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S Y N O P S I S  

FREE energies of formation of boleite, Pb26Cu24 
AggC162(OH)47 " n 2 0  , and pseudoboleite, PbsCu4 
Cl10(OH)8.2H20, have been determined from 
solution studies at 298.2 K. AG~ values for the 
minerals are - 19097.9 _ 4.1 and - 3705.4 + 5.5 kJ 

mol-1 respectively. These values, together with 
results of earlier studies (Humphreys et al., 1980) 
have been used to construct the stability field 
diagram shown in fig. 1. The boundaries for boleite 
and pseudoboleite are shown separately. If fields 
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FIG. 1. Stability field diagram for the lead- and copper-chloride minerals. Boundaries are calculated for acu2§ and 
a~,g+ equal to 10 -6 and 10 -a mol din-3 respectively. The boundaries for pseudoboleite and boleite are plotted 
separately as dashed lines. The hatched area indicates the range of conditions under which boleite may form metastably 

with respect to pseudoboleite. This field is bounded by the line above which chlorargyrite, AgC1, precipitates. 
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for the two minerals are plotted together, boleite 
has no thermodynamic stability at the silver ion 
activity chosen. At higher activities of A&,+~ the 
boleite field is negligible in extent. 

The results can, however, be rationalized in terms 
of kinetics of mineral formation, rather than 
thermodynamic considerations alone. Since 
pseudoboleite is never found without boleite upon 
which it is observed to grow epitaxially (Winchell, 
1963), it is clear that boleite must form metastably 
prior to any pseudoboleite deposition. Accord- 
ingly, boleite has a large range of solution composi- 
tions, from which it may precipitate. The hatched 
area of fig. 1 shows this at the CU~q~ and A&,*r 
activities chosen. The field is terminated at high 
ac t  by the AgC1 line, above which silver is precipi- 
tated as AgCl~s~, chlorargyrite. 

It is also evident from the chemical studies thai 
the deposition of several assemblages in the lead 
copper-chloride group of minerals is simply related 
to variations of chloride activity. With decreasing 
ac~- the associations cumengeite + boleite + 
pseudoboleite, diaboleite + boleite + pseudoboleite, 
and diaboleite + chloroxiphite are expected in turn. 
This relationship is apparently borne out by field 
observations of occurrences of the minerals. 
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{~MICAL STUDIES ON ~ STABILITIES OF 
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We have previously reported on the stabilities of some c~plex 

l e ad  ( I I )  and copper ( I I )  h a l i d e  m i n e r a l s  (H~nphreys e t  a l . ,  1980) 

and he re  we p r e s e n t  da t a  on b u l e i t e ,  Pb26CuzdAggClb2(OH)47.H20, 

c ~ e n g e i t e ,  Pb19Cu24C142(OH)44, and p s e u d a b o l e i t e ,  PbsCudCllo(OH)8.3;IO. 
P s e u d a h a l e i t e  occurs  en iy  as e p i t a x i n l  overgrowths on bohe i t e  (Winchel l ,  

1965), and f o r  some t ime i t  was doubted  t h a t  t h e s e  two were d i s t i n c t  

spec ies .  C t~enge i t e  has  o n l y  been found in  depos i t s  a s s o c i a t e d  wi th  

h igh  c o n t e n t s  o f  h a l i t e  and i t  appears t h a t  t h i s  compo~d o n l y  forms 

from aqueous oxidizing solutions when the activity of  chloride ion, 

ac1- , is high (Wilson and Rocha, 1955; Winchell and Rouse, 1974). 

We have been  engaged i n  a programme of  s t u d i e s ,  t h e  o b j e c t  os which i s  

to  e l u c i d a t e  t he  mode o f  fo rma t ion  o f  t he se  and r e l a t e d  mine ra l s  from 

aqueous s o l u t i o n ,  and the kinds of pathways via which they may transform 

one into another. Here we present results concerning the chemical 

stabilities of hahaite and pseudaboleite, and comment on the apparently 

simple relationship between chloride ion concentration ~d associations 

of particular members of the lead (II)- coppar(II)-chlorida group which 

are observed in the field. 

Solmite single crystals from the Amelia mine, goheo, Baja California, 

weie purchased from the Mineralogical Research Co., San Jose, Culifomia. 

The crystals were shaved to remove any surface pseudoboleite, the absence 

of which was confirmed by X-ray po~der studies. Pseudoboleite, a~imed 

with cotuamite, was synthesised according to the evaporation method 

(Winchall, 1965). Solutions used in the synthesis were slowly evaporated 

to dryness so that the r grew in crystals up to 8mm in length. 

These could easily be removed by hand picking and a sample of pseudaboledte 

was obtained which was free fram cotunnite, and any other phase, as far 

as c~Id be ascertained by x-ray powder studies. 

The procedures used to obtain solubility products and thus values 

of 5G~ for the minerals have been described elsewhere (Alwan and Williams, 

1979). Pull lists of species calculated in equilibri~ with the solid 

phases at 298.ZK are available from the authors on request. Values of 

6G~ of -3705.4 _+ 5.5 and -19O97.9 + 4.1 kJ sol -i were calculated for 

pseudohaleite and boleite respectively. The stoichiometric formula 

PbsCudCIIo(O~8.2H20 [winchell and Rouse, 1974) for pseudoboleite was 

adopted, thcl/gh a single Crystal study of the compound has not yet been 

reported. Any minor change in the stoichion~tric ratios of the 

constituent ions in the co~pe~d~ however> will h~ve little b e a r i ~  o~ 

the free energy value or the conclusions reached in this paper because of 

the logaritk~ic relationship between the equilibri~ constant for 

dissoluti~ of the solid and the free energy of this process. The crystal 

struc~re of holeite has been reported (Rouse, 1973), and warrants some 

comment. It is found to crystallise in space group Pm3m with a = 
o -- -- 

15.29 A, _Z = I, and with all atans occupying special positions. In the 

report of the structure the stoichiometry Phz6Cuz4AggCI6z(OH)dR was given. 

With Pb, Cu and Ag in their usual di-, di-,and monovalent oxidation states 

respectively, this formulation has one excess negative charge per formula 

unit. Accordingly, we have revised the formula to Ph26Cu24Ag9CI62(OH)47.H2C~ 

implying a single proton disordered over the whole unit cell, and base our 

calculations ~ this new formula. 

Figure I shows fields of stability of a series of halide minerals 

including r PbCI2, ppralaurio~ite, PhOHC1, mendipite, Ph302C12, 

diaboleite, Pb2CuCI2(O~)4, and chloroxiphite, Pb3CuCIz(OH)202, taken from 

previoos workers (~hreys et al., 1980). Superimposed on this diagram, 

separately, are those fields occupied by haleite and pseudohaleite. 

Values chosen for aCu2+ and CIAg+ are 10 -6 and 10 -8 sol ~-3 respectively. 

Also shown on the diagram is the hou~ary above which chlorargyrite, AgCI, 

will precipitate at this silver activity, calculated on the basis of 

well-established thermodynamic data (Rohie et al., 1978). 

The r eason  f o r  choos ing  to  r e p r e s e n t  t he  r e s u l t s  i n  t h i s  f a s h i o n  i s  

t h a t  t h e  fo rma t ion  o f  pseudchohe i t e  and h a l e i t e  i s  k i n e t i c a l l y  con t ro lhed .  

The t h e n m a d y n m i c  s t a b i l i t y  f i e l d s  o f  a l l  o f  t h e  mine ra l s  t a k e n  t o g e t h e r  
�9 - 8  - g  f o r  nAg + = IO tool dm and a r ange  o f  CUZ;aq). p l o t t e d  are  on F i g u r e  2, 

a c t i v i t i e s .  At  t h i s  a c t i v i t y  o f  Ag~aq). t he  s t a b i l i t y  f i e l d  o f  b o l e i t e  

i s  cons ide rab ly  sma l l e r  t h a n  t h a t  o f  p s e u d a b o l e i t e ,  and l i e s  above t he  

c h l o r a r g y m i t e  boundary no m a t t e r  how acu2+ v a r i e s .  Thus,  thermedFnmmicall}~ 

under  t h e s e  c o n d i t i o n s  h o l e i t e  can never  form.  

I t  i s  o f  i n t e r e s t  t h a n  t o  c a l c u l a t e  how v a r i a t i o n s  o f  s i l v e r  ion  

a c t i v i t y  a l t e r s  t h e  relatic~ship between t h e  boimdte  s t a b i l i t y  f i e l d  

and t h e  p r e c i p i t a t i o n  boundary o f  c h i m r a r g y r i t e .  This  r e l a t i o n s h i p ,  w i t h  

r e f e r e n c e  t o  t he  wedge-shaped b o l e i t e  f i e l d  and t h e  c h l o r a r g y r i t e  I i n e  i s  

s h ~ n  in  F i g u r e  5, c a l c u l a t e d  fo r  aEu2+ * 10 -6 tool dm -5 .  At  an  nag + = 10 -6 

tool dm "5, t h e  s o l u t i o n  c o n d i t i o n s  under  which b o l e i t e  i s  thermedynamicaI ly  

stable are ~ost vanishiogly ~mlall. Indeed,  with silver activities of 

the order of ] sol ~-3 the haleite field is still very restricted. Of 

course such silver c~nc~trations never obtain in natural waters~ not even 

in the rather special circtmmtance of a~ oxidizing argentifer~/s sulphide 

orebody. 
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FIG. 2. Tharmodym~ic s t a b i l i t y  f i e l d s  f o r  t he  m i n e r a i s ,  The bold l i n e s  

i n d i c a t e  t he  e x t e n t s  o f  t h e  f i e l d s  c a l c u l a t e d  a t  aAg+ = 10 -8 tool dm -3 and 

acuZ* = 10 -8 ~o l  dm -3 . The Ag + - kgCl heuadary  a t  t h i s  aAg+ i s  denoted  

by s h o r t ,  f i rm  dashes ,  How t h e  f i e i d a  a re  changed by i n c r e a s i n g  acu2* i s  

shown fo r  aCu2+ = 10 .6  mai dm -1 ( - -  - - )  and acu2* = 10 -4 tool dm "5 

( . . . . . .  b 
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An explanation for this apparent anomaly is to be fcxmd in field 

observatiffns on the occurrence of pseudoboleite. This mineral, as is 

noted above, is ~ f0tmd growing epitaxially on boleite. It has 

never yet  been observed altering from co~m~ite, laurionite, 

paralaurionite, mendipite, chloroxiphite, dlaboleite or cumeogeite, 

although all of these species share a thermodynamic N a y  with 

pseudoboleite. These facts ~d i ca t e  that pseudoboledte will not r~cleate 

from Ramratty ocoarring aqueous solutions except on boleite,  and that 

therefore i t s  formation is k inet ical ly  conUrolled in that  in the absence 

of s i lver  a l l  of the minerals above excepting boleite will  preferent ia l ly  

c rys ta l l i se  from solutis~s which themselves are suporsaturated with 

respect tO pseudoboinite. 

Once this  is  real ised i t  is a s ~ p l e  matter to d~ons t ra te  that  at  

lOW s i lver  icn ac t iv i t i es  belei te  has a large f ie ld  of metastabil i ty which 

l ies  below the chl~rar~3,rite boundary. Ignoring the pseudoboledte f ield 

sho~ in pigure I ,  for the suiuti . . . . .  tratlons of Cu2~aq). and Ag[aq) , .  

the shaded area shows the range Of ~9/~gd aC1. values which will give 

rise to the crystallization of beleite. 0nly after this has oc~rred 

can the thermodynamic constraints be satisfied, and pseudcholeite deposit. 

These conclusions case sine light on the haoea associations of the 

lead-copper-chloride suite of minerals, ~md on the chemistry of the 

solutions responsible for their formatim. At an aCu2§ - 10 -6 reel c~ "3 

and a normal pH range of frcm 6 to 8, variation of chloride ion activity 

can give r i se  to different  groups of associates. For aCl_ ~ 10 -2 mot 
d~ -3 diahainite and chIorc~iphite are stable,  whereas when 10 -~'75 < 

aCl_ < 10 -1"25 diaboldite alone wilI  fore. At higher chloride ion 

ac t iv i t ies  dlaboleite and cumemgeite can be associated, introduction of 

silver to the mineralizing solutions in the middle chloride range will 

give r i s e  to a diaboleite § boleite § pseudoboledte assemblage. I f  the 

chloride ac t iv i ty  is  high, then the cume~dite + boleite + pseudohaleite 

suite will  be formed. 

Such assemblages have been reported. Cumengeite, boleite and 

pseudoboleite are f o ~  in the oxidized ores of the copper deposits 
of the Boleo district, Mexico (Wilson and Rocha, 1955; Winchell 

and Rouse s 1974). No diaboleite has been reported From this locality. 

In the Mammoth - St. Anthony mine, Tiger, Arizona, diah~ledte, boledte 

and pseudoboleite are found, but not cumengeite (Anthony e t al., 1977; 

Bideaux, 1980). In the Mendip Hills, Somerset, s chlorexiphite 

and diaboleite are found intimately associated (Symes and Embrey, 1977; 

Spencer and Mountain, 1923), together with paralaurionite and mendtpite, 

but with no other lead- and copper-containing halide minerals. I t  

seems therefore probable that the mineral ccoJrrences ref lec t  the chloride 

concentrations of the solutions respensihle for thei r  deposition in the 
manner described above. 
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PIG 3. Areas of thermodynamic s t ab i l i t y  of boleite 0mr 

at acu2* = IO -6 tool dm -3 ~md aAg. as marked. Fields are 

bounded by others of pseedoboleite and cumengedte (firm llnes), 

and the AgCI precipitation limit (dashed l ine) .  
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