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EDITORIAL

Volume 18 of the Journal of the Russell Society is dedicated to the memory of Trevor Bridges who, as most
members will know, passed away earlier this year.

Trevor’s contribution to the Society — and to British mineralogy in general — has been immense, and Roy Starkey
has kindly provided us with a tribute that summarises Trevor’s many achievements. In terms of this Journal, Trevor’s
input has been quite extraordinary; over the past ten years, no less than one-third of the notes and papers contained
in the Journal have been authored (or co-authored) by T.F. Bridges!

Two more of his papers are published in this volume. Trevor held a passionate interest in the chemistry of supergene
alteration and several of his papers, over the years, have dealt with this subject on a locality by locality basis.
For some time Trevor had planned an explanatory paper, pitched at an introductory level, to explain this chemistry
and, in particular, the construction and use of stability field diagrams as an aid to understanding supergene mineral
assemblages. | am pleased that his manuscript was almost completed before he passed away and that we are now able
to publish it.

The second paper (Bridges and Starkey, 2015) is “vintage Trevor”, in that it combines field observations, literature
research, and the thorough scrutiny of a suite of specimens, to draw pertinent conclusions about the development
of a mineralised cavity at the Smallcleugh Mine in the North Pennine Orefield, where Trevor focused much of his
research effort.

We then move south, to Derbyshire, where Roy Starkey and John Faithful have been busy researching
the occurrence of ‘Buxton Diamonds’. Their comprehensive account will be of interest to mineralogists and historians
alike; although, sadly, specimens are much harder to come by than they appear to have been 200 years ago.

A short note follows on an interesting occurrence of amethyst at Screel Hill, Castle Douglas, in Scotland,
by Stephen Moreton and his co-authors.

Britain’s first confirmed thallium mineral was collected some 14 years ago from nodules in the Permian red beds
at Budleigh Salterton, in Devon. However, analytical confirmation would, until recently, have required the destruction
of virtually the entire specimen. Mike Rumsey and co-workers have now confirmed this mineral as crookesite,
and their account demonstrates how advances in analytical techniques can provide a significant reward for patience
when dealing with such a tiny quantity of an unidentified mineral.

Finally, many readers will recall the abridged biography of Matthew Forster Heddle, published in JRS 17,
and authored by Hamish Johnston, Heddle’s great-great-grandson. The full story of this doyen of Scottish mineralogy
was published in 2015, and is reviewed here by Roy Starkey.

My sincere thanks to all of the contributors to JRS 18 — to the authors and, very specifically, to the referees who
have donated their time to reading manuscripts and making constructive comments and suggestions. Last but by
no means least, | would like to say a special thank-you to Frank Ince, who is retiring from the position of Journal
Manager at the end of this year.

Malcolm Southwood

Honorary Journal Editor

ERRATUM

Hamish H. Johnston. (2014). Matthew Forster Heddle (1828-1897), Scottish Mineralogist: His life story. Journal of the Russell
Society, 17, 3-15. The correct caption for Figure 5 should be: Part of a letter from Heddle to Archibald Geikie, 5" July 1878,
in response to an enquiry about his activities. Heddle provides an analysis of a mineral sent earlier by Geikie and describes
his recent visit to Sutherland. GB0237 Gen525/2. © Edinburgh University Special Collections.
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TREVOR F. BRIDGES (1935-2015)

I first met Trevor Bridges on 22™ June 1980 as we were
walking down from Copa Hill at Cwmystwyth Mine in
Mid-Wales. We had both been participants on one of the
very early Welsh Mines Society field meetings, and as we
chatted | realised that my companion was none other than
THE Trevor Bridges whom | had recently invited to be
a guest speaker at the South Staffordshire Mineral and
Gemstone Society in Wolverhampton, of which | was
then Secretary. Shortly after this, my wife Mary and | paid
a visit to Trevor and Shelagh at their home in Derby, and
thus began a long-term friendship which saw us watch each
other’s children grow up, and share a number of holidays
together, most notably an annual pilgrimage to the Fort
William area at Easter in search of snow-covered peaks.

Trevor was born in London and grew up in Yorkshire.
He trained as a chemist and chemical engineer, gaining his
degree from the University of Birmingham, a specialism of
which he was justly proud, and a subject for which he had
a great affection. He met his future wife Shelagh through
the Coventry Mountaineering Club, and they were married
in 1963.

A long-term employee of the Courtaulds Group, Trevor
was faced with a mid-career crisis as that organisation
struggled to cope with market conditions and major
reorganisation. An opportunity arose on Tyneside
at International Paint, a member of the Group, and in 1981
Trevor and family moved to the pleasant surroundings of a
northern village, Ovington, near Prudhoe. Here, Trevor was
in his element. He took a special interest in the mineralisation
of the Northern Pennine Orefield, and he was one of a group
of members who came together to form the Society’s first
branch outside of Leicester — the Northern Branch, in 1984.

Trevor’s professional life saw him grappling with
improving the production efficiency of a complex paint
polymer manufacturing plant at Felling, near Gateshead,
and latterly in a key role as the site’s Health and Safety
Consultant, making a real impact on people’s lives and
well-being, something which gave him immense personal
satisfaction. As an ambassador of “science for the citizen”
there are few who could surpass Trevor’s tenacity and
enthusiasm, and he relished the prospect of educating
non-chemists in the ways of the elements.

Although not a “founder member”, Trevor has certainly
been a prominent and highly popular member of the Society
for some 40 years. His contributions have been many and
varied. Trevor’s involvement with the Society goes back
to 1975 and he appears in the list of members for that
year, published in Newsletter No. 3, and that issue also
carries what I believe to be Trevor’s very first article on
the chemistry of secondary (supergene) mineral formation.
He followed this up in Newsletter No. 4 with a look at the
importance of solubility in mineralising processes.

In 1976 Trevor gained 2™ place in the “Best single
specimen collected on a society field meeting” category
of the Russell Society Annual Competition, with a group
of clear quartz crystals from Brownley Hill Mine, and
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1 place in the “Micromount” category, with a baryte
from Tear Breeches Mine, Matlock Bath. At this time, the
Society was also working on a project to try and gain access
to the fabled Earl Ferrers Lead Mine at Staunton Harold,
and Trevor became involved as one of the diggers. He can
be seen at the far left in the photo of “The Hard Gang” on
page 45 of Newsletter No. 4. In Newsletter No. 5 Trevor
described an occurrence of nickel minerals at Hilton Mine,
and several specimens from this discovery were included
amongst the lots at the auction of his collection in August
of this year.

Trevor served as Vice-President from 1977-78, and as
President in 1979. Trevor became Newsletter Editor for
Nos. 14-19, and after the major make-over of the Society
Constitution and establishment of the present Council and
Branch structure, took the lead role as General Secretary
of the Society in 1998. There is not space here to include
a full account of all Trevor’s various contributions, but
| felt that some of the “early years” might be of most
interest, and rekindle happy memories for those who knew
him at that time.

Minerals, and the chemistry of minerals, occupied
a huge part of Trevor’s life, and his family shared in this
interest as a matter of course. There was, however, much
more to Trevor than simply collecting minerals, he was
an accomplished climber and mountaineer, a Munroist
(Compleator number 1953) in the Scottish Mountaineering
Club Register in 1998, and a passionate and knowledgeable
birdwatcher.

Never seeking the limelight, Trevor worked quietly
on the subjects that interested him, and was always happy
to explain, often complex, chemical matters to those less
informed than himself, and using terminology that helped
the listener to grasp the fundamentals of what was being
discussed.

He published a considerable number of scientific papers,
many of them in the Journal of the Russell Society, and
often commented to me that he had not had time to write
up as much as he would have liked. Even in his final weeks
he was working to complete a paper on geochemistry,
which appears elsewhere in this volume (Bridges, 2015).
Many of his publications focused on supergene mineralogy,
particularly in relation to northern England, the field in
which Trevor carved a niche for himself. He had a particular
fascination with barium mineralisation, and also brought his
expertise in stability field diagrams to bear on helping to
interpret the complex geochemistry of the lead oxychloride
assemblages in the Mendips. A selection of his papers
is referenced at the end of this tribute.

Trevor will be remembered by many as an educator
and teacher. He was a popular speaker at the annual British
Micromount Symposium, where he also assumed the role
of auctioneer, and at meetings of the Russell Society and
other organisations. In 1993 Trevor was only the second
recipient of the Russell Medal, something which pleased
him greatly, and which he wore with pride at each Society
Annual Dinner.



Trevor’s mineral collection numbering some 6000
specimens has been dispersed in a number of different
directions — to the Hunterian Museum, the Oxford Museum
of Natural History, the National Museum of Wales, the
Hancock Museum (Newcastle Upon Tyne) and the Natural
History Museum. The bulk of his more aesthetic display
specimens were sold by auction in August of this year.

Although many readers will remember Trevor as a
scientist, chemist and mineralogist, he was at heart a great
family man, and enormously proud of his two sons Paul and
David, and their respective families, which extend to six
grandchildren.

Trevor passed away peacefully in his sleep on Thursday
23 April after battling prostate cancer for some time. He
has truly left a significant mark on the world in the field
of mineralogy and he will long be remembered for his
generosity, his enthusiasm and fair minded approach to life.

Roy Starkey
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AN INTRODUCTION TO SUPERGENE MINERAL FORMATION IN AN
OXIDISING LEAD-, COPPER- AND ZINC-BEARING ORE DEPOSIT

Trevor F. BRIDGES!
Waddingham, Lincolnshire, DN21 4SD

Groundwater, trickling into a sulphide-based lead, copper and zinc deposit sets in progress a series of reaction pathways
that give rise to a wide range of supergene minerals such as cerussite, malachite and smithsonite. Oxygen dissolved in
the groundwater reacts with sulphide minerals in the ores converting sulphur into sulphate and releasing metal ions
into solution in a process known as oxidation. This process is very complex, with numerous intermediate stages,

a summary of which is provided in this paper. Following the oxidation reactions, numerous further reaction pathways
can be followed depending on factors such as the pH of the solution, the concentration of dissolved sulphate ions
(often expressed as its activity, aSO,>), and the amount of free carbon dioxide gas present expressed as its partial
pressure, pCO, (or its solution equivalent expressed as carbonate molecule concentration or alkalinity) and, finally,
the reduction-oxidation (REDOX) potential of the solution, denoted as Eh. This introductory text explains what these
factors are and how they are measured with, in most cases, an explanation of the chemical processes from which they
arise. The best way to visualise the relationships of the minerals that form from these processes is by the use of
stability field diagrams. The methods used to prepare these diagrams are explained and they are used to demonstrate
the conditions under which the more common lead and copper supergene minerals form.

The zinc supergene system is also discussed briefly.

INTRODUCTION

The most important sulphide minerals of lead (galena,
PbS), copper (chalcopyrite, CuFeS,) and zinc (sphalerite,
ZnS), and also iron (pyrite and marcasite, FeS,), are
extremely insoluble in aqueous media and resist attack
by all but the strongest of acids. They do, however, have
an Achilles’ heel in that they can be attacked, albeit very
slowly, by oxygen dissolved in groundwater. This process,

! Deceased. Correspondence relating to this paper should be
addressed to the Editor.
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which is called oxidation, almost inevitably results, initially,
in the formation of sulphate and metal ions dissolved in the
groundwater. These dissolved species can then go on to react
with wall rocks and other minerals in the deposit to form the
wide range of supergene minerals, such as cerussite, PbCO,,
malachite, Cu,CO,(OH),, and smithsonite, ZnCO,, that is
common in oxidised deposits.

Oxygen dissolved in water in equilibrium with the
atmosphere is a relatively powerful oxidising agent;
however, as groundwater percolates into a deposit, the
oxygen is gradually depleted and the potential for carrying
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out further oxidising reactions diminishes. Below the water
table, the presence of anaerobic bacteria can contribute to
reducing conditions; that is instead of being oxygen rich,
conditions become oxygen deficient, so that sulphates
can be reduced back to sulphides. The ability of a system
to carry out oxidising or reducing reactions is called its
reduction-oxidation potential (or Eh). This is a complex
subject, the detail of which is considered to be beyond the
scope of this introduction to supergene mineral formation;
however, a brief outline of the issues is in order.

The oxidation of sulphide to sulphate involves adding
four oxygen atoms to each sulphur atom. This oxidation
cannot happen in a single stage, but proceeds through a
complex series of intermediate compounds, most of which
have a very transient existence. Only the addition of the first
oxygen is slow; after that the intermediates are powerful
reducing agents and react rapidly with any available oxygen.
Two of these intermediates are sulphites and thiosulphates
and for many years it was thought that these compounds
did not exist as minerals. However, very rarely indeed,
in conditions where the oxygen is nearly all used up before
the sulphate stage is reached, they can occur as minerals.
The first to be identified was the sulphite mineral scotlandite,
PbS*0,, which is relevant to this study of supergene
lead minerals, as is the more recently characterised lead
thiosulphate mineral sidpietersite Pb,(S°*0,S)>O,(OH),.
A comprehensive, and quite technical, treatment of the
subject of oxidation in ore deposits is provided by Williams
(1990).

In the well-established model (Figure 1) of an oxidising
sulphide ore deposit (see, for example, Williams, 1990), the
upper part of the system can become completely devoid of
ore minerals, resulting in what is called a leached zone or
the gossan zone. In effect, the sulphates which, with the

Surface

Gossan

Leached Zone Mainly quartz and limonite

Soluble minerals removed

Oxidised Zone Secondary minerals,
potentially including:
carbonates, sulphates,
phosphates, arsenates,
chlorides, oxides, and
native metals

Water Table

Elevated metal content
due to precipitation of
secondary sulphides,
such as chalcocite,
covellite and bornite

Supergene Enrichment
Zone

Primary Ore Unaltered, hypogene
sulphide ore

Figure 1. Schematic illustration of an idealised oxidation profile
for a sulphide mineral deposit (after Embrey and Symes, 1987
and Williams, 1990).
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exception of anglesite, PbSO,, are relatively soluble in
groundwater, trickle deeper into the deposit, aided usually
by the formation of sulphuric acid from the oxidation
of pyrite (see later under pH). Further into the deposit,
reactions mainly with carbonate minerals and carbonate
rocks, result in an increase in pH allowing supergene
carbonate and sulphate minerals to form. This is called
the oxidation zone, the development of which can result in
very valuable ore deposits. If copper sulphate in solution
trickles below the water table the copper can be precipitated
under reducing conditions as valuable ore minerals such
as chalcocite, Cu,S. It can also react with other sulphides
resulting in their replacement; for example, chalcopyrite
can be replaced by bornite. This is called the supergene
enrichment zone, in which the enhanced concentration of
metals can also be of considerable economic importance.
In the British Isles, several examples of this zonation occur,
although most are poorly defined, for example at Penberthy
Croft (in Cornwall), at Leadhills (in Scotland) or in the
Caldbeck Fells. More complete examples occur in tropical
and desert regions: Tsumeb (in Namibia), Mammoth
St Anthony (in Arizona, USA), Broken Hill (in Australia),
and Shingalobwe (in the Democratic Republic of Congo)
are all good examples.

This paper is mainly concerned with the reactions that
take place in the oxidation zone, the factors which control
those reactions, and the supergene minerals that are formed.

THE IMPORTANT FACTORS

Three geochemical factors control the outcome of the
main reactions occurring in the oxidation zone; namely pH,
the activity (a chemical term for concentration) of sulphate
ion in solution, aSO,*, and the concentration of free carbon
dioxide available in the system, usually expressed as
a partial pressure, pCO,,

pH

pH is a measure of the acidity/alkalinity of a system. The
pH scale runs from 1 to 14 with low pH being the acid end
and high pH the alkaline end. The scale is not arbitrary, it is
in fact the negative logarithm of the hydrogen ion activity,
-logaH*; for an explanation of the term ‘activity’ see the
‘Sulphate lon Concentration’ section below. \ery strong
acids can have a pH less than 1 and very strong alkalis a pH
greater than 14. Because the scale is logarithmic, each step is
10 times more or 10 times less than its neighbours: thus
pH 2 is 10 times more acid than pH 3; likewise pH 12 is 10
times more alkaline than pH 11.

In an oxidising mineral deposit, acid conditions
normally arise from the oxidation of iron-bearing sulphides
such as pyrite or marcasite, FeS,, the initial reaction being
the formation of a solution containing ferrous sulphate,
Fe**SO,, and sulphuric acid, H,SO,:
2FeS,(s) + 70,(g) + 2H,0(1) — 2Fe*(aq) + 2S0,*(aq) + 2H,SO,(aq)

Pyrite Ferrous sulphate (See footnote?)

2 In this paper the following notation is used in certain equations
to denote the condition of molecular and ionic species: (s) = solid,
(9) = gas, (1) = liquid, (ag) = aqueous solution.
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Given even a modest concentration of dissolved oxygen,
this is usually followed by second and third reactions which
oxidise the ferrous sulphate to ferric sulphate, Fe**,(SO,).,
which, at any pH above approximately 2, reacts to form
goethite, Fe**O(OH), and more sulphuric acid:

4Fe*(aq) +4S0,%(aq) + O,(g) + 2H,S0,(aq) — 4Fe*(aq) + 6S0,*(aq) + 2H,0(I)

Ferrous sulphate Ferric sulphate

followed by
2Fe*(aq) + 3S0,*(aq) + 4H,0(1) — 2Fe*O(OH)(s) + 3H,S0,(aq)
Ferric sulphate Goethite

In arid conditions the iron sulphates can crystallise out as
minerals such as melanterite, Fe**SO,-5H,0, and coquimbite
Fe,**(SO,),"9H,0. More importantly, however, the result of
these reactions is usually the release of significant amounts
of sulphuric acid which can lower the pH to 1, although
it normally remains somewhat higher than this. There is
another possible reaction, when access to oxygen is limited,
which gives rise to sulphur, namely:

FeS,(s) + 20,(g) — Fe**(aq) + SO,*(aq) + S(s)

This reaction is particularly common in oxidising
pyritiferous shales, but it can also result in small crystals
of sulphur on supergene minerals in an oxidising sulphide
deposit. Another fairly common mineral in oxidising pyrite
deposits is jarosite, KFe,(SO,),(OH),, which also only
forms at low pH.

A pH above neutral (pH > 7) is mostly due to the action
of carbonates, particularly calcium carbonate, CaCO,, in the
form of calcite or limestone. Calcium carbonate dissolved
in pure water with no access to air results in a pH of about
10. When open to air, the solution absorbs carbon dioxide
and the pH falls to about 8.3. This pH is not very high,
but is sufficiently alkaline to stabilise carbonate ions in
solution, which in turn can react with metals to form a wide
range of carbonate supergene minerals. Higher pH waters
can occur, but usually require the weathering of silicate
rocks, particularly those of mafic composition. At higher
pH even silica is soluble in water and this can lead to the
form of supergene silicate minerals such as dioptase and
hemimorphite.

The prevailing pH in an oxidising mineral deposit
usually depends on the balance between the availability of
sulphuric acid and calcium carbonate. In limestone regions
such as the Pennines, higher pH tends to predominate
resulting in the dominance of supergene carbonate minerals
such as cerussite and smithsonite. In carbonate deficient
areas, sulphates can be more common, but carbonates still
tend to be quite abundant. As an example, Redgill Mine
in the Caldbeck Fells, Cumbria, England, is well known
for interesting sulphate minerals (Bridges et al., 2008),
but carbonates such as cerussite and malachite are still
common and, at the nearby Roughton Gill Mine, carbonates
(and pyromorphite) predominate (Bridges et al., 2011), with
sulphates being relatively rare.

Carbon Dioxide, CO2

The atmosphere contains a relatively low concentration
of CO,. A value of 300 ppm is commonly assumed for
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modelling supergene mineral formation (Garrels and Christ,
1965; Williams, 1990) and this value will be used here.
It is noted, however, that the current CO, concentration is
about 400 ppm, almost certainly due to burning fossil fuels
(Oelkers and Cole, 2008). For the calculations necessary to
study supergene reactions it is necessary to turn this into
a partial pressure. Partial pressure can be considered as the
%v/v divided by 100: 300 ppm equates to 0.03 %v/v and
a pCO, of 0.0003 which can be expressed as a logarithm,
i.e. 10°%%2 It is easier to write 10-*52 than 0.0003 and it
simplifies the ensuing arithmetic since multiplication and
division become addition and subtraction respectively. It is
worth noting that, ignoring industrial pollution, rain water
passing through the atmosphere has a pH of 5.7, because the
CO, dissolved partly forms carbonic acid, H,CO,. Carbonic
acid is very weak, but this small decrease in pH greatly
facilitates the weathering of silicate and carbonate rocks.

In an oxidising mineral deposit the reaction between
sulphuric acid and carbonates generates CO, which can
result in a significant increase in pCO,,. The reaction is:
CaCO,(s) + H,S0,(aq) — Ca*(aq) + SO,*(aq) + CO,(g) + H,O(l)
Depending on the availability of primary carbonates and
sulphuric acid, the pCO, can vary between atmospheric and
almost 1. Under unusual conditions, pCO, can fall below
atmospheric and this will be considered later.

Under dry conditions the Ca** and SO,* can combine to
form gypsum, CaSO,-2H,0. This is of common occurrence
on the walls of old mines, but in an oxidising deposit
normally the Ca?* and SO, stay in solution, which leads to
the third important factor: sulphate ion concentration.

Sulphate lon Concentration, aSO,*

The sulphate ion, mostly generated by the oxidation of
iron-bearing sulphides, usually stays in solution and can
build up to relatively high concentrations. Furthermore,
if carbonate supergene minerals form, the sulphate ions tend
to remain in solution. Using the formation of solid cerussite,
PbCO,(s), from the reaction of carbonate ions with lead
sulphate in solution as an example, the reaction is:

Pb*(aq) + SO,*(aq) + CO,*(aq) — PbCO,(s) + SO,*(aq)

Thus sulphate ion concentrations can build up, and act as a
controlling factor on supergene mineral formation. These
concentrations are normally expressed as ‘activities’,
a concept that is best explained by using an example. The
molecular weight of common salt, NaCl, is 58.5 g (that is
1 mole of NaCl weighs 58.5 g based on the molecular weight
of 1 atom of Na and 1 atom of CI). Dissolve this amount of
salt in enough water to make 1 litre of solution, then the
true concentration, called molarity, is 1 g.mol.I"X. However,
if chemical reactions are carried out with the solution, it will
behave as though there is less salt present than the true molar
value due to ions and molecules in the solution interfering
with each other. It is this smaller value which is important in
most geochemical processes and which is called the activity
of the ion or molecule, the symbol being ‘a’ (in italics).
Activity is a dimensionless quantity, but can be regarded as
being equivalent to g.mol.I*; for convenience activities are
also usually quoted as logarithms.



Supergene minerals can form at extremely low aSO,*;
a value of 108 is not unusual. There is usually an upper limit
at about 10, since above this value, except at very low pH,
in the presence of Ca?* ions gypsum would crystallise out
removing some sulphate ion from solution.

STABILITY FIELD DIAGRAMS

Stability field diagrams (sometimes called simply
stability diagrams) are the standard way of showing
graphically the relationship of various minerals to each
other and to the conditions under which they form.
Understanding these diagrams requires knowledge of how
they are prepared, and of the data needed to do this; the key
explanations now follow.

Solubility Product

All chemical compounds, which include all minerals,
have a thermochemical property called the Gibbs free
energy of formation, AG? (see Robie et al, 1978;
by definition the AG? for native elements is zero). From this,
a temperature dependant constant for the mineral, called its
solubility product (here denoted Ksp), can be calculated.
For geochemical purposes, Ko is usually calculated at 25°C,
which is an accepted approximation for the temperature
likely to prevail in oxidising ore deposits. Tables of
values of AG” and, in some cases, K_ data are available
for many of the more common minerals in the literature,
a useful example being the compilation of Robie et al.
(1978); however, individual research papers may have to
be consulted for data related to the less common minerals,
and there are numerous mineral species for which reliable
constants have yet to be established.

The use of solubility products is best demonstrated with
an example, in this case anglesite, PbSO,. If solid anglesite,
PbSO,(s), is left in water for several days, a very small
amount dissolves to form a saturated solution containing
both Pb? and SO,* ions (this is a slight simplification but
is adequate for the current purpose) and the equilibrium is:
PbSO,(s) <> Pb*(aq) + SO,*(aq)

The K, for anglesite is 107 (Robie et al., 1978), which
gives the equilibrium equation:
aPb* x asSO,> = 1078

If the solution is allowed to partly evaporate, then some
anglesite will crystallise out of the solution to maintain
the above equilibrium. If water is added, more anglesite
will dissolve. Adding a soluble sulphate, such as sodium
sulphate, Na,SO,, increases the aSO,”> and would also
cause some anglesite to crystallise out to maintain the above
equilibrium. Any disturbance to the system results in the
solution chemistry trying to correct the disturbance. This
reaction to disturbance is known as Le Chatelier’s Principle,
since it was first recognised by the French chemist, Henry le
Chatelier (1850-1936).

Carbonate Equilibria

Sulphuric acid in water completely dissociates into H*
and SO, ions and it is the H* ions that make the solution
acid. Similarly, caustic soda, NaOH, dissolved in water
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completely dissociates into OH- and Na* ions and it is the
OH- ions that make the solution alkaline. Sulphuric acid
and caustic soda are strong acids and alkalis respectively
(the latter often called bases) and are completely dissociated
in water.

When CO, dissolves in water it forms carbonic acid, but
this is a weak acid and it does not completely dissociate,
so some of it remains in solution in an undissociated form
and is denoted as H,CO.,° This process is controlled by
a temperature related constant so that the equilibrium is:
CO,(aq) + H,0(l) -~ H,CO%(aq) K=10"% (Garrels and Christ, 1965)

This means that the equilibrium equation is:

aH,C0,% = log(pCO,) x 10146 (Equation 1)
As an example, with the atmospheric concentration of
CO, of 300 ppm, pCO, is 0.0003 which gives a log(pCO,)
of 10*%. Substituting into Equation 1 gives an aH,CO,°
of 104, which is usually simplified to 10~

Some of the carbonic acid dissociates to form H* and
HCO, (bicarbonate) ions and again this equilibrium is
controlled by a constant:

H,C0%(aq) <> H*(aq) + HCO,(aq) K=10%* (Garrelsand Christ, 1965)

Finally a small part of the bicarbonate further dissociates to
H* and CO,> ions. This equilibrium is again controlled by
a constant:

HCO,(aq) <> H*(aq) + CO,*(aq) K =10 (Garrelsand Christ, 1965)

It is the H* ions from these two equilibria that make the
solution slightly acid as mentioned under ‘Carbon Dioxide’
above. From the point of view of supergene carbonate
mineral formation it is the carbonate ion concentration
expressed as aCO,> which is important, bicarbonate being
of no consequence. The above reactions can be combined
into a single equation, although it is customary to use
aH,CO,° rather than pCO,,; the equilibrium is:

H,CO,(aq) «» 2H*(aq) + CO*(aq) K =107%7

and the equilibrium equation is:

aCO,*=10""xaH,C0O,’/ (aH*)?or 105" x aH,CO,’ x (aH*)? (Equation 2)
To use Equation 2, choose a value for pCO, and calculate
aH,CO,° using Equation 1. Then choose a pH and calculate
aH* and the result is the aCO_* of the carbonate ions in
solution and this controls the formation of carbonate
supergene minerals, permitting their relationship to other
minerals to be calculated under the chosen conditions, as
will be demonstrated later.

When solid calcite, CaCO,(s), dissolves in water,
it initially forms Ca?* and CO,> ions, controlled by the
following equilibrium and the associated K_ for calcite,
which is 1082 (Garrels and Christ, 1965).

CaCO,(s) <> Ca™(aq) + CO7(aq) K, =10%?

However, in a reverse of the processes described above,
some of the CO,> ions are hydrolysed by water to form
HCO, and OH- ions as shown by the equilibrium below.
CO(aq) + H,0(l) «> HCO, (aq) + OH(aq)

This means a little more calcite has to dissolve to maintain
the requirement of the solubility product; subsequently
some of the HCO, reacts with water to form a small amount
of H,CO,” in the reverse of one of the previously-described
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equilibria. The equilibrium constants for these reactions are
essentially the same as for CO, in water corrected for pH.
It is the OH- ions that make the solution alkaline. As stated
above, in pure water the pH can reach 10, but when exposed
to air this falls to 8.3. It is also worth noting that as the
pH falls, more calcite dissolves to maintain the equilibrium.
When groundwater passes through a layer of vegetation,
the pCO, is increased. If this groundwater passes through
limestone, more calcite will dissolve. If this solution then
emerges into a ventilated cave, CO, is lost to the atmosphere
and to maintain the equilibrium some calcite is precipitated
from the solution. This is the main cause of the build-up
of stalactitic formations in caves. It is worth noting that
all carbonates become more soluble as pCO, increases.
For example, the deposit of flowstone cerussite on the walls
of the Bwlch Glas Mine, Ceredigion, Wales [SN 710 878]
(Figure 2) indicates that deposition must have occurred
from a solution with elevated pCO,.

Figure 2. Powdery microcrystalline crusts of cerussite deposited
as ‘flowstone’ on the walls of the upper adit, Bwilch Glas
Mine, Talybont, Ceredigion, Wales. Specimen width 65 mm.
Roy Starkey specimen (0505-114) and photograph.

Stability Field Diagram Preparation

This is best explained by using an example. Anglesite
and cerussite are often found together as pristine crystals in
the same cavity implying that both minerals must have been
able to crystallise from the same solution. Each mineral has
a kK, that for anglesite being 1072 (Robie et al., 1978) and
that for cerussite being 1032 (Taylor and Lopata, 1984).
These K, values are related to two equilibria and their
associated equations. The equilibrium, and the equilibrium
equation, for anglesite have already been given under
Solubility Product (but are repeated here):

PbSO,(s) <> Pb*(aq) + SO,*(aq)
aPb* x aSO,> = 1078 or aPb* =107%/aS0O,>

For cerussite the equilibrium, and the equilibrium equation,
are:
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PbCO,(s) «» Pb*(aq) + CO,>(aq)
aPb®* x aCO,> = 1032 or aPb* =10"*?/aC0O*

Since aPb?* must be the same for both minerals if they have
formed from the same solution, the two equations above can
be combined to give:

aS0,> =aC0,> /105

but Equation 2 above gives aCO,” in effect in terms of
pCO, and pH and incorporating this into the above gives:
aso,>=10"*xaH,CO,”/a(H*)?or 10"# xaH,CO, xa(H")* (Equation 3)
To use Equation 3, use Equation 1 to calculate aH,CO.° and
substitute this into Equation 3. Then for any pH, Equation 3
gives the aSO,* for that pH and the selected value of pCO,.
It should be noted that this is an equation for the demarcation
line (hereafter called a fence) between the stability fields of
cerussite and anglesite at the selected value of pCO,. This
relationship is best represented graphically and a typical
example, in this case for anglesite and cerussite, is given in
Figure 3 calculated at a pCO, of 10*% (0.0112). It must be
emphasised that this diagram is only valid at the selected
value of pCO,. If pCO, is changed, then the position of the
fence will move.

3
K=
2
g_ -4 Anglesite
=
8 Cerussite
%
>
Ss5}F
5 1 1 1 1
3 4 5 6 7 8

pH

Figure 3. Stability field diagram for anglesite and cerussite at
pCO, = 10" (1.12%v/v CO,).

There are several traps that have to be carefully avoided,
or at least taken into consideration, when preparing
stability field diagrams. It is quite possible to calculate
a fence between two minerals that cannot form from the
same solution; for example, anglesite and hydrocerussite,
Pb,CO,(OH),. The reason for this will become apparent
later. The experimental work required to evaluate the
Gibbs free energy of formation of a mineral is fraught with
difficulty and has resulted in significantly different values
for the same mineral in the literature; examples of this are
also discussed below.

LEAD SUPERGENE MINERAL
FORMATION

Anglesite and Cerussite

Anglesite and cerussite do not often occur together
in cavities, which indicates that the chemical conditions
in the solutions from which they individually formed lie
somewhere in the large areas (or fields) on either side of the
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fence in Figure 3. When the two minerals do occur together
(Figure 4), the chemical conditions are actually as specified
by the fence. It may seem that such conditions should be
very rare, but there are chemical driving forces that move
the solution chemistry towards the fence. As an example,
the formation of cerussite from oxidising galena (Figure 5),
removes carbonate ions from the solution, which lowers the
pH and therefore moves the chemical conditions towards
the fence. At the same time aSO,* is increased, which has
the same effect.

Figure 3 shows the relationship between anglesite and
cerussite at a pCO, of 10%, a little above the atmospheric
level (logaSO,> = 2pH - 14.65; see Appendix for the
derivation of this equation from Equation 3). This is still
relatively low; pCO, values well above 10™ (0.1 or 10% v/v)
are not unusual in an oxidising deposit, particularly in

Figure 4. Anglesite crystals, up to 0.5 mm long, on cerussite
in a ‘limonite’-coated cavity in galena. Killhope, Weardale.
David Green specimen and photograph.

Figure 5. Small crystals of cerussite on cubes of oxidised galena (up to
15 mm). Breedon Hill Quarry, Breedon on the Hill, Leicestershire.
Steve Warren specimen, David Green photograph.
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carbonate rich terranes such as the Pennines. As pCO, rises
above 10, the fence between the two minerals moves
towards lower pH, while maintaining its orientation.

Leadhillite, Pb,SO,(CO,),(OH),

If the pCO, is less than 10*%, then the fence of Figure 1
splits and a leadhillite stability field gradually opens up
between the anglesite and the cerussite, becoming wider
as pCO, falls. Figure 6 is a stability field diagram for lead
supergene minerals at the atmospheric level of pCO, of
10°%2, under which conditions the stability field for
leadhillite is relatively wide. The K_ for leadhillite is taken
from Abdul-Samad et al., (1982) and is 10-°*%. Note that the
polymorphs of leadhillite (susannite and macphersonite)
would occupy a similar stability field.

The relative rarity of leadhillite is one of several
findings that support the view, expressed above, that
elevated concentrations of CO, in oxidising veins are
very common. Leadhillite is only common in deposits
that contain very little carbonate mineralisation. Several
localities in the Caldbeck Fells (Figure 7) and the Leadhills/
Wanlockhead mining field meet this requirement, which
is why the mineral is relatively common in these places.
Leadhillite is quite rare in the carbonate rich Pennines.

(Seawater)

Anglesite

Cerussite

Log,a (sulphate ion)
IS
T

Figure 6. Stability field diagram for anglesite, leadhillite and
cerussite at atmospheric pCO, (102%)

Figure 7. Tiny drusy crystals of leadhillite. Higher Roughton Gill,
Caldbeck Fells, Cumbria. David Green specimen and photograph.
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Perhaps the best studied example of its occurrence in the
Pennines is at Closehouse Mine, Teesdale, [NY 850 228],
(Young et al., 1994) (Figure 8). This mine worked a
massive baryte deposit and anglesite was very common
here indicating low carbonate chemistry.

Seawater has a pH of approximately 8.3 and an aSO,*
of 1027 (Garrels and Thompson, 1962) and the pCO, is
atmospheric, so this point can be plotted on Figure 6.
It clearly shows that cerussite is the stable lead supergene
mineral in contact with seawater.

Hydrocerussite, Pb,CO,(OH),

There is disagreement in the literature on the value
of AG? and hence the K_ for hydrocerussite. Williams
(1990) argues the value is such that hydrocerussite is more
stable than cerussite at the atmospheric value of pCO,.
However, this does not seem to match field observations,
where cerussite appears to be perfectly stable on mine
dumps. The author prefers the data evaluated by Taylor and
Lopata (1984) who used the same technique to determine
K values for cerussite and hydrocerussite. Their data
gives a Ke for hydrocerussite of 105 which, when
combined with their K_ for cerussite (10**?) gives a pCO,
of 103% slightly lower than atmospheric for the value
at which cerussite and hydrocerussite can form together
from the same solution. Figure 9 is the stability diagram
for the lead carbonate-sulphate system at a pCO, of 10-°%,
At any pCO, below this figure, hydrocerussite completely
replaces cerussite in the cerussite stability field shown on
Figure 6. Note, that the large stability field for leadhillite
on Figure 9 explains the statement above, that anglesite and
hydrocerussite cannot form from the same solution.

Lanarkite, PbZOSO A

If pCO, is reduced to a value of 1077 a stability field
for the rare mineral lanarkite opens up between anglesite
and leadhillite. Figure 10 shows a stability field diagram
at the slightly lower pCO, of 107* at which lanarkite
(K,, = 10%4) has a narrow stability field. It is interesting to
note thata pCO, this low requires the presence of a relatively
strong alkali, much stronger than could be developed from
the dissolution of calcite at atmospheric levels. Lanarkite
was relatively abundant in the Susanna \Vein, Leadhills,
Scotland based on its extensive presence as excellent
specimens in museum collections. The country rocks
of the area are a complex mixture of volcanic rocks and
greywackes with much plagioclase feldspar (Temple, 1956).
Personal observation of the Susanna Vein underground
in 1984 indicated the presence of abundant clay. If some
of this was derived from the weathering of feldspars or
mafic minerals, then this might account for the relatively
alkaline conditions, but this is very much an hypothesis,
with no empirical evidence to support it. Lanarkite does
occur in small amounts elsewhere in this mining field.
It has also been reported from several localities in the
Caldbeck Fells (Figure 11, see p. 12) (Bridges et al., 2006;
Green et al., 2006; Bridges et al., 2008; Green et al., 2008;
Neall and Green, 2009). In the Caldbeck Fells it is possible
that the necessary low pCO, resulted from low carbonate

Journal of the Russell Society (2015)

Figure 8. Small six-sided prisms of leadhillite with cerussite
on galena. Closehouse Mine, Lunedale, Co. Durham. Field of
view 11 mm. Frank Bouwerearts specimen (0523). Frank Ince
photograph.

Anglesite
Leadhiliite
Cerussite

and
Hydrocerussite

Log,qa (sulphate ion)
B
1

Figure 9. Stability field diagram at the pCO, (10*%) at which
cerussite and/or hydrocerussite can form from the same solution.

Lanarkite

Anglesite

Log,ea (sulphate ion)
S
T

Figure 10. Stability field diagram at the pCO, (1074) at which
lanarkite has a small stability field.
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Figure 11. Bladed crystals of lanarkite (to 2 mm). Higher
Roughton Gill, Caldbeck Fells, Cumbria. David Green specimen
and photograph.

conditions combined with the weathering of mafic minerals
in the lavas of the Eycott Volcanic Group, but again this is
speculation.

Other Lead Supergene Minerals

There are numerous other lead supergene
minerals, many involving other metals e.g. dundasite,
PbAL(CO,),(OH),-H,0, but thermochemical data are rarely
available for them. The most abundant lead secondary
mineral after cerussite is pyromorphite, Pb,(PO,),Cl, but this
needs a different methodology to explain its occurrence and
is worthy of a separate study; in this context Mason (2004)
has described cerussite-pyromorphite assemblages from
the Central Wales Orefield, and discussed the chemistry of
their formation. The rare lead oxides such as litharge, PbO,
are high pH minerals and would have stability fields off the
right hand side of the diagrams in Figures 3, 6, 9 and 10.

Of considerable interest to British mineralogists are
the lead minerals that contain the chloride ion, CI,, and
a number of studies have already been published. A study on
the long known rare assemblage of phosgenite, Pb,CO,Cl,,
and matlockite, PbFClI, at Bage Mine, Cromford, Derbyshire
has been presented by Bridges (2013). This is a high
pCO, assemblage as evidenced by the lack of leadhillite
at the site. A study of the rare low pCO,, relatively high
pH assemblage of oxychlorides of the Mendips has been
presented by Bridges et al. (2012). Both of these studies
include stability field diagrams, but it must be stressed that
both are based on plausible hypotheses, not hard facts.
Phosgenite is well recorded from coastal localities such as
Clevedon Beach, Avon, (Starkey, 1984) and Lossiemouth,
Grampian Region, Starkey, (1988). It can form in cavities
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with restricted access to seawater, if pH is slightly lowered
by pyrite oxidation. More difficult to explain is the presence
of cotunnite, PbCl,, at Clevedon (Bridges, 2003), which
requires a higher aCl- than that which occurs in seawater.

COPPER SUPERGENE MINERAL
FORMATION

The first stage is the oxidation of a primary copper-
containing ore mineral, e.g. chalcopyrite, CuFeS,. As with the
other sulphides, this is a very complex, multi-stage process,
with numerous transient intermediaries. The net result,
however, is usually an acidic solution of copper sulphate
(cupric sulphate) together with limonitic ochres related to
goethite, FeO(OH). The reaction can be simplified to:
4CuFeS,(s) + 170,(g) + 6H,0(1) —

4Cu*(aq) + 4S0,*(aq) + 4FeO(OH)(s) + 4H,SO,(aq)
Cupric sulphate Goethite

The copper and sulphate ions are then free to react with
carbonate ions in solution to form a range of supergene
copper sulphates and carbonates.

In some respects the copper system is simpler than
that of lead, because pCO, typically only affects whether
malachite, Cu,CO,(CH),, orazurite, Cu,(CO,),(OH),, forms.
Figure 12 is a stability field diagram at the atmospheric
pCO, of 10*%. This is based on thermochemical data
from a number of sources, including Robie et al. (1978)
and Williams (1990) and the K values used to construct
Figures 12, 13 and 15 are: chalcanthite 102%, antlerite 1069,
brochantite 1086, malachite 10337 and azurite 10->%,
Regrettably, as will be discussed later, there are considerable
differences in the data for malachite and azurite, which
results in some unreliability in the diagrams, but not
enough to prevent some conclusions from being drawn. The
minerals shown in Figure 12 are discussed in turn below.

Chalcanthite, CuSO4-7H20

This mineral is denoted as Cu* and SO,* (in the top
left hand corner of Figure 12). Only in exceptionally arid
conditions can this mineral crystallise and remain stable;
normally Cu®* and SO,* ions remain in solution.

= -
=]
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= Brochantite
=2
3
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2 3 4 5 6 7 8
pH

Figure 12. Stability field diagram for the copper system at
pCO, = 10*%* (atmospheric).
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Antlerite, Cu,SO,(OH),

Antlerite has a narrow stability field at slightly higher
pH than chalcanthite, but it is still only stable at what is
really still quite a low pH range. It is a rare mineral, because
normally in an oxidising deposit, pH will be too high for
it to form. The walls of mines, where there is abundant
pyrite, are where it has been mainly found in the UK
(e.g. Parys Mountain). If the presence of antlerite is
suspected, the specimen must not be washed in water,
as the antlerite will react with water to form brochantite,
Cu,SO,(OH),, and sulphuric acid:
4Cu,SO,(OH),(s) + 2H,0(1) — 3Cu,SO,(OH),(s) + H,SO,(aq)

Antlerite Brochantite

Brochantite, Cu,SO,(OH),

At atmospheric pCO,, brochantite has quite a large
stability field, but at generally less than neutral pH.
It should be noted that related minerals such as langite,
Cu,SO,(OH),2H,0, will occupy the same stability
field. Unlike antlerite, brochantite is stable in water. It is
relatively common in low carbonate environments such as
the Caldbeck Fells, but much less so in the Pennines.

Malachite, Cu,CO,(OH),

By far the most abundant supergene copper mineral,
malachite is widespread in ore deposits around the world,
where it often forms a valuable resource. Less abundant in
the UK, it was nevertheless an important ore in Cornwall
and Devon and also in the Caldbeck Fells. It is essentially
arelatively high pH mineral, in keeping with its requirement
for carbonate ions in order to form.

Increasing pCO, has the effect of moving the
fence between malachite and brochantite to lower pH.
This is illustrated in Figure 13, calculated at a pCO, of 102%*
(0.3%v/v CO,). Note that this narrows the brochantite field,
expands that of malachite, but does not affect the lower pH
minerals.

Azurite, Cu,(CO,),(OH),

Complications arise when trying to evaluate the pCO,
at which malachite and azurite (Figure 14) can form from
the same solution, and this is due to problems with the
thermochemical data. Using generally accepted values for
the solubility products (malachite K _ 107 and azurite
K,, 10%) gives a value of pCO, at the transition of 10%.
This equates to nearly 40%v/v CO, in the oxidising deposit,
which seems very high indeed, considering that, while
azurite is much less abundant than malachite, it is still a
common mineral. Figure 15 shows a stability diagram at
this pCO, and it can be seen that the brochantite stability
field has virtually disappeared, bringing malachite and
azurite close to antlerite. One small piece of evidence to
show that this high pCO, might be feasible is the presence
of a remarkable specimen of antlerite and malachite in the
collections of the Natural History Museum (BM 1958,138)
(Bridges et al., 2005). The two fences on Figure 15 are close
enough for this combination to occur in a metastable state as
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Figure 13. Stability field diagram for the copper system at
pCO, = 102%2,

Figure 14. Deep blue azurite with green malachite and pale
green chrysocolla (field of view 20 mm x 17 mm). Bardon Hill
Quarry, Coalville, Leicestershire. Neil Hubbard specimen (1489).
Frank Ince photograph.
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Figure 15. Stability field diagram for the copper system at
pCO, = 104 (circa 40% v/v CO,).
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a result of small variations in pCO,. However, this is a most
unusual occurrence and most malachite and azurite forms at
a pH above neutral.

Other Copper Supergene Minerals

Two other copper-containing minerals, which are prized
by mineralogists, are cuprite, Cu,O, and native copper,
Cu. It is theoretically possible to derive conditions of
Eh and pH that would produce these minerals from
oxidising chalcopyrite, but this is not the way they normally
form. As stated in the Introduction, if acidic copper sulphate
solutions pass through the oxidation zone to below the
water table, conditions usually change to reducing and the
dissolved copper ions react with sulphide ion (S%) to form
copper (1) sulphides such as chalcocite, Cu,S. The copper
sulphides are so insoluble that they can replace minerals
such as galena and sphalerite. They can also react with
chalcopyrite to form bornite, Cu,FeS,; particularly in the
supergene enrichment zone.

If the water table falls, allowing these copper (I)
sulphides to be exposed to the oxidation zone, then the
ideal conditions of Eh and pH for the formation of cuprite
and native copper can occur readily. The equations can be
written as:

Cu,S(s) +20,(g) + H,0(1) — Cu,0(s) + H,SO,(aq)
and
Cu,S(s) +20,(g) — Cu(s) + Cu**(aq) + SO, *(aq)

ZINC SUPERGENE MINERAL
FORMATION

The first stage in the formation of zinc supergene
minerals is the oxidation of sphalerite to zinc sulphate.
The reaction is essentially the same as for lead and can be
expressed as:

ZnS + 20, — Zn* + SO #

Zinc sulphate

Unlike lead and copper minerals, zinc sulphate,
goslarite, ZnSO,-7H,0, is very soluble in water. The zinc
hydroxy sulphates only form at high pH and stability field
diagrams of the type shown in this paper are therefore not
relevant to zinc. The main zinc supergene minerals include
the two carbonates, smithsonite, ZnCO,, and hydrozincite,
Zn(CO,),(OH),, and the silicate hemimorphite,
Zn,Si,0,(OH),-H,0.

Hemimorphite forms when Zn?* ions in solution react
with a mobile source of silicate ions, such as silicic acid,
H,SiO,. Quartz is far too inert to provide a source of mobile
silicate ions and the silicic acid is normally derived from the
weathering of silicate minerals. Hemimorphite is therefore
most abundant in areas where there is evidence of such
a source, such as the Askrigg Block of the Northern Pennine
Orefield, where there are numerous beds of chert.

Viewed geologically, hydrozincite is almost always
found in the UK on the walls of mines and as an alteration
product of sphalerite on surface dumps. In contrast,
smithsonite is only found in oxidised ore deposits, where
hydrozincite is very rare. This evidence suggests that the
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pCO, that marks the demarcation between the two minerals
should be very close to atmospheric, with higher pCO,
favouring smithsonite. Regrettably it is not that simple.
Research work by Alwan and Williams (1979) has shown
that the critical pCO, is at about 10** (circa 3%v/v CO,).
This is quite high and implies that hydrozincite might be
expected to be more common in ore deposits. The science
is further complicated by the fact that in the laboratory,
even with quite extreme conditions that would be expected
to result in smithsonite, hydrozincite invariably forms.
It seems that in natural systems there must be some ageing
mechanism that results in hydrozincite gradually changing
to smithsonite when pCO, is favourable. In some respects
this seems to parallel the formation of dolomite group
minerals, which also resist laboratory synthesis.

LEAD/COPPER SUPERGENE MINERAL
FORMATION

The two key minerals are linarite, PbCuSO,(OH),,
and caledonite, Pb,Cu,(CO,)(SO,),(CH),. The solubility
products reported are 1036 for linarite and 10%7 for
caledonite (Williams, 1990). Both minerals can be found
alone in cavities although they can also occur together.
However, both are often associated with simple lead
and copper minerals such as cerussite (Figure 16) and
brochantite. There are two possible processes for their
formation.

The first is when low concentrations of Pb? ions build
up in an environment dominated by copper minerals, such
as brochantite. Based on the solubility product data above,
the lead should form linarite and this is exactly what is
found in natural systems. Linarite is commonly associated
with minerals such as brochantite and, to a lesser extent,
malachite, and can be found in such combinations in the
carbonate rich Pennines.

Figure 16. Cerussite crystals, 2 mm long, with linarite and
leadhillite. Roughton Gill mines, Caldbeck Fells, Cumbria.
David Green specimen and photograph.
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Regrettably, the same cannot be said for the situation
where Cu?* ions enter an environment dominated by lead
minerals. Figure 17 is a stability field diagram based on
the solubility products noted above and at atmospheric
pCO, of 10°%. It shows a very large field for caledonite,
which in effect means that caledonite should be much more
common than linarite in lead-dominated systems, which
is most certainly not the case. In addition, the difference
in aSO,* between the leadhillite/caledonite fence and that
of caledonite/linarite is several orders of magnitude. This
means that linarite and leadhillite should not form together
in the same cavity, but they do, and Figure 16 in Bridges
et al. (2008), shows this association as pristine crystals.

As stated before, the experimental work required to
determine AG,” and solubility products is fraught with
difficulty and it seems likely that the K value of 10
overestimates the stability of caledonite and produces the
large stability field seen in Figure 17, which cannot be
reconciled with observed parageneses. Figure 18 shows
a stability field diagram under the same conditions as above
except that, following some preliminary investigations,
the solubility product for caledonite has been set at 10152
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Figure 17. Stability field diagram for the lead system at
pCO, = 10°% (atmospheric) and aCu® ion = 10%° with
K,, caledonite = 1007,

0
A1
Linarite
_ 2k
C
=]
2 3 Caledonite
= Anglesite
o
5 -4
A
%
ln
3 .
6 Cerussite
Tk
-8 1 1
3 4 5 6 7 8 9 10
pH

Figure 18. Stability field diagram for the lead system at
pCO, = 103% (atmospheric) and aCu* ion = 10°° but with
K, caledonite increased from 101107 to 101052,
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the result is a diagram where caledonite still has a small
field, adequate to explain its occurrence, but linarite has
a small fence with leadhillite. Obviously, this suggestion
is no more than an hypothesis, but it does give a possible
explanation for what is seen in natural systems.

COPPER/ZINC SUPERGENE MINERAL
FORMATION

The two minerals to be considered are aurichalcite,
(Zn,Cu*),(CO,),(OH),, and rosasite, (Cu**,Zn),(CO,)(OH),.
The ratio of copper to zinc in these minerals is variable,
which also alters their thermochemical properties and
means that they are best considered qualitatively.

Based on the ratios of metal ions to CO,* ions in the
species, the formation of rosasite requires a higher pCO,
than aurichalcite. Aurichalcite is more common and occurs
in environments in contact with the atmosphere, so it is
probably the mineral that is stable under these conditions.
Rosasite is normally f