in the Triassic sediments at Bardon Hill; 
although one of the referees commented that 'it IS 

difficult to imagine what this is or how it could form'. 

Juurnal of the Russell Society (2007) 



Figure 7. Deep red octahedral cuprite crystals (up to I mm). 
Frank Ince specimen and photograph. 

Figure 8. Brown dolomite and white to colourless quartz (field 
of view 80 mm x 50 mm). Frank Ince specimen and photograpb. 

Figure 9. Brownish green epidote in white quartz (field of 
view 100 mm x 75 mm). Bob King specimen K61B34. 
NMW83.41 G.M7156; Frank Ince photograph. 
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DOLOMITE, CaMg(C03)2 

Dolomite occurs sporadically in a number of veins 
exposed in the quarry. King (1967; 1973) noted that 
dolomite occurred as well-formed beige-coloured 
rhombohedral crystals (up to 6mm) lining vugs in 
cavernous quartz veins and with native copper, cuprite, 
copper carbonates and pyrolusite; this material had fallen 
from the north face of the quarry. King (1973) also 
recorded that some thin veins on the south face of the 
quarry contained ferro an dolomite (with quartz, 
magnetite pseudomorphs after hematite and goethite 
pseudomorphs after magnetite pseudomorphs after 
hematite); consequently, it might be prudent to re
examine the other occurrences of dolomite. The quartz
rich areas of the major east-southeast trending fault 
and/or shear zone that crosses the quarry contained 
brown dolomite associated with prismatic quartz crystals 
(Fig. 8); microchemical tests (thiocyanate or 
ferrocyanide) indicate that the dolomite contains little if 
any iron. East trending alpine-type veins in the 
volcaniclastic rocks on the south side of the quarry also 
contained small cream rhombohedral dolomite crystals 
associated with colourless prismatic quartz, pinkish 
twinned albite, greenish-yellow chlorite and translucent 
scalenohedral calcite. 

King (1973) summarised the occurrences of epidote 
and described three distinct habits: 

I. In 1961, epidote was abundant in No. 7 Quarry in 
numerous parallel veins (on average 2 mm wide) 
forming thick sheeted zones that contained pale red 
microcrystalline epidote. 

2. Also in 1961, a southeast trending shatter belt 
exposed in the Upper Siberia Quarry contained 
many large quartz lenses that contained fan-like 
growths or bundles of acicular crystals (up to 29 
mm) attached at their common centre to the footwall 
of the quartz lens and radiating out into the quartz 
lens (Fig. 9). The epidote groups were greyish green 
in colour, although many were a brownish orange 
because of oxidation, and associated with specular 
hematite and rare gold. 

3. As green patches and veins in a brecciated pink 
chalcedonic quartz vein in the floor of the Upper 
Siberia Quarry in 1962. 

More recently, small (up to 1 mm x 0.5 mm) lustrous 
yellowish green prismatic epidote crystals, associated 
with colourless quartz and pale green chlorite, were 
recovered from east trending alpine-type veins in the 
volcaniclastic rocks on the south side of the quarry. 
Exposures of large areas of yellowish green epidotisation are 
quite common on the joints in the dacitic and andesitic 
rocks in the lower levels at the eastern end of the quarry. 

FELDSPAR GROUP 

King (1973) noted that the ultra-acid pegmatite pods 
that occurred in a major shear zone in the Upper Siberia 
Quarry contained quartz lenses (up to 4.7 m x 0.76 m) 

31 



that frequently occupied the footwall of the shear zone 
and contained K-feldspar, quartz, epidote, chlorite, 
sericite and rare gold. Small amounts of a browni sh 
acicular mineral , associated with white dolomite, found 
in 1979 (Trevor Bridges, personal communication) have 
been analysed and appear to be a potassium-containing 
feldspar, probably microcline (EDS; David Green, 
personal communication). 

GOETHITE, a-FeO(OH) 

King (1968) records the presence of goethite in 
chalcedonic quartz and he describes an intriguing 
occurrence of goethite peudomorphs after magnetite 
pseudomorphs after hematite (King, 1973). The 
magnetite pseudomorphs after hematite were in thin 
veins exposed on the south face in J 962. The material 
appeared to have been prone to oxidation as all that 
remained of the original hematite-magnetite were tabular 
plates of goethite in quartz (see the magnetite section for 
more details). In 1991, blades (up to 15 mm x 2 mm) of 
an iron-containing (thiocyanate) mineral with a greenish
brown streak enclosed within dull white prismatic quartz 
crystals occurred in an almost vertical quartz vein 
exposed on the steep face below the summit of Bardon 
Hill; this material has been tentatively identified as 
goethite pseudomorphs after hematite. 

Figure 10. Gold (1.5mm x I mm) on limonite-stained quartz. 
University of Leicester Geology Department specimen 
K61 B 12; Frank lnce photograph. 

GOLD, Au 

Native gold occurs at two localities in 
Leicestershire: Bardon Hill Quany and Springhill, 
Whitwick. King (1967; 1968) has described the 
discovery of native gold at Bardon Hill. It took the form 
of a few minute flakes (up to 1.5 mm) of native gold 
(Fig. 10) on brown limonite-coated vughs in a quartz
rich gossan [King Collection, National Museum of 
Wales (K216111950, NMW 83.4IG.MI37); Geology 
Department, University of Leicester (K61BI2)]. The 
gossan was a highly cavernous quartz vein containing 
some albite, specular hematite, dolomitc and significant 
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amounts of dark brown earthy limonite (Bob King, 
personal communication). This vein was a component of 
a powerful fault andlor shear zone with a southeast trend 
(dip 82° northeast, ~ 120 m wide) that was exposed on the 
n011h face of Siberia Quarry in 1950 (SK 492 132). This 
exposure has been removed by subsequent quarrying 
operations; thus it is, unfortunately , no longer available 
for study. Referring to the Springhill occurrence, King 
(1967) noted that Hill and Bonney (1880) reported 'that 
gold had recently been found in small quantities by Mr. 
How in the quartz veins from Peldar Tor'. The relevant 
specimen [.King Collection, National Museum of Wales 
(K2J60, NMW 83.4IG.MI38)] is labclled as being from 
Springhill, Whitwick (in the area now occupied by 
Peldar Tor Quarry, Springhill, Whitwick). It is somewhat 
different in appearance from the material occurring at 
Bardon Hill and possesses a few minute flakes of native 
gold on a relatively flat, brown limonite-coated quartz 
matrix. 

King (1968) recorded the occurrence of specular 
hematite with dolomite and rare gold. King (1973) also 
described the occurrence of magnetite pseudomorphs 
after hematite and goethite pseudomorphs after 
magnetite pseudomorphs after hematite (see the 
magnetite section for more details). In 1991, what are 
probably blades of goethite pseudomorphs after hematite 
enclosed within dull white prismatic quartz crystals 
occurred in an almost vertical quartz vein exposed on the 
steep face below the summit of Bardon Hill. In 1993, 
small amounts of specular hematite occurred in a 
chlorite-rich matrix on the lowest benches on the west 
side of Bardon Hill. Hematite also occurs as relatively 
thick black hexagonal plates (up to 3 mm, some 
aggregates having an eisenrosen habit) with yellowish 
chlorite in a small iron-stained quartz vein (up to 15 mm 
wide) in the volcaniclastic rocks on the south side of the 
quarry . 

HYDRONIUM JAROSITE (carphosiderite), 
(H30)+Fe3+3(S04)2(OH)6 

King (1973) noted that a south trending shear zone 
(1.2 m wide) composed mainly of quartz and chlorite 
(189.6 m east of SK 4541 J 304) contained carphosiderite 
(now known as hydronium jarosite) as minute light 
orange to light-brown well-crystallised rhombs (identity 
confirmed at the Natural History Museum, London). The 
shear zone extended up to the Precambrian-Triassic 
unconformity and, given thc abscnce of sulphides in the 
quarry, the Triassic rocks probably provided the sulphate 
required to produce the hydronium jarosite (King, 1973). 
Thc iron probably resulted from the oxidation of the 
hematite-magnetite that was prcsent in veins that also 
appeared to be associated with the shear zone (SK 4539 
1304; see magnetite). 

KAOLINITE, A12Si205(OH)4 

King (1973) records that Horwood (1913) noted that 
kaolinite was present in the Upper Triassic beds in 
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Leicestershire, especially in the Waterstones Fonnation; 
Horwood specifically mentions ' thick white bands made 
lip of kaolinised mineral s ... at Bardon Hill' . Whilst 
kaolinite is a common alteration product of silicate 
minerals (Metcalf el 01., 1994; Markl and Bucher, 1997), 
material such as that described by Horwood has not 
occurred recently; however, palygorskite occurs in 
Bardon Hill Quarry (Evans and King, 1962) and it 
possible that these two minera.l s might have been 
confused. 

LIMONITE, FeO(OH).nH20 

Substantial amounts of brown earthy limonite (Bob 
King, personal communication) were present in the dark 
brown limonite coated vugs in a highly cavernous quartz 
vein that contained minute flakes of native gold (King, 
1967). 

As was mentioned in the sections on goethite and 
hematite, King (1973) records an intriguing occurrence 
of magnetite pseudomorphs after hematite and goethite 
pseudomorphs after magnetite pseudomorphs after 
hematite . The magnetite pseudomorphs after hematite 
were associated with quartz and feIToan dolomite and 
occulTed in several thin south trending veins (dip 54° 
east, maximum width 6 mm) or trending southwest (dip 
67° southeast, maximum width 32 mm) exposed on the 
south face of Level 4 in 1962 (SK 4539 1304). The 
material appeared to be specul ar hematite as it was 
present in splendant groups and rosettes (up to 10 mm 
diameter) of very thin brittle stri ated tabular plates (up to 
6 mm) in a rusty matrix . The anti cipated red streak of 
hematite was not seen, instead a brownish-black streak 
was obtained; the thin plates did not appear to be red in 
transmitted light. The material was strongly 
feITomagnetic; with the feITomagneti sm increasing in an 
easterly direction along the veins and being strongest 
adjacent to an area subjected to intense shearing and the 
fonnation of phyllonite. From these observations, it 
appears that the materi a l comprised magnetite 
pseudomorphs after hematite. Some of the magnetite
hematite appeared to have been prone to oxidation as all 
that remained of the original materi al were tabular plates 
of goethite pseudomorphs after magnetite pseudomorphs 
after hematite in quartz. 

Malachite is probably the most common supergene 
mineral that occurs in the quarry. It is usually associated 
with native copper, cuprite, azurite or chrysocolla (blue 
or bluish-green chrysocolla pseudomorphs after 
malac hite are quite common). King ( 1973) identified 
three different habits : 

I . Pale shades of pastel green encrustations and small 
botryoidal masses. 

2. Dark green lustrous tufts and rosettes of acicular 
crystals. 
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Figure 11. Green malachite and pale ye llowish green acicular 
zulesiite on pale blue chrysocolla (field of view 2 nun x 1.5 
mm). Neil Hubbard specimen; Frank Ince photograph . 

3. Wires of native copper coated with fur-like growths 
of acicular green malachite crystals projecting at 90° 
to the length of the wire, some fonning rosettes up 
to 2.3 nun in diameter. 

The first two habits are still common in the areas of 
the quarry that are close to the Precambrian-Triassic 
unconformity. It is also reasonably common to find 
malachite associated with vanadates in both quartz
carbonate veins and in small cavities in the Triass ic 
breccia ncar the Precambrian-Triassic unconformity . 
Globules of green malachite, assoc iated with zales iite 
and chrysocolla (Fig. II ), occur in the Triassic breccia 
exposed below the incline on the south side of the 
quarry. 

MUSCOVITE (sericite), KAlzoA1Si30 IO(OH)2 

King (1973) noted that the southeast trending fault 
crossing the quarry contained belts of phyllonite with 
quartz-rich lenses that followed the lineation of the 
phyJlonite. These lenses contained sericite, white quartz, 
K-feldspar, epidote and chlorite . The sericite was 
dispersed amongst the quartz, both as felted masses (up 
to 20 mm x IS mm) of small malformed plates and 
rosette-like groups of tiny pl ates that were usually 
stained ye llow or pale brown from the oxidation of the 
adjacent chlorite. 

PALYGORSKITE (Pilolite), (Mg,Al~S~OIc(OH).4H20 

Evans and King (1962) have described the 
occurrences of palygorskite in Leicestershire (Bardon 
Hill Quarry, Coalville; Cliffe Hill Quarry, Stanton under 
Bardon; WaITen Quarry, Enderby) where it has fomled at 
the base of the breccia-filled Triass ic wadis and adjacent 
fractures in the Precambrian rocks. King (1973) 
describes a specimen from Bardon Hill Quarry in 
Leicester Museum (8811 0; named as 'pilolite') as a 
multiple leaved joint surface peel composed of very thin 
leaves that are iron-stained; the largest sheet (150 mm x 
80 mm) was very flexible and with no carbonates. In 
other cases, compact fibrous masses of palygorskite were 
associated with coarse ly crystalline calcite. The 
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catalogue of the collections at the Natural History 
Museum, London (Mike Rumsey, personal 
communication) and the entry on Mindat.org also refer to 
the palygorskite from Bardon Hill Quarry as 'pilolite'. 
More recently (1986) white coatings of palygorskite 
associated with native copper, cuprite, chrysocolla, 
azurite and some vanadates occurred on an E-W ridge of 
brecciated Precambrian porphyry and Triassic breccia 
adjacent to the Precambrian-Triassic unconformity (Bob 
King, personal communication). 

Figure 12. Dark grey acicular pyrolusite with white quartz and 
brown calcite (field of view 25 mm x 10 mm). Frank Ince 
specimen and photograph. 

PYROLUSITE, Mn02 

Pyrolusite with native copper, cuprite and copper 
carbonates occurred in the cavernous dolomite that 
cemented clasts of Triassic breccia that had fallen from 
the north face of the quarry adjacent to the Precambrian
Triassic unconformity (King, 1967). Dendritic growths 
of a dark-brown to black mineral that occur on joints in 
the Triassic breccia might also be pyrolusite or wad. In 
2003 isolated blocks of a shattered quartz vein in the 
southeast comer of the quarry afforded small black 
lustrous acicular crystals of pyrolusite (XRD!XRF; Craig 
Williams, personal communication) associated with 
brownish calcite, pink baryte and small amounts of 
vesignieite. In 2006, dark grey acicular crystals of 
pyrolusite associated with quartz and brown calcite (Fig. 
12) were found in situ partly filling cavities in a thin 
south trending vein (dip 40° west, width 12 mm) that 
appeared to have formed between a fine-grained green 
Precambrian volcaniclastic rock and the Triassic breccia . 

QUARTZ (chalcedony, jasper), Si02 

A variety of quartz veins occur in the rocks of the 
Precambrian sequence. The majority of these veins 
contain massive white quartz; however, cavities with 
good crystals are relatively rare. Quartz variety 
chalcedony is relatively common and is occasionally 
associated with quartz variety jasper. 

King (1973) noted that both ultra-acid pegmatite 
pods and ladder veins occurred in a major shear zone in 
the Upper Siberia Quarry. The ultra-acid pegmatite pods 
contained quartz lenses (up to 4.7 m x 0.76 m) that 
frequently occupied the footwall of the shear zone and 
contained quartz, K-feldspar, epidote, chlorite, sericite 
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and rare gold. The quartz was usually massive; however, 
cavities occasionally contained beautiful crystals. 
Bipyramidal habits were common while prismatic habits 
were rather rare. The majority of the quartz occurred as 
confused aggregates of mal formed (flattened) crystals 
that are typical of Cham ian occurrences. The ladder 
veins formed in an andesite dyke that was younger than 
the shear zone were typical of alpine-type veins and 
contained mainly white quartz associated with albite and 
chlorite. Occasional vugs contained slender prismatic 
quartz crystals (up to 18 mm in length); although some 
cavities contained malformed, twinned quartz crystals 
that displayed an almost tabular habit. The quartz was 
generally colourless; occasionally it was coated with 
and/or contained green chlorite inclusions. More 
recently, quartz crystals have been recovered from a 
number of different locations in the quarry : 

I. Dull white prismatic quartz crystals (up to 30 mm x 
10 mm) enclosing blades of what are probably 
goethite pseudomorphs after hematite were 
recovered from an almost vertical northeast trending 
quartz vein on the steep face below the summit of 
Bardon Hill in 1991 (this exposure can still be seen; 
however, it is now well above the working levels). 

2. In 1990-1991 cavities in a quartz-rich area of the 
major east-southeast trending fault and/or shear zone 
that crosses the quarry produced a few groups of 
excellent prismatic quartz crystals (up to 35 mm x 
15 mm) associated with brown dolomite; some of 
these crystals are doubly terminated (Neil Hubbard 
and George Lindo, personal communications). The 
majority of the quartz crystals are white at the base 
becoming transparent towards their terminations 
(Fig. 8) and occasionally contained a number of 
minute fluid-filled inclusions, some of which 
possess a gas bubble. 

3. In other areas of the same fault and/or shear zone, 
white to colourless quartz was associated with aggregates 
of small dark green hexagonal plates of vesignieite. 

4. The volcaniclastic rocks on thc south side of thc 
quarry host a number of east trending alpine-type 
veins; these veins contained small (up to 6 mrn) 
colourless prismatic quartz crystals (some of which 
are doubly tenninated). The quartz crystals are associated 
with pinkish albite, green epidote, greenish yellow to 
dark green chlorite, almost black hematite , cream 
dolomite, white to pinkish baryte or off-white calcite. 

Bardon Hill Quarry has been a source of chalcedony 
for over 150 years. It has been exploited as a rockery 
(' grotto ') stone and for lapidary work; however, 
considerable ski II is required to cut and polish the rather 
brittle material (King, 1973). Pink chalcedony, associated 
with heavily epidotised andesite, also occurred in the 
Upper Siberia Quarry in the 1960s and the contrasting 
colours made it particularly attractive for lapidary work. 
The majority of the pink (hematite containing) and, less 
frequently, green (chlorite containing) chalcedony occurred 
in east trending veins at the west end of the quarry. 

Quartz variety jasper occurs infrequently in the pink 
and green chalcedony veins ; the colour ranges from pink 
through bright red (Fig. 13) to an almost violet-brown. 
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Figure 13. Red quartz variety jasper with pale green quartz 
variety chalcedony (field of view 110 mm x 95 mm). Frank 
Ince specimen and photograph. 

The colour is due to a variable concentration of included 
hematite; this can take the form of aggregates of bri Iliant 
black micaceous plates some of which appear deep red in 
transmitted light (King 1973). 

RUTILE, TiOl 

Some east trending alpine-type veins on the south 
side of the quarry contained very small amounts of a 
yellow to pale orange fibrous mineral embedded in white 
quartz; analysis of this material has shown that it is 
titanium-rich (EDS; David Green, personal 
communication). This material was tentatively identified 
as rutile ; however, given that anatase occurs in the 
quarry, additional analytical work is required to confirm 
this occurrence. 

TENORITE (melaconite), euo 
King (1973) noted that tenorite was a component of 

the supergene copper mineralisation and occurred 'on the 
high north face of the main quarry .. . at SK 4546 1326 ... 
as black soft earthy coatings on dull-Iustered dark
coloured cuprite ... occasionally it may form minute black 
globules (maximum diameter 0.2 nun) or black dendrites 
on the cuprite surfaces'. A specimen in the collection of 
the Geology Department, University of Leicester 
(98841) possesses malachite and cuprite paltly coated 
with a black powdery mineral ; the label suggests that it 
could be tenorite (Kay Hawkins ,personal communication). 

In 2005, small amounts of cleavages of a bluish
green mineral occurred in the scree below the incline on 
the south side of the quarry; analysis of this material 
indicated that it was tyrolite (XRD/EDS; David Green 
and Neil Hubbard , personal communication). In 2006, a 
more thorough search of the same area provided 
additional material. The tyrolite occun'ed in very narrow 
fractures in the Precambrian volcaniclastic rocks that 
passed diagonally down the slope (apparent dip to the 
west) . Some of the volcaniclastic rock was fine-grained , 
some was quite coarse grained and associated with small 
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amounts of Triassic breccia; consequently, the 
occurrence was very close to the Precambrian-Triassic 
unconformity. The majority of the tyrolite occurred as 
deep bluish-green cleavage masses; however, one 
specimen possessed an aggregate (about 4 nun across) of 
radiating pale turquoise leaflets (Fig. 14). The tyro lite 
was associated with cuprite (some as very small deep red 
octahedral crystals), green malachite, bluish to greenish 
chrysoco\la, greenish yellow zalesiite and small amounts 
of pale blue azurite. 

Figure 14. Turquoise green tyroJite and pale green chrysocolla 
(field of view 7 mm x 5 mm). Frank Ince specimen and 
photograph. 

Figure 15. Green vesignieite on white quartz (field of view 5 
nun x 4 mm). Frank Ince specimen and photograph. 

Hubbard and Green (2001) reported the 
identification of vesignieite from Bardon Hill Quarry. It 
occurs in two distinct envirorunents that are close to the 
Precambrian-Triassic unconformity: 

I. As powdery crusts or aggregates of small very thin 
greenish yellow hexagonal plates in small cavities in 
pale grey-green Triassic breccia. 

2. In cavities in the quartz-rich areas of the major east
southeast trending fault and/or shear zone that 
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crosses the quarry. The vesignieite is associated with 
quartz, calcite, baryte or pyrolusite and, whilst most 
of it occurs as aggregates of thin greenish yellow 
hexagonal plates (XRD: Monica Price, personal 
communication), some of the plates are relatively 
thick, dark green in colour (Fig. 15) and associated 
with quartz and calcite. 

These habits are similar to the material found at 
other Leicestershire localities: Newhurst Quarry, 
Shepshed (King and Wilson, 1976; lnce, 2005) and New 
Cliffe Hill Quarry, Stanton under Bardon (Hubbard and 
Green, 2001; Hubbard et al., 2005). 

The occurrence of tangeite (CaCuV04(OH), 
calciovolborthite) has been mentioned in Russell Society 
field trip notes; while this might be reasonable, it was not 
recorded by King (1973) and supporting analytical data 
has not emerged during this study. 

A number of collections contain specimens labelled 
as volborthite: 

I. Geology Department, University of Leicester 
(110207): small patches of greenish-yellow powdery 
coatings ofvolborthite associated with greenish-grey 
chrysocolla, green malachite and minor cuprite in 
the dolomitic breccia near the Precambrian-Triassic 
unconformity (XRD: however, the file notes 
recommend additional, undefined, work; Kay 
Hawkins, personal communication). 

2. National Museum of Wales (NMW 78.33G.MI03): 
small patches of yellowish-green platelets of 
volborthite on Triassic breccia; however, a recent 
XRD analysis has shown that the majority of this 
material is vesignieite (Tom Cotterell, personal 
communication). 

3. Neil Hubbard: a purchased specimen possessing 
aggregates of greenish-yellow leaflets of volborthite 
with green malachite, pale green to blue grey 
chrysocolla and minor cuprite on dolomitic Triassic 
breccia (Neil Hubbard, personal communication). 

Bearing in mind this uncertainty, the occurrence of 
volborthite at Bardon Hill Quarry remains to be confmned. 

WAD 

King (1973) did not record the occurrence of wad; 
however, dendritic growths of a dark-brown to black 
mineral occur on joints in the Triassic breccia. Further 
analytical studies are required to determine if these are 
wad or pyrolusite. 

During the search of the area below the incline on 
the south side of the quarry that provided additional 
samples of tyrolite, small amounts of matted aggregates 
and radiating groups of minute greenish-yellow acicular 
crystals (fig. 11) were found associated with malachite 
and chrysocolla. Analytical studies indicate that this 
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material is zulesiite (XRD/EDS; David Green and Neil 
Hubbard, personal communication). 

DISCUSSION 

In his thesis, King (1973) provided' Some thoughts 
on the genesis of the local mineral deposits' in 
Leicestershire; only a proportion of these thoughts were 
related to the mineralisation at Bardon Hill Quarry. This 
discussion considers aspects of the hypogene and 
supergene mineralisation, together with factors 
influencing the metallogenesis. 

Hypogene mineralisation 

Episodes of hypogene mineralisation occur in a 
number of different settings. The medium-high 
temperature hypogene mineralisation occurs in various 
quartz- and/or carbonate-rich veins, some of which are 
associated with major faults and shcar-zones in the 
Precambrian rocks. The low-medium temperature 
hypogene mineralisation occurs in the Precambrian rocks 
and in the Triassic sediments that are adjacent to the 
Precambrian-Triassic unconformity. 

Medium-high temperature hypogene mineralisation 

The medium-high temperature hypogene mineralis
ation occurs in several settings: 

I. A major southeast trending fault and/or shear zone 
exposed on the north face of Siberia Quarry in 1950 
(King, 1967); this could be the series of southeast 
trending faults and augen-schist shown on the 
geological map provided by Jones (1926). King 
(1973) described ultra-acid pegmatite pods in this 
shear zone that contained quartz lenses together with 
ladder veins that cut an andesite dyke in the fault 
and/or shear zone. Both of these structures contain a 
variety of additional minerals and it is evident that at 
least two episodes of hypogene mineralisation have 
taken place in this area. 

2. A major east-southeast trending fault and/or shear 
zone that crosses the quarry (Fig. 2); the geological 
map provided by Jones (1926) shows a major fault 
in a simi lar position but with a southeast trend. This 
fault and/or shear zone contains significant amounts 
of quartz (also chalcedony and jasper) and a variety 
of additional minerals. 

3. A number of smaller alpine-type veins occur in 
various orientations in other parts ofthe quarry. 

There is a paucity of data from fluid inclusion 
studies or field evidence; consequently, the 
mineralisation conditions and temporal relationships 
between these episodes of medium-high temperature 
mineralisation are uncertain. fluid inclusion studies 
might be possible as the quartz crystals shown in Fig. 8 
contain a number of minute fluid-filled inclusions, some 
of which possess a gas bubble. King (1968) suggested 
that the major southeast trending faults and/or shear 
zones were of Precambrian agc and Le Bas (1996) noted 
that some of thc latcr quartz veins and mineralisation 
(and the more widespread epidotisation) could be of 
Caledonian age. It is probable that these veins and shear 
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zones have been subjected to mineralisation on several 
occasIOns. 

Low-medium temperature hypogene mineralisation 

Low-medium temperature hypogene mineralisation 
occurs in several settings: 

1. Evans and King (1962) proposed a low-medium 
temperature process for palygorskite fonnation. This 
involved its precipitation from downward
percolating magnesium- and silicate-rich fluids 
'which were in direct cotmection with the lakes and 
rivers in which the basal Triassic sediments of the 
area were deposited'. If this process occurred during 
the early diagenesis of the immature Triassic 
sediments, it would have taken place in the late 
Triassic or early Jurassic periods. 

2. King (1968) suggested that the east trending 
chalcedonic quartz veins were an example of low 
temperature mineralisation of Caledonian age. 

3. The pyrolusite mineralisation that is associated with 
some of the quartz-calcite veins close to the 
Precambrian-Triassic unconformity . 

4. The native copper mineralisation adjacent to the 
Precambrian-Triassic unconformity is probably 
another example of Triassic red bed mineralisation 
in the Charnwood Forest area of Leicestershire 
(King, 1967; Ixer ef al. , 2005). Any convincing 
model needs to identify the sourcc of the coppcr and 
cxplain its subsequent precipitation as native copper. 
The discussion below focuscs on possible sources of 
the copper, the origin of the copper-containing fluids 
and the mechanism for the subsequent fOnl1ation of 
native copper under red bed conditions. 

The recently proposed models for the genesis of a 
remarkable suite of copper minerals (including native 
copper) at New Cliffe Hill Quan)' (only 2 km to the 
south of Bardon Hill Quany) are relevant to this 
discussion. Hubbard et af. (2005) suggested that the 
copper mineralisation probably ' originated as an 
oxidised hypogene vein or veins in a Triassic valley 
system'. Bridges (2007) suggested that the copper 
minerals accumulated in an anoxic pool that occasionally 
dried out, a cyclical process that could have generated 
either reducing or oxidising conditions. Both of these 
proposals involve supergene mechanisms. Ixer et al. 
(2005) suggested that the petrography of the New Cliffe 
Hill deposit did not really support the oxidised hypogene 
vein model and proposed that it was an example of red 
bed mineralisation. 

The Precambrian rocks exposed at Bardon Hill 
Quarry would appear to be an obvious source of the 
required copper; however, there are no records of any 
hypogene veins containing primary copper minerals. 
Whole rock geochemical analysis data indicates that 
there are low to moderate concentrations of copper in the 
Precambrian rocks (Thorpe, 1972; Webb and Brown, 
1989; Lc Bas, 1996). More recent whole rock analyses 
have demonstrated the occasional occurrence of larger 
concentrations of copper (up to 245 ppm), probably as 
chalcopyrite (John Carney and Gill Weightman, personal 
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communications) . This copper could have been 
remobilised as described below. 

A number of models of red bed mineralisation have 
been proposed in which copper (together with other 
metals) originating from the red bed sediments 
accumulated in brines formed during and after diagenesis 
(Naylor et al., 1989; Metcalf ef aI. , 1994; Brown, 2005; 
Shepherd et al., 2005). In the Cham wood Forest area, the 
copper was probably derived from the Triassic sediments 
that accumulated during the sub-aerial erosion of the 
copper-containing Precambrian igncous and volcaniclastic 
rocks (Thorpe, 1972; Webb and Brown, 1989; Le Bas, 
1996; King, 1998; John Carney and Gill Weightman, 
personal communications). The fom1ation of the copper
rich fluids during the early diagenesis of the immature 
Triassic sediments would have taken place in the late 
Triassic or early Jurassic periods. Pearson and Jeffrey 
(1997) reported fluid inclusion studies on minerals from 
the South Leicestershire Diorite (primarily Croft 
Quan)') . They suggested that their studies provided 
evidence for the involvement of post-Triassic brines in 
the genesis of unconformity-hosted base-metal (copper
manganese) mineralisation III Leicestershire. Two 
distinct mineralising fluids were identified: a relatively 
high temperature, low salinity fluid (100-320 °C; 0.2-5 .9 
wt% NaCI equivalent; probably of meteoric origin) and a 
relatively low temperature, high salinity fluid (41-165 
DC; 0.4-16.7 wt% NaCI equivalent; probably 
representing a basinal brine). It is possible that the latter 
fluid could be associated with the red bed mineralisation. 

The red bed mineralisation mechanism requires that 
the brines (in the case of the Cham wood Forest area 
those derived from the Triassic sediments) release their 
metallic components when they encounter the 
appropriate geochemical and topographical conditions. 
At Bardon Hill Quarry, the native copper must have 
precipitated from copper-containing, sulphide-depleted 
brines under weakly oxidising or reducing conditions 
(Garrels and Christ, 1965; Metcalf et 01., 1994; Brown, 
2005). This could have occun·ed during the mixing of the 
copper-rich fluids from the Triassic sediments with 
sulphide-depleted, rcduced brines from the Precambrian 
basement or by interaction with reduced lithologies or 
organic material (Markl and Bucher, 1997; Shepherd et 
al., 2005). In the presence of excess reducing agent 
native copper would be the anticipated product, with 
cuprite being formed as the amount of reducing agent 
decreased, i.e., as the oxidation potential (Eh) increases; 
finally, as the reducing agent was further depleted, 
tenorite or, in the presence of carbon dioxide, malachite 
would be fonned (Williams, 1990). This deposition 
sequence (native copper coated with cuprite coated with 
malachite) is a common mineral association in the rocks 
adjacent to the Precambrian-Triassic unconformity. 

Supergene mineralisation 

The copper-dominated supergene mineralisation 
occurs mainly in the Triassic breccia and joints in the 
Precambrian rocks adjacent to the Precambrian-Triassic 
unconfonnity. The oxidation of the native copper fonned 
during the red bed mineralisation should produce the 
sequencc native copper coated with cuprite andlor 
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malachite as Eh increases. With a higher partial pressure 
of carbon dioxide, azurite could be produced. In the 
presence of silicate-rich fluids, the formation chrysocoUa 
would be expected; occasionally producing pseudo
morphs of existing copper minerals. The release of 
copper (and the other mineral-forming elements) from 
the Precambrian basement under oxidising conditions 
could also produce a similar suite of minerals . The 
progress of these processes would depend upon the level 
of the water table and its control of Eh , pH and the 
availability of carbon dioxide (Garrels and Christ, 1965; 
Williams, 1990). 

The vanadium needed for the formation of the 
supergene vanadates probably originated via the 
oxidation of vanadium-containing minerals in the 
Precambrian rocks; whole rock analyses have 
demonstrated the occasional occurrence of up to 250 
ppm of vanadium (John Carney and Gill Weightman, 
personal communications). The supergene geochemistry 
of vanadium is complex (Williams, 1990); consequently, 
additional studies will be required before a convincing 
model of the vanadium mineralisation in Leicestershire 
can be constructed. 

As increasing concentration of additional elements 
became available, the other minerals of the supergene 
suite could form. The Triassic sediments probably 
provided the barium and calcium (and the sulphate). The 
oxidation of iron-containing minerals in the Precambrian 
rocks or the hematite-magnetite-goethite in the alpine
type veins provided the iron. The small amounts of 
arsenic required for the formation of tyrolite and zalesiite 
presumably arose from the oxidation of arsenic-rich 
horizons in the Precambrian volcaniclastic rocks. 
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EDINGTONITE, HARMOTOME AND OTHER VEIN MINERALS AT THE 
CONLIG - WHITESPOTS LEAD MINES, CO. DOWN, NORTHERN IRELAND 

Norman R, MOLES 
School of Environment and Technology, University of Brighton, Cockcroft Building, Lewes Road, Brighton BN2 4GJ. 

The barium zeolites harmotome and edingtonite occur rarely as small eubedral crystals at the nineteenth century 
lead mines near Newtownards in Northern Ireland; this is the first reported occurrence of edingtonite in Ireland, 

Previously it was suggested that harmotome formed during a phase of hydrothermal activity associated with 
intrusion of a Tertiary dolerite dyke through the ore-bearing breccias that are of probable Carboniferous age. 
Examination of further specimens suggests that harmotome crystallised during both the primary phase of ore 
formation and the subsequent dyke intrusion. Edingtonite occurs in vugs in the breccia as encrusting equant 

crystals up to 100 11m, but bas not been found together with harmotome. Tbe breccias also contain baryte, calcite, 
dolomite, clay minerals, quartz, galena, sphalerite, pyrite and chalcopyrite, 

INTRODUCTION 

For a short period in the mid-nineteenth century, the 
Conlig-Whitespots Lead Mines (Fig. 1) produced more 
ore than the combined output of all other lead mines in 
Ireland (Woodrow, 1978). Production peaked in 1852 
and then declined rapidly, effectively ceasing in 1865. 
Ore was recovered via ten shafts and adits from a single, 
N6°W-trending, vein structure extending over a length of 
l.6 km and to a depth of 366 m from surface (>300 m 
below sea level). The northern and southern extremities 
of the former mine site are today marked by the ruins of 
two Cornish engine houses and chimney stacks (at the 
Conlig and Bog Shafts), in between which are a windmill 
stump (used as a stamp mill), two additional chimney 
stacks (at the North and South Engine Shafts), and 
remnants of once extensive spoil heaps. These features 
lie within a Country Park with woodland and a golf 
course to the north, and to the south rough ground used 
for motorbike scrambling (Fig. 2). Tailings impound
ments in the valley south of the South Engine Shaft are 
an environmental hazard as the cerussite-rich tailings are 
being eroded and tailings material is accumulating in a 
field used for grazing horses (Moles et al., 2004). 

Figure 1. Regional geology of North Down showing the 
location of the Conlig - Whitespots Lead Mines. 
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Figure 2, Sketch map of the Whitespots Lead Mines showing 
sites mentioned in this article. Conlig Mine (not shown) is 
located 200 m north of the North Engine Shaft chimney stack. 

The mines have long been flooded and underground 
collecting is now impossible as the shafts have been 
capped. Collections such as in the Ulster Museum 
include mineral specimens collected while the mines 
were active. Recent collecting is limited to the spoil 
heaps in the vicinity of the North Engine Shaft and the 
South Engine Shaft - Windmill stump area (Fig. 3). 
Intermittent removal of small amounts of spoil for 
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footpath maintenance from the North Engine Shaft helps 
to refresh the resource. The spoil heaps were designated 
as an ASSI in 1998 for mineralogical and botanical 
conservation, notably for the first reported occurrence of 
hannotome in Northern Ireland. Specimens illustrating 
this article were collected by the author in the period 
1975 to 2005. The aims of this article are to describe the 
vein mineralogy, to report the occurrence of edingtonite 
and to update a previous interpretation of the paragenesis 
ofhannotome (Moles and Nawaz, 1996). 

Figure 3. Interpretive board with a map of the Whitespots mine 
site showing the general appearance of the area. 

GEOLOGY AND MINERALISATION 

Griffith and Wilson (1982) summarise the mining 
history , geology, and previous interpretations of the 
origin and age of the ore. The mineralisation is contained 
within brecciated and veined Silurian greywackes and 
shales, and comprises early (sulphide-barren) silica
matrix and later (sulphide-bearing) dolomite-matrix 
breccias, both commonly vuggy. Sulphur isotope 
analyses suggest that the sulphides and associated baryte 
were deposited by hydrothermal fluids in the 
Carboniferous Period (Parnell, 1995; Moles et al. , 1997). 
A dolerite dyke of presumed Palaeocene age intrudes the 
mineral lode. According to contemporary accounts 
(reported by Griffith and Wilson, 1982), veins of galena
bearing baryte were found within the dolerite. Such veins 
have not been found within dolerite on the spoil heaps, 
where calcite is the principal mineral veining dolerite. 

COMMON VEIN MINERALS 

BAR YTE, BaS04 

Baryte typically fonns white, bladed aggregates up 
to 5 em in diameter which often enclose crystals of 
sphalerite, galena and dolomite. Where vug space was 
available, the bladed aggregates have been overgrown by 
colourless or translucent grey-green , lozenze-shaped 
crystals (Fig. 4) . Similar-shaped, isolated crystals of 
transparent baryte also perch on dolomite. In some 
specimens, baryte occurs as late-formed, transparent 
matchstick-like crystals < 1 mm in diameter that were 
mistaken for cerussite until XRD analyses confirmed 
them as baryte . Baryte is also found as tiny transparent 
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plates, up to 100 !lm wide and 15 !lm thick, perched on 
edingtonite (Figs. 10-1 I). 

Unpublished EMPA data for the white bladed baryte 
indicates that strontium contents are in the range 2-7 
wt% SrS04' In contrast, SrS04 is <0.5 wt% in late
formed acicular and platy baryte. 

Figure 4. Translucent grey-green baryte crystals within 
dolomite-matrix breccia from near the South Engine Shaft. 
Width of view 25 mm. 

CALCITE, CaC03 

Calcite invariably crystallized after baryte and dolomite 
and typically fomls colourless to milky white, equant 
trigonal prisms and stumpy crystals of the ' nail head 
spar' variety (Figs . 5, 7 and 16). Calcite occasionally 
fonns conical and acicular crystals. Veins within dolerite 
are often filled exclusively by white calcite, sometimes 
accompanied by subordinate pyrite and harmotome. The 
paragenetic relationship between calcite and hannotome 
is not straightforward and is discussed under harmotome. 

Figure 5. Calcite crystals surrounding a mass of pyrite 
(tarnished), North Engine Shaft. Width of view 35 mm. 

CHALCOPYRITE, CuFeS2 

Chalcopyrite occurs typically as equant, 2-8 mm 
diameter, twinned crystals that are perched on saddle 
dolomite or encapsulated within bladed baryte. Exposed 
sUlfaces are unually oxidised with an iridescent coating. 
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CLAY MINERALS 

Clay minerals occur as late-formed vug and vein 
fills and in the matrix of breccias, and also formed 
through hydrothermal alteration of the greywacke host 
rock. Several species were identified by XRD. Nacrite 
forms soft cream-coloured masses on dolomite in one 
specimen and dickite was confirmed in another 
specimen, both from the North Engine Shaft spoil. Pale 
green sericitic muscovite and saponite occur as alteration 
of rock fragments in silicified breccias. Illite is a 
component of the cementing material in a specimen of 
brecciated baryte. 

Dolomite is the most abundant hydrothermal 
mineral, cementing dolomite-matrix breccias and 
forming typically 2-4 rruu wide, saddle-shaped rhombic 
crystals where it lines vugs (Figs. 6, 8, 9 and 16). 
Usually cream to beige in colour, dolomite occasionally 
has pink to red growth bands that are probably due to the 
incorporation of traces of hematite. SEM-EDX spectra 
show the presence of iron within dolomite and peak 
matching of XRD scans indicate an ankeritic dolorn.ite 
composition. 

Figure 6. Orange-stained dolomite crystals encnlsting a bed of 
small quartz crystals, within dolomite-matrix breccia, North 
Engine Shaft. Note the red-coloured dolomite visible at the 
bottom left. Width of view 40 mm. 

GALENA, PbS 

Galena corruuonly occurs as crystalline masses within 
the dolomite-matrix breccia, often enclosed within white 
baryte. Occasionally galena occurs as well-formed cubic 
and cubo-octahedral crystals within vugs (Fig. 7). 

PYRITE, FeS2 

A relatively uncommon mineral in the rn.ineralised 
breccias, pyrite crystallized both early and late in the 
paragenetic sequence. Early-formed masses of pyrite are 
enclosed within dolomite and baryte or mantled by 
calcite (Fig. 5), and late-formed pyrite occurs as cubic 
crystals and pyritohedra encrusting dolomite along with 
calcite (Fig. 7). Pyrite is a corruuon minor constituent of 
calcite veins through the dolerite dyke. Tiny pyrite hemi-
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Figure 7. Crystals of galena, pyrite (golden·yellow due to 
tarnish) and translucent calcite encrusting dolomite, North 
Engine Shaft. Width of view 30 mm. 

spheres, 50-60 11m in width, commonly spot the surfaces 
of calcite and cruciform harmotome crystals (Fig. 14). 
The growth of late-paragenetic pyrite crystals on 
harmotome has been noted elsewhere, for example at 
Strontian, and at the StJuy lead mines (Russell, 1946). 

QUARTZ, Si02 

Silica occurs as visibly crystalline quartz and as 
chalcedony, both of which are major components of the 
silica-matrix breccias. These pre-date crystallization of 
dolomite and other components of the dolomite-matrix 
breccias, which may occupy vugs in the silica-matrix 
breccias. Silicified breccias in which quartz and 
chalcedony constitute typically 30-70% of the rock 
volume, are abundant in the spoil from the South Engine 
Shaft. Chalcedony may show flow-like structures and 
striations possibly due to fault movement during its 
precipitation. Quartz also occurs as milky white veinrock 
in the host greywackes, and fragments of this pre
existing quartz have been found incorporated into the 
dolomite-matrix breccias. 

SPHALERITE, ZnS 

Dark brown to nearly black (iron-rich) sphalerite is a 
minor constituent of the main phase mineralisation 
hosted in dolomite-matrix breccias. Sphalerite crystals 
are often enclosed within masses of white bladed baryte, 
and sometimes occur as equant, twinned crystals up to 10 
rruu wide on dolomite crystals in vugs within the 
mineralised breccia. 

BARIUM ZEOLITES 

The occurrence of edingtonite in material from the 
Conlig-Whitespots mine site was suspected initially 
from the distinctive morphology of transparent blocky 
crystals which show an asyrruuetric development of 
small sphenoidal faces. The crystals to around 100 flm 
across, previously thought to be harmotome, encrust 
dolomite in a specimen of mineralised breccia (Fig. 8). 
Identification was confirmed by XRD and EMPA analyses, 
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Figure 8. Etched crystals of edingtonite up to 100 j.lm wide 
perched on a dolomite crystal in a vug i.n dolomite-matrix breccia 
(specimen 92/ 1). Scanning electron micrograph, Queen ' s 
University Belfast. Reproduced with the permission of the Irish 
Journal of Earth Sciences (Moles and Nawaz, 1996, Fig. 4b). 

the latter giving the formula (0 and H20 not determined): 
[Bal06,Nao.12,Ko05 lAII98Si2940IOAH20. The SEM image 
shown above was first published by Moles and Nawaz 
(1996) who incorrectly identified the mineral as 
harmotome (although other small equant crystals 
described by these authors are indeed harmotome). 

Edingtonite with similar characteristics has since 
been found in further specimens of mineralised breccia 
collected from the NOlth Engine Shaft spoil. 
Identification was again confirmed by XRD powder 
scans, crystal shape and qualitative EDX analyses. In 
some speCimens, dolomite crystals are partially 
encrusted by small edingtonites (Figs. 9 and 10) while in 
others, edingtonite encrusts both dolomite and calcite 
(Fig. 11). Some further growth of calcite has partially 
enveloped these edingtonite crystals, a feature also 
observed with harmotome, as described below. The 
edingtonite crystals have smooth facets except for rough 
(00 I) faces, and most have deep cavities located in the 
centres of prism faces. It is not clear whether these 
cavities result from skeletal growth or from subsequent 
dissolution. Platy baryte sometimes occupies the cavities. 

Figure 9. Small (-100 j.lm) equant edingtonite crystals 
encrusting dolomite vug in dolomite-matrix breccia (specimen 
99/1), North Engine Shaft. Width of view 15 mm. 
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Figure 10. Edingtonite crystals on etched dolomite, specimen 
99/ 1. Note the roughness of the (00 I) faces. The white plate at 
centre right is baryte. SEM back-scattered e lectron image, 
University of Brighton. 

Figure 1 J. Calcite encrusted by crystals of edingtonite, some 
of which are partially enveloped in furth er calcite. Note the 
pitting and a small crystal of platy baryte (white). Specimen 
99/3. SEM back-scattered electron image, University of Brighton. 

Harmotome from the Conlig-Whitespots spo il heaps 
was first noted in specimens collected in 1927 and 1943 
by Arthur Russell (unpublished manuscript, Natural 
History Museum). Hannotome is a rare mineral in 
specimens from the minc site; Moles and Nawaz (1996) 
had found only four specimens with cruciform Marburg 
twinned crystals up to 2 nun wide and 10 nun long. 
Signjficantly, harmotome crystals with this habit were 
found within both the mineralised breccia and within 
calcite veins in dolerite which intrudes through the 
breccia (Fig. 12). This was interpreted as evidence that 
the harrnotome formed during a period of hydrothermal 
activity associated with dyke intrusion in the Palaeocene. 

Moles and Nawaz (1996) also described another 
form of harmotome at the site, occurring as stumpy 
crystals typically around 100 f.lm in diameter that encrust 
earlier-formed crystals in vugs (Fig. 13). These crystals 
exhibit both Morvenite twinning and complex Stempel 
twins (el Tschernich, 1992). Moles and Nawaz noted 
that harmotome morphology was not related to the host 
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rock type, as both habits were found within veins in the 
dolerite dyke as well as within the mineralised breccia. 
However, from microprobe analyses of harmotomes in 
four specimens (three from veins in dolerite and one 
from the mineralised breccia), Moles and Nawaz found 
that dolerite-hosted harmotomes have higher K and Al 
contents than breccia-hosted hannotome at Whitespots. 
They attributed this to differences in the composition and 
temperature of the hydrothermal fluids from which the 
harmotome crystallized. Moles and Nawaz also reported 
analyses of harmotomes from a range of other localities 
and found these to have compositions similar to the 
breccia-hosted harmotomes at Whitespots. 

Since 1996, further specimens have been found of 
mineralised breccia containing cruciform prisms of 
harmotome showing complex Marburg twinning with a 
range of habits (Figs. 14 and 15), and in which vugs are 
encrusted with tiny equant crystals of harmotome. This 
latter form of harmotome could have been overlooked as 
specimens of crystals with encrustations tend to be avoided . 

Figure 12. Transparent cruci fonn prisms of hannotome 
(complex Marburg twins with re-entrants) on calcite crystals in 
a vein through dolerite. Specimen from the windmill stump at 
Whitespots collected by Colin Reid and the author in 1976. 
Ulster Museum collection 110993 and photograph. 

Figure 13. Stumpy crystals of hannotome up to 1.5 rum wide 
encrusting calcite in a vein within dolerite (specimen 93/1). 
Scanning electron micrograph, Queen's University Belfast. 
Reproduced with the permission of the Irish 10urnal of Earth 
Sciences (Moles and Nawaz, 1996, Fig. 4c). 
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Figure 14. Transparent crucifonn prisms of harmotome 
(Marburg twins with re-entrants) encrusting dolomite in a vein 
within greywacke, North Engine Shaft. Width of view 15 rom. 
Tiny dark spots are pyrite. 

Figure 15. Hannotome showing crucifonn Marburg twin with 
fe-entrants and absence of {100} fonns, in a vug within 
dolomite-matrix breccia, Windmill slump. Width of crystal 2 
rum. David Green photograph. 

As yet, no specimens have been observed with both 
large cruciform and small stumpy harmotome crystals 
occurring together, so the chronological relationship 
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between these forms is uncertain. However, in one 
specImen of mineralised breccia with cruciform 
hannotomes (Fig. 16), calcite crystals 3-4 mm in size 
have clearly grown over and partially encapsulated 
earlier-formed hannotome crystals . These relationships 
suggest that there are two generations of hannotome in 
the mineralised breccia: (i) crucifonn crystals that 
fonned during the later stages of the main hydrothelmal 
mineralising event (most likely in the Carboniferous) and 
(ii) equant micro-crystals that formed subsequently, most 
likely due to the reactivation of hydrothem1al activity 
following dyke intrusion in the Palaeocene (Fig. 17). 

Figure 16. Calcite, ham1Otome, dolomite and pyrite in vug 
within dolomite-matrix breccia, South Engine Shaft. The 
calcite crystals have overgrown cruciform harmotome (clearly 
visible to the left of centre). Width of view 14 mm. Specimen 
collected and photograph taken by the author; specimen 
presently in N. Hubbard's coLlection. 
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Period : 'Caledonian' . Carboniferous : Palaeocene 
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Figure 17. Suggested paragenetic sequence of the vein 
minerals in the Conlig-Whitespots lead mines, modified from 
Moles and Nawaz ( 1996). 
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SECONDARY MINERALS 

Although not the main focus of this article, it is 
worthwhile recording briefly the supergene minerals and 
weathering products observed in material from the 
Conlig- Whitespots mines. Cerussite is common in spoil 
material and fine-grained cerussite is a major component 
of the tailings impoundments (Moles et al. , 2004) . 
Malachite, azurite, limonite and gypsum are widespread 
as sulphide oxidation products (con finned by XRD). 
Pyromorphite has been reported previously (Griffith and 
Wilson, 1982) though not confirmed in the present study. 

COMPARISONS WITH OTHER BARIUM 
ZEOLITE OCCURRENCES 

The rare barium zeolite edingtonite is known from 
few localities worldwide and this is the first reported 
occurrence from Ireland. Edingtonite was first described 
by Haidinger (1825) in a specimen of thomsonite with 
harmotome and calcite from the Kilpatrick Hills near 
Glasgow. Greg and Lettsom (1858) and Heddle (190 I) 
report edingtonite occurring in amygdales and veins in 
Carboniferous lavas at several quarries in the Old 
Kilpatrick area, and Meikle and Todd (1995) illustrate an 
occurrence in Loanhead Quarry. Hubbard and Enamy 
(1993) report edingtonite at Squilver quarry, Shropshire, 
associated with prehnite and calcite crystallised on joint 
fills in dolerite . Outside the UK and Ireland, edingtonite 
occurrences are mainly associated with epithennal vein 
and replacement deposits and with nephelene syenite and 
carbonatite intrusions (Deer et al., 2004). 

Crucifonn harmotome similar to that described here 
is recorded from many localities, mostly as a late 
paragenetic species in lead-silver mineral vcins but also 
formed by hydrothennal alteration of volcanic rocks. In 
Ireland, hannotome was described by Joly (1886) 
occurring in mine output from the Luganure lode at 
Glendalough in County Wicklow, Green et al. (2005) 
provide a modem account of this occurrence and also 
record harmotomc from Tara Mines at Navan in County 
Meath. Although Greg and Lettsom (l858) reported 
harmotome in basalt from the Giant's Causeway, County 
Antrim. this was subsequently proven to be phillipsite 
(Tschernich, 1992). 

The most famous and prolific locality for harmotome 
111 Britain is the Strontian lead mines in the Highland 
region of Scotland. Other vein deposits in Britain that 
have yielded specimens of harmotome include the Benallt 
Cwm Orog and Pen-y-Clun mines in Wales (Morgan and 
Starkey, 1991), Hilderston Silver Mine and Hilderston 
Quarry, Lothian, and Goat Quany, Aberdour, Fife, Scotland; 
in various localities of the Northern Pennine Orefield 
(Young and Bridges, 1984; Green and Nudds, 1998); and 
at Grisedale, Uliswater, Cumbria (Todhunter, 2007). 

Hannotome associated with volcanic and intrusive 
mafic igneous rocks occurs at several localities in 
Britain. Carboniferous basaltic and andesitic lavas in 
Strathclyde contain vein- and amygdale-filling secondary 
minerals including harmotome at several localities, 
including Loanhead Quarry which is also an edingtonite 
occurrence (Meikle, 1989; Meikle and Todd, 1995). 
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Young and Bridges (1984) describe hannotome in a 
mineral assemblage associated with hydrothennal 
alteration of the Penno-Carboniferous Whin Sill dolerite 
in Northumberland. Hubbard and Enamy (1993) note 
that harmotome is paragenetically earlier than 
edingtonite in dolerite joint-fills at Squilver quarry. 

These occurrences add weight to the suggestion that 
hannotome at the Conlig-Whitespots lead mines fonned 
during two events, firstly as a late-paragenetic mineral 
during mineralisation of the hydrothennal breccia in the 
Carboniferous, and secondly during low-temperature 
hydrothennal activity following intrusion of the 
Palaeocene dolerite dyke through the breccia. This 
sequence of events is very similar to that which occurred 
at Strontian (D. Green, personal communication). 

The paragenetic position of edingtonite at Conlig
Whitespots is less certain as it has not been found 
directly associated with harmotome. However the 
similarity in crystal size and habit to 'stumpy' 
hannotome (tiny crystals encrusting late-fonned calcite) 
suggests that edingtonite also formed during the 
Palaeocene dyke intrusion event. 
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BUTTGENBACHITE FROM CORNWALL: 
A SINGLE-CRYSTAL X-RAY STUDY 

Peter LEVERETT, Peter A. WILLIAMS 
School of Natural Sciences, University of Western Sydney, Locked Bag 1797, 

Penrith South DC NSW 1797, Australia; e-mail: p.leverett@uws.edu.au;p.williams@uws.edu.au 

David E. HIBBS 
School of Pharmacy, University of Sydney, NSW 2006, Australia 

A single-crystal X-ray structure of a supposed connellite specimen originally from the collection of N. Story
Maskelyne, Cornwall (Natural History Museum specimen BM 1951,455) has shown that the crystal examined is in 
fact buttgenbachite. There is no evidence for the presence of any sulphate in the lattice. The origin site is partially 
occupied by a chloride ion, and nitrate and chloride ions are disordered in the channel site at 2/3, 113, z. A lattice 
water molecule is also present in the channels parallel to c that host nitrate and chloride. The empirical formula 
CU36CIs.13(N03)1.09(OHh2,7M·5.22H20 was obtained on the basis of the refinement of the structure (RJ = 0.042). Site 

occupancies associated with the complex pattern of solid solution phenomena and thus the stoichiometry are 
remarkably similar to those found in the structure of a sample of buttgenbachite from the Cole shaft, Bisbee, 

Arizona. 

INTRODUCTION 

We have reported single-crystal X-ray structures of 
three specimens of buttgenbachite, ca. 
CU36CI6(NO,MOH)64'nH20, from the Toughnut mine, 
Tombstone, Arizona, USA, the Likasi mine, Jadotville, 
Shaba Province, Democratic Republic of Congo and the 
Cole shaft, Bisbee, Arizona (Hibbs et al., 2002; 2003a). 
We have also reported the structures of specimens of 
connellite (the sulpllate analogue of buttgenbachitc with 
a formula comparable to that above) from the Great 
Australia mine, Cloncurry, Queensland, Australia (Hibbs 
et al., 2003b) and from the Shattuck mine, Bisbee, 
Arizona (Hibbs el al., 2006). The connellite
buttgenbachite solid solution is not simple and single
crystal structural studies have been necessary to resolve 
structural details concerning oxyanion sites in the lattice 
(Fanfani et al. , 1973; McLean and Anthony, 1972). The 
complexity of the solid solution arises from changes in 
occupancy of H20, H30+ and cr at the origin of the unit 
cell, of cr and N03' at two other sites in the lattice, and 
the substitution of sulphate for nitrate at one of the latter 
sites; this is further complicated by variable amounts of 
water in the large structural channels that host the anions 
other than hydroxide, 

Connellite was originally found in Cornwall in the 
Wheal Providence and is known from numerous other 
mines in the area (Bannister el al., 1950; Palache et a/., 
1951 ; Embrey and Symes, 1987), Buttgenbachite has 
been repoltcd to occur in the Botallack mine (Anthony et 
01. , 2003), but definitive data are not available in the 
literature. A single-crystal structure analysis, details of 
which are reported below, of a specimen labelled as 
connellite (Natural History Museum specimen BM 
1951 ,455) has confirmed that the material examined is in 
fact buttgenbachite, with no evidence for any sulphate in 
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the lattice. However, connellite does certainly exist in the 
Cornish deposits, as evidenced by analyses which 
showed nitrate to be absent (Bannister et 01. , 1950). 

EXPERIMENT AL 

The crystal used for the structure determination was 
off a specimen from the collections of the Natural 
History Museum, London (BM 1951,455). The specimen 
was originally from the collection ofN. Story-Maskelyne 
and was presented to the Natural History Museum by 
lA. Arnold Forster in 1951. A note in the catalogue 
states "Probably material used in analysis etc. N. Story
Maskelyne and V, von Lang, Phil. Mag., 1863, ser. 4, vol 
25." Story-Maskelyne and von Lang (I863) performed 
some of the earliest goniometric measurements on 
minerals of the connellite-buttgenbachite group. 
Unfortunately, the locality information for BM 1951,455 
is limited to "Cornwall." It may have come from one of 
many mines, but is likely to have come from tbe type 
locality. The particular "Wheal Providence" noted as tbe 
type locality for connellite was probably that which was 
ultimately incorporated into Wheal Gorland. Embrey and 
Symes (1987) figure two spectacular specimens of 
connellite, one from Wheal Muttrell, which was 
incorporated in Gorland prior to 1810, This specimen 
(BM 1912,77) had been sold to the collector Isaac 
Walker by the dealer Henry Heu1and in 1832. The 
second specimen (BM 1964R,12156), also from Wheal 
Gorland, was originally acquired by Philip Rashleigh in 
the 1790s, Nevertheless, shortly after the work of Story
Maskelyne and von Lang (1863) appeared, an analysis of 
connellite, originally named tallingite, was reported by 
Church ( 1865), The latter material was from the 
Botal1ack mine and it is possible, though unlikely given 
the timing, that this was the source of the specimen used 
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Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

v 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
e range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Refmement method 
Data/restraints/parameters 
Goodness-of-fit on F2 
Final R indices [J>2o{1)] 
R indices (all data) 
Extinction coefficient 

H 73 ,22ClS,13 CU36N 1,09071,28 

3805 .21 
293(2) K 
0.71073 A 
Hexagonal 
P63/rnrnc 
a = 15 .764(5) A 
c = 9.095(5) A 
1957.3(14) A' 
1 
3.228 g cm') 
9.931 mm· 1 

1833 
0.3 x 0.2 x 0.2 mm 
2.58 to 28 .61 0 
-20~h~ 19, -20~k~20,-12~/~ 12 

14863 
925 [R(int) = 0.0279] 
Full-matrix least-squares on F 
925/ 1/64 
1.147 
RI = 0.0423 , wR2 = 0.1287 
R I = 0.0455 , wR2 = 0.1384 
0.0011(3) 

Table 1. Crystal data and structure refinement details for BM J 951 ,455 buttgenbachite. 

x/a y/b z/c Ue9 

Cu(l) 5000 0 0 12( 1) 

Cu(2) 2014(1 ) 0 0 1 j (I) 

Cu(3) 3358( 1) 1679(1) 7500 9(1) 

Cu(4) 3586(1) 164(1) 2500 9(1) 

Cl(l) 2767(2) 1383(1 ) 2500 14(1) 

OHI 4503(3) 3702(3) 903(4) 12(J ) 

OH2 755(3) -755(3) 987(7) 22(1) 

OH3 6742(3) 7443(3) 1095(4) I 1 (I) 

OH4 4420(3) 5580(3) 2500 12(2) 

CI(3) 0 0 0 14(1 ) 

C\(2) 6667 3333 2500 18(2) 

N(I) 6667 3333 2500 18(2) 

0(1) 6187(4) 2373(8) 2500 21 (4) 

OW 5080(30) 2540(13) 6920(40) 16(6) 

sof 

0.25 

0.5 

0.25 

0.5 

0.25 

1.0 

0.5 

1.0 

0.25 

0.0510 

0.0378 

0.0455 

0.1365 

0.0833 

Table 2. Atomic coordinates (x 104
) and equivalent isotropic displacement parameters (A2 x 103

) and site occupancy factors 
(so£) for 8M 1951,455 buttgenbachite. Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 

in this study. Raman spectra of the crystal used for the 
structure determination showed the absence of peaks 
associated with the sulphate ion (Frost et al., 2002). A 
crystal of dimensions 0.30 x 0.20 x 0.20 mm was 
mounted on an EnrafNonius CAD4 diffractometer. Unit 
cell dimensions were determined by least-squares 
refinement of all data and are listed in Table 1 together 
with associated crystal data and refinement details. 
Intensity data were collected at 293(2) K using graphite
monochromatized Mo Ka radiation and corrected for 
Lorentz and polarization effects. An empirical absorption 
correction based on phi scans was applied (Walker and 
Stuart, 1983). The structure was determined by 

difference Fourier techniques and refined on F2 by full
matrix least-squares methods (Sheldrick, 1997) using all 
unique data . Scattering factors used were those given by 
Sheldrick (1997) . 

A starting set of coordinates for the copper, chloride 
and hydroxide ions which always comprise the Cu(JI) 
polyhedral lattice of the connellite-buttgenbachite type 
structure (Hibbs et al., 2003a ) refined isotropically to an 
RI of 0.11 . A difference Fourier map then revealed the 
contents of both the small and large channels which run 
parallel to c in the lattice. A chloride ion with a 
population parameter of ca. 0.5 was located at the origin 
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(i.e., the smaJl channel) while the large channel was 
found to contain no evidence for any sulphate ion but 
simply a chloride ion and a nitrate ion with almost equal 
population parameters fully occupying the site at z = 114. 
Due to the coincidence of the nitrate ion with a chloride 
ion in the large channel sitc, it was found necessary to 
constrain the N-O distance in the nitrate group with a 
final distance of 1.31±0.0 I A resulting (Sheldrick, 1997). 
All atoms involved at this z = 114 site were initially 
refined isotropically, with site occupancy factors for the 
nitrate and chloride ions being adjusted to give 
comparable and acceptable thennal parameters. A 
difference Fourier map then revealed the position of a 
partially occupied water molecule in the large channel. A 
final refinement of the structure was then performed with 
anisotropic thennal parameters for all atoms except the 
water molecule oxygen which, with a population 
parameter of only -17%, was refined isotropically. This 
converged smoothly with the procedure gIVIng 
acceptable thennal parameters for all atoms. For charge 
balance requirements, a small proportion of the assigned 
hydroxide ions must be protonated , and although there 
was some evidence for hydrogen atoms in the structure 
their locations were not considered reliable and thus they 
were not included in the final refinement. Final R I (based 
on F) and Rw (based on F2) values were 0.042 and 0.138, 
respectively, for 875 data with 1 > 2cr(1) as shown in 
Table I . The weighting scheme used was w = 1/[ cr2(Fu) 2 

+ (O.0699P)2 + 28.15P] where P = [Max(Fo)2 + 2(F,i]/3 
as detined by SHELX-97. Final atomic positions, 
equivalent isotropic thermal parameters and site 
occupancy factors are listed in Table 2. 

RESULTS AND DISCUSSION 

The basic structure of the buttgenbachite deternlined 
in the present study is essentially the samc as that 
described previously (Hibbs ef al., 2006, and references 
therein), where the Cu(II) polyhedral lattice formed by 
Cu( I), Cu(2), Cu(3), Cu( 4), CI( 1), OH( I), OH(2), OH(3) 
and OH( 4) is again preserved. The contents of the large 
'open' channels parallel to c wherein N03' ions, cr ions 
and H20 molecules reside, and the cr ions at the origin 
site in the 'narrow' channels, give an empirical fonnula 
of CU36Ck13(NO})l.o9(OH)627s·5.22H20. It is re
emphasized that no evidence for the presence of sulphate 
was found in the final difference syntheses of the 
structure determination. Site occupancies and thus the 
empirical fonnula are remarkably similar to those found 
for buttgenbachite from the Cole shaft, Bisbee, Arizona 
(Hibbs et aI. , 2002). In the latter case, a formula of 
Cu}(,CIRI(N0 3)(OH)629.5.5H20 was derived. In both 
cases , the nitrate ion is centred on a mirror at (2/3, 1/3, 
1/4) and shares the site with a chloride ion. Again, the 
present structure shows no further occupation apart from 
water molecules bonded to one of the copper ions, Cu(3), 
as was the case found for buttgenbachite from Likasi, 
Democratic Republic of Congo, and the Toughnut mine, 
Tombstone, Arizona (Hibbs el al., 2003a). Finally, the 
origin site in the narrow channels parallel to c axis is 
again considered to be occupied by a chloride ion, CI(3), 
and with a population parameter of 52%. This is similar 
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to the occupancies found in connellite from the Great 
Australia mine, Cloncurry, Queensland, Australia (Hibbs 
(!f al., 2003b) and sulphate-rich buttgenbachite from 
Likasi (Hibbs et al., 2003a). As has been previously 
noted (Hibbs et al., 2006) definite end-member 
compositions for the connellite-buttgenbachite series are 
impossible to define, given the complex nahlre of the 
solid solution phenomena involved. Adoption of the 
simple expedient of naming buttgenbachite as the phase 
with mol% NO}' > mol% sol, the present material 
from Cornwall is clearly buttgenbachite. Nevertheless, as 
noted above, connellite is without doubt present in 
certain Cornish material. It is also possible that it is 
present in BM 1951,455, as there is no reason to suspect 
that all crystals on the specimen must have exactly the 
same composition. In addition, individual crystals may in 
fact be zoned along the c axis. 

It IS difficult to unambiguously distinguish 
connellite (sensu stricto) from buttgenbachite. Micro
analyses are not of sufficiently high accuracy or 
precision to correctly predict the overall stoichiometries 
of the phases, let alone small differences in N20 5 versus 
SO), that would delineate which was present using the 
"50% rule." Raman and IR spectroscopy might be useful 
and appropriate data are available in the literature (Frost 
et al., 2002). However, the technique is difficult to 
quantify and would be best applied to specimens that 
carry negligible amounts of either sulphate or nitrate. At 
present, single-crystal X-ray methods represent the best 
way around the problem, but these methods are not 
usually available to collectors. 

SUPPLEMENTARY MATERIAL 

Full lists of crystallographic data excluding structure 
factor tables have been deposited with the Inorganic 
Crystal Structure Database (lCSD), Fachinfonnationszentrum, 
Karlsruhe, Germany; CRYSDA T A@FIZ-Karlsruhe.DE. 
Any request to the ICSD for this material should quote 
the full literature citation and the CSD-number 418188. 
Lists of observed and calculated structure factors are 
available from the authors upon request. 

ACKNOWLEDGEMENTS 

The ARC is acknowledged for financial support. We 
wish to thank Dr Alan Hart, Head of Curation, Natural 
History Museum, for supplying the sample crystal from 
Cornwall. 

REFERENCES 

Anthony, J.W., Bideaux, R.A., Bladh, K.W. and Nichols, 
M.e. (2003). Handbook of Mineralogy. Volume 5. 
BOI'afes, Carbonates. Su(fi::ttes , p. 95. Mineral Data 
Publishing, Tucson. 

Bannister, F.A. , Hey, M.H. and Claringbull, G.F. (1950). 
Connellite, buttgenbachite, and tallingite. 
Mineralogical Magazine, 29, 280-286, plus I plate. 

49 



Church, A.H. (1865). On some hydrated cupric 
oxychlorides from Cornwall. Journal of the 
Chemical Society, 18, 77-83. 

Embrey, P.G. and Symes, R.F. (1987). Minerals of 
Cornwall and Devon. British Museum (Natural 
History), London, and the Mineralogical Record 
Inc., Tucson. 

Fanfani, L., Nunzi, A., Zanazzi, P.F. and Zanzari, A.R. 
(1973). The crystal structure of buttgenbachite. 
Mineralogical Magazine, 39, 264-270. 

Frost, R.L., Williams, P.A., Martens, W. and Kloprogge, 
J.T. (2002). Raman spectroscopy of the polyanionic 
copper(ll) minyrals buttgenbachite and connellite: 
implications for studies of ancient copper objects 
and bronzes. Journal of Raman Spectroscopy, 33, 
752-757. 

Hibbs, D.E., Leverett, P. and Williams, P .A. (2002). 
Buttgenbachite from Bisbee, Arizona: a single
crystal X-ray study. Neues Jahrbuch fiir 
Mineralogie. Monatshefie , 5,225-240. 

Hibbs, D.E., Leverett, P. and Williams, P.A. (2003a). A single 
crystal X-ray study of a sulphate-bearing buttgenbachite, 
CU36CI7s(N03)u(S04)o35(OH)622.5.2HzO, and a re
examination of the crystal chemistry of the 
buttgenbachite-connellite senes. Mineralogical 
Magazine, 67, 47-60. 

Journal o/the Russell Society, 10, 50-51 (2007). 

Hibbs, D.E., Leverett, P. and Williams, P.A. (2003b). 
Connellite-buttgenbachite from the Great Australia 
mine, Cloncurry: a crystal structural formula. 
Australian Journal of Mineralogy, 9, 39-42. 

Hibbs, D.E. , Leverett, P. and Williams, P.A. (2006). 
Connellite from Bisbee, Arizona, USA : a single
crystal X-ray study. Axis, 2,1-7. 

McLean, W.J. and Anthony, J.W. (1972). The 
disordered, "zeolite-like" structure of connellite. 
American Mineralogist, 57,426-438 . 

Pal ache, c., Berman, H. and Frondel, C. (1951). The 
System of Mineralogy. 7th Edition, vol. 2, pp. 572-
573. John Wiley and Sons, New York. 

Sheldrick, G.M. (1997). SHELXL-97. A program for the 
refinement of crystal stn/clures. University of 
G6ttingen, G6ttingen, Germany. 

Story-Maskelyne, N. and von Lang, V. (I 863). 
Mineralogical notes. I. On connellite. Philosophical 
Magazine and Journal of Science, series 4, 25, 39-
58. 

Walker, N. and Stuart, D. (1983) . An empirical method 
for correcting diffractometer data for absorption 
effects. Acta Crystallographica, A39, 158-16. 

CHILDRENITE FROM THE ENGLISH LAKE DISTRICT 

Richard S.W. BRAITHWAITE 
School of Chemistry, University of Manchester, Manchester, M 13 9PL 

Richard P.H. LAMB 
8, Queensmead, Beverley, East Yorkshire, HUI7 8PQ 

The occurrence of childrenite in Southwest England 
is well known, the type locality being in Devon (Brooke, 
1823), and it is widespread in the margins of the granite 
cupolas, in particular around and between St. Austell 
Moor and Dartmoor (e.g. Braithwaite and Cooper, 1982). 

The only other recorded British locality, apart from 
Rammelsberg's (1852) erroneous reference to "near 
Callington in Cumberland" is that published by Arthur 
Kingsbury (1957) who claimed to have found it in "an 
unusual quartz-chlorite vein a little to the west of Causey 
Pike" in the Lake District. His material is in the Natural 
History Museum, and the locality is labelled as the Long 
Comb vein. 

In 1972, one of us (R.S.W.B.) accompanied by 
T.G.P. Ziemba, examined the Long Comb (alias Long 
Coomb, Long Coombe, Scar Crag or Cobalt) upper trial 
mine dumps at NGR 206 206, the surrounding area and 
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underground. A quartz-chlorite vein rich in apatite, 
scorodite and arsenopyrite, matching Kingsbury's 
description was found underground, but the childrenite 
and scheelite of his description were not found. The 
apatite fonns pinkish-cream coloured opaque 
idiomorphic crystals to about 4 cm, embedded in a green 
chlorite. The core of the vein is a rib of massive milky 
quartz, in which pale green fibrous radiating wavellite 
and pyramidal variscite, both new to the Lake District, 
were found, and samples were donated to the NHM with 
the finders' names, to establish priority. These samples 
were later used as the basis of a paper published by Brian 
Y ollng (Young, 1988). 

Another interesting unpublished find in this material 
was a small patch of a brown to yellowish-brown 
radiating compact fibrous material which, X-rayed by 
Miss E.E. Fejer at the NHM, proved to be near arthurite, 
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named in part after Arthur Kingsbury. The infrared 
spectntm of this material is close to that of a sample 
from the type locality, Hingston Down Consols mine, 
Cornwall (Davis and Hey, 1964), the main difference 
being an increased relative intensity of the arsenate 
vibrations compared with those due to phosphate, 
indicating an increased As:P ratio in the solid solution. 
Analyses show, however, that the Long Comb material is 
copper-free, and is a new mineral, the Fe analogue of 
arthurite, details of which are to be published elsewhere. 
Apart from the type locality, arthurite is also listed 
(unconfirmed and without references) in Golley and 
Williams (1995) from Hingston Down quarry which cuts 
into the type locality, and at Cligga Head and Gunheath 
China Clay Pit, all in Cornwall. 

The mineralisation at Long Comb mine was 
thoroughly investigated by Ixer et al. (1979), who 
reported a wide range of species, but not childrenite, 
arthurite, scheelite, wavellite or variscite. In view of 
doubts concerning the reliability of some of Kingsbury 's 
reports (Ryback et al. , 1998; 2001), it would be desirable 
to confirm the occurrence of childrenite here. 

Figure 1. Childrenite crystals on oxidised siderite from the 
Vale of New lands. (R.S.W. Braithwaite photomicrograph). 

In 1994 one of us (R.P.H.L.) examined a small 
dump at N .G.R. NY 225 162, on the west side of the 
Yale of Newlands, about 2~ miles south of Causey Pike 
and Long Comb mine. This dump is probably derived 
from a lower level of the Dale Head mine complex above 
the Long Work opencut. Among the specimens 
collected here was one displaying a number of small 
colourless crystals on an oxidising matrix consisting of 
rad iating arsenopyrite, with pyrite, chalcopyrite, 
disseminated galena, pale yellowish siderite, calcite, 
quartz, and scorodite. The crystals form rhomb-shaped 
tablets to 0.65 x 0.5 x 0.2 mm with prominent length-

Journal of the Russell SocieTy (2007) 

striated {OO I} faces and {121 } pyramids (Fig. I) . A 
Fourier Transform infrared spectntm of these crystals 
shows a close match with the published spectrum of 
childrenite (Braithwaite and Cooper, 1982). A number 
of other specimens from this dump were dominated by 
pyrite, massive, and curiously in both rom-sized cubes 
and octahedra in massive vein quartz. 

The occurrence of childrenite in the Yale of 
Newlands area of the Lake District is substantiated. 
Kingsbury's reported find near Causey Pike (Kingsbury, 
1957) is as yet neither confirmed nor discredited. 
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AN UNUSUAL FLUORESCENT FLUORITE FROM DERBYSHIRE 

Richard S.W. BRAITHWAITE 
School of Chemistry, University of Manchester, Manchester, MI3 9PL 

J. Ike WILSON 
23, Belle Vue Terrace, Sandbach, Cheshire, CWII ONR 

Crich quarry, at Crich, Derbyshire, centred on NOR 
SK 342 557, works the Carboniferous (Visean) limestone 
of the Crich inlier. its extensive workings have revealed 
considerable mineralisation and swallowed up a number 
of old mines. Minerals recorded (e.g. Farey, 1811; 
Green and Strahan, 1887; Dunham, 1952; Ford and 
SaIjeant, 1964; Braithwaite, 1983; Rothwell and Mason, 
1992; Ford , Sarjeant and Smith, 1993; Wilson et al., 
1995) include galena, sphalerite and probable 
chalcopyrite; secondary products are anglesite, cerussite, 
native sulphur, wulfenite, goethite ("limonite"), gypsum, 
malachite and azurite; gangue minerals are calcite, baryte 
and fluorite of various colours. "Crich spar" is a banded 
combination of purple fluorite with pink baryte. Most of 
the fluorite is colourless through lilac to purple and 
greenish, and yellow fluorite has been recorded as far 
back as 1811 (Farey, 1811). 

Fluorite of an unusual brownish-yellow colour has 
now been found on Bench 2, on the eastern side of the 
quarry. It occurred on the wall of a mud-filled cavity, 
the wall consisting mainly of friable baryte, adjacent to a 
near-vertical vein of crumbly pale pinkish baryte. The 
fluorite was not visible until some of the baryte and mud 
were removed, and not much material was found . No 
other veins were visible in this section of the quarry, 
which has now been quarried away. 

This fluorite forms sharp, transparent to semi
transparent cubes averaging approximately I cm on edge 
to maximum near 2 cm, forming a crust, richly 
intergrown on a thin earlier generation of deep purple 
cubes from I to about 3 mm on edge or on a layer of pale 
to deep salmon-pink baryte forming a selvage to the 
spongy "limonite" rich vein wall matrix (Figs. I and 3). 
The surfaces of the crystals have a sugary coating of a 
later generation of small pale yellow crystals 1-2 mm 
across, some with scattered patches of salmon-pink 
baryte about 5 mm across (Fig. 2). This outer crust is 
removable to reveal the main generation crystals. 

Some of the main-generation fluorite crystals are 
pale to deep brownish yellow in colour, usually with a 
thin to thick blue-purple zone of Blue John type at their 
bases (Fig. I). Many also have a thin dark blue-purple 
outer zone; some also have one or more thin blue-purple 
bands in their middle region. These zones are probably 
defect-rich, reflecting times of rapid growth (Mackenzie 
and Green, 1971, Braithwaite et al., 1973). 

This fluorite is not only remarkable in its colour, but 
also in its fluorescence. The blue fluorescence of fluorites 
from the northern Pennines and elsewhere is classical, and 
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Figure 1. Amber fluorite with late-generation crystals 
removed. Crich quarry. Specimen 7 cm across. R.S.W. 
Braithwaite specimen (07-1) and photograph. 

Figure 2. Late-generation fluorite crystals with pink baryte 
patches coating yellow and purple fluorite. Crich quarry . 
Specimen II cm across. R.S.W. Braithwaite photograph. 

Figure 3. Cross-section of yellow and purple fluorite layer on 
pink baryte which coats " limonite" matrix. Crich quarry. 
R.S. W. Braithwaite photograph. 
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the term "fluorescence" is derived from the name of 
fluorite, itself named from the Greek for " to flow" from 
its properties as a flux. However, the fluorites from the 
southern Pennines, including Derbyshire, are low in the 
rare-earth elements which are the source of the blue 
fluorescence (Dunham, 1952, Howie et aI. , 1982). The 
only record of appreciable fluorescence in Derbyshire 
fluorite is that of a thin red fluorescent band in "Blue 
John" fluorite from a cavity at the foot of Treak Cliff, 
Castleton (Braithwaite et al., 1973). The yellow fluorite 
from Crich quarry which is the subject of this paper has 
an unusual mustard-yellow fluorescence in both short 
and long wave ultraviolet radiation, the intensity of 
which reflects the colour intensity, near-colourless 
material having little or no fluorescence . The cause of 
this fluorescence has not been determined , and studies of 
its trace element composition and of its fluorescence 
spectrum would be of interest. 

The yellow portions of this fluorite, of both the main 
and late generations, have an unusually homogeneous 
distribution of both colour and fluorescence. Under thc 
microscope (x 32) these regions are completely 
transparent and mostly free from inclusions, with very 
cvcn distribution of colour and fluorescence. Some 
bituminous materials can show a yellowish fluorescence, 
but there is no sign of their presence. Some small thin 
black patches are visible on some surfaces, but exhibit no 
rclationship to either colour or fluorescence distribution. 

The connection between the colour and fluorescence 
of fluorites and their rare-earth content was reported as 
early as 1934 (Habcrlandt; Yoshimura). According to 
Przibram (19311) Sm2+ and Eu2

+ can give rise to yellow to 
yellow-brown colours in fluorite, and Sm2

+ to a red 
fluorescence. Bill et al. (1967), from electron 
paramagnetic resonance (EPR) and optical absorption 
concluded that the green colour of Weardale fluorite is 
due to Sm2+; note that this fluorite has a strong blue 
fluorescence. Sierro (1963) used EPR to show that a 
yellow colour in fluorites from four widely separated 
localities was due to Gd 3

+ in cubic symmetry. Amber
yellow fluoritc is well known, but most such tluorites 
have either the usual blue fluorescence (e.g. from the 
northern Pennines), or none at all as in samples from the 
central and southern Pcnnines. Spectrographic analyses 
(Dunham, 1952) of the rare earth content of examples of 
these do not provide an explanation of the colour or 
fluorescence, but unfortunately Sm and Gd were not 
analysed for. Only one sample, a yellow crystalline 
fluorite from the Magnesian Limestone of Chilton 
quarry, Co. Durham, was reported to show a strong 
yellow-white fluorescence; it contained traces of Ce and 
Y. Eu, La and Yb were not detected in it and Sm, Gd 
and Tb were not looked for or not detected. The only 
yellow sample among those analysed for rare-earth 
content by Howie et al. (1982) is from Cornwall, of 
medium rare-earth content with no notable anomalies; its 
fluorescence was not reported. Kozlova (1957) studied 
the fluorescence spectra of 72 semi-quantitatively 
analysed fluorite samples from 44 localities spread all 
over the fonner Soviet Union . Examination of her 
complex tabulated results shows most repoJ1ed samples 
with yellow or yellowish fluorescence to bc colourless, 
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green or violet, and that yeJlowish fluorescence tends to 
be associated with relatively high concentrations of Gd 
and Tb with Eu. Only one sample showed a yellow 
colour and fluorescence. This was a thin-columnar 
translucent sample from Kalangui in Transbaikalia, 
Eastern Siberia, containing Gd > Tb > Eu. 
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POWELLITE FROM BENALLT MINE, LLEYN PENINSULA, GWYNEDD: 
A FIRST WELSH OCCURRENCE 

Ian DOSSETT 
Coppice End, Cann Lane, Warrington, Cheshire, WA4 5NF 

David 1. GREEN 
Manchester Museum, The University of Manchester, Manchester, M13 9PL 

Tom F. COTTERELL 
National Museum Wales, Cathays Park, Cardiff, CFIO 3NP 

Powellite, PbMo04, was named for the American 
soldier and geologist, John Wesley Powell (1834-1902), 
the second director of the United States Geological 
Survey. It is a relatively rare mineral that is found in two 
distinct geological environments. Powellite is most commonly 
reported from molybdenum-bearing ore deposits, where 
it is sometimes formed by the hydrothennal alteration of 
molybdenite, but it is probably best known to collectors 
as isolated crystals or crystal groups associated with 
zeolites in amygdaloidal basalt. 

Powellite is rare in the British Isles. The first record 
appears to be of an isolated single crystal about a 
centimetre on edge from the amygdaloidal rocks of 
Traprain Law in central Scotland, where it was found 
with analcime, apophyllite and calcite (Battey and Moss, 
1962). Powellite was noted from Carrock mine in 
Cumbria by Hartley (1984) . This record is based on 
specimens in the Arthur Kingsbury collection and was 
considered to be the first British occurrence by Cooper 
and Stanley (1990). Due to the suspicions surrounding 
some of Kingsbury's material, the provenance of 
specimens must be carefully checked: in tbis case they 
appear to be genuine (Mike Rumsey, personal 
communication). A final British record of powellite is 
based on two specimens from the molybdenite-bearing 
skams of Coire Buidhe in Argyll and Bute (Ingram et al., 
1993). Some doubt was later cast on the Coire Buidhe 
powellite as an XRD analysis carried out at Manchester 
Museum indicated that some of it was the closely related 
calcium tungstate mineral scheelite (Starkey, 1995), 
however analyses of further specimens undertaken by 
staff at the Royal Museum of Scotland indicate that 
powellite definitely occurs there (Ingram et at., 1996). 
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In late 2006, a small specimen collected by one of us 
(ID) on a field trip to BenaHt mine near Rhiw on the 
Lleyn Peninsula was submitted for identification at the 
Manchester Museum. It comprises a small broken block 
of dark medium-grained altered igneous rock with a 
single isolated cavity about 5 rum across containing 
twenty euhedral, translucent, white to very pale yellow 
blocky bipyramidal crystals up to 0.4 mm on edge (Fig. 1). 

Figure 1. Pale yellow crystals of powellite, up to 0.4 mm on 
edge, from Benallt mine. Collected by Ian Dossett; photograph 
by David Green. 

An initial examination using standard XRD techniques 
(XRD reference number MANCH:XRDI300) showed 
that the crystals were likely to be powellite, but could not 
rule out the possibility of scheelite. Recourse was made 
to EDS analysis, which showed that calcium and 
molybdenum were the only elements present with atomic 
numbers greater than ten. Taken together, these data 
conclusively identify powellite. 
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Benallt mine is one of a small group of formerly 
productive manganese mines, situated not far from the 
coast near the village of Rhiw at the southern end of the 
Ueyn Peninsula. The complex geology and mineralogy 
is described in detail by Groves (1952). Manganese
bearing minerals dominated by silicates and oxides occur 
within irregularly disposed orebodies forming lenses 
within intensely folded, overfolded, faulted, thrusted, 
metasomatised and thermally metamorphosed 
Ordovician mudstone, bounded above and below by 
igneous intrusions. Although their position is difficult to 
predict, the orebodies can be of considerable size, which 
has led to extensive exploration in the area. 

Benallt mine is of considerable mineralogical 
interest. It is the type locality for four species, banalsite, 
bannisterite, cyrnrite, and pennantite, and more than fifty 
minerals have been recorded, most of the discoveries 
taking place while the mines were being worked. Despite 
extensive geochemical sampling, and the years collectors 
have scoured the tips searching for rare minerals, no 
molybdenum-bearing minerals have been reported and 
the discovery of [lowellite adds a further geochemical 
dimension to what is already an extraordinary deposit. 

Powellite occurs in a small cavity in medium
grained igneous rock. 11 is probably simi lar in its genesis 
to the specimens that are found with zeolites in 
amygdaloidal basalts. Excellent zeolite specimens (Hey, 
1932) were found underground at Benallt mine in the 
first half of the twentieth century and it may be 
worthwhile fe-examining them for powell ite. Most of the 
minerals recorded from BenaHt mine are associated with 
the manganese orebodies and 'alpine-type ' fractures 

included within them, rather than the intrusions. 
Powellite is easily overlooked in hand specimens, but it 
is readily detected by its brilliant yellow fluorescence. 
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CEsAROLITE FROM FRONGOCH MINE, 
DEVIL'S BRIDGE, CEREDIGION, WALES 

Tom F. COTTERELL 
Amgueddfa Cymru - National Museum Wales, Cathays Park, Cardiff, CflO 3NP 

Cesarolite, Pb(Mn4+)306(OH)2 is a rare secondary 
mineral typically derived from the alteration of galena in 
manganese-rich environments. It was named in 1920 in 
honour of Professor Giuseppe R.P. Cesaro (1849-1939), 
a mineralogist and crystallographer at the University of 
Liege, Belgium (Palache et al. , 1944; Anthony el 01., 

1997). Cesaro lite typically forms dark grey to black, soft, 
friable, botryoidal crusts or masses, which arc visually 
indistinguishable from other similar manganese oxides. 
In the original discovery at Sidi-amor-ben-Salem, 
Tunisia, cesarolite occurs as friable botryoidal masses 
intimately associatcd with calcite and galena. 

Cotterell (2006) described the first British 
occurrence of cesarolite, at Eaglebrook Mine in the 

Juumal of the Russell Sociery (2007) 

Central Wales Orefield, where it forms inconspicuous 
botryoidal masses consisting of soft, black, glossy crusts 
coating rusty coloured intermixed cesarolite and gibbsite. 
That discovery led to a re-investigation of similar 
inconspicuous black manganese oxide crusts from other 
mines in the Central Wales Orefield. It is during that 
research that a new occurrence of cesarolite has been 
made, at Frongoch Mine. 

Frongoch Mine is situated two miles south-south
west of Devil's Bridge in the county of Ceredigion, 
Wales. It was the largest lead-zinc mine in 
Cardiganshire, with a combined output of over 100,000 
tons of lead and zinc ore and was second only to Van 
Mine in terms production within the whole of the Central 
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Wales Orefield. Its history is dealt with comprehensively 
by Bick (1996). The mineralogy of Frongoch Mine is 
described in detail by Green et al. (1996), with particular 
emphasis placed on supergene minerals. No specific 
manganese minerals are recorded. However, Green et al. 
e 1996) described, ' ... almost black crusts, rarely with a 
botryoidal surface . .. commonly overgrown by cerussite 
or pyromorphite ' , under the heading, 'goethite'. The 
colour black, is often a good indication of manganese, 
which has proved true in this case. 

Figure 1. Pale brown prismatic pyromorphite crystals with 
partial coatings of black cesarolite. Field of view 20 rom 
across. National Museum Wales specimeD DO. NMW 
2007.29G.M.I. 

In 2004, following the relocation of a section of 
dumps at Frongoch Mine, the author collected a number 
of specimens of coarsely crystallized mauve brown 
pyromorphite. A small number of these specimens 
dispJay extensive, dull, black, microbotryoidal coatings 
(Fig. I), in places totally encapsulating pyromorphite 
crystals. However, in general, due to its softness, the 
coatings have been abraded during movement within the 
mine tips, leaving only patches within protected recesses. 

X-ray powder diffraction (XRD no. NMW X-I 820) 
of the soft, dull black crusts (on specimen NMW 
2007.29G.M.I) produced a very good match with the 
powder diffraction file (PDF no. 014-0489) pattern for 
cesarolite. A slight systematic shift in peak position is 
observed, but this was recorded by Cotterell (2006) on 
material from Eaglebrook Mine and can be explained by 
improvements in instrument accuracy. The need for 
chemical analysis is not considered important in the case 
of this identification, given the close association with the 
lead-bearing mineral, pyromorphite, and the black colour 
of the crusts - characteristic of manganese-bearing minerals 
- provide clues to its composition. 

The number of supergene manganese minerals 
recorded from the Central Wales Orefield has increased 
steadily in recent years (Cotterell and Mason, 2003; 
Cotterell, 2006; Cotterell, in prep.). The majority of these 
occurrences are related to the Camdwr Fault and 
surrounding fault zones, in northern Ceredigion 
(Cotterell, in prep). The discovery of cesarolite at 
Frongoch Mine demonstrates that supergene manganese 
mineralisation is more widespread than first thought, 
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albeit on a small scale, and suggests potential for further 
discoveries at other mines within the Central Wales 
Orefield, particularly those where supergene 
mineralisation is well developed. 

Cotterell and Mason (2003) proposed two possible 
sources of manganese: either as Mn-bearing hypogene 
minerals present in mineral veins (possibly Mn-rich 
sphalerite or Mn-carbonates) or as an element present 
within wallrocks, remobilized by leaching processes. 
Vein carbonates are uncommon at Frongoch Mine and 
there is little evidence to suggest that they have ever 
been present in any great quantity . On the other hand, 
sphalerite is abundant - Frongoch Mine was the largest 
zinc producer in the Central Wales Orefield (Jones, 
1922) - and seems a plausible source. Wallrock alteration 
is also common at Frongoch Mine. Mason (2004) 
described samples of wallrock as having undergone deep 
penetrative leaching, initially along joints and hairline 
fractures, but extending further in many cases. It is not 
known whether these wallrocks originally contained 
manganese-bearing minerals, but they remain a potential 
source. 
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CORKITE AND HINSDALITE FROM FRONGOCH MINE, 
DEVIL'S BRIDGE, CEREDIGION, WALES, 

INCLUDING EVIDENCE TO SUGGEST THAT ORPHEITE IS A VARIETY OF 
HINSDALITE 

Tom F. COTTERELL 
Amgueddfa Cymru - National Museum Wales, Cathays Park, Cardiff, CFI0 3NP 

Peter K. TODHUl\TTER 
83 Knox Road, Blakenhall, Wolverhampton, WV2 3EG 

The rare supergene minerals corkite and hinsdalite have been identified for the first time in Wales, in recently 
disturbed dump material at Frongoch Mine in the Central Wales Orefield. Both species form part of the in situ 

assemblage of supergene lead mineralisation. Analytical data for hinsdalite from Frongoch Mine suggests a 
composition and structure very close to that of the related, but poorly documented species, orpheite. This lends 

support to the view that orpheite is a variety of hinsdalite, rather than a distinct species in its own right. 

Frongoch is one of the best known mine sites in the 
Central Wales Orefield, both to mineralogists and mining 
historians. It was, at one time, one of the largest 
producers of lead and zinc in the region, with an output 
of some 58,295 tons of lead ore and 49,70 I tons of zinc 
ore (Bick, 1996), second only to Van Mine. 

The site is a Scheduled Ancient Monument and a 
Geological Conservation Review (GCR) site with the 
recommendation of Site of Special Scientific Interest 
(SSSI) status (Bevins and Mason, 1997) on account of 
the mineralogy within the extensive dumps. Its modem 
history has been somewhat sad, with the collapse of its 
fine nineteenth century Cornish engine-house chimney 
during hurricane-force winds in late January 1990 
(Green et al., 1996) and the regular removal of dump 
material for hard-core. In recent years, the presence of a 
sawmill in the north-west comer and the resulting 
sawdust piles have rendered large parts of the mine 
dumps inaccessible. 

In mineralogical terms, Frongoch Mine is 
historically known for fine brown pyromorphite crystals 
and large cerussite crystals (see for example Greg and 
Lettsom, 1858). More recent times have seen significant 
discoveries of world-class examples of post-mining 
supergene Pb-Zn-Cu species within the extensive mine 
dumps. Partial removal and disturbance of mine tips 
during the early 1990s exposed heavily weathered 
sulphide-bearing vein material containing dissolution 
cavities, within which euhedral microcrystals of 
bechererite, susannite, caledonite, redgillite and 
schulenbergite had developed. 

Proposed expansion of sawmill operations into 
wood pellet production and the likely increased dumping 
of wood shavings across the dumps led, in 2003, to the 
Countryside Council for Wales (CCW) taking the 
unusual step of relocating a large section of the dumps to 
the eastern side of the mine site. The purpose was to 
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preserve spoil from an area known to have produced 
some of the finest specimens of supergene species such 
as bechererite from further burial, but an additional 
effect was that fresh material was exposed, material that 
would previously have been too deep within the dumps 
for collectors to reach. 

The relocation process proved a success, with 
several thousand tons of material transported across the 
site. After rainfall had washed away the mud that coated 
most of the material, collectors were able to find good 
examples of coarse brown pyromorphite crystals, tabular 
cerussite and many of the unusual microcrystalline 
dump-formed supergene species including bechererite, 
caledonite and susannite. Disturbance of some of the 
existing underlying spoil in the eastern corner of the site 
also exposed some very large quartz crystal aggregates 
(see for example Amgueddfa Cymru specimen no. NMW 
2003.17G.M.I). 

Amongst specimens collected from this recently 
disturbed material are the rare lead-bearing secondary 
species corkite and hinsdalite. This is the first account of 
both species in Wales. 

CORKlTE 

Corkite, ideally PbFe3(P04)(S04)(OH)6, is a rare 
supergene mineral typically found in the oxidized zone 
of polymetallic sulphide deposits. It is a member of the 
beudantite group of minerals, with the alunite-jarosite 
structure type, AB3(X04)z(OH,H20)", where A is a large 
cation, either Ba, Ca, Pb or Sr, B includes trivalent 
cations Fe or AI, and (X04 ) is an anion such as AsO\, 
P03-4 or S02-4 (Gaines et af., 1997; Kharisun et al., 
1997). The beudantite group of minerals is quite 
complicated, with extensive solid solution series 
occurring. Beudantite group minerals are isostructural 
within themselves and with the crandallite and alunite 
groups within the alunite-jarosite family (Gaines et al., 
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1997). The structures of most beudantite group minerals 
have been reported to possess space group R 3m . Corkite 
is unusual in that the X04 anions are reported to be 
ordered and thus the space group is R3m (Giuseppetti 
and Tadini , 1987; Kharisun et al., 1997). 

Corkite is named after Co. Cork, in Eire, where it 
was first discovered in 1856 by Dr. Krantz at Glandore 
iron-mine (Greg and Lettsom, 1858). It was originally 
described with beudantite, on account of its similar 
crystal form and appearance. Subsequently, Adam 
(1869) showed it to be a distinct mineral in its own right, 
differing from beudantite in being a phosphate rather 
than an arsenate . No further occurrences were reported 
in the British Isles until late in the 20th Century, when 
discoveries were made in the Caldbeck Fells, Cumbria 
(Cooper and Stanley, 1990) and Cornwall (Camm and 
Merry, 1991 ; Golley and Williams, 1995; Green and 
Merry, 1997). Examples from the Caldbeck Fells are 
exceptional for the species, including large (up to 1.5 
mm) pseudocubic crystals discovered at the Mexico 
Mine, near Roughton Gill (Cooper and Stanley, 1990) 
and superb rhombic crystals (also to 1.5 mm) at Iron 
Crag (C.M. Leppington Collection). Cornish examples 
from Penberthy Croft Mine, Wheal Unity, Gravel Hill 
Mine and Wheal Ludcott are all microcrystalline. Corkite 
has not previously been recorded in Wales. 

Corkite was identified on a specimen collected by 
PKT and submitted for analysis to Amgueddfa Cymru -
National Museum Wales (abbreviated to Amgueddfa 
Cymru from now on) . The specimen, which now fonns 
part of the Amgueddfa Cymrus mineral collection 
(accession number NMW 2005. IOG.M.l), consists of 
small «0.3 mm), yellow-green to pale olive-green 
rhombic microcrystals (Fig. I) scattered upon goethite in 
quartz veinstone. 

Analysis of a few powdered crystal fragments by x
ray diffraction (XRD) produced a pattern (XRD no. 
NMW X-1401) consistent with corkite, and semi
quantitative energy dispersive X-ray analysis (EDS) 
showed the presence of the elements Pb, 0, P, Fe, AI, 
and some S. 

Figure 1. Scanning electron micrograph of rhombohedral 
corkite crystals from Frongoch Mine. Amgueddfa Cyrruu 
specimen no. NMW 2005.1 OO.M.I . lmage Amgueddfa Cymru. 
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HINSDALITE 
Hinsdalite, ideally PbAI)(P04)(S04)(OH,H20)6, is a 

rare secondary mineral typically of supergene origin, 
found in the oxidized zone of polymetallic sulphide 
deposits. It is a member of the beudantite group of 
minerals and forms a solid solution series with corkite, 
PbFe3(P04)(S04)(OHk Beudantite group minerals have 
the general formula AB3(X04)(S04)(OH,H20)6, where A 
is a large cation, either Ba, Ca, Pb or Sr, B includes 
trivalent cations Al or Fe, and X is P or As (Kolitsch et 
al., 1999). It is known however, that the (X04):(S04) 
ratio may depart considerably from the ideal value of I, 
and extensive solid solution series between arsenate, 
phosphate and sulphate end members are known 
(Kolitsch et al. , 1999). The presence of H20 within the 
hydroxyl part of the formula is a relatively recent 
refinement, designed to accommodate uncertainties in 
the amount of structural water in beudantite group 
minerals that possess space group R3m (i.e. those in 
which the anions are disordered) as used by Pring et al. 
(1995) in describing the new mineral kintoreite. 

Hinsdalite was first described in 1911 by Larsen and 
Schaller, from Golden Fleece Mine, near Lake City, 
Hinsdale Co., Colorado, U.S.A ., where it occurs in 
abundance, with crystals as much as 2 cm in diameter 
reported (Eckel, 1997). It is named after Hinsdale 
County, where the first specimens were found. The 
original analysis carried out by Schaller (I912) showed 
appreciable strontian (see Table 3), leading to the formula 
(Pb,Sr)AI3(P04)(S04)(OH)6, however Sr is not now 
considered an essential component of hinsdalite . As 
mentioned earlier, the formula has been further refined to 
accommodate uncertainties about the amount of 
structural water in beudantite group minerals containing 
di sordered anions. 

There are very few reported occurrences of 
hinsdalite in the British Isles and even fewer that have 
been fully verified. Arthur Kingsbury collected 
hinsdalite from the 'old No. 1 cross-cut' dumps at Old 
Potts Gill Mine in the Caldbeck Fells, Cumbria, in 1953 
and noted it as 'new to G.B.' in his manuscripts (Cooper 
and Stanley, 1990). The specimen on which it occurs as 
a grey massive mineral with baryte is held in the 
Kingsbury Collection at the Natural History Museum, 
London, but given recent developments regarding the 
validity of some of Kingsbury's discoveries (see Ryback 
et al., 1998; 200 I), this occurrence is cast in doubt. Also 
within the Caldbeck Fells, analysis by Fortsch (1967) 
suggested that hinsdalite forms a component of bluish
grey 'plumbogummite' from Roughton Gill. Recently , 
Wolfe (2006) reported hinsdalite epimorphs after 
pyromorphite from Saddleback Old Mine near 
Mungrisedale in the northern part of the Lake District, 
Cumbria. Chemically these epimorphs plot as ferrian 
hinsdalite grading in part to aluminian corkite (D.l. 
Green, unpublished data). In Scotland, small, ivory
coloured blebs and coatings of hinsdalite on ferruginous 
' gozzan-breccia ' from the upper reaches of Penkiln 
Bum, 13 km north-north-east of Newton Stewart, 
Kirkcudbrightshire are noted by Livingstone (2002) . 
Hinsdalite has not previously been reported from Wales. 
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Figure 2. Scanning electron micrograph of an individual 
cuhedral, rhombohedral, hinsdalite crystal from Frongoch 
Mine. Amgueddfa Cymm specimen no. NMW 2007.1SG.M.l a. 

Figure 3. Scanning electron micrograph of hinsda lite crystals 
(grcy) encmsting coarse pyromorphite (white) , itself over
growing quartz (dark grey). Amgueddfa Cymll.l specimen no. 
NMW 2007.1SG.M.l a, from Frongoch Mine. Both images by 
Amgueddfa Cymru. 

Hinsdalitc was first identified at Frongoch Minc in 
specimens collectcd by both authors in 2003 from an 
area of relocated dump material. Hinsdalite occurs as 
colourless, yellow, orange and pale green, spiky, 
rhombohedral microcrystals (Fig. 2) in crusts, as 
coatings on pyromorphite (Fig. 3), goethite and quartz, 
and , in some instances, completely replacing corroded 
pale mauve pyromorphite crystals as hollow epimorphs. 
Minute, opaque white anglesite crystals crystals and rare 
orangc bipyramjdal wulfenite microcrysta ls are 
occasionally scattered across the surface of hinsdalite 
crusts. Visually, hinsdalite looks identical to 
plumbogummite with which it was initially confused, but 
a combination of X-ray diffraction (XRD), clcctron 
microprobe (EPMA), cncrgy dispersive X-ray (EDS) and 
Fourier-Transform lnfrarcd (FTIR) analyses has proved 
its true identity. Our analytical data shows shiking similaritics 
to the related, but poorly understood species, orpheite . 

PARAGENESiS 

Hinsdalite and corkite are both supergene mineral 
species, which typically form within the near-surface 

.Iou mal (if the Russell Socif'ly (2007) 

oxidized pOl1ion of polymetallic sulphide deposits, 
particularly those containing galena. Mason (2004) 
described three supergene assemblages related to 
hypogene vein mincralisation in Central Wales: 

(a) Coarse-grained assemblage, probably of Tertiary or 
greater age, much removed by glacial erosion. 

(b) Fincr-grained assemblage, formed by natural post
glacial weathering. 

(c) Mjcrocrystallinc anthropogenic post-mining assemblage. 

In the Central Wales Orefield, Frongoch Minc is 
unusual in that all three assemblagcs are represented. 
The coarsely crystalline assemblage (a) which, is defined 
by large crystals - indicating a prolonged period of 
growth - is limited to a small number of sites in Central 
Wales. This assemblage is well-developed at Frongoch, 
and consists of prismatic mauve-brown pyromorphite 
crystals (exceptionally to 25 nun; Green et al., 1996) and 
large (by Welsh standards) tabular and reticulated 
cerussite crystals, hosted by bleached and iron stained 
mudstone. Although neither species has been observed 
in-situ in recent years, specimens from this assemblage 
was noted by Greg and Lettsom (1858) during a time 
when the mine was actively working. At Frongoch the 
fincr-grained assemblage (b) is rare, but is represented 
by green crusts of microcrystallinc pyromorphite with 
cerussite and tabular wulfenite. Finally, post-rruning, 
dump-formed supergene mineralisation is well
developed and representcd by an unusual micro
crystalline assemblage (c) contaIl1I11g bechererite, 
susannite and redgillite amongst othcrs. This later, 
distinctly scparate phase of supergene mineralisation has 
clearly developed over a relatively short period of time 
in the order of a few hundred years. 

At Frongoch, hinsdalite occurs as microcrystalline 
overgrowths on, and replacements of, coarse 
pyromorphite crystals. Although clearly later than 
pyromorphite, hinsdalite is believed to be part of the 
coarsely crystalline assemblage (a). This is supported by 
a specimen collected in 2003, which displays rounded 
(bruised) aggregates of coarse pyromorphite crystals, 
largely coated by fine-grained hinsdaJite, much of which 
is also damaged. Mason (2004) highlighted the bruising 
of specimens as an important factor in identifying the 
coarsely crystalline assemblage. Paragenetic evidence for 
corkite is less clear, but given that it too is a member of 
the beudantite group and that some specimens show a 
gradation fi'om aluminium-rich (hinsdalite) to iron-ricb 
(corkite), it is probably also derived from the same in 
situ gossan as the coarsely crystalline species. Our study 
indicates a paragenetic sequence for the coarsely crystalline 
assemblage at Frongoch Mine as follows: pyromorphite -
goethite - hinsdalite/corkite - anglesite/cerussite. 

To date only a small number of specimens of 
hinsdalitc and corkite are known, but this can in part be 
attributed to the small crystal size and inconspicuous 
matrix. It is tbe authors view that both minerals are likely 
to be more common than might otherwise be expected 
and collectors are advised to check thoroughly even the 
most damaged of pyromorphite specimens, in particular 
those with associated goethite coatings. 
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PDF no. 00-029-0756 PDF no. 00-014-0185 PDF no. 01-089-7559 XRD no. NMW X-1739 

Orpheite from Madjarova deposit, HinsdaJite from Golden Fleece Hinsdalite from Schoene Aussieht Hinsdalite from Frongoch Mine, 
eastern Rhodopes Mountain, Mine, Lake City, Hinsdale Co. mine, Dernbach , Germany Ceredigion. Wales 

Bulgaria (after Kolkovski, 1971- Colorado, USA (after Sabina and NMW 2007.18G.M.2 
72) T raill , 1960) 

d-spacing (A) ReI. Int. (%) d-spacing (A) Rel.lnt. (%) c1-spacing (A) Rel.lnt. (%) d-spacing (A) Rel.lnt. (%) 

6.200 5 
5.660 100 5.700 80 5.723 100 5.725 94 
5.57 17 5.596 18 5601 50 

4 .910 20 4.900 5 4.928 10 4.93 I 19 
4 .290 3 4.208 I 
3.500 65 3.490 50 3.515 42 3.515 74 
3.450 20 3.455 16 3.457 31 
3.270 27 
2.967 95 2.960 100 2.976 80 2.977 100 

2.940 6 2.942 10 
2.856 14 2.840 20 2.861 I I 2.862 15 
2.787 10 2.780 20 2.798 9 2.8UU 27 
2.461 10 2450 30 2.464 10 2.464 12 
2.269 16 2.279 8 2 .2RO 12 
2.244 11 2.250 10 2.255 8 2 .256 12 
2.223 19 2.231 22 2.232 42 
2.209 20 2.21U 70 2.219 15 2.219 21 
2. 185 9 2.180 10 2.189 9 2. 190 13 
2.027 3 2.029 3 2 .030 4 
2.015 8 2.010 20 2.018 7 2.018 7 
2010 3 
1.976 3 1.969 10 1.984 3 1.985 7 
1.901 35 1.908 18 1.907 20 

1.892 50 1.898 5 1.899 6 
1.884 I 

1.749 25 1.743 40 1.757 II 1.757 17 
1.753 II 

1.723 2 1.716 10 1.728 3 1.728 5 
1.680 2 

1.671 6 1.677 3 1.677 4 
1.657 7 1.664 10 1.660 4 1.660 5 

1.655 2 
1.641 8 1.640 20 1.648 4 1.648 9 

1.643 4 1.645 8 
1.612 10 1.618 2 1.619 5 

1.565 3 1.566 I 1.562 I 
1.504 4 1.508 3 l.508 4 
1.495 3 1.499 10 1.497 2 1.498 3 
1.484 8 1.488 5 1.488 5 

1.480 20 1.480 1 
1.465 6 1.463 30 1.470 7 1.470 9 
1429 3 1431 2 1431 2 

1.416 10 

1.388 1 1.392 I 1.390 I 
1.38 I 3 1.380 3 

1.377 3 1.378 2 
1.373 2 1.374 3 

1.361 4 1.365 20 1.364 2 
1.351 4 1.356 I 1.356 2 

1.338 10 1.328 2 
1.326 7 1.318 20 1.325 I 1.327 1 

1.300 I 1.297 1 
1.291 13 1.292 4 1.292 4 

1.284 30 1.289 2 
1.272 1 

Table 1. Comparative X-ray diffraction data for orpheite and hinsdalite. 

DISCUSSION: THE STATUS OF ORPHEITE 

In the early 1970s, Kolkovski (1971-72) described a 
new mineral, very similar in composition to hinsdalite, 
from Madjarovo deposit, eastern Rbodopes MOlUltain, Bulgaria 
This new mineral, H6PbtOAho(P04)t2CS04)s(OH)4o.ll H20, 
was named orpheite after Orpheus, the mythical singer in 
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the Rhodopes. Structurally, orpheite is related to 
hinsdalite and other members of the beudantite group, 
and indeed Fleischer et al. (1976) considered it to be 
'probably a variety of hinsdalite', while Gaines et al. 
(1997) stated that it is 'probably synonymous with 
hinsdalite'. Distinction between orpheite and hinsdalite 
is very difficult owing to similarities in composition and 
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crystal structure. Kolkovski (1971-72) noted difficulties 
in distinguishing between orpheite and hinsdalite, but 
provided sufficient evidence (including chemical 
composition, X-ray diffraction data, thermal analyses, 
infrared spectra and physical properties) for orphelte to 
be approved as a new species in 1972 by the 
Commission of New Minerals and Mineral Names, 
International Mineralogical Association, Washington. 

During the course of our study it became apparent 
that the mineral from Frongoch Mine showed striking 
similarities to both hinsdalite and orpheite. Distinction 
between these two species was virtually impossible, with 
XRD data suggesting hinsdalite (Table 1), but infrared 
spectra matching orpheite (Figures 4 and 5). 
Compositionally the mineral from Frongoch falls III 

between hinsdalite and orpheite (Table 3). It therefore 
seems appropriate to review the data on orpheite, as 
presented by Kolkovski (1971-72) and compare It wIth 
the most up to date data available on hinsdalite. 
Additionally, our own analytical data for hinsdalite from 
Frongoch Mine is presented. 

Since its discovery, very little has been published 
about orpheite and it has largely become a forgotten 
species. Many publications have described the crystal 
structure and chemistry of hinsdalite and other alunite
jarosite family species , yet none make any mention of 
orpheite (Scott, 1987; Jambor, 1999; Kolitsch et al., 
1999; Jambor, 2000; Scott, 2000; Kolitsch and Pring, 
2001). Consequently, although classified as a member of 
the beudantite group (Gaines et al., 1997), orpheite does 
not feature within solid solution diagrams of beudantite 
group minerals (Jambor, 1999 & 2000; Scott, 2000). 
Orpheite remains (June 2007) classified as an approved 
mineral species by the International Mineralogical 
Association (IMA), but it does not appear to have been 
discovered in any other deposits in the world 
(Mladenova et al., 2004). This has led some handbooks 
and electronic databases to describe its existence as doubtful. 

Structurally orpheite is very similar to hinsdalite, a 
fact that Kolkovski (1971-72) highlighted when comparing 
X-ray powder diagrams for orpheite and hinsdalite. This 
was indeed the case in the early 1970s, but the most 
recent powder diffraction file (PDF) pattern for 
hinsdalite (PDF no. 01-089-7559) shows significant peak 
shift from that of Kolkovski ' s orpheite pattern (PDF no. 
00-029-0756) and that of hinsdalite (PDF no. 00-014-
0185) used by Kolkovski (1971-72) for comparison 
(Table I). X-ray powder diffraction of material from 
Frongoch Mine produces a very good match with the 
modem hinsdalite pattern (PDF no. 01-089-7559) , 
although it should be noted that the intensity of peaks 
mirror closely those obtained by Kolkovski (1971-72) for 
orpheite. Unfortunately, there are no recent PDF patterns 
for orpheite, but past experience (Cotterell, 2006) has 
shown that peak postion Cd-spacing) can show some 
degree of shift, due to improvements in measurement 
accuracy. In all probability a modem PDF pattern for 
orpheite would closely match that of hinsdalite. 

In describing orpheite as a new species Kolkovski 
(1971-72) presented a series of features in which 
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orpheite differs from hinsdalite (Table 2). The majorit:Y 
of these features relate to chemical composition. In thIS 
respect it can clearly be seen that both hinsdalite and 
orpheite contain the same elements. The malll 
differences relate to the relative proportions of the 
individual elements and the presence or absence of 
structural water. 

I) Chemical composition: 
HinsdaIite = PbAI3(P04)(S04)(OH)6 
Orpheite = H6PbIOAlzo(P04)dS04)s(OH)4o.llH20 

Hydrogen form: 
Hinsdalite = (OH)" 
Orpheite = H+,(OHr,H20 

Pb:AI ratio: 
Hinsdalite = 1:3 
Orpheite = 1:2 

P04:S04 ratio: 
Hinsdalite = I: 1 
Orpheite = 1.41 :0.59 

2) The differential thermal curves of hinsdalile and orpheite 
differ basically from one another. 

3) Hinsdalite and orpheite differ in respect to their infrared 
spectra. 

4) Physical differences, including specific gravity, hardness 
and cleavage. 

5) Differences in the parameters of the unit cell of orpheite, 
hinsdalite and plumbogummite. 

Table 2. Features used by Kolkovski (1971-72) to demonstrate 
the difference between orpheite and hinsdalite. 

In terms of chemical composition the mineral from 
Frongoch Mine falls between orpheite and hinsdalite 
(Table 3), but fits well into the general formula, 
AB3(X04)(S04)(OH,H20)6 for beudantite group minerals 
containing disordered anions. 

When Kolkovski (1971-72) published orpheite as a 
new mineral species, hinsdalite was assumed to have a 
P04:S04 ratio of 1: 1 (Table 2). It is now known that the 
(X04):(S04) ratio in beudantite group minerals may depart 
considerably from the ideal value of I, and extensive 
solid solution series between arsenate, phosphate and 
sulphate end members are known (Kolitsch et al., 1999). 
Indeed, Kolitsch et al. (1999) demonstrate a P04:S04 

ratio of 2.23: I in hinsdalite used for the refinement of 
crystal structures. Therefore a P04:S04 ratio of 2.39: I 
(1.41 :0.59) reported for orpheite by Kolkovski (1971-72) 
should not be considered reliable as evidence for a 
difference between orpheite and hinsdalite. Kolkovski 
(1971-72) also quotes the Pb:AI ratio as a distinctive 
difference between the two species. However, this too 
can be accounted for. Close examination of data provided by 
Kolitsch et af. (1999) reveals that three analyses of 
hinsdalite from Schoene Aussicht Mine, near Dembach, 
Westerwald area, Germany, produced an averaged 
empirical formula, Pb'4AI28(P04)'J8(S04hdOH,H20k 
This equates to a Pb:AI ratio of I :2 for hinsdalite. This is 
identical to that quoted by Kolkovski (1971-72) for 
orpheite (see Table 2). 
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(I) (2) (3) (4) 
SO) 8.32 9.64 9.95 14.13 
PzOs 17.09 14.72 13.12 14.50 
AszOs 0.07 0.01 n.d. n.d 
AI 20 J 20.20 21.48 19.12 26.47 
FeO n.d. 1.70 1.43 n.d 
CuO 0.52 0.02 0.56 n.d 
ZnO n.d. 0.42 0.25 n.d 
PbO 40.63 40.28 45.95 31.75 
SrO n.d. 0.02 n.d. 3.11 
BaO n.d. 0.01 n.d. n.d 
CaO 1.27 0.0l n.d. trace 
SiOz n.d. 0.12 n.d. n.d 
Na20 n.d. 0.02 n.d. n.d 
CI n.d. 0.04 n.d. n.d 
H2O+ 12.30 11.51 9.62 10.25 
H2O' 0.01 
LOI 0.10 
O=Cl -0.01 

Total 100.51 100.00 100.00 100.21 

Table 3. Composition of orpheite and hinsdalite. 

I) Orpheite from Madjarovo deposit, Bulgaria; estimated to 
contain pyromorphite about 4%; corresponds to 
Hooo( Pb90SC a 1.1 oh~ I O.IS( A1 19. 7SCUO.30)~>2005 [(P04) IZOO( AsO 4) 
o05h>12.05(S04)s Is(OHh980.11.IOH20. From Kolkovski 
(1971-72). 

2) Hinsdalite from Frongoch Mine, Wales; by electron 
microprobe, average of 20 analyses, H20 by difference 
(NMW 2007.18G.M.2b); corresponds to 
Pb l .1 0(Alz57F eO.14Zno03.h:274CP04) 1.27(S04)0 73(0 H,H20)644' 

3) Hinsdalite from Frongoch Mine, Wales; by energy 
dispersive X-ray analysis, average of two analyses, H20 by 
difference (NMW 2007.17G.M.1 b); corresponds to 
PbI33(Al243FeoI3Cuo.osZno.02hdP04)12o(S04)oRo(OH,H20)602. 

4) Hinsdalite from Golden Fleece Mine, Hinsdale Co., 
Colorado, USA from Ford (1915), analysis by Schaller (1912); 
corresponds to (Pb07sSroI6.h:O.9IAl273(P04)1.Q7(S04)odOH)545' 

When, In 1971-72 Kolkovski published the 
description of orpheite, hinsdalite was assumed to 
contain no structural water. Recent refinement of the 
crystal structure of beudantite group minerals has led to 
the generally accepted view, that, some structural water 
is present within group members where anions (X04) are 
disordered. This includes the majority of beudantite 
group minerals, and in particular hinsdalite. To 
accommodate uncertainties about the amount of 
structural water within the beudantite group mineral, 
kintoreite, Pring et 01. (1995) proposed a preferred 
formula based around AB3(X04MOH,H20)6' Kolitsch et 
al. (1999) refined the crystal structure of hinsdalite in 
space group R3m producing an ideal formula of 
PbAI3(P04)(S04)(OH,H20k 

Much of Kolkovski's (1971-72) evidence used to 
demonstrate that orpheite is a distinct species, hinges 
around the presence of crystallization water in orpheite 
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and its absence in hinsdalite. Kolkovski used differential 
thermal curves and infrared spectra to demonstrate this. 

Kolkovski (1971-72) cited an absorption band at 
1640 cm- I as evidence of structural water within 
orpheite, while this band was absent in hinsdalite from 
Golden Fleece Mine, Colorado (Fig. 4). This was correct 
at the time, as hinsdalite from Colorado contains no 
structural water and a lower than normal hydroxyl 
component (Table 3). However, as has now been 
demonstrated (Kolitsch et 01., 1999), hinsdalite can 
contain small quantities of structural water, which when 
present (as in material from Frongoch Mine), have the 
effect of producing an infrared spectra similar to that of 
orpheite (Fig. 4). Kolkovski also illustrated differences 
in the position of free OH groups in orpheite and 
hinsdalite, suggesting that this was due to a different 
structural position in both minerals. The positions quoted 
by Kolkovski, at 3100 cm- l and 3420 cm- I for hinsdalite 
and 3420 cm- l

, 3600 cm- l and 3640 cm- I for orpheite are 
actually quite similar. Material from Frongoch Mine 
displays characteristics of both (Fig. 5), but given the 
reassessment of the composItIon of hinsdalite, 
PbAI3(P04)(S04)(OH,H20)6 by Kolitsch et al., (1999) 
the hydroxyl and structural water components of 
hindsdalite are variable. Therefore, the position and 
intensity of absorption bands for the hydroxyl 
component of hinsdalite are likely to be variable. 
Consequently, distinction between orpheite and 
hinsdalite by infrared should be considered inaccurate. 
Interestingly, in investigating the original orpheite 
specimens using local spot analytical methods, 
Mladenova et al. (2004) noted that Raman spectrums 
obtained show distinct similarities to hinsdalite, 
indicating a similar crystal structure. The present 
authors believe that this is because hinsdalite and 
orpheite are in fact the same mineral species - orpheite, 
being a lead-rich variety. 

Substitution ofKolkovski's (1971-72) compositional data 
for orpheite (Table 3) into the modem formula for 
hinsdalite (Kolitsch et al., 1999), produces a formula 
equating to (Pb I05CaO I3b. dAIz29Cuoo4)I:233(P04) 1.39 

(S04)060(OH,HzOh92' This represents plumbian 
hinsdalite. 

The physical differences between hinsdalite and 
orpheite noted by Kolkovski (1971-72), include specific 
gravity and hardness. Differences such as these can be 
explained by subtle compositional changes between lead
rich and aluminium-rich varietIes of hinsdalite. 
Kolkovski (1971-72) listed the specific gravity of 
hinsdalite as 3.65 and orpheite as 3.75. The slightly 
greater specific gravity of Kolkovski' s orpheite is 
because it is a lead-rich variety of hinsdalite - lead being 
considerably denser than aluminium. In terms of 
hardness, a greater lead:aluminium ratio produces a 
softer mineral, explaining why Kolkovski (1971-72) 
recorded the hardness of orpheite (Pb:AI ratio of 1 :2) as 
3.5 and hinsdalite (Pb:AI ratio of 1 :3) as 4.5. 
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~EFT: Figure 4. Comparative infrared spectra of hinsdalite and orpheite (after Kolkovski, 1971-72) and Frongoch material (this study, 
from NMW 2007.ISG.M.2a) in the IS00 to 400 cm- l interval. RIGHT: Figure 5. Comparative infrared spectra of hinsdalite and orpheite 
(after Kolkovski, 1971-72) and Frongoch material (this study, from NMW 2007.1SG.M.2a) in the 3S00 to 3000 cm- l interval. 

CONCLUSION 

Frongoch Mine continues to produce unusual 
mineral species, justifying its need for some form of 
protection. The move to relocate a section of the dumps 
nearest to the sawmills to an area on the other side of the 
mine site has served not only to preserve the existing 
material, which would, like large parts of the dumps 
have been covered in wood shavings, but has also 
exposed fresh material to collectors, allowing this 
discovery to take place. 

Our research has shown that the views expressed by 
Fleischer et af. (1976) and Gaines et af. (1997), that 
orpheite is probably a variety or synonym of hinsdalite, 
rather than a distinct species in its own right, are correct. 
Evidence from recent publications describing the crystal 
structure of hinsdalite and our own analyses demonstrate 
that orpheite is in fact a lead-rich variety of hinsdalite, 
probably best referred to as plumb ian hinsdalite. The fact 
that no new discoveries of orpheite have been made 
since its naming thirty-five years ago - while hinsdalite 
has now been recorded from many localities worldwide -
suggests that orpheite is extremely rare. We do not 
believe that this is the case. A large proportion of 
hinsdalite occurrences are produced on the basis of 
individual chemical, XRD or FTIR analyses rather than a 
combination of all three. The use of combination of such 
analyses would, we believe, show that at least some of 
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the reported hinsdalite occurrences are in fact plumbian 
hinsdalite, thus identical to Kolkovski's (1971-72) 
orpheite. 

In order for orpheite to be officially discredited as a 
species in its own right, new analyses need to be made 
on the type material using modem analytical equipment. 
Then if as expected, the data proves consistent with 
plumbian hinsdalite, a full case can be drawn up for 
discreditation. 
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