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l{ew South Wales, Auslralia.

Atsrnecr
Twenty-five compounds within the composition field covered by the pyromorphite

series were prepared by simple hydrous synthesis at 60 80" C. x-ray powder difiraction
examination was used to record compositional difierences and to examine the solid solution
characteristics of the series. Contrary to the views expressed in modern texts, complete solid
solution between the end members was found to exist. cell dimensions for the Dure com-
pound Pb5(POa)aCl were found to be a:9.987 L,  c:7.330 A;  for  pb5(AsO +){ l 'a :10.251
it, c:7 .442 A and for pbr(VOa) zCl a:10.323 A, c:7 3a6 A.

fNrnooucrroN

Although there is considerable literature on the pyromorphite series,
which includes minerals varying in composition between the end mem-
bers pyromorphite Pbb(pOn)rCl, mimetite pbr(AsO+)aCl and vanadinite
Pbb(VO4)BCl, there is a number of features that require further study.
Several texts (Palach e el a\.,1951 ; Berry and Mason, 1959; Dennen, 1959)
comment on solid solution characteristics of the series. There is reported
to be complete solution between pyromorphite and mimetite but incom-
plete solution between vanadinite and the former two minerals. These
views are apparently based upon analysis of minerals of the series, since
there are no experimental data applicable to solid solution studies.

Many of the published *-ray data for members of the series are not
supported by chemical analysis, and this limits their usefulness. Barnes
(1962) noted a lack of agreement between single crystal and powder data
for vanadinite. He examined a number of vanadinite specimens by the
film method to see if the discrepancy could possibly be related to differ-
ences in composition, but found no significant variations in their diffrac-
tion patterns. rn order to supplement data on solid solution in the series
and to examine the variations of r-ray data with phosphate, arsenate and
vanadate ion contenl, a number of compounds covering a wide range of
compositions between the end members were synthesized.

ExpenruBNrar, PnocBnunps

Syntheses of compounds related to pyromorphite have a very long
history and many of the early procedures are noted bv Mellor (1936).
More recently Jaffe (1951) has abstracted the l iterature referring to the
synthesis of apatites which are closely related to pyromorphite. Fusion
methods are predominant in these syntheses, and the wet methods do
not simulate the natural formation particularly closely.
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The method developed for the present study is extremely simple and has proved quite
effective. A dilute (about 0.2o/s W/V) solution of sodium ortho-phosphate, arsenate or
vanadate or mixtures of these salts was added dropwise through a microburette to a con-
centrated solution of lead chloride at 60-80' C. which was continuously stirred. Each
synthesis required approximately 12 hours to complete during which time the initially
precipitated lead ortho-salt reacts with the lead chloride to yield the required compound.

3Pbr(XOa): * plCt,31 2Pb;(XOt3Cr

The method was used to produce 25 synthetics, the composition of which was controlled by
the sodium ortho-salt solution made up from A.R. grade chemicals. To check that the
syntheses were possible at lower temperatures, two of them (17 and 20) were duplicated at
30'C. At this lower temperature the reaction was given five days to run to completion.
These compounds will be detailed later when their pertinent *-ray data are considerec.

The pure end members were examined by r-ray diffraction over a 20
range 15o-90o using a Philips PW1050 diffractometer unit with a copper
target and a scanning rate of 1o per minute. Silicon powder was used as
an internal standard. The observed spacings are compared with those
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dobs I / I t

Unit Cell
Dimensions

hk I det"

a : 9 9 8 7  A
c : 7  $ 0  A

dobu

a:c :0  734

rlh hk.l d " "1"

4 9 9 4  8
4 .326 20
+.132 45
3 . 7 2 6  2
3 6 6 8  7
3 . 3 7 7  2 7
3 271 36
2 985 100
2.959 100
2.885 60
2 . + 9 7  2
2 .440 1
2 .266 6
2 195 t6
2 1 6 2  7
2 063 34
2 007 18
1 . 9 8 3  9
1 . 9 5 7  2 1
1 . 9 1 5  2 3
1 886 21
1 861 26
1 8 3 3  9
1 7 2 1  1
1 . 7 1 1  1
1 . 6 8 8  2
t . 6 7 8  4
1 . 6 3 3  8
1 . 6 2 3  5
1  .599 6

4  5 0 2
4  5 1  0
I  3 0 . 4
6  3 2 . 3
8  5 1 . 1
9  3 3 2
1  4 0 4
1  5 2 . 0
r  3 3 3
2  5 2  1 , 4 2 . 3
2  3 2 . 4
s  60 .2
6  2 1  5
2  4 3 . 2
1  6 1 . 0
8  1 1 . +
7  5 1 . 3
2  6 t . l
I  5 2 2
2 44 .O
1  4 2 4
1 ,  5 2 3
|  6 2 0
1  1 1 . 6
1  5 1 . 4
|  4 4  2 , 3 2 . 5
2  7 0  2 , 5 3  2
I  2 1  6
|  2 2 . 6
1  6 3 . 0 ,  3 1  6

I  .564
1 553
1 . 5 4 6
1 540
1  . 5 1 9
t .) r.)
1  398
1 . 3 8 5
|  -376

1 361,  1  358
1 346
| 342
1  . 3 3 8
1 . 3 2 6
1  . 3 1 9
1  3 1 5
1  3 1 1
| 298
! .296
1 . 2 4 8
1.220
1 205
1 .  1 9 9
1.187
1 . 1 8 5

1 . ! 8 2 , 1  . r 7 9
|  171
1 . 1 4 4
I .O97

1.090,1  089

1 1  0
2 0 . 0
1 1 . 1
20.1
0 0 .  2
t o 2
2 t . o
2 1  . I
11 .2
3 0 . 0
2 2 0
2 1  2
30.2
1 1  . 3
4 0 0
2 2 2
1 t  a

3 2 0
2 1  3
3 2  1
4 1  0
4 0 2
0 0 . 4
t l  4
3 1 . 3
20.4
4r .2
4 2 . O
3 3 .  I
2 r . 4

4 993
4 . 3 2 4
4  1 3 5

3 664
3 374
3 . 2 6 9
2 985
2 . 9 5 7
2 .883
2 . 4 9 7
2 .440
2 266
2 195
2 162
2.063
2.OO1
1 .984
1 957
1  . 9 1 5
1 .886
r 862
I  .833
1, .720
1 . 7 t 2
1 .687
I  . 6 7 8
1 . 6 3 4
1 623
1 598

I  .564
I  . 5 5 3
| 547
1 540
1 . 5 1 9
I  . . )  l . )

1 .399
1 .384
r . 3 7 6
1 360
1 .346
1 341
1 338
| 325
1  . 3 1 8
1  . 3 1 5
|  3 1 2
1 297
1 296
1 . 2 4 8
| 220
1 . 2 0 5
1 . 1 9 9
1 .  1 8 7
1 .  1 8 5
1 .  1 8 0
1 l7 t
1 . 1 4 5
1 .098
1 089



17T4 W. E. BAKER
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Unit Cell
Drmensions

r/rt hk Idol 's

a:10.25f  A
c:  7 .+42 d

dca lc

a:c :0  726

L/Ir d"ol"

5 t26
4 . 4 4 0
4 222
3 . 8 1 3

3 434
3 355
3 058
3  0 1 3
2 962
2 . 8 5 3
2 . 5 6 0
2 492
2 .423
2 . 3 3 7
2  . 3 t 5
2  233
2.220
2 110
2 . 0 5 3
2.037
1 994
1 964
1 . 9 3 6
1 .90.5
1 860
1  . 7 8 6
I i47
1 . 7 1 8
1  - 6 7 7

3
1 8
t 7
2
9

1 8
38

r00
90
66

1 664
| 626
1 .602
1 574
1 558
1  . 5 5 3
t . 5 2 9
1 122
| 407
1 396
1 37+
I  359
1 342
t . 3 2 7
t 281
1 233

1 201

1  . 1 7 6
1 109

1 1  0
2 0 0
1 1  1
20 1
o o 2
1 0 2
2 t o
2 1  r
r 1  2
3 0 0
2 0 2
2 2 0
2 1 . 2
2 2 . 1
3 1  I
3 0 2
1 1  3
4 0 . 0
2 2 2
3 1  2
3 2 0
2 1 . 3
3 2 . !
4 1 . 0
4 0 2
0 0 . 4
3 2 2

3 1  3 ,  1 1 . 4
4 1  . 2 , 2 0 . 1

42.O

4 439
4 221
3 . 8 1 3
4 . 7 2 1
3 433
3 356
3 . 0 5 9
3.012
2.960
2 851
2  . 5 6 2
2 492
2 . 4 2 3
2 . 3 3 7
2 316
2 233
2 220
2 111
2 . O 5 3
2 037
1 995
1 965
1 937
1 . 9 0 7
1 .860
1 . 7 8 7

t . 7  4 8 , 1  . 7 1 9
|  718,1  719

1 . 6 7 8

o
5
7

1 5
9

10
2
2

3 3 .  1  1  6 6 5
2 1 4  1 6 2 7
50.  2  1  .603

3 2  3 , 3 O  4  1 . 5 7 4 ,  1  . 5 7 5
5 1 1  1 5 5 9
3 3  2  1 . 5 5 3
+ 2 2  1 5 2 9
5 2 0  1 4 2 2
3 3 . 3  ! . 4 0 7
5 2 r  1 3 9 6

6 0  2 , 3 2  +  1  3 7 5 , 1  3 ' r 4
4 3  2  1 . 3 5 9

4 1 . 4 , 5 1  3  1  3 4 2 , 1  3 + l
52 .2  t  .328
4 4 0  1 2 8 1
5 2 . 3  1  2 3 3

I  i r (  ( r c o t
|  " '  ' "  1 -  ' - " -

1 5 3  2 , 7 O  2  U . 2 o o
7 l  o  r . 1 7 6
3 1 . 6  1 . 1 0 8

1 0
6
3
2

J

2
1

6
30
10
5

22
1 8
1 8
20
8
2
2
4
6

calculated for the given unit cell data for synthetic pyromorphite,
mimetite and vanadinite in Tables 1-3.

The approach to the solid solution study was made on the basis that
it was as incomplete as the l iterature suggests. In producing the synthet-
ics it was expected that when a selected composition fell outside the solid
solution field, two or three components would crystallize. It was antici-
pated that this situation would show clearly in the *-ray diffraction
records. None of the 25 compounds however yielded any sign of the
presence of more than one component. To check that this result was not
due to the inability of the diffraction method to differentiate between
the small spacing differences involved, a possible two component me-
chanically mixed sample was examined. Figure 1 gives part of the dif-
fraction patterns for a physical mixture of two compounds with phos-
phate to vanadate ratios of 3:2 and 2:3 and a single compound in which
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T,qeln 3. X-Rav Pownr:r Drl.lnAcrroN Derl ron SvNrnnrrc VaN,qornrrn

a: '10 .323 A
c :7 .346 A

a:c :0 .712

h l tI / l t

Unit Cell
Dimensions

dobe l/\ hk I dcalc

5 _  1 6 0  8
4 . 4 7 0  3 5
4 224 27
3 8 1 9  5
3 . 6 7 4  6
3 397 30
3 380 4r
3 069 89
2 . 9 9 5  9 2
2 987 100
2 5 7 8  3
2 . 4 8 6  2
2 3 1 4  4
2 . 2 3 5  6
2 2 1 2  6
2 . 1 1 2  2 4
2 . 0 5 5  1 3
1.982 18
1 . 9 7 6  2 2
1 952 18
1.909 16
1 8 3 6  8
1 . 7 9 0  |
r . 7 2 3  3
1 . 6 8 9  4
1 6 7 5  4
1 6 1 3  5
1 6 0 7  8
1  5 7 1  8
1  569 i l
1 564 13

1 1 0  5 1 6 1
20-o 4 +70
1 1 . 1  4 . 2 2 3
2 0 1  3 8 1 9
o o 2  3 6 7 3
10.2  3  398
2 r o  3 3 7 9
2 t . l  3  0 7 0
1 1 2  2 9 9 4
30.0  2  985
2 2 . O  2  5 8 0
2 1 2  2 4 8 7
30.2 2 3r4
40.0  2  235
1 1 . 3  2 . 2 1 2
2 2 2  2 1 1 2
31.2  2  055
21.3  1  983
3 2 . 1  I  . 9 7 5
4 1 0  1 9 5 1
40.2 1 909
00_ 4  1  .836
3 2 2  1 7 9 1
4 1 2  1 7 2 3
42.O 1  689
3 3 .  1  1  6 7 5
2 1  4  t . 6 1 4

50.2 ,  51 .0  1  608,  r  606
3 2 . 3  r . 5 7 2
5 1 . 1  1 . 5 6 9
30.4 1 563

3 3 2  1 5 5 8
6 0 1  1 4 6 0
5 2  0  1 . 4 3 1
4 0 4  1 4 1 9
3 3 3  1 4 0 8
52. t  1  405
6 0 2  1 3 8 1
3 2 . 4  I  3 6 8
4 3 2  1 3 6 4
2 1 5  1 3 4 7
5 1  3  1 . 3 4 3
6 1 . 1  1  3 4 0
4 1 . 4  r . 3 3 7
52-2 1 334
44 0  1 .290
6 2 . 0  1 . 2 4 0
5 2  3  1 . 2 3 6
5 1 . 4  1 . 2 0 9

7 0  2 , 5 3 . 2  r . 2 0 6
1 t . 6  l . l 9 l
7  t . o  1 .  1 8 4

1 559
1 460
1 432
| 419
r . 4 0 7
1 405
1 382
| 367
1 .364
1 347
1 343
I 340
I  J . t /

1 334
1 . 2 9 0
|  242
1 236
I 208
|  . 2 0 6
1 . 1 9 1
1 184

I I
I
1
1
.3
4
4
3

3
4
.)
9
9
3
3
3
2
4
4
2

the ratio is 1:1. This leaves no doubt that the number of components
can be clearly recognized.

The composition changes between the various synthetics are reflected
in the variation of d-spacings. From Tables 1-3 it can be seen that the
order of cell dimension increase for a is pyromorphite-mimetite-vanadi-
nite and for c is pyromorphite-vanadinite-mimetite. This is an ideal
situation for the studv of composition changes in a 3 component system
by means of *-ray data. The spacings selected to examine the variation
in o and c were 30.0 and 11.2 respectively. An accuracy in the determina-
tion of +0.001 A wur required, and this was readily attainable by use
of silicon as internal standard and reduction of the scanning speed to

|o per minute. The compositions of the synthetics and the values of their
30.0 and 11.2 spacings are given in Table 4. The spacings are plotted
against composition for the pairs pyromorphite-mimetite, mimetite-



1716 VV, E. BAKER

vanadinite and pyromorphite-vanadinite in Figs. 2 and 3. The data for
the three component system pyromorphite-mimetite-vanadinite are
plotted in Fig. 4. In this figure the values for the 30.0 spacings are given
on the left side of the diagram and the Iines of equal spacing rise up to
the right. The Il.2 spacings are given on the right with the lines of equal
spacing rising to the left. Both 30.0 and Il.2 spacings are given on sep-
arate scales at the bottom of the fisure.

DrscussroN

The data obtained in this study do not support the existence of incom-
plete solid solution in the pyromorphite series. It is not thought that the

P : V -  l :  I

Frc 1. Part of diffractometer traces for a two component mixture and a single
compound in the system pyromorphite-vanadinite.

higher than normal surface temperatures of the syntheses (60 80" C.
compared with 20-30' C.) were a crit ical factor in the attainment of com-
plete solid solution in the synthetic system. Although low temperature
synthesis was used as a check for only two compounds, there is no reason
to expect that the others could not be similarly produced. The incomplete
nature of solid solution in the pyromorphite series which has been widely
recorded in the mineralogical texts, appears to be supported by published
analysis of the included minerals. Wide variation in phosphate:arsenate
ion ratios between pyromorphite and mimetite has been recorded, but
apart from the species endlichite, with an arsenate:vanadate ion ratio of
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about 1:1, l i tt le variation in the composition of vanadinite has been
recorded.

There do not seem to be any crystallo-chemical reasons favoring in-
complete solid solution. The minerals are essentially ionic, and the ideal

Tenr.n 4. 30.0 mrn 11.2 INrnmr,lNln SpecrNcs ron Svrtrrntrcs ol'
rnn Pynouonpnrrn Snnrrs

Sample No. Composition Spacings (A)

D , , -
L  T L . Mim. Van. 30 .0 t t .2

0
0

100
0
0
0
0

20
40
60
80
20
40
60
80
10
20
10
45
33 .3
60
20
80
45
10

1 1 0 0 0
2 0 1 0 0
3 0 0
4 8 0 2 0
5 6 0 4 0
6 4 0 6 0
7 2 0 8 0
8 0 8 0
9 0 6 0

1 0 0 4 0
11 0 20
t 2 8 0 0
1 3 6 0 0
1 4 4 0 0
1 5 2 0 0
t6 80 10
17 60 20
18 45 45
t9 45 10
20  33 .3  33 .3
21 20 20
22 20 60
23 10 10
24 10 45
25 10 80

2 .885
2.962
2.987
2.900
2.916
2.931
2.9+6
2.967
2 . 9 7 2
2 . 9 7 7
2 982
2.906
2.925
2.945
2.965
2.902
2.920
2.930
2.936
2.943
2.959
2 . 9 5 1
2 . 9 7 4
2.965
2.957

2.959
3 .013
2.995
2 . 9 7 0
2.981
2.992
3 .002
3 .009
3 .006
3.002
2.999
2.966
2 . 9 7 4
2.981
2.988
2.968
2 . 9 7 8
2.987
2.981
2.989
2.992
2.999
2.993
3.000
3 .006

Goldschmidt rules of substitution are thus applicable. The phosphate,
arsenate and vanadate ions are large and can be appreciably deformed
by the surrounding ions of the structure in which they occur. It is thus
not possible to give fixed ionic radii for them, although for the purpose
of comparison the radii of spheres based on the average bond lengths in
the  no rma l  o r tho -compounds  (p -O :1 .53  A :  As -O :1 .75  A ;  V -O :
1.75 A)  canbe used.  This approach y ie lds a value of  2.9 h lor  the phos-
phate ion, 3.2 A for the arsenate ion and 3.1 A for the vanadate ion. With
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d-SPACING

3.OO

2.98

2 9 6

2.94

2 9 2

2 .90

2 88o----1b--lb---o 40 60 80 roo
coMPo6tTloN

Frc. 2. Variation in 30 0 spacing with composition for synthetics of the

Pyromorphite series'

d-spac rnc

3 0 2

3 0 1
/

! -u

2 9 9

2.98

2 9 7

2

) a \ r y' 'r o to 
.oi'?o.,fiSt 

8o roo

Fre. 3. Variatibn in 11.2 spacing with composition for synthetics of the
pyromorphite series.
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PYROMORPHITE
dro 'o '2 'ggs
dr r .2  'e 'sss

urMEt'r?€ 2.9tO vAilAotNrTe
t 2.962 d*a6.2.e!Z

1,,,, - *ot? t oor s.ooo d',o - r."Ot

Fro. 4. Variation of 30.0 ard !1.2 spacings with composition for the

system pyromorphite-mimetite-vanadinite.

these values the size differences, expressed as percentages, in terms of the
larger ion of the various pairs are about 9To Ior phosphate-atseuate,3To
for arsenate-vanadate and 6/6 for phosphate-vanadate. AII these val-
ues are below the approximate Goldschmidt limit of t5/6 for complete
solid solution. It is of interest to note that the greatest difference is for
phosphate-arsenate, whereas it is for the system pyromorphite-mime-
tite that complete solution is known in the natural environment.

In view of these considerations it is possible that the Iiterature is in
error in claiming incomplete solid solution for the pyromorphite series.
This being the case, the limited chemistry of the natural members of the
series may only be a reflection of the availability of the particular ions
at the time of mineral formation. The phosphate and arsenate ions are
relatively common in the oxidized zone of lead deposits, and it is thus to

be expected that a wide range of ion ratios could occur between pyro-
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morphite and mimetite. Vanail ium is less commonly associated with lead
mineralization, and it would not be reasonable to expect a complete range
of compositions between vanadinite and other minerals of the series.

The cell data calculated for the synthetic end members agree reason-
ably well with those given by Hendricks et al. (1932) and accepted by
Palache et al. (195I). These data are compared in Table 5. The greatest
discrepancy occurs between the data for pyromorphite. The presence of
a small amount of calcium, for example, would considerably reduce the
cell dimensions given for the pure lead compound. As the l iterature value
is not supported by an analysis, this possible explanation of the discrep-
ancy cannot be checked.

In his work on vanadinites Barnes (1962) found no variations in r-ray
data for number of vanadinite specimens which were selected from vari-
ous localit ies and were of variable color. In abstract (Geoscience Abstract

Tlnr-r 5. Cnr-r- DrurNsroNs rN A lon Meurrns or ruB Pvnouonpnrrn SBnrrs

Mineral Synthetic Hendricks et ol. (1932)

Pyromorphite
Mimetite
Vanadinite

a

9.987
1 0 .  2 5 1
r0 323

c

7 330
7 +42
7 .346

a

9  . 9 5
r0.24
10.31

c
/ . J l

7 .43
7  . 3 4

5-3107, 1963) the color variation of the vanadinite specimens has been
taken as an index of such compositional variations as vanadate: arsenate
ion ratio. It is thus reported that there is no variation in ru-ray data for
vanadinite with the replacement of vanadium by arsenic, although this
interpretation is not made in the original paper.

The present work shows very clearly that the cell dimensions do
change with composition. Reference to Fig-. 4 shows that, with an ac-
curacy in spacing determination of *0.001 A, variations in terms of end
member content of about 2/p can be detected. In terms of the standard
oxides of chemical analysis this represents variations in P2O5, AszOr or
VzOs content of the order of 0.2/6.It is not suggested however that Fig. 4
can be used as a guide to the composition of the natural species. No aI-
lowance is made for the substitution of caicium, barium and strontium
for lead or for the substitution of bromide, f luoride, hydroxide and carbo-
nate for chloride, all of which are known to occur in varying, though gen-
erally small, amounts. For the vanadinite specimens examined by Barnes
(1962) it is possible that the color differences are the result of variation
in composition. Since the measurements were made with a vernier read-
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ing to 0.05 mm, no significance could be attached to the variations found
in the several 20 values determined for a number of specimens. rt is evi-
dent from the study of the synthetics that a variation in 2d of 0.05
degrees allows a considerable variation in composition.
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