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page 1

ABSTRACT

The sulfosalt minerals: bournonite PbCusSbsS , selig-
nannite PbGuAsss, ailkinite PbCuBiSS, diaphoritz Pb Ag3 3 8
and freieslebenite PbAngS3 were placed into one "group"
by Dana(1892) owing to their similar catiom-anion ratio
of the f{ype A23x3. These minerals have long since been

recognlzed as belng of diverse structural types.

Bournonite is a common ore of lead, copper and antimony
in many world-wide, hydrothermal deposits where it is
assoclated with other sulfosalts of lead, copper, antimony
and sllver, as well as with most common sulfides of zine,
copper, lead and iron. Dlaphorite 1ls the second most
common sulfosalt of the group while seligmannite, alkinite
and freieslebenite are considered rare. All five minerals
are found only in hydrothermal deposlts of intermediate-

to low temperatures.

Although the structures of these minerals have been
studied within the past ten years, no minor element
chemistry, lattice parameter variation studlies or solid
phase relationship investigations have been attempted.
Recent high temperature phase studies in the binary systems
of Pb, Sb, Ag, Bl and Cu with S have also prompted a

gimilar look at the natural mineral groups.

This investigation ls based on synthetic specimens and
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many natural ores from world-wlde localitles and utilizes
data from chemical analyses, x-ray diffraction, differ-
ential thermal analysls, single erystal studies, computer
refined latvlce parameters and polished sectlon examination.

Chemical analysis of natural speclmens revealed the
presence of several consistent mlinor elements occurring

in the following manner:

(1) bournomite: As(2.0-3.5 wt.%), Ag(0.1C-0.46 wt.%),
B1(0.01-4,0 wt.%)

(2) seligmannite: not determined

(3) aikinite: As(a/1.0 wt.%), Sb(® 0.25 wt.%), Ag(€0.02 wt.%)

(4) diaphorite: As(2.25-2.75 wt.%), Cu( not determined),
B1(0.08-0,14 wt.%)

(5) freieslcbenite: As(2.0-3.0 wt.%), Cu(0.16-0.78 wt.%),

Fe(not determined), Bi(< 0.0l wt.%)

Some limitations in minor element chemistry of bour-
nonite are defined and related to variation of lattice
parametersgs. The axial paPameters of bournonite were
found to range as follows: (a ) 8.1453-8.1743, (b ) 8.6858-
8. 725A and (e ) 7. 8063-7 836A.

Bismuth content of bournonite reaches a maximum at an
o
a of 8.,159A and silver falls off rapidly with slight
(o)
increase in welght percent arsenic. Welght percent lead

and antimony were found to rise in a linear manner with
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increasing ao and bo parameters of bournonite, A similar
relationship with lead and antimony occurs with reference
to the total cell volume of the bournonite lattice,

Solid solution between ant¥mony and arsenic is not
ccmplete in the isotype structures of bournonite and
seligmannite but reaches a maximum of 33:1 for the ratio
Sb:As.

X-ray data, coupled with minor element analyses and
pollished sectlion studies, indicates possible, submicro-
scople, chain-like layers of exsolved, secondary sulfides
or sulfosalts as incluslons in the five study minerals
(especially bournonite)., The situation could be analogous
to the micro-perthites ln the silicate s§stem. The minor
elements present are thought to be very soluble in the
bournonite group minerals at high temperature, but upon
cooling, they are forced out of the lattice as a secondary

sulfide or sulfosalt phase,

High temperature phase studles, utlilizing both syn-
thetic and natural speecimens, resulted in quenching of dis-
ordered polymorphs for the minerals: aikinite, diaphorite
and freleslebenlte. Preliminary indexing of the previously
unknown aikinite high polymorph indicates a (pseudo-
tetragonal) body-centered, orthorhombic cell with ags¢6.53,

Qo
bo’,\‘,/‘ 5.TA and cos& 12.23.. Alkinite commences disordering
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at 270 degrees C and undergoes two other exothemmic re-
actions at 465 degrees and U475 degrees C which could
posslbly represent additional disordering transformations

of a non-quenchable nature,

Investigation of the cublc, high polymorph of diaphorite
and freieslebenite( both synthetic and natural systems )
generally confirmed the observations of Wernick(1960) in
the pseudo-~binary Angsz-Pbs.

Utllization of the four sample Nonius-Guinier powder
camera resulted in the observation of many new linesg in

the x-ray powder patterns for the five study minerals.
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INTROCUCTION

The "Bourninite Group" (Palache and others, 1944, p. 349)
of the sulfosalt minerais is classified under the type for-
mula AéBx3 and contains seven species:l bournonite PbCqus3’
sellgmannite PbCuAsS3, alkinite PbCuBiS3, dlaphorite Pb2Ag38b388
and frelieslebenite PbAngSS. Two minerals, klaprothite
30u28°28b283 and berthonite Pb20u78b5813 have been discredited
(Nurfield, 1946, p. 374 and Thompson, 1947, p. 485, respec-
tively) since the publication of Dana‘'s System, vol, I.
Berthonite (Buttgenbach, 1923, p. 212) has been found to be
equivalent to bournonite as a result of X=ray diffractlion
methods but has been re-investigated by this writer, Klape
rothite (Petersen, 1868-1869) has been shown to be a mixture
of the minerals wittichenite 3Cu,S*Bi,S; plus emplectite

Cu,S+B1,S3.

Ultrasbasite (originally Eb28Ag228que3853; Rosicky and
Sterba~-Bohm, 1920) has been shown to be a synonym for diasphor-
ite as has brongniardite Ag PbSbSg, (Damour, 1949, p. 227)
which was previously thought to be a cubic mineral, Prior
and Spencer (1300, p. 5-14) pointed out the identity of
brongniardite with argyrodite - Canfieldite (Agg(Ge,Sn)Sg)
and its assoclation with diaphorite., Brongniardite was also
re-investigated by this writer,

1‘I‘hese are the best formulas from the literature and not
necessarily as listed in Dana (Palache and others, 1944, p. 349).
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Bournonite (Bournon, 1804) was named after Count J. L.
Bournon (1751-1825), Prench crystallographer snd mineral-
ogist. The mineral has also been called endellionite from
the locality where it was first found and wheel-ore
(Radelerz, Germ.) due to 1ts common aggregatfon of twinned
groups, Bournonite 1s one of the most common suifosalts,
typically occurring in hydrothermal velins of moderate to low
temperatures and 1s generally associated with galena, tetra-
hedrite, chalcopyrite, pyrite, sphalerite, siderite, barite,
quartz and less frequently, bornite, zinkenite, rhodoch=-
rosite and dolomite., Since bourncnite is found in many
world-wide localitles, the reader 1s referred to Dana‘'s
8ystem of Mineralogy, vol. I and to'the table of speccimen
localities (table #2 ) listed in this paper.

Seligmannite (Baumhauer,.1901, p. 110) was named after
Gustav Seligmann (1849-1920), a private mineral collector of
Coblenz, Germany. The mineral 1s the arsenic isotype of
bournonite and is found assoclated with dolomite, tennantite,

dufrenoysite, trechmammite, rathite, baumhauerite, sphalerite,

pyrite and galena., Seligmannite ias a rare mineral and has
been reported from Binnental, Valals, Switzerland; Bingham,
Utah; Butte and Emery, Montana and from Kalgoorle, Western

Australia.
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Alkinite (= patrinite) (Nadeierz, 1804, p. 726) is
the bismuth-bearing mineral of the group and was named
after Dr. Arthur Aikin (1773-1854), a founder and secretary
of the Geological Society of London, The gineral occurs
with native gold, galena, tetrahedrite, covellite, malachite,
ecryscolla, pyrite and quartz, Aikinite is also rare and is
reported from Beresovok, Ekaterinburg, Urals; France, Ger-
many, Tasmania, Ontario, Arizona and Utah,

Diaphorite (Zepharovich, 1871, p. 130) received its
name from the Greek word,$t£$oP%, meaning "difference",
because of 1ts being distinct from freieslébeni’ce, a éup-
posed dimorphous form., Diaphorite is found associated with
sphalerite, gaiena, miargyrite, pyrargyrite, pyrite, tetra-
hedrite, siderite, quartz and dolomite, The reader is
again referred to Dana's System and table #2of this paper

for specimen localitles,

Freieslebenite, {DeLisle, 1773) named after Johann
Karl Frelesleben (1774-1846), mining commissioner of Saxony,
has been found to be very similar in both physical and
chemical properties to diaphorite. It is found assoclated
with argentite, galena, sphalerite, ruby silver and quartz,
The mineral is considered rare and has been reported from
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Hiendelencina, Spain; Guerrero, Mexico; Gunnison Co.,
Colorado; Saxony, Germany; Pribram, Bohemla; Kapnik and
Felsobanya, Roumania .2

This paper presents results of a study of chemical
composition, high temperature, phase-field relationships,
structural varlations and polished section, data of a
large number of Specimens from world-wide localities
(table #2 ). The group was selected for high temperature
studies since the structure of the included five minerals
had been recently investigated by Hellner (1956, 1957, 1958),
Leineweber (1956) and Wickman (1953). Thus, any high poly-
morph, phase flelds of a quenchable nature could be better
related to structural translations and cation disordering
from the known structure of the low temperature, ordered
prhases, Theee high phases were synthesized and quenched
to room conditions during the course cf the present study.
These were indexed and given a preliminary study.,

X=ray diffractometer, Nonlus-Guinier powder camera,
Buerger Precession camera and digital computer techniques
were utilized to refine and interpret axes parameters and

to index both low and high temperature mineral phases.

2Reference should be made at this time to table #1
which summarizes the nomenclature for the Bournonite Group
as used in the above section,

"
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TABLE # 1

SUMMARY OF NOMENCLATURE FOR
BOURNONITE GROUP SULFOSALTS

MINERAL BEST FIRST STRUCTURAL SYNONYMS
FORMULA DESCRIBED INVESTIGATIONS
Bournonite PbCusbs from Endellion; Oftedal (1932) berthonite?
3 Bournon §1804; Hellner and endellionite
Hatchett (1804 Leineweber(1956) wheel-ore
Seligmannite  PbCuAsS from the Frondel(1941) = - - - - -
3 Binnental; Hellner and
Baumhauer(1901) Lelneweber(1956)
Alkinite PbCuBi1S Nadelerz(1804) Peacock$19423 patrinite
3 Wickman(1953
Diaphorite Pb2Ag3Sb S Zepharovich(1871) Winchell( in polybasite
38 Palache) (1938) brongniardite
Hellner(1958)
Freleslebenite PbAngSB de Lisle(1l773)  Winchell( din = - - - - -

w1nch911E in
Palache) (1938)
Hellner(1957)
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TABLE #1 CONT,

DISCREDITED MINERALS
OF BOURNONITE GROUP

MINERAL GIVEN FIRST DISCREDITED SYNONYMS
FORMULA DESCRIBED
Berthonite Pb _Cu_=Sb 5, Buttgenbach Thomp son (1947) bournonite?
277513 (1923) -
Klaprothite Cu6B148 Petersen(1868- Nuffield(1946) equivalent to
9 1869) wittichenite
Cu _S*Bi_sS
(30u,5+B1,8,)
plus emplectite
B
(Cuzs 233)




[
(]

X-rgy fluorescence methods were used for minor element
analysis and a number of specimens were totally analyzed
by d.c., are spectrographic méthods. Differential thermal
analysis was utilized under controlled atmosphere and
vacuum conditions to isolate inversion temperatures and

for study of structural changes.

A number of recent workers have indicated the diversity
of the minerals comprising Dana‘’s "Bournonite group™ of the
sﬁlfosalts. Therefore, a rather extended discussioh of

sulfosalf classification is included in this paper.

Data from minor element analysls coupled with least
squares refinement of lattice parameters of the ztudy
minerals has provided a fresh approach to better under-
standing the cryastal chemistry of these complex structures,
The several consistent minor elements found in the analyses
of the study sulfosalts have been investigated from many
directions utilizing various techniques, The use of such
methods in this iInvestigation has indicated chemical com-
piexities noct previously thought to exist in these mineral

systems,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENTS

I wish to thank Dr, Frank Koucky for his advice and
guidance during the research and for eriticism of the
paper, Additional thanks i1s given to Dr, W. F, Jenks and
Dr., Warren Huff for crifticism of the paper and to Mrs,’
William Schmidt and my wife, Sandy, for aid in typing the
manuscript. Finally, I wish to thank Dr, Hans Jaffe and:
Mr. Richard Scheurer for thelr invaluable assistance in

Computer Programming and Operation,

Natural speclmens were generously provided by the
United States National Museum, the Chiaago Museum of
Natural History, the British Museum and the University of
Cincinnati, Department of Geology. Additional fine speci-

mens were received from Mr, Mario Arenasl and Mr. Reid

Craige .

IMp, Arenas is associated with the Herminia Mine,
Julcanl Distriet, Huancavellca, Peru,

2Mr. Craig is chief geologist for the Cerro Co, in
LaOroya, Peru.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



i3

" R vrsTUMY, ‘egers teqeflq W X usaIeq LLOETT
KemxoN

" W ‘oxoBexy ‘y1BpTUUES d X oq ohg9-Y

" W w  BTIENY ‘eTyauTIe) UOTOM X oq ghoT-H
Lxeduny

" oo ‘ueBanqueqets ‘Bupexo . W X oq T6HET-Y

u " " ‘mxsf ‘ALuoxeg ‘3IIqTOXL X oq 8662T
uudep ‘ofn

" W m ‘oqomewes ¢ TIOoWTYOLBH X oq T9G8T

" uoon AxeSuny ‘efusqosted WNX oq Hd 62901~

" " " BTATTOH ‘eoIumBoByOBY NNZX oq 29.L-0
. BTATTOH

" w n ‘eoRyOouBnH ‘euty wvAeoeTnd HNX oq GGoQ-4

" w w us°sS°nferxeqis ‘TeLTY d oq L2hel
pueT3wy

" W ‘ITTBMUIO) ‘pPIBINBTI H X oq G6218

" " " *wxep ¢ Zaey ‘Bxeq® JTOM WNX oq N.WM..IO

u u " BTATTOd ‘ofvoBIng WNX oq €d 62801~y

" u " eTATTOH ¢ ROXVMEO RYO VY d WNX oq 49l-0

" P *Suy ‘ TTBMUX0) ‘YInapey HWNX oq Ghg9-y
uedepr ‘swelres
funBnqIuoTud ‘sutTWnsqTH

u u u ‘PUTH NATUOTYUD SHWH X oq |ToST-d

mesny *aeN °S°n aouexy ‘gOYTTOD SW X oq oh92TT

udyrexod
psute3qo AatTR00T O ASHNNYX sweN uswroeds

X

~ SNAWIOHIS TYHNLYN 40 SHILITVOOI
2# 274V

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



nxed ‘eoyrLAroOuUBNH
‘40TI98Tq TUCOTNL

" 1}
o0anog 38AT 5mom ‘eoTToAROUBNH nx o et
T : 38ATad 0TIISTA ﬂsdoﬂum NNX cq | A i¥
" " " ¢ fuoxes ¢ Jaopsumexg
" " n LxeBuny ¢ wvfueqomTeg WM MM MMN®”<
o n oW Axeduny ‘yrudey WNX oq ommma«
" n oo AxeBuny ‘vAusqosod d N X oq # |«
TRBUUTOUTD JO °Q Axe3uny ‘npudey R X oq mwn
oouwxg ‘swod epAng a98~¥
" " ‘ourqrBjuog ‘oury aaaamm H X oq TST‘2T6T ‘u°d
ugs
‘exefepEny) ‘VUTOICTIPUSTH
3 1) ‘W’
u " ‘mxsp ‘zIeH ‘Ia0qEITOM S “ M MM MM»NM .E.m
* Buy ¢ .n.nwxc.noo ‘preoxs 71 e W
“ u QUTH 3200J8DOIS ‘W
mmodty usTitag  cwaep ‘zaem ¢JaopneN S X o gt WE
; X q 6062¢ °‘W°'d
" " :32 Batih AR T vqe ;
81818 Teqelq H X Haaxsq 6EGLT-W
" " vﬂaﬂwﬂm nﬁﬁaznhoo X oq TT9E TN
i n puet TTBMU®I®) -
wnesny owaodso pueT3usy ¢ TTVMWXO) § ﬂ u M Mn hoL-I
_ a«wﬁaom feLemeo 1 Lotgu
" " " -vjeqd TOUTW TWeoOvJ A -0
m . eqre BTQWOTO) ‘eynboyauy : X > £96h-0
masny °3eN °S°n fgoutl opnousyz W X oq HESESG
peuteqqo RatTB00]T OddS HNX oweN uoumitoads

(piguod) g# FTIavyL

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘ISP ‘ Luoxes ‘FaaqeqUITOA
1 " n ‘autn ¥0g430p-BunuJoH @31V

" " " ooﬂxms ‘oxoaxawp ‘o3uro X S1os LELLL
~uedTTUO ‘ST BUTITSd S atex -
wmesny ‘38N °‘S°'n upeds .a:«oaamcvcsdm S ﬂ_z W @Mmhw mmwm:m
) M BTATTO ‘1804304 d n de ‘ne
(euemoy’otadg wrem = V N X TP 6£g988 ‘u'd
EmMesN| Y8 TaTIXd LxeBuny ¢efueqosTol p NNX degp HTGE9 ‘u°'d"
W n " eTATTOE ‘vouyosnbron N X detp qGL-o
fT9090d ..ﬂ.ummwﬂmwmm
1 " m 0 a d -
oo wﬂﬂam»m=< eBoToN HNX etp L20T-4
" " " 1 MON °“TITH uexoadg de -
" " " ‘H°S°S°n ‘stTexn ‘aosaxed W MW WNMMIM
. oTaRuUO ‘478400
" " " SUTH JISTTTIW JXOATTS N NAX Te 09.90T
u u " ‘HS°S°N S UHNX Te AR
~XOZYTMS .ﬁd»ﬁ&ﬂﬂﬂm
wmasniy °38N °S°n ¢ Laxxend yoequeBuey X Bytese SITH6E
..nww . ._m o " fuswmxep S WNYX oq 2=-M
oaﬁswmzoaMMMwm awwwsom L 9 oc e
d fvyd000ION -
b4 smam ‘B8O TTOAVOUSNH d X °a TmO4X90
10TIQETCE yUROTNL
Huo.usom 99BATXd, ‘3UTIN BTUTHISH ddSNUNX oq *uxnog-n
pauteaqo: £3TTe00T DdASNNYX sweN uswtoeds

(piau0)) I# FIAVIL

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiuiad Jnoyum pauaiyoud uonanpoidas Jayund "Jaumo wBuAdoo 8y} o uoissiwiad Yum paonpolday

-

'TABLE #2 (Cont'd)

‘Specimen 'Name XNMSDPC ‘Locallity ‘Obtalned
‘U, S.
9uU97 bo X M P Park City, Utah U.S. Nat. Museum
C-Tu8 bo X P Park City, Utah " " "
R-1052 selig X DP Bingham, Utah " " "
105571 al X M P Balls Mine, Little " " "
Cottonwood District,
Utah
R-12049 al X Roadside Mine, Pima Co,, " " "
Arizona
R-9192 frelie XNM Lander Hill, Auatin, u " "
Neveada
»*
. X -x-ray diffraction studles See acknowledgements
N ~Nonius-Guiniexr camera studies 2
M -Minor element mnalysls See acknowledgements
S -d.c., arc spectrographic analysis
D ~differential themal analysis
P =-polished section study
C -single crystal investigation
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ENVIRONMENT OF DEPOSITION

The envirqnment of deposition characteristic of the
five study mimerals is typically that of moderattho-low
temperature hydrothermal veilns, Bournonite, seligmannite
and alkinite are generally of a higher temperature origin
than diaphorite and freieslebenite, The latter two minerals
are assoclated with such low temperature, silver-bearing
sulfides as acanthite, pyrargyrite, miagyrite, as well as
with native silver.

Bournonite 1s usually found as the cogwheel twinned
crystals, typical of those mined at Felsobanya, Hungary,
Cornwall, England, and many Bolivian localitles (table #2).
Occurrences of the prismatic variety of bournonite are much

less common but include such areas as Harz, Germany and

Pribram, Bohemia,

Very unique bournonite specimens were obtained by this
writer from the Herminia Mine (Julcani District), Huancavelica,
Peru. The size and unique character of these fine specimens
is indeed worthy of special attention at this time, The '
bournonite from this mine consists of unmusually large
(up to 22 cm) cogwheel crystals elongated parallel to the
direction of twinning. The crystals (M-Bour., J-1 and J=-2)
were found to have a very high bismuth content of from oulf
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weight percent (see table # ¥ ). The same specimens also
showed a high lead content (48 weight percent) but low
antimony percentage (20 welght percent).v

The deposits in the area of the Herminia Mine are
hydrothermal fracture-~filling veins of moderate to medium-
high temperatures and are related to a quartz monzanite
intrusive which cuts tertiary volcanics., Associated miner-
als with the bournonite crystals are: tetrahedrite,
chalcopyrite, pyrite, jamesonite; bismuthinite and quartz,
The presence of chalcopyrite and bismuthinite in this
deposit 1s taken as evidence that the temperature of deposi-
tion was considerably higher than any other where bournonite
has been collected, Chalcopyrite is present as inclusions
in many of the bournonite cogwheel crystals,

Many of the bournonite specimens show evident zoning
thought to be related to a rather large, rapid, temperature
change during deposition., The presence of high bismth in
these specimens and its relationship with temperature of
deposition will be discussed later in this paper.
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PREVIOUS WORK

A great portion of the previous work on the minerals
of the *Bournonite Group"” of the sulfosalts had been
restricted to determination of stoichiometric formulas,
physical, descriptive mineralogy and to basic clarification
of the structure from single specimens, Prior to the publi-
cation of Dana's System of Mineralogy (Palache and others,
1944) only a few writers (Oftedal, 1932; Palache, 1928;
Palache, Richmond and Winchell, 1938; Peacock, 1942;
Solly, 1903 and Frondel, 1941) offered any paragenetic,
structural or chemical data on these minerals, The minerals
of the bournonlte group were mentioned, however, by Ross
(1957), Hellner (1958), Hiller (1953) and Strock (1936) in
regard to the classification of the sulfosalts in some

orderly scheme,

Recent advancements in the study of these minerals
have come, primarlly, from Germany where Hellner and
Leineweber (1956, 1957, 1958) have investigated the struc-
tures of bournonite, seligmannite, diaphorite and

 freleslebenite, Wickman (1953) refined the aikinite lattice
and proposed its simllarity with the stibnite structure,
Wernick (1960), working in the pseudo-binary AgSDbS,-PbS,
outlined the high temperature phase-~fields for synthetic
preparations equivalent to diaphorite and freieslebenite,
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The limits of substitution for various minor eiements
and their function in the lattices of these minerals have
not been investigated prior to this study and since much
of the early x-ray data has been found to be incomplete

and erronecus, in part, a re-evaluation of such data has

been undertaken,

Mineral synthesis is included in the present work on
the bournonite group as an important part of the high
temperature research since few previous workers (Doelter,

1885; Wernick, 1960) have reported synthetic studies in
this regard. _

Differential thermal analysis techniques have been
utilized on the sulfides to some extent by many workers
(Papaihau, 1958; Levy, 1958; Asensio, Isidoro and Sabatier,
1958; Kopp, 1948; Stone, 1360; Hiller and Probsthian,

1955, 1956a~b; Sabatier, 1956 and others) but the sulfosalt
ores have been rather neglected, The corrosive nature of
the sulfides and especially arsenic-containing sulfcosalts
at elevated temperatures has inhibited past workers from
these minerals; however, wilth the new, evacuated and con-
trolled, inert gas atmosphere furnaces and very accurage
temperature control, feasible research can now be carried
out in this field,
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CHEMICAL ANALYSES AND STOICHIOMETRY

The accumulation of chemical analyses for:.the minerals
of the bournonite group as listed in Dana's System, vol, I
(Palache and cthers, 1944) indicate that many were made prior
to 1900 and the rest in the first three decades of the
present century, Aikinite, diaphorite and frelesiebenite
have no listed chemical analyses after 1900 with the
earliest being in 1839 (tables##-9.

Bournonite's stoichiometric formula of PbCqu83 has
remained as first presented by Bournon in 1804.‘ The same
is true for seligmannite, the arsenic isotype of bournonite,
whose original stoichiometry of PbCuAss3 was given by
Baumhauer in 1901, Aikinite, likewise, has retained its
original formulation of PbcuBis3 since first being described
by Nadelerz in 1804,

Diaphorite and freleslebenlte have been given a number
of formulas through the years, Earlier formulas proposed
for diaphorite (in Dana, 1892) were based on the supposed
chemical identity with freiesiebenite. Winchell later (in
Palache, 1938) showed that the older formula, (Pb,Ag,)sSbyS;y
for freieslebenite, as given in Dana (1892), was not con-

sistent with the cell dimensions, More reéently, Hellner
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(1957) has proposed the "idealized" stoichiometry of freies-
lebenite to be PbyAg,SbyS,, and gives the reduced cell of
PbAgSbS3.

This writer willl later discuss proposals for new for-
mula designatlions for these minerals as a result of minor

elemnent investigations,
CELL DIMENSIONS AND SPACE GROUPS

Oftedal (1932, p. 157) f£irst attempted to delineate
the structure of bournonite on crystals from Horhausen,
Germany and Cormwall, England using the oscillation method,
He was unable to furnish any structural data outaide of
the unit cell and space group information., He proposed the
axes parameters of: ay = 8.103, b, = 8.658 and ¢o = T.75R
(al1 ¥ 0.058) and a space group designation of D%érnmm. No
further evaluation of the structure of bournonite was at-
tempted until Leineweber (1956, p. 161-184) recently
initlated a rather compleée structural exaﬁ;nation of both
bournonite and seligmannite, its arsenic isotype. He
proposed a new space grouping of CZV-Pnzlm for bournonite
and reported, as a result of Nonius-Guinier aamera data,
the new axes of: a, = 8.1628, b, = 8.710% and ¢, = 7.8108.

Seligmannite, which was first investigated structurally
by Frondel (1941, p. 25) and given the space group D%grnnm,
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has also been re-evaluated by Leineweber (1956, p. 161-184),
He gives seligmannite the same new space group 28 bournonite:
Cgv-Pnelm and the more accurate axes parameters of:

a, = 8,081%, b, = 8,747 and ¢, = 7.636R. Leinewber

found that apart from slight differences in parameters both
bournonite and seligmannite have identical structures and
show very close relatlonship to the analogous Bi-compound
alkinite (PbCuBiS;) and also to stibnite (SbyS3).

Alidinite was investigated originally by Peacock, (1942,
p. 63) and given the space group Pnam or Pna? with axes of:
a, = 11.30%, b, = 11,648, and ¢, = 4,008, Wickmen (1953,
p. 501) further refined the structure and was able to
relate its structure as a derivative of the stibnite lat-
tice. He suggested that the alkinite cell could be derived
from the stibnite lattice by -the insertion of Cu atoms in
the tetrahedral voids of the stibnite (see figure #.1 ).

Dizphorite and freleslebenite was first investigated,
in a structural mammer, by Winchell (in Palache, 1938) and
more recently studied by Hellner (1958, p. 169; 1957, P. 284).
Winchell listed diaphorite as an orthorhombic mineral of
the space group Cmma and with lattice parameters of:
2o = 15.83%, b, = 32.238, and ¢, = 5.898. Hellner utiliz-
ing modern Guinler powder methods and Welssenberg single
erystal techniques reported a monoclinic cell for diaphorite,
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 PLATES A-E

BOURNONITE AND FREIESLEBENITE
o
STRUCTURAL MODELS(SCALE: 1A = 2")

COLOR CODE

ORANGE ATOMS(LARGE) ---SULFUR

GREENISH-WHITE ATOMS --ANTIMONY
GOLD ATOMS({SMALL) -=-w- COPPER

FREIESLEBENITE - ORANGE ATOMS(LARGE)-~---SULFUR

RED ATOMS -w~cecccccca- LEAD
GREENISH-WHITE ATOMS --ANTIMONY
GOLD ATOMS(SMALL) ~e--- SILVER

The models were constructed with cork spheres(rainted

with fluorescent spray paint) and wire coat hangers,

mounted on a plywood board representing the unit cell,

looking down the 001 of the mineral.

Photos were taken using long wavelength light with

Ektachrome X color film. Exposures ranged from 3 to 20

minutes.
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4, PIATE A - BOURNONITE MODEL
r LOOKING DOWN A-AXIS
&, ( SEE PRECEDING PAGE )

., EAE5R s o
Lo SEE PRECEDING PAGE )
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PLATE C. - BOURNONITE MODZEL
IOOKING DOWN THE C-AXIS
Qo

]
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° PLATE D~ PREIESLEBENITE
4 IOOKING DOWN THE A-AXIS

[ PLATE E- FREIESLEBENITE
4 IOOKING DOWN THE C-~-AXIS
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TABLE # 3
SUMMARY OF STRUCTURAL DATA

REFEFFFERRFERRZFETFERFRFRTRF R R K 36K I I WX XX HXHXE

L I R e e il i e R e R e e e el Rl el e R el e e e e e N e N - . W ey e N

BOURNONITE PbCuSbS_ Orthorhombilc
7

o 0 O o]
a — 8.145a - 8.1T4A Db, — 8.685A - 8.724A
o
¢, :;7.8022 - 7.8363 ( cell ranges from this paper)
Z -2

The structure determined by Hellner and Leineweber (1956)
required:

x
cell containing 4PbCulSbsS 2a) xyo -
3 -X,%/y,%
bp) xyz
xy-z/ .
-X,5/Ay:5-2
'x:%/y:%/z
X Y Z
2Pb in (2a) 0.079 0 0
2Pb in (2a) 0.560 0.170 0.500
2sb in (2a) 0.073 0.050 0.500
25b in (2a) 0.515 0.125 0
4Cu in (4b) 0.269 0.440 0.249
2S in (2a) 0.225 0.310 0
2s in (2a) 0.225 0.310 0.500
4s in (4b) 0.084 0.706 0.248
4s in (4v) 0.564 0.425 0.257

* recalculated from those given in Internmational

~ Tables for X-ray Crystallography, vol. I
( see Appendix C for complete set of atom positions
calculated for construction of models)
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TABLE # 3 CONT.

9636 I I W 3636 I 2 K I I H 2N IR T K IR T T I I N33 IR

AIKINITE PbCuB1S, Orthorhombi
D;S- Pnma
o] O
a =11.310A - 11.3184 b = 11.6398- 11.666%
(o) o (o]
c, = 4.0018 - 4.017A ( cell ranges from this paper )
Z =2

The cell determined by Wickman ( 1953 ) required:

cell containing 4PbCuBiS3 (e) xy+
X Y

4a (Pb or Bi ) in (c) 0,685 0,017
4B (Pb or Bi ) in (c) 0.013 0.832
beu in (e) 0.210 0.240
1258 in (e) 0.690 0.730
(three sets)

0.135 0.060

0.045 0.370

( see figure # 1 )
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TABLE # 3 CONT. -

X363 I 3 36 36 366 3636 I I 3636 3K 3 36 36 326 3 I I 3 3 2636636 3696 26363 3636 6 I HIE I UK H

R e R el e e i T T I e e e T e e T T T T T T N N e T Tl T e T N P Y

DIAPEORITE Pb Ag3Sb3S8 Monoclinle

. 2
Con —Pal/é

a = 15.8498 )for-0.02) b, = 17.914% (for-0.01)

c = 5.901% [for-0.001) Gamma = 116° 25.5' (For-2')

Z-2= 4(Me888)

The reduced cell determined by Hellner (1958) requires

the following, approximate, metal positions:

(4e) xyz

X Y z
Me_ in (4e) 0.219 0,062 0.250
MeII in (4e) 0.281 0.438 0.750
MeIII in (4e) 0.156 0.188 0.756
e . in (4e) 0.344 0.312 0.250
Mev in (4e) 0.406 0.186 0.750
Me,  in (ke) 0.031 0.435  0.750
MevII in (4e) 0.469 0.063 0.250
Me . in (Le) 0.094 0.312 0.250

The S atoms have simlilar x and y parameters as the metal
atoms and are placed at ¢/2, above and below the metal

positions.
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TABLE # 3 CONT, i

%363 A Ao 3 3636 I 3 36 3T X 36 26363 I 3636 36963 26 3 I3 263 36266 6 I K 36 I3 I I I KXW XX

FREIESLEBENITE PbAgSh 3 Monoclinic

5
Cop -P21/a

a = 7.53R(or-0.01) b_ = 12.80A(for-0.02)
¢, = 5.91K(for-0.03)  Beta 92°15' (for-11)
7z =1

The structure determined by Hellner (1957) requires:

cell of 4PbAngS3 (4e) xyz

X Y Z
4Pb in (4e) 0.113 0.085 0.240
Lag in (4e) 0.095 0.415 0.240
4sb in (4e) 0.385 0.256 0.720
4SI in (4e) 0.100 0.100 0.T740
4511 in (4e) 0.100 0.413 0.680
431111n (4e) 0.340 0.260 0.140

( see Plates # D-E and Figure # 2 )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



He suggested the space grouwp Cgh-02l/é and the lattice
constants: a, = 15.8498, b, = 32.084%, ¢, = 5.901%

and Gasma = 90°10', Hellner also proposed that the "ideal"
structure for diaphorite can be derived in a simple way |
from the PbS(NaCl) cell type. He suggested that the
"substructure" (Buerger, 1956) is a body-centered cell

, 1 -
with a®r b }apyg(2)? and ¢ = appg = 5.928.

Freleslebenite's space grouping of cgh-Pel/a (mono-
clinic) (Winchell, in Palache, 1938) was verified by Hellner
(1957, p. 284) and a mew c, axis of 5.958 (X 0.01R) was
established bj Weissenberg and Guiniler camera metho&s.
Hellner suggested that the freieslebenite cell, like
diaphorite, can be deduced in a simple way from the
PbS(NaCl) type lattice,

STRUCTURAL DETERMINATIONS

The cell structures used in the following discussions
of the bournonite group minerals have been taken from
Hellner (1957, 1958), Leineweber (1956) and Wiclaman (1953)

(see figures#1-2and table # 3 ).

The cell determinations of bournonite and seligmannite
were deduced from Patterson diagrams by the "Superposition
Method" with the x and z parameters being refined by
Fourier syntheses and the y parameter corrected by trial
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and error methods. Hellner (1957) indicated that for
freleslebenlite, however, Patterson diagrams show only
maxima with special parameters and therefore explain only
the "ideal" structure of the mineral, The Superposition
Method, as a result, could not be used to find the "real”
atom positions, especially deviations from the "ideal®

structure.

Wickman (1953) found that discrimination between lead
and bismith atom positions in the aikinite structure was
impossible because of Their similar x-ray scattering power,
Therefore, the exact relationship of these atoms in the
cell is still uncertain (see figure # 1 and table # 3 ).

Hellner, Lelneweber and Wickman utilized Weissenberg
single crystal cameras and Nonius-Guinier (quartz erystal,
monochromatized radiation) powder cameras for their basic
x-ray investigations. Copper K alphay ( A = 1.54058) was
the most frequent radiation used in these studies.,

Reference to tables#3-and figure #1-a1is suggested by
this writer for a summary of structural parameters charac-
teristic of the study sulfosalts,
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CRYSTAL CHEMISTRYL

Bournonite, Seligmannite and Aikinite

Bourninite, seligmannite and aikinite are composed of

a distorted, close=packed, orthorhombic, sulfur lattice
containing a superlattice of the metal atoms: Pb,Cu,(Sb,As,Bl).
(Author's note: the role of consistent minor elements in )

all study minerals will be discussed in a later section).

Hellner (1956) found the As-S atomic disitances in the
seligmannite structure to be short when compared to the
Sb-S atomic distances in bournonite (table #4-§)., Likewise,
when considering only the nearest neighbors, the coordina-
tion of Cu and Sb(As) atoms in these minerals is definitely
characteristic., The Cu atoms are situated in tetrahedral
coordination with four surrounding sulfur atoms with the
tetrahedrons being Joined in the c-axls direction., Sb and
As, on the other hand, are coordinated to three nearest
neighbor sulfur atoms in a two-dimensional isosceles tri-
angle, thereby forcing the metal and sulfur atoms to form
a tetrahedron with the Sb or As atom forming the apex.

Hellner has proposed two lead coordinations
(PbI-and PbII), two antimony (arsenic) coordinations

;Reference should be made to tables#s-6and figures # 1
and # 2 . .
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(given in 4)

TABLE# 4

ATOM DISTANCES IN
- BOURNONITE(after Leineweber,1956)

S

S

S,

] 1 1I III Iv
?bI 2,95 (1) '2.98 (1) | 3:22 &gg | 3.57 (2)
B 359 () 2.99 (1)  3.51 (2) 2.96 {g;
sb_ 3.21 (1) 2,58 (1) gzgg égg 3.78 (2}
Sbos 2,86 (1) 3.47 (1) 3.88 (2) g:g? §§g
Cu 2,29 (1) 2,29 (1) 2.76 (1)  2.41 (1)
" oW R 1S
o 390 () k6 % B
S 11 4,57 (2) gzgg {gg
Sy 4,49 (2)

*# Distances measured between atoms in same plane(l)
~ or plane above or below(2)
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o
(given in A)

 TABLE# 5
. ATOM DISTANCES IN

. SELIGMANNITE(after Leineweber,1956)

S 511 - Sty
Pb_ 2.91 (1)°  2.96 (1) 2.9 {23 3.52 (2)
3.23 (2
Pb 3.71 (1) 2.89 (1) 3.39 (2) 2.93 (2
11 - 3,00 (2
As 3.65 (1) 2.16 (1) 2.36 fa; 3.99 (2)
A 2.77 (1 A0 (1 .8 .

8. 77 (1) 3 (1) 3.83 (2) §,§ ﬁé}
Cu 2.27 (1) 2.28 (1) 2,65 (1) 2.25 (1)
S .82 (1 A7 (2 AT (2

T 3 (1) 3.0% 223 3.01 22;
S 3.82 (1 3.31 (2 3.39 (2

131 (1) 4,05 523 4,24 22;
Sr1r o4 (@) 22 {8
sIv 445 (2)

# Distances measured between atoms in same plane(l)
~ or plane above or below(2)
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sIII

'"TABLE# 6
S
I

ATOM DISTANCES IN
FRELESLEBENITE(after Hellnmer,1957)

0

(given in A)

3.11

0 N\O
VOO

e o o
N

Pb

2.94
2.46
3.30

NN Q) =t M
OVNNOONO =
e o o o o
< N N

398

. o 0
N

4,08
4.33

~0Q a0 )
MNo NN

e e & o o
M

II
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(Sby and Sbyy) and four sulfur coordinations (S, S11s

St1T and Syy) for bournonite and seligmamnite, Copper
atoms are all of one coordination since they are situated
only in the tetrahedral volds between the metal-sulfur
tetrahedrons (see figure # 1 ). The Pby atoms are arranged
in a distorted octahedral coordination with six sulfur
atoms and is thus in six-fold coordination, while the PbII
atoms have the unique five-fold coordination. The Pbyys
five=-fold coordination can, however, be increased to six-
fold by enlarging the atomlc distances from 3.51% to 3.59%,
A similar situation could allow an eight-fold coordination

for the PbI atoﬁs.

Hellrer noted also that, aside from the slight varia-
tion in cell parameters, both bournonite and seligmannite
show some very close relationships to the analogous Bi-
compound, alkinite, and also to stibnite (Sbes3). It was
also assumed that the bournonite-seligmanﬁite structures
can, in some more complex manner, be derived from this
Sb,S3 lattice. The plane diagonal (110) of bournonite
and seligmannite does correspond toAthe‘a and b transla-
tions of stibnite; and with the doubling of the c-~trans-
lation, the Sb point positions Qf stibnite are alternately
filled with Pb and Sb., It becomes apparent upon study of
the bournonlte, seligmannite or alkinite models, that the
stibnite~type pyramids determine the basic structural

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



42

units of these minerals, The work of Hellner, Leineweber
and Wickman, therefore, pointed to placement of 5ournon1te,
seligmannite and aikinite in the same "group" because of
their similarities. | |

Diaphorite and freieslebenlte

Diaphorite and freieslebenite are composed of a dis-
torted, close-packed, monoclinic sulfur lattice with
"super-lattice” formed by the metal atoms: Pb, Ag, Sb.
Diaphorite and freieslebenite are related by chemistry,
lattice type and their sub-structures of the PbS(NaCl)
form. Hellner (1957, 1958), in discussing these structures
devotes primary Iinterest 1ﬁ the derivation of the ordered
structure from the PbS(NaCl) type subcell and says little
about erystal chemistry (bond types, coordination, sub-
stitutional elements, etc.)., He does mention in his
"Strukturdiskussion" that ﬁheAderormed, monoclinic structure
of diaphorite can be derived from the PbS(NaCl) type by
f1lling of the point position of Pb in the PbS structure
with Pb, Ag and Sb atoms.

Hellner, (1957, p. 291), suggested that in the
freleslebenite structure the metal atoms are in the dis-
torted, octahedral arrangemsit with the antimony atoms
forming the SbS3 pyramid with three sulfur atoms of short
distances (2.46, 2.58 and 2,708) (see figure # 2 ).
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Detalls of the coordination and bond deformation is not
clearly known in freieslebenite since Hellner's Patterson
dlagrams allowed only maxima with speclal parameters and
therefore outlined only the "ideal" structure of this
mineral. | |

The fact that all octahedral voids are filled in the
stmeture of digphorite and freleslebenite led Hellmer to
propose an £ = 1 for these minerals in his "structure
factor" classification scheme for the sulfides and sulfo-

salts (see discussion on paged?l).

PHASE RELATIONSHIPS

Phase filelds within the sulfide systems imnvolving the
metals: Pb, Ag, Sb, As, Bi and Cu with sulfur have been
investigated, in part, by Van Hook (1960) and Wernick (1960).
Van Hook investigated the terniary system Ag,S-B1,S;-FbS
utilizing thermal analysis and quenching methods while
VWernick, using similar methods discussed the constitution
of the systems: AngSQ-PbS, Agsisg-PbS, and A33182-A5Bise2.

Van Hook's linvestigation of the AgQSéBisz-Pbs system
resulted in confirmation of the high solublility of bismuth
and silver in the synthetic, galena-type structures (see
section on minor elements in this paper). —
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Wernick found that there exists a complete series of
Solid soiutions with high temperature, disordered, NeCl-
type structures in the pseudo-binaries: AgBiS,-FbS and
Angsz-PbS. Working with synthetic components,as Van Hook
had done, Wernlck determined the system AngSa-Pbs up to
1100°C and 50 mol, percent FbS (see figure #20), He found
that synthetic compoéitions corresponding to the natural
minerzls, dlaphorite and freieslebenite, reverted to
disordered, high temperature polymorphs of the cubic,

NaCl type. Schermirite (PbS°2£gzs'2Bias3) was the only
natural mineral composition which Wernick found to possess
the cubic, high phase for the system AgBiSa-PbS. He
postulated complete solubility of PbS in AngSa to 100 per-
cent PbS along with the existence of the disordered,
isometric, Beta phase (see figure #20),

SULFIDE AND SULFOSALT CLASSIFICATION

Classification of the sulfide and sulfosalt minerals
into an orderly, systematle scheme of reference has always
lent itself to a great many problems., Early attempts at
classification of the minerals based primarily on external
characteristics and chemical similarities resulted in rel-
atlvely useless arrangements, Later, crystallography was
coupled with erystal chemlistry as a basis for a new class-
ification of crystalline substances, A&vancements in the
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study of bond types and bond streagiths later led Dana %o
the isodesmic, mesodesmic and anisodesmic division into
classes of the minerals, The A:X (positive and negative
ion) ratios of Dana further subdivided the classes into
"types", the idea being that the A_X, "types" in the
various "classes" often show geometric and structural
similarities when the A:X ratio is the same. Howpver, it
was realized at that time that, from a mineralogisal point
of view, it was not advisable to place such dissimilar
minerals as galena (PbS) and Halite (NaCl) together in
the classification Justﬁbecause they'have-the seme A:X

ratio.

Complex structures such as are found in the sulfosalt
minerals have never lent themselves to such a simple scheme
of classification, Although many of tike A:X ratlios of these
minerals show some correspondence, they have been found to
be totally unrelated from a struetural point of view, A
few decades ago it becéme very evident, with the increasing
amount of structural data, that a true "structural” claési-
fication of these minerals was necessary. |

Gruner (1929, p. 470-481) early outlined the various
cell types represented in the sulfide and sulfosal® minerals
although little was known at this time as to the character
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of the bonds; and even the “ionic® or “atomic® nature of
the constitutent atoms was in doubt. The existence of a
sulfide "molecule” was discredited by Gruner. The sulfide
structures outlined by Grumer included the: (1) NaCl type
(PbS, MgS, CaS, SrS, BaS, etc.); (2) the zincblende struce-
ture type (2nS, BeS, CdS and ZgS); (3) the wurtzite type
(MnS, CdS); (#) the NiAs structure type (FeS, CoS); (5) the
fluorite structure type (Cu,S, Na S and iias); (6) the
pyrite structure type (FeS,, ¥nS,, CoS, and NiS,) and (7)
the molybdenite strueture type (MoS,, ¥S,). Among the
sulfosalt structures, Gruner included discussion of:
(1) chalcopyrite, (2) stannite, (3) magnetite, (4) bormite,
(5) pentlandite, (6) sulvanite and (7) tetrahedrite.
Gruner's comclusions included:

1, Sulfosalts do not differ structurally from
sulfides exoept the two or more metals in
them occupy at least two structurally non-
equlvalent positions,

2. Structural radicals are not distinquishable
except in the pyrite, pentlandite and
sulvanite groups.

3. The most common arrangements of the S atoms
in sulfides and sulfosalts seem to be those
involving close packing of cubic face-
centered and hexagonal types, (Author's
note: Gruner here pointed out correctly
that slightly disordered close packing

of this nature may also be expected in
the orthorhombic and monoclinic sulfosalts).
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4, With the exception of the layer lattices
of the molybdenite group. most sulfides
and sulfosalts have thelr sulfur atoms
arranged at the corners of regular or
slightly distorted tetrahedrons,

Gruner'!s ploneering ideas opened the way for Strock
(1935) and others to further outline and develop the

crystél chemistry of the sulfides and sulfosalts,

Stroek (1935, p. 285) outlined a classification of
mineral structures with what he called "defect structures"
which were to include all lattices whlch did mnot f£it into
the already prevalent "structure theory"™ (Niggli, 1919,

DPe. 551). The "structure theory” required that each differ-
ent atom type had to be assigned to a specific set of
equivalent positions which theae atoms filled, and filled
"completely." Thus, any lattice which contained a solid
solution scheme or other type of atom substitution or
vacancy defect was labeled by Strock as a defect structure,
Strock realized that in compounds which contalin large
anions such as sulfur, selenium, tellurium, etc,, one sort
of atom bullds a very stable, rigid lattice while the metal
atoms present can also bulild a well defined, complete
lattice for themselves even though the anion lattice con-
trols the position and symmetry of the secondary, cation
lattice,
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Strock stated (1935, p. 287), "It is therefore easy to
understand that in such cryatals_uhére the nature of the
8olid state is largely determined by the rigid lattice of
the large anion, that the lattice of either all, or part of
the cations can exist in all stages of incompletion." Thus,
it was understood at this time that in the case of the
defect lattice, one can find various transitions from the
"eal"” ecrystal to a very dispersed situation where the
lattice of one atom type is eliminated,

The first true attempt to classify the sulfosalts in a
more desirable, structural mammer was proposed by Berry
(1943, p. 9) who, realizing the very great complexity of
sulfosalt structures, indicated that the only common param-
eter might be the frequently occurring cell dimensions of
these minerals, He noted that the numbers: 4, 6, 8, 11,

15 and 193 were found to occur over and over again in these
structures, He arranged the sulfosalt minerals for which
structural data was avallable in a series of “groups,"
principly based on similarities of cell dimenéions and in
order of lincreasing cell slze and chemical complexity.

He added some simple sulfides in the classification in
order to bring out the structural commections of the sulfo-
salts with minerals of simpler composition,
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For many of the "groups" proposed by Berry, however, it
has been found that such a classification based om recur-
ring cell dimensions has no actual structural significance
since many of the minerals of a2 given group differ both in
orystal system and chemical type. Berry realized this and
stated that since tThese persistent lattice periods are
probably associated with certain recurring styles of
atomle arrangement, such a grouping of the sulfosalts with
common cell dimensions may ald future structural classifica-
tions when more x-ray data from these minerzls becomes

avallable,

A classification of the sulfosalts by means of chemical
bonding or coordination numbers and polyhedron arrangement
was suggested by Hiller (1953). He pointed out that a
crystal-chemical classification could be utilized in either

of the following ways:

l. A classification based on the bonding types
of the lattice atoms,

2. A classification based on the static geometry
with a basis of coordination number and
polyhedron arrangement,

Hillert!s claasification was based primarily on the sulfur
lattice types and then subdivided on basls of metal atom

coordination in the sulfur lattice,
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Ross (1957, p. 755-TT4), in comwpiling a Summary of the

chemical and physical featuées of the sulfides and sulfo~

- salts necessary to formulation of a workable classification,
stressed the importance of packing geometry and bonding
characteristics of the metal cations, Her system, being
based primarily on cubic and hexagonal closest packing
types was subdivided into "type structures” based on wmetal-
sulfur coordination and further divided into "simple" and
"complex" derivatives, the former having but one metal
coordination and the latter derived by a general re-ordering
of metal atoms into sites filled by only one atom in the

simpler sulflde structures.

In a very timely discussion of substitution derivatives
in the sulfosalts, Ross points out the few basic structures
of these systems attributed to the constancy of the sulfur
lattice packing and the varied possibilities of substitu-
tion of similar-sized metals into the strugtures. Ross,
referring to Buerger's work (Buerger, 194Tg p. 1) on sub-
stitutional derivatives mentions that the sulfosélts, which
appear to be very compiex chemically, are commonly "pattern-
ed" structurally after the simple sulfides and substitution
of a single metal in the simple "substructure" can result
in a distortion or suppression of the crystalisymmetry;
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Hofmann, (1935, p. 161-185), a number of years before,
was able to show that various sulfosalt minerals (e.g.
herzenbergite, teallite, wolfsbergite, stibnite, bismuth-
inite, enargite, miargyrite and others) have distorted
Bl-galena type substructures, Hofmannhalso indicated that
these structures contained SbS;-pyramids (chains) as well as
chains of copper=-containing tetrahedrons, Therefore,
Hofmann, thinking that the complex sulfosalts might be com=-
posed of octaghedral rings of (PbS)G groups and of tetra-
hedral chains containing Cu and Fe, errenged these minerals
according to the proportion of S to Sb(As, Bi) atoms in the

structure,

Hellner, (1958, p. 503-525), taking up where Hofmann
left off, utilized the Bl-galena type derivative lattice
of the sulfosalt minerals in proposing his structural
classification., Hellner showed that all the known struc-
tures of the complex sulfides can be derived ln three ways

from the (PbS) galena type:

1. Some of the Sb, Pb and Bi sulfides have one
axis with an a, value very near that of
"galena.,

2. Other structures (many of the Sb and Bi
sulfides) can be derived from the galena
type when projected in the 110 direction,
The length of cne axis 18 nearly equal to
djy0 = 4.208, or a simple multiple of it,
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3. A final sulfide group (primarily the As~
sulfides) ean be derived from the galena
type when projected on (111),

Hellner!s classification scheme, although adding a
great deal to the present kmowledge of sulfide mineralogy,
does not fulfill the requirements for a workable, system-
atic arrangement of these minerals, Many of the Known
sulfide mineral structures do not fit well into his "formmla

factor" and "structure factor" classification.

Previous classification attempts for the sulfide
minerals have undoubtedly contributed much to the better
understanding of the problems to be faced in systematizing
such a complex group. It 18 apparent to this writer, how-
ever, that no workable acheme can be devised untlil many
more structural and cryatal chemical investigations have
been undertaken. The sub-lattice of the simple sulfide type
which has been found to occur in many of the more complex
sulfosalt minerals is likely to be the primary obJjective
of any future classification but only when the chemical and
physical factors controlling thils pattern are understood.

ORDER - DISORDER

It has been known for many years that a great number
of the sulfides and sulfosalts exhibit some type of order-
disorder transitions upon elevation to high temperatures,
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Very little work was done in this regard until Stréck,
(1936), Buerger, (1945, 1947, 1949), Ingerson, (1955) and
Frueh, (1958) discussed derivative crystal structures and
disorder relationships inmn-metal systems,

The primary interest in the disorder characteristics
of the sulfide ore minerals has been in determining geo~
logic temperatures of vein formation and related processes
of paragenesis., Buerger (1949) discussed some transitions
of the "substitution disorder™ type which occur in such
minerals as chalcopyrite (CuFeS,) and stannite (CuQPeSnsu).
Others such as chalcocite (Cu28)-and argentite (Aggs) which
exhibit the random, "interstitial disorder" were discussed
by Rahlfs (1936). It has become evident in such studies
that the discordered, high temperature forms are of a higher
crystal symmetry than their low temperature, ordered forms;
and when such a transition from one polymorph to another
takes place, certain crystallographic symmetry relation-
ships remain in common between the two phases, Buerger
(1947) proposed the term, "basic structure” for the low
temperature, ordered structure and "derivative structure”

for the high, disordered, form,

Two of the types of disordering processes desceribed
by Buerger (1949) as "interchange (8substitution) disorder"
and "interstitial disorder” become important in the sulfide

systems, For an example of the interchange disordering
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we might consider two crystalline substances with the sgme
composition, X¥Z; one wilth all atoms in perfect order as
described by the spaéé group symmetry relationships forced
upon the lattice, the other having the same structure with
the exception of some X atoms having changed places with Y
atoms, Thermodynamically, these crystals have diverse
internal energles, The first, ordered variety, possesses
the minlmum energy, while the second, disordered form, has
the higher energy. It is important, however, to realize
that the disordering of a crystal has meaning only when it
13 stated with respect to what atom positions the structure
is dlsordered. In the case discussed above, the disordered
polymorph 18 so in respect to the X and Y atoms, the Z

atoms not being considered,

Interstitlial disorder oeccurs in such mineral systems
as the sulfides and sulfosalts when there is one large atom
(anion) and one or more small, cation metals which tend to
£il1l in the interstices of the large anions, Since the
packing of the anion (sulfur in the sulfides) dominates
the structure and is very stable at elevatedﬂtemperatures,
when thermal energy is supplied to the lattice, some per=-
centage of these metal atoms obtain sufficient energy to
migrate from one interstice to another throughout the
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crystal, Such a disordered polyworph imherits a higher
energy as a result of these metal cations landing in
interstices of greater than minimum energy.

High-low polymorpha related by disorder show many types
of symmetry operations in common as mentioned above. VWhen
a high temperature form is cooled, there is a requirement
for the structure to take on a reduced symmetry as the
disordered form starts €o order. Such an ordering does not
involve the entire crystal at one time but is centered
independently in a mumber of different areas, These little
nuclel are thus enlarged by further ordering into "domeins"
and, as Frueh (1958) points out, since their orientation
is controlled by the ordered form's structure, any align-
ment 18 possibly being controlled by the orientation of the
so-called "short range order” at the point of nucleation.
Freuh also mentions that in the cases where these domalns
of ordering bear a symmetrical relationship to one another,

they have been referred to as "transformation twins" by

Buerger (1945).
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METHODS AND PROCEDURES

The primary objectives of this study can be summarized

as follows:
(1) To indicate possible minor elements character-

istic of the bournonite group sulfosalts and
to delineate thelr role in the crystal chemistry

of these complex systems,

(2) To outline the maximum and minimum limits
" reached by the axis parameters in these minerzls

and to relate'any variaticns with atomic substi-
tution (ordered and disordered) and temperature

of vein formation.

(3) To investigate possible high temperature, dis-
‘ ordered, polymorphs of the study minerals
utilizing both synthetic and natural systems,

The procedure followed by the writer in this regard

has been as follows:

(1) To obtain as many specimens from world-wide
localities as possible,

(2) To carefully select the uncontaminated specimens
for x-ray diffraction anelysis,
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(3) To choose from the x-ray data spécimens for
further study by polished section methods,

(4) To utilize differential thermal analysis
techniques on natnr#l &nd synthetic specimens
for observation of polymorphic transformations
and temperatures of melting.

(5) To index and refine by digital computer methods
the lattice parameters of all natural and syne
thetic specimens a8 well as any high teapera-
ture phases quenched to room temperature,

(6) To analyze the relationships between crystal
chemical processes by use of unit cell models,

NATURAL SPECIMENS

A total of 67 natural specimens was obtained for the
purpose of this investigation (table # 2 ), The great
majority of these specimens were correct1§ labeled but
others were found to contaln many more mineral species than
indicated by the donor. The specimens consisted of euhedral
crystals as well a3 massive sulfide and gangue., The
collection of study specimens included 60 foreign and 7
United States occurrences, The majority of the collection
was obtained from the Unlted States National Museum while
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other fine specimens were donated by the Chicago Museum of
Natural History, the British Museum and the University of
Cincimnati, Department of Geology. The remaining specimens
were received from private individuals (see table # 2 ).

SEPARATORY TECHNIQUES

The desire to obtain uncontaminated, x-ray patterns of
these minerals necessitated the utilization of a standard
. Separatory procedure involving use of the Franz Isodynamic
Separator and a heavy liquid such a8 Bromoform to remove
the sulfide ore from 1ts gangue material., Although many of
the more contaminated specimens were not used because of
the large collection of relatively pure specimens, some
‘were crushéd, sized and separated from thelr gangue by the
Bromeform and Franz Separator methods, All minerals so
separated were then hand picked under the binocular micro-
scope to thus insure a clean, uncontaminsted sulfide,

POLISHED SECTIONS

A sulte of 27 specimens were chosen for polished |
section study. Mountings were prepared from lucite thermo-
plastict by means of the Buehler Press and grinding-polish-
ing was carried out in the standard mamner on the Sampson-
Patmore (Sampson, 1949) polisher. Some difficulty was

lRequires heating specimen to 150°C.
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encountered in section preoparation due to porous textures
and brittleness of many of the synthetics and some natural
specimens, Final polish scratching alszo proved to be
common as a result of the extreme softness of the Ag and
Pb=bearing sulfosalts.. Photomicrographs of selected
sections were taken utllizing the Zeias attachment camera
for photomicrographs which was used on a Baush and Lomb
reflecting, ore microscope, Photos were taken with 35mm
Panatomic X film and printed on Varigam AL paper,

SYNTHETICS

A total of 61 synthetics (primary and re-~heated runs)
were prepared during the course of this investigation,
These represented elther the stoichiometry of one of the
five minerals of the study group or were mixed to some
unique composition for_purposes of element substitution
experimentation,

The synthetic specimens were mixed from reagent grade
(dry chemicals) lead sulfide powder, copper sulfide powder,
silver powder (precipitated), antimony powder, arsenic
powder, bismuth powder, iron powder and flowers of sulfur,
Each synthetic charge was mixed to a total of 2.5000 grams
utilizing a Sartorius analytical balance accurate to 0,0000}
grams. The mixtures were then compressed into pellets (all
2.5000 grams in one pellet) utilizing drill bushings, dowell
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pins and the Buelher Preas, The pellets were sealed in
evacuated silica glass (Vycor) tubing and heated to various
temperature levels in a Kanthal wire furnace with a Barber-
Colman, proportioning controller,

All synthetic charges were heated to melting for
purposes of homogenization and then lowered to experimental
temperature at furnace rate. High temperature phases were
quenched in cold water, X-ray diffraction and polisghed
section techniques were used to verify the presence of one

mineral phase (see Appendix A).
X-RAY DIFFRACTOMETER

All natural and synthetic samples were x-rayed by the
powder method on a General Electric XRD-5 diffractometer,
Samples were ground to a very fine powder in an agate
mortar then placed on thin glass slides with dope thinner
and a very small amount of dope as a bonding agent. No.
pattern was observed resulting from the dope.

Samples were scanned with nickel-filtered, copper
radiation (K alphaj A = 1.5405) at 16 ma and %0 KV,
Recordings were'made through 70‘degrees 2=-theta at a rate
of 2 degrees per minute, A s8low acan of 0,2 degrees per

nimite was used over certaln peaks of poor resolution,
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A 8lit system of 3 degrees MRAMR/Q,1 degrees was found to be
the best comblinatlion for goocd resolution and intensity of
the study sulfosalts,

Intensity of peaks from the diffractometer patterns
were calculated by means of a straight peak height measure-
ment above background with the highest peak in the scan
given a numerical value of 100 and the others scaied accord-
ingly. (The d-spacings were taken from the "Tables for
Conversion of X-ray Diffraction Angles to Interplanar
Spacing,”" Applied Mathematics Series 10, published by the
National Bureau of Standards).

NONIUS - GUINIER CAMERA

A large number of single crystal specimens were used
to determine lattice parameters and re~evaluate line index-
ing on the four sample Guinier camera, These specimens
(table # 2 ) were finely powdered in an agate mortar, after
which they were re-ground in a dope thimner solution., The
sample was then placed on Scotch "Magic Tape® in the sample
holder of the Guinier camera., Sihce the sample holder
could accommodate four samples, a standard of reagent grade

lead sulfide was always added.

The camera was mounted on a Picker (Model 795) x-ray

unit with cobalt radiation and operated at 15 ma and 40 KV,
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Exposures were made for various lengths of time ranging
from 15 to 48 hours depending on the amount and composition
of the sample., Measurements of lines from the Guinier
films were made on a single crystal measuring device manu-
factured by Charles Supper of Massachusetts,

A great number of very weak lines were recorded with
the Guinier camera that have never been observed in previous
X-r3y sStudles of these minerals, These were indexed and
used to re-evaluate the lknown lattice parameters of the

minerals under study (see tables #/7-11),
X-RAY FLUORESCENCE ANALYSIS

A great deal of difficulty was encountered in attempts
to obtailn satisfactory major element analysis on lead,
copper and aﬁtimonw by X-ray fluorescence techniques, The
problem was one of excessive matrix absorption resulting
from the high concentration of these heavy elements in the
suifosalt structures, Analyses of natural bournonite, for
example, when plotted against standard, synthetic samples,
indicated up to 10 weight percent higher lead, 4 to 5 weight
percent lower copper and completely diverse antimony values
from those expected, Eleven natural specimens were analyzed
by d.c, arc spectrographic methods® (see table # 7 ) in

lanalyses by Dr. Oiva Joensuu of the Institute of Marine
Science, Miami, Florida.,
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hopes of obtaining some suitable standards for the fluores-
cence techniques. However, no satisfactory standard

curves could be drawn, Matrix absorption effects were
found to be lmpossible to eliminate completely although
many diverse approaches to the problem were tried, Barium
sulfate-borax fusion and acid solution methodsZ were
investigated but were dismissed as unsatisfactory for this
study since they destroyed the samples, which were small,
and thus eliminated future study.

Arsenic, silver and bismuth in minor percentages were
found to be little affected by matrix absorption and re-
peatable analyses of at least semi-quantitative order were

obtained (see table # 8 ).

A General Electric XRD-5 omission spectrograph unit
with full pulse height discrimination was used ﬁith a
scintillation counting tube and operated at 40 KV and 30 ma.
Both chromium and platinum radiatlons were utilized in the
present investigation. Bismuth was analyzed on the plati-
num tube while silver and aréenic were done on the
chromium radiation., A lithium fluoride analyzing crystal

was used for silver and bismuth while ADP was found

2Highly dilute solutlions run in liquid cells gave the
best results.
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necessary for arsenic., The K alpha (1) limne at 16,01
degrees 2-theta was measured for silver and the Lal (1)
line at 33.01 degrees 2-theta was found best for bismuth,
The only line free of contamination from other element
wavelengths for arsenic analysis was found to be the L
beta 1 (1) at 124,41 degrees 2-theta in the ADP spectrum.

The samples were ground in a Spex grinding mill to a
very fine mesh and then placed on thin glass slides with
dope thimner and a very small amount of dope as a bonding

agent,

Standard curves for silver and bismuth were drawn from
the eleven spectrographlically analyzed natural specimens

while the curve for arsenic was drawn from a number of

synthetic standards,

All peak intensities were measured by hand from the
recorder charts owlng to the low intensity of the minor

element lines,
COMPUTER TECHNIQUES

An IBM 1620 digital computer with Monitor I disk feed

was utilized in the present study for purposes of rapid
indexing and least squares refinement of lattice parameters.3

3The least squares program was written by Dr. Hans Jaffe
of the Department of Chemistry, University of Cincimnati.
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;/agkl was chosen as the refinement parameter and the higher
angle spacings were given added weight in the refinement
owing to their greater accuracy. 1 indices were refined

from 3=place d-values,

- DIFFERENTIAL THERMAL ANALYSIS

A Stone model KA-W lnert gas, differential thermsl
analysls apparatus was utilized for the purpose of 1iso=
lating exact temperatures of melting, disorder polymorphism
and for general investigations of enthalpy. Samples were
used in alloy S-46, liquid-type cells and sintered A1203
wag used as the inert standard. Nitrogen gas was flushed
through the furnace chamber during runs to prevent oxida-
tion reactions, Temperature rates of increase varied from

T degrees per minute to 11l degrees per minute.

CHEMISTRY

MAJOR ELEMENTS

Major element, gquantitative analyses for the study
sulfosalts is limited to the eleven natural speciéens
analyzed by d.c. arc spectrographic means and the litera-
ture analyses which are all of very early date (see |
tables #9-nand #/3 ). The spectrographically analyzed
specimens were investigated for Pb, Sb, Ag, Bi, Cu, Fe, Zn,
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Ge, Ga, Tl; In, Ni, Co; Cr, Mn and Cd, Araenic was not
determined by this method but was undertaken in a semi-
quantitative manner by X-ray fluorescence analysis,

The lead and antimony welght percentages given for the
spectrographically analyzed specimens of bournonite were
plotted against various axeg of this mineral for indication
of cell=-gize relationshlps with major element chemistry.
Figure # 3 clearly suggests a linear correlation of weight
percent lead and weight percent antimony with the a-axis
of bournonite., Antimony also showed a rather good linear-
ity with the b-axis; however, the c¢-axlis was found to be
little affected by such chemical variation.

Total cell volume of bournonite was alsc found to be
a rather acceptable parameter to indicate lead and antimony
content as e¢an be seen in figure # 3 ., Weight percentages
of lead plus antimony plotted against total cell volume
suggest an exponential relationship (see figure #3).

The analytical data for bournonite gathered from this
paper and older literature values indicates that lead can
range from around 37.5 weight percent to a maximum of 48
weight percent.1 Copper 18 by far the most consistent

lUpper limit possibly influenced by submicroscoplc,
exsolved, secondary sulfosalts of lead.
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element varying only 2.0 weight percent as a maximum,
Antimony can apparently range about 6,5 weight percent and
sulfur in the range of 2 to 3 welght percent, It therefore
becomes clear that minor element substitution is concerned
primarily with the lead and antimony in this structure

(see section on minor elements),

Simllar relationships can be seen for the other min~

erals under investigation but because of the scarcity of
satlsfactory samples, such extensive relations with refined

lattice parameters, as shown above for bournonite, were not

attempted.,
MINOR ELEMENTS

The elements represented in minor amounts within the
lattices of bournonite, seligmannite, alkinite, diaphorite
and freieslebenite were found to be: silver, arseniec,
bismuth, copper, antimony and less frequently, iron and
zinc (table # § ). Bournonite was studied in mush greater
detall because of the number of specimens collected,

Analysis of minor elements: silver, arsenic and
bismuth was accompllished by X-ray fluorescense techniques
and 1s reported in a seml-quantitative manner (table # & ).
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TABLE # 7

ARC SPECTROGRAPHICALLY
ANALYZED SPECIMENS*

BOURNONITES:

(1)BM-43625 (2)BM=32909  (3)BM=54797 (4)M-Bourn,  (5)112640 (6)W-2

wt., % whb. % whb. % wb. % wt., % wt o
Ag 0.19 0.25 0,30 0.10 0.0 0.02
AS * 0 000 o6 000 0 0 0o S0 000 ® 0 0600 000 0
Bi 0,01 0,01 0.0l 3.3 - 0,01 0.95
Fe ® & 000 ..0000 ® 00 00 e 000 o 00 0 ® 09 00
Zn oo %00 ® ¢ 0 00 e 000 L 2R 2R I BX ) ®e 000 L BN IR BN
Sb 23.0 23.0 25.0 20,0 25,0 23.5
Cu 12.0 13.0 13.5 12,0 14,0 13,5
Pb 37.5 42,5 44,0 48,0 42,5 43,0
Contam. o @ 000 ® 0 ¢ 00 * e 000 o0 00 L2 BN N B LK 2R I 3N )
' AIKINITE: DIAPHORITES:
(7)R-12018 (8)M-T0U (1)0-77105 (1)3-1234 (2)R-8243
wt. ) wt. Zo wt, 7 WG, wbe %

Ag 0.35 0.02 0.025 ok, 0 15,0
AS ® ¢ 000 ®* 0000 * o 0 0 0 ® o 000 LK BN N N )
Bi 0,20 0.30 37.0 0,01 0.01
Fe 208 o000 o0 000 ® 0000 20 0600
Zn 105 0 000 0 0000 0800 o000
Sb 22.0 ol 5 0.25 25.0 28.0
Cu 13,0 13,0 13,0 0.16 0.78
Pb 40,0 42,0 29.0 30.0 35.0
Contam. sp

s 0000 ¢ e 000 0000 ® 0000

¥Analyses by Dr, Olva Joensuu of the Institute of Marine Science, Miaml, Florida
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BOURNONITES:

Ag
As
Bl
e
Zn
Sb
Cu
Contam,

Ag
As
Bl
e
n
Sb
Cu
Contam.

Ag
As
Bi
Fe

* See Table #2Z For Identification and Localities of Specimens

(1)BM-43625
wt. %

3.00

® 9 0006090606 06000 000600000 Bo0

e 0000

(7)BM-54797
Wt. 00
.sece Table ;

3.50

.eo3ce Table #

0...?
LI R N I 4
oo 000
e o5 00

(13)R-10829FH
wt

0.03
3.25
0.05

(2)=2
wt, %

® 0000600000000 0000R2000O0CF

2.75

wWe.%
3.25

¢ 0000
s 00 e
¢ 0000
e o000

(14)3411

Wt. 0
O.

2.50
0.10
Trace

000060 80

TABLE # 8

3.50

o6 ¢ 00
® o 000
s 8000
oo o000

¢ o000

(8)M=Bourn(9)c-762
) et

0,33
1.25
0.60
Trace

(15)R~6845

Wte %
0,2
3,00
0,07

See Table #

TRACE ELEMENT ANALYSES¥

(3)M-T04
wt., % )

ee Table #

(4)R-12018
whe %

(5)BM-32909

wt, ofo

(6)112640

Wt. 0

0060000000606 000900000006060000000@0000

3400

2.75

2.75

00000000000 0QEO00PCE060O0CEOESISLOEOCEIGOGEOOESE

2.8
1.5

Sp

(10)0-767
wh. %

0.30
3.50
0.08.

e0 000

(16)113077

whe %

0,30
2.00
0.30

oo 000

L N

600 e e

e 000

e o0 00

(11)R~13491

Wt. al
0.20
2.50
0.25

e e oo
®eoeo
e e 000
L BN BN N )

(17)A~2891

wt.

0,42
2.50
0.25

®00e 0o
® 06 e 0
806900
®e0coee

(12)M-8367

wt.
0,1
2050
0,05

L I

(18)A=3920
wt, %

0.15

3.52
0,03

LU I Y )
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The eleven spectrographically analyzed natural specimens
(table # 7 ) plus a number of synthetic specimens were
used as standards in thls analysis,

BOURNONITE

The bournonite structure was found to consistently
reveal the presence of three minor elements: silver,
arsenic and bismuth (table # 8 ). Arsenic is present in
the greatest amount, ranging in the semi~-quantitative
analyses given in this study from 2.0 to 3.5 weight per-
cent. One specimen (C 762) contains less arsenic (1.25
welght percent) while another specimen (94977) revealed
7 welght percent. Both of these Speciméns are known to
contaln more than one mineral species (see Appendix B),

Earlier analyses (see table # 9 ) have shown a maxi-
mum of % : 1 ratio for Sb : As substitution in bournonite.
The present study has confirmed a 3% : 1 ratio maximum and
thereby leaves little doubt that the natural solid solutlion
series between bournonite and seligﬁannite does not exist,

Silver and bismuth also appear quite regularly in the
bournonite lattice (table # & ). Bismuth weight percentages
were found to be well under 0,3 weight percent for most of

the specimens analyzed but reached 4,05 weight percent in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



some crystals from Julcanl, Peru, Silver percentages
did not rise above 0,5 weight percent in all bournonite
speciméns analyzed but averaged approximately 0,3 weight
percent (tables # 7 and ¥ ).

The x-ray patterns for nearly all bournonite specimens
analyzed show a number of odd lines most of which are Just
visible as ledges on indexeble, bournonite peaks, Two
distinct lines at 3.138 (28.5 degrees 2-theta) and 3,038
(29.5 degrees 2-theta) were observed in a great percentage
of the difrractograms‘and appeared to be related directly
to bismuth minor element content in the lattice., Another
distinct, odd line was recorded in a somewhat smaller
number of specimens, at 3.43A (26.0 degrees 2-theta).

This line is thought to represent the (111) spacing of
galena (intensity of 9 in galena structure) which 1is
present as contamination or as an exsolved”phase (see
"3iscussion" of minor elements). The other major lines of
galena are very close to some in the bournonite pattemn,
and thus the intensities of peaks at 2.98%, 2.10%, 1.79%,
1.728, 1.488, 1.364, etc, in the bournonite diffractograms
can be somewhat influenced by presence of galena as a
Secondary phase (tu¥®=fF ). Several of the bournonite
specimens showing a high silver content (0.3 - 0.4 weight

percent) were also observed to contain galena either as an
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exsolved phase or contamination., The high solubility of
silver and bismuth in the PbS structure will be discussed

later in this section.

Difficulty was encountered by this writer in trying
to assign most of the recurfent, odd lines of the bournonite
diffractograms to a single sulfide or sulfosalt structure
containing arsenic, silver or bismuth (observed as minors
in bournonite), The primary reason for this is that a
great many of the sulfides and sulfosalts of similar
composition have related structures and therefore exhlibit

many common lines in their x-ray patterns (see table #/7).

The lines observed at 3.038 and 3.132 in many bournon-
ite patterns, for example, could belong %o any one or more

of the following minerals (see table #/4 ):

Bismuthinite Bias3
Schirmerite PbS-aAgasoaBizs3
Emplectite Cu,S*Bi,S3
Galenobismutite Pbs-Bias3

Similarly, the lines appearing consistently as ledges
on good bournonite peaks are obviously the result of the
presence of a mineral structure very like that of bournon-

ite. It 1s suggested that these lines could be related to
one or more of the following minerals:
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Cosalite 2PbS°B12S3
Dufrenoysite 2PbS°As253
Rathite I 13PbS -9As,54
Baumhauerite 3PbS-2A8283
Semseyite 9Pb8°43b233

Boulangerite SPbS'asb253
Stibnite Sb233
Bismuthinite 31253

The secondary sulfide or sulfosalt phases contalned
within the bournonite lattice are submicroscopic in nature
and in pollshed section appear to be revealed only by the
unique, pltted texture shown by a great many specimens
(see Appendix B).

X-ray diffraction of oriented, polished section speci-

2 resulted in evidence of a two-

mens from Julcanil, Peru,
dimensional nature for the exsolved, secondary sulfosalts;
possibly simlilar to the case found for the micro=-perthites

in the feldspars.

The literature analyses for bournonite show arsenic
in only three of the elght listed with maximum weight per-

centage as 3.18, Bismuth 1s not even listed as a minor

ESee "Environments of Deposition" for discussion of
Julcani specimens,
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»
X~-RAY DATA SHOWING STRUCTURAL

TABLE# 14

SIMILARITIES BETWEEN VARIOUS
SULFIDES AND SULFOSALRS

(Data after Berry and Thompson,1962)

MINERAL THETA

a

o]

MINERAL THETA d I
Stibnite 3.85 5.64 3 Bismuthinite 7.8 5,68 2
sh 8 «T5 2.07 i Bi_S3 ol 5.10 2
23 11.1 .00 2 2 11.1 4,00
12,45 3,58 10 11.8 3.7% g
14.2 3.14 2 12,45 3.5 10
14,6 3.06 2 13.7 3.22 ¥
16.2 2.7T6 3 4.2 3.1 5
16,75 2.67 1 15.85 2.82 2
17.2 2,61 E 16.4 2.73 1
17.8 2.52 16.85 2.66 g
18.5 2,43 1 1g085 2.21
19.9 2.26 1 18,25 2.46 4
20.3 2.22 2 19.45 2.32 1
21.55 2.10 g 19.95 2.26 3
22.75 1.994 20.6 2.19 i
23.5 1.933 21,25 2.13
24,2 1,881 21,65 2.08 1
24,6 1.852 22,8 1,989 1
25.65 1.781 23.25 1.953 2
26.5 1,728 3 23.5 1,933 2
2l4,05 1.802 1

»
_ Data is not complete as given in Berry and Thompsgon(1962)
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TABLE# 14 (cont'd)

d

THETA

MINERAL

I

d

THETA

MINERAL
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, TABLE# 14 (cont'd)

MINERAL THETA d I MINERAL THETA d I
Pmplectite 6.0 .38 5 Chaleostibnite 6.0 Z'BB )
Cu s.Bies 9.4 .72 2 Cu S+Sb S 9.5 .67 1
3 12,2  3.65 % 2 23 12,2 3.65 1
13.8 3.23 9 14,24 3,13 0
14,25 3.13 T 14,9 3.00
14,65 3.05 10 16.05 2,79 g
15.8 2.83 17.55 2,56 1
16.4 2,73 19.5 2,31 4
17.2 2.61 20.1 2,24 2
1 055 2042 2103 2.12 3
19.2 2.34 5 24,0 1,805 3
By ks e 2295 1.1eb B
. 95 1. 5
24,45 1,86 3 6.25 1.743 ;
25,3 1.80 3 27.2 1,687 1
25.6 1,784 2 28,4 1.621 2
26.0 1.759 2 28.75 1,603 1
26,7 1.716 % 29,75 1.334 1
g T 1,058 g 32,35 1.441 3
2 1.616
29, 6 1,561 2
31.5 1475 %
32,05 1,453 2
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element and silver is given in omnly two of the eight
analyses (table # 9 ), Analysis #7 of table # 9 shows
1.69 weight percent silver along with iron and zinec., It
is the opinion of this writer that the #7 analysis was
contaminated, Two of the analyses glive manganese as a
minor element and one gives nickel, The writer did not
observe manganese in any speclmen analyzed, However, it
will be admitted that the K-alpha line of this element is
hidden by chromium K~beta (1) and K-beta (5) which results
from the tube target metal. Nickel was identified in one
specimen labeled "bournonite and wolchite"> from Wolch
Carinthia, Austria (table # & ), Wolchite is a supposed

alteration product of bournonite,

Iron was found in only eight of the natural bournonite
speclimens analyzed during this study and in at least four
of these, contaminants are known teo exist, 2Zinc was lden-
tified in only one specimen (R 12018) and can definitely
be attributed to sphalerite contamination, A small amount
of cadmium assoclated with this specimen also is very '
likely present in the sphalerite,

SWolchite is thought to be an alteration product of
bournonlite.
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SELIGMANNITE

No seligmannlite specimens collected for this study
were found to be suitable for even a semli-quantitative
analysis and therefore investigations of this mineral were
limited to study of synthetics and polished section observa-
tion of avallable natural samples,

ATKINITE

Five épecimens of alkinite were obtained for study but
only three were of sufficlent quantity to be analyzed for
minor element content by x-ray fluorescence methods (see
table # 7 ). One specimen (#CT71) was analyzed by d.c. arc
spectrographic methods,

The minor elements found to be present were: silver,
arsenic, antimony, iron and gold. Arsenic is notably less
abundant than in the bournonite lattice, averaging approxi-
mately 1.0 welght percent. Silver was found in small
quantities of 0.01 weight percent and 0,02 weight percent
in the two specimens (106760) and (C T71l) respectively.

A higher silver content of 0,65 weight percent observed
for sample (105571) is thought to be influenced by tetra-
hedrite noted in the polished section of this sample
(Appendix B, plate # 7 ). Iron was found in minor amounts
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in all samples analyzed and the gold listed for specimen
(106760) 1s thought to be inclusions of the native metal.

The seven published analyses listed (table # // ) are
all from Beresovok, Ekaterinburg, Urals, and in all but
one case, no minor elements are given as belonging to this
mineral, The gold and nickel shown for analysis #6 are
thought to be inclusions,

DIAPHORITE

Seven diaphorite specimens (5 labeled "brongniardite,”
one labeled "freieslebenite") were collected for thils study
with omly one found to be enéirely free of contamination
(BM 63514). The others were invariably associated with
galena, with some silver, miargyrite, pyrargyrite, pyrite
and sphalerite, The presence of assoclated galena 1s
clearly revealed in the diffraction patterns of (BM 88839)
and (BM 63514) (figure #/5 ) since many of the lines of the
galena pattern are superimpésed on the diaphorite lines
thereby causing an evident intensity variastion, Polished
section study of the diaphorite specimens confirmed the
close relationship with galena (Appendix B).

It 18 not certain just how much of the minor gquantities
of arsenic and bismuth recorded for the diaphorite samples
was contributed from the galena, Specimens (BM 63514),
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(BM 88839) and (R=-1027) contained 2.25, 2.50 and 2.75
weight percent arsenic and 0,14, 0,08 and 0,10 weight
percent bismuth, respectively. All three samples showed
copper minors and two of them, iron and zinc, The iron

and zinc are thought to be sphalerite contamination,

Again, as in the bournonite discussion, the copper
and bismuth minor elements appear to be related to one or
more sSubmicroscopic inclusions of copper and bismuthe
bearing sulfosalts. Specimens (BM 6351%), (BM 88839) and
(R=-1027) all exhibited the same odd diffraction lines at
3.033 and 3.133}that were seen in bournonite,

Previous analyses given for diaphorite in the litera-
ture indicate no minor elements in the mineral except 0,67
welght percent iron and 0,73 welght percent copper for an
analysis from Pribram (table #,/2 ). No arsenic or bismuth

was reported,
FREIESLEBENITE

Four specimens contalning freieslebenite were obtained
for thls study and three of these were of suitable size to
separate from contaminants for a semi-quantitative analysis,
Arsenic, bismuth and copper were the only minor elements
observed with a possiblllity of manganese in specimen
(R 8243) (table # 8 ). Two of the samples (R-1034) and
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(R 8243) were analyzed by d.c. arc spectrograph (table #'7’)
and indicated 0,16 and 0,78 weight percent copper, respec-
tively. Two of the literature analyses (table # /3) give

copper and iron as minor elements,

It is obvious that these elements are very common
minors in freleslebenlite and are possibly needed in the
structure to fulfill a valency or other crystal chemical
coumpensation, Synthetic studies in this investigation

further bore out this conclusion,

DISCUSSION

Minor element analysis 18 & basic tool in the under-
standing of sulfosalt crystal chemistry. The complex,
distorted structures of these minerals, with their substi-
tutional and omlission defect characters, utilize foreign
atoms to help achlieve thermodynamic equilibrium., Of course,

even the low temperature, ordered structures of the sulfo=-
salts never qulte reach lowest internal energy as would be
realized in the "ideal" crystal,

Substitution of foreign atoms in the sulfosalts during

the high temperature phases of growth generates valency
and coordination disturbances which in turn result in atom
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omission sites, suppression of symmetry relations within
the lattice (distortion) and tendency toward exsolution

upon 1owering of the teﬁperature.

Previous workers have focused their attention on
structural determination of the Bournonlite Group sulfosalts
but have neglected quantitative evaluation of atom substi-
tutlion limitations, However, related sulfosalts such as
those of the "Tetrahedrite Series" have been recently
investigated in this regard (Bohmer, 1964),

It has long been known that only certain atoms are
"allowed" to substitute for other atoms or to £ill tetra-
hedral and octahedral voids in a mineral structure owing
to radius ratio and valency considerations. In the
geometrical packing of atoms it 1s a rule that the size of
the center atom is restricted by the size and number of
surrounding, coordinating atoms, Thus, the ratio of the
size of the center atom to the size of the coordination
atoms is expressed by the ratlo of thelr respective radii,

~ the "radius ratio."” In sulfide systems such radius ratios
are based on the S°2 atom with which the metal atoms
coordinate (table #/44). For example, the radius ratio
1imits for the 4:4 coordination (tetrahedral) are 0,225 -
0.414 while the limits for the 6:6 coordination are
0.414 - 0,732 (Azaroff, 1960)., Such a designation means
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that the 4:4 or 6:6 coordinations have maximum stability
when the cation-anion ratio stays within these ranges.

Atomlc radil of the elements have been approximated
from s@bstances of diverse bond character including ionic,
covalent and metallic, However, in the sulfosalts we are
dealing with a complex system of all three bond types,
i.e. the ionic and covalent nature of the metal~sulfur
bonds imparts a partial metallic, metal-metal bond,

The slize of an individual atom radii depends on its
coordination number and the electrostatic forces between
atoms, both of which are complicated in the sulfosalt
structures. The radli shown in table #/4A, therefore, are
approximate values but illustrate suitably the possible
combinations for atom substitution in the study sulfosalts,

It can be seen from table #//4 that divalent Cu, Fe
and Zn are closely similar in size and differ only by 3
percent in radii., The small amounts of iron and zinc
found in several analyses of this study could well be
substituting for copper in 1ts tetrahedral vold position
(see figure # 1 ), Trivalent As, as seen in table # /44
is 25 percent smaller than trivalent Sb for which it is
thought to substitute in bournonite, diaphorite and freles-
lebenlte., Monovalent Ag and divalent Pb show good substi-
tution possibilitlies in these structures and differ in size
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TABLE # 14A

RADIUS RATIOS FOR CONSTITUENT ELEMENTS OF
THE BOURNONITE SERIES

*r /3”2 within range 0.225 - 0414

element valence radlus radius ratio
As +5 6.46 0.250
As +3 0.58 0.315
Sb +5 0,62 0,336
Fe +3 0.64 0.347
Cu +2 0.72 0.391
Fe +2 OoT4 0.402
Bi +5 0.7T4 0.402
Zn +2 0.74 0.402
Sb +3 0.76 0.413
*r/S"'2 exceeds 0,414
element Valence radius radius ratio
Pb +4 0.84 0.456
Ag 2 0.89 0,483
Cu +1 0.96 0.521
Bi +3 0,96 0,521
Hg +2 1.10 0.597
Pb +2 1.20 0.652
Ag +1 1.26 0.684

* 572 taken as 1.84
(after Pauling, 1948, p. 346, Azaroff, 1960 p. 438)
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by only 5 percent while trivalent Bi is 20 percent smaller
in radius than divalent Pb and 7 percent larger than
divalent Ag., However, substitution of trivalent Bi for
either Pb or Ag requires some form of "coupled substitu-
tion" perhaps with As or generation of omission sites for
purposes of charge balance,

Atoms8 which are found to substitute in a mineral
structure may be disordered or ordered in equivalent sites.
In the structures of sphalerite and chalcopyrite, for
example, the zinc atoms of the sphalerite are replaced by
regularly alternating copper and iron to form chalcopyrite,
This, then, 1s an example of an orderly distribution in
equlvalent sites of a substituting atom. As a consequence
of such an orderly substitution, changes in the symmetry
of the affected structure are imposed, Chalcopyrite has
the same original, basic close-packing of sulfur atoms
with all metal atoms occupylng tetrahedral sites, however,
the chalcopyrite unlt cell has inherited a new, tetragonal,
body;centered symmetry as a result of the ordered arrange-
ments of the substitution metals in a so called "super-
lattice.,” X-ray diffraction techniques can be used to
reveal these superlattices by the appearance of new lines

or reflections.
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On the other hand, atoms substituted in a disordered
manner do not affect a change in the symmetry of the mineral
structure. Intenslty of reflections from atom planes
affected by such substitution should, however, vary in &

systematic manner,

Measurement of diffraction peak intenslties for a
number of bournonite patterns (tabis—# ) showed no
obvious, systematic variations with increase of silver,
arsenic or bismuth minor elements., This was taken as
additional evidence that these minor elements are not
disordered in this mineral lattlce but are ln ordered
equivalent sites, assoclated, for the most part, with the
submicroscopic, exsolved, secondary sulfosalt phases (see
section on minor elements in bournonite), Tetrshedrite
(Bohmer, 1964), on the other hand, shows disordering
substitution of Ag, Cu, Fe, Zn, etc, in much greater
range than the minors in the present study and exhibits
noticeable fluctuation in diffraction lines representing
atom planes affected by such substitutions,

Linear plots of minor element weight percents versus'
variation in the a-~axis of bournonite were drawn by the
writer utilizing the least square refined axis values,
Figure # 4 is a plot of welght percent Bi agalnst the
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a=-axis of bournonite and illustrates readily the concentra-
tion of specimens bearing less than 0.6 meight percent Bi
between 8.1&52 and 8.1743 for the a-axis, Also apparent is
the value of approximately 8.1593 for the maximum Bl
content, Note also that the specimens of higher Bi weight
percentages (W-2, J-2 and M-Bourn.) also peak at about the
same a-axis value of 8,159%, indicating a possible second
phase relationship in regard to Bi subatitution in the
lattice.

In figure # © weight percent Ag i Bi 1s plotted against
the same parameter of bournonite, Here, however, the
maximum 1s skewed toward lower a-axls values to about

8.1528%.

A plot of welght percent As versus welght percent Ag
in the bournonite and alkinite specimens shows some interest-
ing relationships as seen in figure # ¥ . Bournonite
analyses show an evident, rapid decrease in welght percent
Ag with rise of the As content toward the maximum of
3.5 welght percent. The two alkinite specimens plotted
very close together and appear to accept As and Ag in a
very different manner than bournonite,

The semi-quantitative As minor analyses given in this
study for the minerals bournonite, digphorite and freies-
lebenite revealed some unexpected relationships with Sb,
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Although reliable quantitative Sb analyses could not be
obtained with x-ray fluorescence techniques, comparisons
with obviously high or low Sb samples with As were
attempted, Unexpectedly, the specimens of lowest Sb peak
intensity (K-alpha and K-beta (1) ) also showed the lowest
As content as well, Similarly, épécimens of highest Sb
peak intensity seemed to contain more As, This same
relation was found for bournonite, diaphorite and
freleslebenite specimens, If As 1s substituting for Sb

in these structures one would expect the reverse condition
of high Sb-low As and vlice versa, The liferature analyses
for these minerals (especially bournonite) shows the
expected relationahip. If, however, the ielation shown

in this study 18 correct, the question might be asked,
what then replaces Sb in a low Sb specimen if it is not
As? Presence of As-bearing sulfosalts (see pagedZ),
previously dlscussed as exsolved, submiéroscopic phéses

in these minerals, could possibly account for such a
relationship,

This writer previously mentioned the high solubility
of Ag and Bi in the galena-type structure. Van Hook (1960)
has suggested a possible coupled substitution of &g* t Bit3
for 2 Pﬂtz in derivation of alpha matildite (AgBiSz) from

the galena lattice., He prefers the Ag and Bi to be
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randomly distributed in the octahedral sites and mentions
also that large amounts of either 31233 or Ag2s in excess
of the l1l:1 composition can be held in the structure at high
temperatures, possibly as substitutionral solid solution of
the atomic constituents in the same octahedral positions,
Oftedahl (1943) found that solid solutions conbaiming Ag
and Bi in equai molecular proportions in galena are indis-
tingulshable from normal galena in polished section but
that samples containing more Bi than Ag are distinctly
anisotroplc and reveal an octahedral parting in contrast

to the usual (001) cleavage. This parting has been

thought by Oftedal to result from charge imbalance due to
atomic substitution of 3113 for Pbtz. Wahlstrom (1937)
attributed 1t to oriented exsolutlion intergrowths in the
galena, This 1s thought by this writer to be a very similar
situation to that encountered for the sulfosalt minerals of

the present lnvestigation.

Argentite (= acanthite, Agzs), previously thought to
be the common inclusion in galenaétype minerals, was found

by Ramdohr (1955) to be only slightly soluble in galena
(1ess than 1 mol, percent). He further identified the

inclusions as sulfosalts of Ag, not argentite,

Fleischer (1955) reported Sb, Bl and Ag as being the
most recurrent minor constituents in galena and}Oftedahl
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(1940) suggested an increase in percentage of these
elements with higher temperature deposits,

The possibllities for utilization of the bismth-
silver solubllity in these sulfosalt structures in regard
to geothermometry appears rather good. Van Hook!'s (1960)
investigation of the system PbS-BL,S; indicated a definite
correlation between formation temperatures and Bi content
in galena., He postulated that the change in cell dimen-
Sions with solubility of B1253 may be used as an indicator
on minimum formation temperatures only if a second, lead
sulfosalt phase is present. Van Hook (1960) showed that a
very small amount of Ag has a marked effect on cell dimen-
sions in the system PbS-BiQS3.

It has been sald that the presence of Ag in galens
favorably influences the presence of Bi (or Sb, As, etc.)
and vice versa., A simllar but obviouslyAmore complicated
relationship of Ag and Bl as minor elements is thought by
this writer to be the case in the sulfosalts under investi-

gation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ioz

LEAST SQUARES REFINEMENT

Least squares refinement of lattice parameters of the
five study sulfosalts proved to be a very useful technique
for better understanding cell variation within these com~
plex mineral systems. Figures# 7 and # & show plots of
the a_-axis of bournonite verses the b -axis and‘co-axis.
Note that in figure# 7, the ¢ -axis is little affected
by variation of the ao-axis. On the other hand, the bo-
axis 1s altered in some linear manner with the ay-axls as
shown in figure# § . This relationshlp corresponds well
with the linearity of bournonite'!s welght percent Pb and
Sb with both the a abd b -axes(see vageé&). The e -axis.

Sb with both the a_ ahd b -axes(see pageé&)., The c -axis,

88 NUULU VT TAPEVYVESU, 4D 1LIVWLT GEATULEU Uy BUCH variavlon

of lead and antimony(refer to figure# 7 ).

It 18 suggested by this writer that such plots of
computer refined lattice parameters could well be utilized
in other sulfosalt systems under investigation. A hint
can be obtained in regard to cell variation with elemental
substitution by use of such techniques; even prior to

actual chemical analysis.

Appendix D contains all least squares reflinements of

the study minerals discussed in the text.
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TABLE # 15
LEAST SQUARED REFINED LATTICE
PARAMETERS OF STUDY SPECIMENS

>
&

0 0 0
SPECIMEN A-AXIS(A) B-AXIS(A) C-AXIS(A) TOTAL CELL
.___VOLUME

SPECTROGRAPHICALLY ANALYZED
BOURNONITES ( See table # & )

BM-43625 8,145 8.703 7.816 554,003
BM-32909 8.150 3.704 7.815 554,290
BM-54797 8.1538 8.705 7.313 554 848
M-Bourn. 8.159 8.685 7.808 553.272
112640 8.162 8.694 7 .824 555.181
W-p 8.152 8.709 7.818 555.074
R-120183 8.158 8.705 7.810 554,627
M-704 8.156 8.706 7 .310 554,530

BOURNONITES CONT,
- A-861

D-136 8.164 8.725 T .820 557 .003
82782 8.154 8.713 7.836 556 .T41
R-10829 PB 8.165  8.718 7.321 556 713
J-1 8,147 8.712 7.823 555,298
J=2 8.155 8.709 7 .806 554,354
A-3920 8174 8.714 7 .807 556 .096
M-8367 8.157 3.703 7.810 554,380
81295 8.151 8.709 7 .802 553.874
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BOURNONITES CONT,

A-2891

D-3411 8.152 8.700 7.810 553,877
R-13491 8.162 8.703 7.818 555.370
R-6345 38.151 8.706 7 .814 554 476
R=-8055 8.161 8.708 7.812 555.127
C-764 8.164 8.716 7.813 555.918
C-762 8.159 8.713 7.817 555.670
BM-1912,151 8.164 8.712 7.818 556.063
78894 8.146 8,704 7.812 553.113
C-767 8.161 3.709 7.814 555,364
QLITT 8.150 8.686 7.829 554,064
LO73

d-3411 8,164 8,711 7.812 555.578
53234 8.152 8.711 7.814 554,914
R-10829 FH 8.169 8,712 7.310 555,370

BERTHONITES
113077 8.17T4 8.708 7.820 556,620
M=-17539 8.152 8.678 7.809 552467
S-19-Bourn. 8.171 3.689 7.846 557 017
SYNTHETICS

S14-B3 8.157 8.700 7.796 553.264
B-Ag-Bi 8.156 8.706 7.817 555.054
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TABLE #15
Continued
Q O 0
SPECIMEN A=-AXTIS(A) B-AXIS(A) C-AXIS(A)
SELIGMANNITE SYNTHETICS
S2-8X 8.054 8.714 7 .613
S-4 (Reheat) 8,076 8,729 7 .645
S-5 (Reheat)  8.088 8.733 7 .647
AIKINITES
C=-771 11,318 11.646 4,015
106760 11,310 11,666 4,017
| ATKINITE SYNTHETICS
S-548 (Reheat) 11.317 11.639 4,024
A-6 11,341 11,656 4,001
DIAPHORITES
BM-88839 15,819 1% .907 5.902
Gamma = 116 32!
DIAPHORITE SYNTHETICS
S7-D
(High Phase) 5.727
FREIESLEBENITES
R-1034 12.787 5.953 7.532

Beta 920 161
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TABLE # 15
Continued
SPECIMEN a-2x18 () B-£XIS(2) c-aXIS(X)
FREIESLEBENITE SYNTHETICS
S-F2

(High Phase)

S-F3
(High Phase)

5.836

5.780
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NONIUS-GUINIER CAMERA STUDIES

Utilization of the four sample, Nonius-Guinler powder
camera resulted in the observation of a great many “"new"
lines in the diffraction patterns of the five study sulfe-
salts(tables #/7-2/). Twenty-eight new lines were observed
in the bournonite pattern that were not seen by Lelneweber
(1956) (table# /6 ). Similarly, sixteen new lines were
observed for seligmannite, seventeen for aikinite(low
phase), eleven for diaphorite and twenty-one for freiesle-

benite(tables#/F>/).

It is suggested by this writer that these new lines
be added to thosge already listed in the most recent pub-
lication on x-ray powder patterns of the ore minerals by

Berry and Thompson(1962).
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' PABLE# 16
NONIUS CAMERA BOURNONITE LINES

(e ety 1223

—_ 1N

HEL Io‘max. Icalc . KL Ic:'r:>s. Icalc.
100 59 031 » 96
110 42 12 300 109 23
011 147 201 212 554 554
101 90 90 310 317 352
111 61 75 131 112 78
020 186 207 301 86 76
200 250 226 013 22
002 368 356 103 12
120 454 289 311 6
210 250 353 113 38 25
201 7 222 267
102 0.1 230 138 40
121 3 320 90 46
211 45 42 231 38 37
112 218 166 132 93 189
220 310 433 302 45 Ly
022 218 339 321 5
202 323 328 203 0.7
221 144 157 ol4o 45 30
122 oi7 312 51 20

1213
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,TAEE£$QS(Cont'd)
HKL, Ioba. Icalc. HKL Iobs, Icalc.
130 118 123 L2
213 9 313 2
140 144 252 402 0.1
400 | 8 421 109 93
141 58 29 024 112 58
232 4 412 429
410 109 332 630 188
322 384 41 204 128 67
330 217
401 T
223 186 86
004 378 331
033 61 45
411 9 -
331 61 15
240 6
042 36
104 > 0.4
133 61 55
303 32
241 45
114 0.7
142 278
420 3 2
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.TABLE# 17

"NEW" BOURNONITE LINES _Cobalt K-alpha
FROM NONIUS-GUINIER CAMERA radiation( )‘=}1.7889)
HKL d-SPACING(R) 'HKL a-spACING(ﬁ) ' HKL ‘d—SPACING(g)
(6) 1007 8.15-8.23 . 420 31
(2) 201 3.631 (7) o050 1.740-1.T46  (5) 143 1,636
(4) 013 2.496-2.500 124 (1) o34 1.621
(1) 3112  2.454 (5) 3237  1.727-1.729 (4) 510 1.602-1.60k
(2) 023 2,234-2,239  (4) 242 1.723-1.725 250
302 214 (3) 052 1.591-1.592
(3) 123 2.158-2.162 (5) 150 1.701-1.705 (2) 304 1.587-1.589
312 051 134
(1) 232 2,020 540 340 (1) 511 1,571
(2) 114 1.854-1.856  (5) o43 1.670-1.674 251
(3) o14 1,903-1,905 430 (3) 152 1.560-1,563
o42 422 314
(2) 313 1,834-1.841 (7) 151 1.661-1.66T (3) 423 1.507-1,508

ctt
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‘TABLE¥38

VNEW" SELIGMANNITE LINES
- FROM NONIUS~-GUINIER CAMERA

‘Cobalt K-alpha1

radiation ( A =1.7889)

HKL  d-spacing(R)

110 5.900
101 5.516
002 3.805
121 3.418
211 3.293
030 2,945
202 2,842
221 2,762
212 2.638
320 2.285
231 2,253
132 2,218
041 2,089
330 1.972
223 1.926
421 1774
4o2

233
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TABLE#19

"NEW" AIKINITE LINES
'FROM NONIUS-GUINIER CAMERA

Cobalt K-alpha
1 Iobs. on aecale of 100

radiation( A\ =1.7889)

HKT, d-SPACING(X)'Iobs‘ HKL  d-SPACING(R) Ips.
110 8.119 ‘0.6 052

020 5.798 1.3 641 1.471 ——
120 5.156 1.8 560

021 3.297 - 252

201 3.283 1.9 080 1.459 ——
321 2,489 1.6 522

510 2,226 —- 470 1.438 ————
520 2.095 0.5

501 1.970 3.3

102

012

620 1.793 0.8

222

061 1,744 1.2

541 1.627 0.5

550

640 1.579 0.9

422

342 1.515 1.3
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, TABLE# 20

"NEW" DIAPHORITE LINES
, FROM NONIUS-GUINIER CAMERA

Cobalt K—alphal
radiation( A = 1.7889)

HKL d-SPACING HKL, d-SPACING
001 16,47 131
002 T.97T7 225
-113 4,233 -708
-304 4,092

-313 3.697

302 3.436(gn?)

-206 2,976 (gn?)

312 |

120 2.894

021

-118 - 2,005

-711

008

-624 1.952

031

-622

-509

-802 1.920

-132
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TABLE# 21

,"NEW" FREIESLEBENITE LINES
- FROM NONIUS-GUINIER CAMERA

Cobalt K.--alpha1
radiation( A = 1.7889)

HKL G- SPACING . HKL  d-SPACING
110 6,487 222

. 011 5.405 -321 2.201
120 4,889 161 1.927
-111 4,463 -113
-121 3.820 410 1.861
121 3.723 242
210 3.611 312
211 3.042 033 1.798
012 2.894 =411
-221 133 1.736
022 2.696 -412 1.604
-123 2,576 080
-202 2.382
320 2,335
-212
-124 2.275
301
151 2/232
241

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SINGLE CRYSTAL STUDIES

A large number of slngle crystal films were taken
during the course of thls investigation uttklizing the
Buerger Precession Camera, The camera was operated with
silver K—alphal radiation( \ = 0.5594) and was filtered
wilth palladium foil.

Zero, first and second level pictures were taken of
several bournonite specimens, including (W-1) and (M-bourn.)
(see table# 2 for localities). Specimen (W-1) was selected
for single crystal study since 1t contalned many, very
fine, small, prismatic crystals with no cogwheel twinning.
Specimen (M-bourn.) was studied, on the other hand, due
to &ts unusually high Bl content and typical cogwheel

character(see page/7 ).

Several small octahedrons of unknown composition were
removed from specimens (C-755) and (R-1027) for single
crystal investigation with the hope of finding a nmatural
occurence of the diaphorite, cubic, high phase., All
crystals studied were found to be simple sulfides or oxides.
An aclcular, seml-metallic crystal associated with the
unique bournonite crystals in the Julcanl District(Peru)
(see page /7 ) was oriented #n the precesslon camera and
investigated through the zero, first and second levels,

The mineral was identified as bisnuthinite(3%253),
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Double spotting was found to ve a problem with
bournonite single crystal fllms, owimg to the commen
polysynthetic twinning of the mineral., Excessive x-ray
absorption aleo proved to be a major problem in these
high lead sulfosalts. It was eliminated, however, by
choosing very small crystals and alliowing long exposures.
Exposure times for the first and second level pictures

ranged from 12 to 60 hours,

There was two major objectives in the single crystal
investigation of bournonite: (1) the first was to check
the systematic extinctions with those inferred by the

space group C -Pnelm which was given to bournonite by

v
Hellner and Ljineweber(1956); (2) the second was to search
for odd reflection spots or streaks which could correspond
to the consistent, odd peaks seen in many of the bournonite
diffractometer patberns. Nc odd, un-indexable spots or
streaks were seen ln any of the pictures taken of speclmens
(W-1) and (M~bourn.). The 8.2% line, seen repeatably
in the diffractometer patterns was nct resolved in the

single erystal films with the silver radiation(see table#/7 ).

Lattice parameter measurements of specimens (W-1) and

(M-bourn.) gave the following results:
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W=1 M-bourn,
2 8.159% 8.161%
b 8.7100  8.718%

e T 79k 7.804%

Table# 1A contains the extinet and strong lines that
were observed from the bournonite single crystal films.
The gystematic extinctions agree well with those inferred
by the given space group C7 -Pn21m and include the

2v
following conditions:

HOL: Hplus L= 2n
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TABLE # 22

EXTINCTIONS AND STRONG
LINES FROM BOURNOKITE
SINGLE CRYSTAL FIIMS

[

SPECTIMEN EXTINCTIONS STRONG LINES
ZERO LEVEL

W-1 300 830 200 620
500 640 400 130
L o

310

610 360 k1o 128
910 370 020 350
320 570 040 860
820 120
920 220

M-Bourn. 300 830 670 020 410
500 %30 050 620
700 340 060 350
900 640 200 120
610 840 400
910 450 600
320 650 210
820 560 220
920 370 330
720 570 310

PIRST LEVEL

M-Bourn. 102 217 545 212 433
104 219 B47 214 544
106 324 650 216 432
108 326 654 2¢1+10 546
140410 32 210 548
211 5387 431 439
213 541 540
215 543 542
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MINERAL SYNTHESIS

Sixty-six mineral synthesis runs were completed in this
study with a number of second and third re-heats undertaken
for purposes of homogenization and observation of disorder- .
ing and reordering phenomena.l All five minerals of the “
study suite were synthesized a number of times and were
identified by Nonilus-@uinfer powder and x-ray diffractometer
techniques. Polished section methods were used for visible

phase identification and evidence of twinning and reordering.

BOURNONITE

Bournonite was found to be the most difficult speciles
of the group to syntheslze according to its given stoich-
iometry of PbCquS3. Early attempts (sample 814qB3) by the
writer to crystallize this mineral resulted in explosion
of the charge under cooling furnace cmanditions, X-ray
investigation of the oxidized fragments revealed the
bournonite structure wlth some rather strong, odd lines
(primarily at 3.13% and 3.038) previously discussed as
appearing consistently in the natural specimens, In this

case, however, the writer believes the lines to belong to

1All synthetic charges were taken to melting for homo~
genization.
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TABLE # 23

SYNTHETIC PREPARATION DATA

HEATING

PHASE COMMENTS
S14-B3 to 700°C, furnace bournonite exploded in furnace
cooled on cooling (sulfur
vapor pressure?)
hard, metalllc pellet
B-Ag-Bi to 690°C for 3 hours, bournonite plus 0.1 wt.% Ag; 0.1 wt.%
lowered to 260° for 3 chalcostibnite? Bi hard, metallic
days water quenched (emplectite)? pellet; acicular
- needles present
(chalcostibnite?)
S2-S¢ secgnd heating, to seligmannite sulfur ppt. at end
700%”C lowered to 250 (trace of other of tube; pellet
for 3 days water arsenlc sulfosalts metallic but not
guenched posslbly baumhauerite real hard sulfur
vapor pressure
SH=A second heating, to alkinite no sulfur residue, no
reheat 700°C lowered to 260°

for 4 days water
quenched

(low phase)

sulfur vapor pressure;
box-work crystalline

" pellet; metallilc

feathery, needle-like
crystals (aikinite)

€3t
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TABLE # 23
CONTINUED
SAMPLE HEATING ¢ PHASE COMMENTS
S5-A thigd heating, to high alkinite no sulfur residue
reheat(2) TO0O C for 2 days; (then reverted to or vapor, metallilc;
water quenched low alkinite brittle pellet
A-6 heated to 758 C for alkinite no sulfur in tube;
3 hours lowered to 204° (low phase) feathery, needle-
for 2 days water . like crystals
quenched (aikinite)
S=4 to 7000 overni%h multiple phases pungent sulfur odor
lowered to 300Y for (seligmannite, on breaking of tube;
5 days water quenched baumhauerite, etc,)
S-4 reheat second heating; t©o seligmannite plus no sulfur resldue
741°C for 1 hour, galena or odor
lowered to 1500 for 3
days; water quenched
S=5 to 700°overnight lowered multiple phases

to 300° for 5 days
water quenched

0.5 at.% Sb, 0.5 at.%
As sulfur residue;
feathery crystals;
dendrltic-like also

43T
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TABLE # 23
CONTINUED
SAMPLE HEATING PHASE COMMENTS
S=5 second heating; to sellgmannite plus no sulfur resldue; -
T410C for 1 hour, galena pellet hard, metallic;
lowered to 150° for acicular crystals
3 days; water in vugs
quenched
S7T-D to 600°C for 10 days high dilaphorite all sulfur reacted,
water quenched (cubic phase) residue; pellet very
. metallic and hard
S7-D to SOOOC for 2. days; high dlaphorite very metalllc; hard
reheat (1) lowered to 180 for starting to order no sulfur residue
3 days wabter quenched to low phase
S7-D to 182o for 9 days further ordering very metallic; no
reheat (2) wabter quenched to low diaphorite sulfur residue; hard;
slight odor. -of S
S7=D to 234°C for 10 days low diaphorite metallic; hard pellet;
reheat (3) quenched in water

slight sulfur odor

et
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TABLE # 23

CONTINUED
SAMPLE HEATING PHASE COMMENTS
S4-F to 700°C for 2 days, multiple phases

then lowered to 275

(no freleslebenite)

mixed to Pb3AggSbsSy
abundant su%%ug 2

for 5 days; resldue; extremely
quenched viscicular; porous
pellet; much sulfur
Yapor
S11-F to 735°C for 1 hour; poorly crystallized mixed as SU-F but

lowered to 275° for 2
days; cooled at

furnace rate

but closer to
freleslebenite than
Sh-F

with 0.25 at.% Cu
and 0,25 at.% Fe
some sulfur resldue
Fe and Cu seemed to
have alded crystall-
lzation of
freieslebenite phase

S15~F to TOOOC for 2 hours;
lowered to 200° for 2

freieslebenite but
poorly crystalllzed

days; cooled at furnace

rate

mixed as S4=F but

with o.l at.% Fe and
0.l at.% Cu pungent
odor of sulfur;

pellet very metallic
and hard, Definlitely
alded by lowered
percentage of Fe and Cu

SIAN
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TABLE # 23
CONTINUED
SAMPLE HEATING PHASE COMMENTS
SF=2 to 603O for ovgrnight; freleslebenite mlxed to PbAng52
lowered to 150  for 4 (not totally ordered (one atom sulfur
days; water quenched as yet) deficient) pellet
veslicular but metallic
and hard; small needle-
like crystals on pellet
(freieslebenite)
SF=2 to 670°C for 6_hours; freieslebenite no sulfur residue;
reheat lowered to 504~ for 1 high phase (cubic) no needle=-like
day; water quenched crystals as before
SF-3 to 662° for 1 day; freieslebenite mixed to PbAgAbS3 no
lowered to 520° for 1 day high phase (cubic) sulfur residue; =
. pellet very metallic
but brittle
SF=l

to 662° for 1 day;

freleslebenite

lowered to 520  for 1 day; hilgh phase(cubic)

water quenched

mixed to PbAgSbS
(excessive sulfur)
extreme sulfur residue
in tube

et
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TABLE # 23
CONTINUED

HEATING OF NATURAL SAMPLES

SAMPLE HEATING

PHASE

COMMENTS

S18-M=-bourn to 57500 for 2 hours

Bournonilte then lowered to 550°

Julcanl, Peru for 4 days; water
quenched

bournonite but
poorly crystallized

sulfur vapor; frags
were hard and very
metallilc

S19-M~bourn second heating; ¢to
same speclmen U450°C for 7 days

bournonite wlth
bification of many
peaks (exsolving
second phase)
baumhauerite?

very slight sulfur
odor; drusy crystals
on surface; frags

are not hard but
rather soft and brittle

bournonite (no change
noticed from unheated
form)

twinned crystals
(polysynthetic) but
not cog wheel crystals;
after heating crystal
surfaces show etched
appearance

as 318 water quenched

W-2 to 450°C for 14 days;
bournonite water quenched
Germany

M~B-2 to 700°C melted then
bournonlte quenched in ice after

Julcanl, Peru 15 days

bournonlte
structure but poorly
crystallized

-sulfur vapor present

In tube; material
very metallic

82T
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TABLE # 23
CONTINUED

PHASE

COMMENTS

SAMPLE HEATING
106760 to 640°C for 2 days;
alkinlte water quenched

silver Miller (did not melt)
Mine, Cobalt,
Ontario

high alkinite

slight sulfur odor
tube broken; frags
appeared to have
re-crystallized
(much twinning)

R-1027 to 416°C for 6 days;
diaphorlite plus water quenched
galena

Charichari, Potosl

Bolivia

high diaphorite
(cubic phase)

no sulfur residue
or odor; mnot quite
totally disordered

62T
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(A) BOURNONITE SYNTHETIC
S14-B4

(B) SELIGMANNITE SYNTHETIC

il

Figure 9. X-ray diffractogram of bournonite and
seligmannite synthetics
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chalcostibnite (Cu,S°Sb,S;) (figure # 9 ), Polished sec-
tion study of this synthetlc indlcated abundant, poly-
synthetic twinning typical of bournonite and no evidence
of a second mineral phase was observed, Least square
refinement of the axes for synthetic (814q33) indicated

a somewhat shortened b- and c-axis (Appendix D and figures

7-8 ).

The second bournonite synthesized (sample B-Ag-Bi) was
mixed to contain 0.1 welght percent Bi and 0,1 weight per-
cent Ag in order to shed some light on the nature of these
elements as conslistent minors in the natural specimens,

The charge appeared to be much easier to crystallize than
the previous attempt without Ag and Bi, The charge did not
explode as before. Again, as in 814-33, the odd lines at
3.13% and 3.03% appeared in the x-ray pattern. Synthetic
(B-Ag-B1) was examined immediately after quenching and was
found to conmtain abundant, acicular, metallic, crystals
£411ing the vugs and coating the surface of the pellet,
These needles gave Xx-ray diffraction lines characteristic
of many Sb283 and 31283_su1fosalts but are thought to have
been chalcostibnite or its 1lsotype, emplectite., The question
arises then as to whether these aclicular crystals were
simply a second mineral species which crystallized along
with the bournonite or instead represent an exsolved phase
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(containing Bi?) which was soluble in the bournonite
lattice at the high temperature,

Refinement of the lattice parameters for synthetic
(B-Ag-Bi) definitely revealed a fit into the average range
of natural bournonite specimens (table #/5 and figure # 7 ),
thus indicating something of the importance Ag and Bl plays

in this structure,

SELIGMANNITE

Three seligmannite synthetics were crystallized after
reheating for homogenization., Samples (Sa-sx)and (8=-4)
were mixed to the ideal formulation PbCudsS; and (S-5) was
made to PbCuAs, ;Sb, S;. Primary heating of all thrée
resulted in multiple phases consisting of seligmannite plus
one or more Pb-As sulfosalts all of similar structure. A
second heating of these synthetlcs homogenized the charges
and seligmannite was the only sulfosalt phase indicated in
the x-ray patterns, However, very intense lines of galena
were observed in saﬁples (S=4) and (S=5)., They were present
in (82-S,) as well but of mach less'inténsity. An excess
of PbS was theoretically present in the charge, and upon
homogenlization to the seligmannite phase, 1t was exsolved
out. Polished section study of specimen (R-1052)(Appendix B)
confirmed the assoclatlon of galena with aeligmannite but
indicated no visible exsolution lamellae,
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Refinement of the lattice parameters of synthetics
(S=4) and (S=5) show an increase of 0.1% for the a-axis
and 0.033 for the c-axlis with addition of 0,5 atomic percent
antimony with 0.5 atomlc percent arsenic, The beaxis
appears to be little affected by such substitution.

AIKINITE

Two alkinite synthetlcs were successfully crystallized
after many attempts., Samples (S5-A reheat) and(a=-6) both
contalned the 2,988 line of galema but few other lines not
indexable for alkinite,

Polished section study of (S5-A reheat) failed due to
the frothy, boxwork-like nature of the syntﬁetic. Both
synthetlic alkinlites were taken to a high temperature poly-
morph which will be dlscussed in a later section,

The refined lattice parameters of these alkinites agree
quite well with both the literature values for the mineral
and the natural specimens analyzed by this writer (table #/5).

DIAPHORITE AND FREIESLEBENITE

Diaphorite and freieslebenite were synthesized by means
of s8low, low temperature, ordering from their high cubic
phases. Figure #/7 illustrates nicely the progressive
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ordering in this system with figure #/7 D representing
the final stage with the low diaphorite pattern,

The two synthetic charges (84-F) and (S16-F) were
mixed to the old formulation of PbyAg;SbsS), for frelesle-
benite and to (S15-F) was added 0.1 atomic percent Fe and
0.1 atomic percent cu. Sample (S11-F) was given additional
Fe and Cu to 0,25 atomic percent, None of these charges
resulted in well crystalliized freieslebenite, It was
apparent, however, that (S15-F), with the lower percentages
of Fe and Cu, more eloseiy appfoached the correct structure.
Three freieslebenite synthetlcs were prepared according to
the ideal formulation suggested by Hellner (1957) of
PbAngss. The effect of sulfur excess and éeficiency on the
mineral system was also examined In these samples as they
were mixed to: PbAngSe, PbAngS3 and PbAngSa, respective~
ly for (SPF-2),(SP-3) and(SP-4). The affect of the sulfur
atom excess or defiéiency was best observed on the a, of

the cubic, high phase of freieslebenite which will be
discussed later (see Appendgx D).

HIGH TEMPERATURE PHASE RELATIONS

One of the primary objectives of the present study
was concerned with the discovery and synthesis of high
temperature polymorphs within these mineral systems, Al-
though comparatively little work of this type has as yet
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been done on the sulfosalt minerals, such work is of
paramount importance for a better systematic, classifica-
tion scheme as well as a basic understanding of derivative

structures and the crystal chemical processes which they
entall,

BOURNONITE AND SELIGMANNITE

Bournonite and seligmannite were found to have the
most stable lattice structures of the five minerals ob~
served at high temperature. Repeated attempts to crystal-
lize a high polymorph of bournonite and seligmamaite utiliz-
ing both synthetic formulations as well as natural specimens,
resulted in fallure, However, a bournonite specimen from
Julcani, Peru (S19-Bourn.) after heating at 450°C for a
period of T days, exsolved out many lines not belonging
to the bournonite pattern but which were present in the
unheated specimen only as slight shoulders on indexable
main lines., These new lines are thought by this writer to
belong to the mineral baumhauerite 3PbS-2Aszs3 or a related,
arsenlc sulfosalt. It l1ls therefore, possible that the sub-
microscopic, inclusions in these mineral structures can be
further exsolved by heating at rather high temperatures
over a long period of time, In specimen (S19-Bournm.),
however, it might well have been the presence of excess Bi
(3.3 welght percent) that caused the exsolution (2) of the

second phase,
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(A) SELIGMANNITE SYNTHETIC S-4

(B) BOURNONITE B.M. 32909
(C) BOURNONITE M-BOURN.

DTA patterns (heating and cooling)
of a symthetlc seligmannite and
two natural bournonites

Figure 11.
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Differential thermal analysis of many bournonite
speclimens, both synthetic and naturél, indicated no
enthalpy changes of consequence at the heating rates used
of 7-10 degrees/min, (figures # // ).

Polished section studies revealed extensive polysyn-
thetic twinning in many natural and synthetic specimens
along with a persistent, unique textural appearance (see
Appendix B). The constant presence of the polysynthetic

twinning in bournonite might possibly be an attemmt by
the lattice to obtain "room" and can very likely be related

to an unquenchable, order-disorder phenomenon,

The rarity of suitabie seligmannite ores necessitated
the use of synthetic specimens for the major portion of
the high temperafure phase studies, The one natural
speecimen (R-1052) heated to near the melting point and
then guenched, in hopes of finding a“high polymorph, was
not entirely free of contaminants, However, no distinct
variation from the low seligmannite was seen,

Synthetics (Se-Sx), (S-4) and (S-5) contained multiple
phases after their primary heating but homogenized into
seligmannite after reheating (table #33). Attempts at
high temperature quenching of these éampies resulted in
galena exsolving out of a poorly crystallized seligmannite
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lattice. Similarly, differential thermal analysis of
these samples revealed only a pattern analogous to that
of bournonite with no evidence of thermal reaction (figure

#//)

AIKINITE

Alkinlte was successfully converted to an apparent,
high polymorph both from crystallized synthetic and natural
specimens (figures # /2 —/3 ). The high polymorph is thought
to have undergone a transformation from the primative,
orthorhombic space group of low alkinite (Dlzg-l’bnm) to a
body-centered, orthorhombic, configuration. Figure # /2
clearly illustrates the simplification of the diffraction
pattern and the increased symmetry of the cell, Final
indexing and refinement of the high polymorph is not as yet
completed but a basic study was made of the phase utilizing
the indexing methods suggested by Ito (1950, Hesse (19483),
Lipsom (1949) and Bunn (1946). The cell is evidently
pseudo;totzagonal, but repeated attempts at computer
refinement have indicated an orthorhombic indexing, The
lattice parameters suggested for the high alkinite after
preliminary investigation would be: a % 6.5%, b % 5.7%

and cof\'ﬁ 12.22.

A polished sectlion made of the synthetic, high alkinite
(S5=A reheat(2) ) was found to have almost completely
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TABLE# 24
AIKINITE HIGH PHASE
X-RAY DATA Cu K-alpha. radiation
(1.5405 A)2
SPRCIMEN 2 THETA p(}) 1, SPEOIMEN 2-THETA D(R) Iobg
S5-A 1306 60500 m———— 106760 1307 60""59 m——
reheat(2) 15,6 5.676 5,80 15.6 3.676 9,18
(syn.) 19.4 4,752 6,98 19.6 .525 12,58
21.9 4,055 11.43 22,0 4,037 7.82
23.0 3,864 5.31 23.1 3.847 10.20
24,3 3.660 37.46 24,5 3,630 42,18
25.5 3.490 100,00 25.5 3,490 100,00
26, 3.373 u6.98 26,3 3.386 29,93
27.2 3.276 5.71 27.2 3.276 21,77
27.7 3.218 6.03 27.7 3.218 8.16
29.9 2,986 33.97 30,0 2,976 31.97
31.4 2,851 40,32 30.7 2.910 29,93
32.4 2,761 13,97 31.3 2.855 50,34
33.4 2.680 g.so 32,4 2.%61 12,24
39.2 2,296 18.73 33.6 2,665 8,16
Lo, 4 2.130 34,28 39.4 2.285 30,27
44,0 2,056 26,98 42,5 2,125 23.89
4y 4 2,039 33.65 44,0 2.056 18.37
46,3 1,959 11.43 44,8 2,021 34,01
48,6 1,872 6.35 46,0 1.971 13,60
48.5 1,875 11,22
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Figure 14. DTA pattern (heating and cooling) of
a synthetic aikinite speclmen
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ordered back to low aikinite after less than two months
(Appendix B, plate #/0).

Differential thermal analysis of synthetic (A-6)
starting from the low phase is shown in figure #/4 ., Dis-
ordering is seen to commence at about 270 degrees C and to
peak at approximately 273 degrees C. The energy #nvolved
here 1s many orders lower than that seen for the cubic
high phases of diaphorite and freieslebenite to be dis-
cussed, Two posslble fuslon reactions can also be observed
in figure #/4 starting at 465 degrees C and 475 degrees C.
It is possible that these last reactions might mark a
second or even third disordering phenomenon Jjust prior to
fusion of the sample, Continuous recording after initia-
tion of cooling in the DTA run revealed a very sharp,
exothermic peak at 460 degrees C (figure #/4). No further
evidence of reordering can be seen in the reméinder of the

cooling phase,
DIAPHORITE AND FREIESLEBENITE

Diaphorite and freleslebenite were found to have a
high temperature, dlsordered, cubic phase by this writer,
independent of the knowledge of Wernlick'!s study of the
AgSbS,-FbS pseudo-binary in 1960. However, the phase
relationships suggested by Wernick were totally confirmed
by this writer!s investigation and most temperatures of
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DIAPHORITE SYNTHETIC
S$-7-D (DISORDERED PHASE)

$-7-D1

$-7-02

$-7-D3
(ORDERED PHASE)

X-ray diffractograms showing reheating
stages of a synthetic diaphorite
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(A) DIAPHORITE B.M. 88839
(B) DIAPHORITE R - 1027

|
i
Figure 18, DTA patterns (heating and cooling) of
two natural diaphorite specimens,

Temperature in degrees C.
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FREIESLEBENITE
SYNTHETICS

(A) s-F-2
(B} S-F-3 HIGH PHASE

Pigure 19. DTA patterns (heating and cooling) of
two synthetic freieslebenlte specimens.
(B) was at the high phase when heated.
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high-low conversion plotted very close to his published
phase diagram for the system AgSbS,,-PbS (figure #20),
Deviations were found, however, from his-plot of 1atﬁice
constant a, of the cublic, beta phase versus the mol. percent
PbS (figure #320), This writer found that a synthetic of
the composition equivalent to diaphorite (Pb28b3Ag388) gave
a refined ap of 5.7274 as compared to the value taken from
figure #20of 5.748. Likewise, synthetics of the frelesle-
benite composition (PbAngS3) gave a refined a, of 5.7808
instead of the 5.763 indicated from Wernick's curve, It is
very likely that sulfur loss during this writer's synthesis

can account for this discrepancy.

Natural diaphorite specimens (BM~88839) and (R-1027)
were heated in the DIT'A furnace to near melting and then
cooled at furnace rate whille plotting enthalpy changes
(figure #/5 ). The shape and intensity of the reordering
reactions were apparently altered conslderably by the
presence of impurities in the specimens, Both (BM-88839)
and (R-1027) have galena as major impurities and sphalerite
is present in (BM-88839).

Two synthetlc freieslebenite specimens were r™mn on
the DTA apparatus; one (SF-2) with a one atom sulfur
deficlency (PbAgSbS,), the other (SF-3) being already in
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the high, cubic phase, The results can be seen in
figure #/9, The sulfur deficient sampie starts reorder-
ing at the high temperature of 400 degrees C, while the
normal freieslebenlite should atart at sgbout 220 degrees,
The reordering reaction for this sample 1s noticeably
smaller than normal also, indicating that reversion to
the monoclinic form had been inhibited from proceeding

to completion,
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CONCLUSIONS

From the results of work presented in this paper, the

following concluslons are drawn:

1. Owing to the diversity of structure and crystal
chemistry of the minerals of the "bournonite group”, the
following classiflcation grouping is proposed:

Group A Bournonite
Seligmannite

Subgroup Alkinite

Group B Diaphorite
Frelesglebenite

2. Evidence from minor element analyses suggests the
constant presence of several elements in the minerals of
the study group. Therefore, this wrliter proposes the
addition of constant minor elements in published, stoichioc-
metric formulaticns, as follows:

1) Bournonite: P’bCqu(As R Ag Bi )S

2) Seligmannite: PbCuAss (minor elemegts
not determined)

3) Aikinite: PbCu'Bi(Asx, Sby, Agz)83

4) Diaphorite: Pbasb Ag3(Asx, Cuy, laa.z)s.8

3

Preieslebenite: PbAgSb(As Cu F Bi
5? Ag ( xa Y’ eza zz)ss

where the calculated number of atoms per # cell and weight
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percent ranges are:

1) Bournonite: x = 0,13 to 0.23(2.0-3.5 wt.%®)
' | y = 0.005 to 0.021(0.10-0.46 wt.%)
. Z = 0,0002 to 0.094(0,01-4,0 wt.%)
2) Seligmannite:hth determined
3) Aikinite: X = in the range 0.08(1.0 wt.%)
y = in the range 0.012(0.25 wt.%)
z = less than 0,001(0.02 wt.®)
X = 0.43 to 0.55(2.25-2.75 wt.%)
¥y = small but not determined
2

~ 0,006 to 0.,01(0,08-0,14 wt.%)

4) Diaphorite:

5) Preieslebenite _
X = 0.14 to 0,21(2.0-3.0 wt.%)

y = 0,013 to 0.065(0.16-0,78 wt.%)
z = not determined
zz = in the range of 0,0003(0.01 wt.%)

3. Chemical analyses suggests a maximum of 3%:1 ratio
for Sb:As in the bournonite lattice and therefore confirms
the non-exlstence of a complete s30lid solution series

between bournonlfe and seligmannite, at least at low temper-

ature,

4, X-ray data, coupled with mdnor element analyses and
polished section studlies, indlcates possible, submicroscopic,

chain-like layers of exsolved, secondary sulfosalts as
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inclusions in the five study minerals. The minor elements
discussed are thought to be very soluble in the bourncnite
group minerals at high temperature, but upon coeling are
forced out of “he lattice as the submicroscopic sulfide

or sulfosalt incluslons,

The common polysynthetic twinning in bournonite, for
example, is thought to be a "room getting" process re-
sulting from the exsolution of As, Ag and Bi which are

present as mlnor elements.

5. It is apparent that the presence of Ag as a mimor
element ln bournonite favorably influences the presence
of Bi and vice versa., Iittle evidence was found, however,
to indicate the compensatory substitution of Ag/'/'31%3:=
2Pb’(2 suggested by Van Hook(1960) for the matildite
(AgBisa) derivation from the galena structure,

6. The weight percent of Ag in the bournonite lattice
was found(figure#4%) to fall rapidly with slight increase

in welght percent As.

T. A linear plot of welight percent Bi verses the re-
fined ao-axis of bournonite suggests a maximum Bl content
at approximately 8.1593. A similar plot of welght percent
Ag # Bl verses the bournonite a -axis indlcates the max-

o
imum skewed toward lower ao-axis values to 8.152A.
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8. The weight percent Pb in bournonite is directly
related to increase of the ao and bo-axes while Sb exhibits
good linearity with the ao-axis only. The co-axis of
bourncnite 1s not noticeably affected by the variation
in these elements. Total cell volume can also be a usable
parameter for relation to Pb and Pb plus Sb weight per-
centages 1n the bournonlte structure, The cell volume
increases nearly linear with Pb and exponentially with

the combination of Pb plus Sb.

Suchk relatlonships can poseibly be utilized in other
sulfosalt systems for semi-quantitative chemical analysis,

free of the matrix absorption problems faced in instrumental

analysis.

9. The disordered, cubic, beta phases of diaphorite
and freieslebenite(Wernick,1960), although showilng a rather
constant temperature of disordering, exhibit a premature
reordering with the presence of impurities. Diaphorite
(natural) commences disordering at approximately 310 degrees
C and peaks at 320 degrees(figures#/7 and #/£). Reordering,
which ordinarily starts at 280 degrees C and peaks at 260
degrees C, ls advanced 10-15 degrees with galena as an

impurity.

The cell edges found for diaphorite and freieslebenite
0
beta phases created from synthetlic charges were 5.727A and
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and 5.7803, respectively. These are within* 0.02% of

those suggested by Wernick(1960). A four atom sulfur
deficlency forced upon the unit cell of a synthetic
freieslebenite was found to be reflected by a larger cell
edge of 5.8362 in the beta phase, The beta phases of these
minérals are very stable at room temperature but reordering
can be initiated at temperatures in the range of 60-T0

degrees C.

10, Heated natural and synthetic alkinite specimens
were successfully quenched to a high polymorph of in-
creased symmetry(figures#/2and #/3). Pelihinary indexing
of the phase indlicates a possible, body-centered, orth-
orhombic cell with a % 6.5%, b 5.78 and ¢ 12,28,

The cell 1s distinctly pseudo-tetragonal.

Differential thermal analysis revealed aikinite to
disorder at approximately 270 degrees C and showing two
other endothermic reactions at 465 degreesC and 475 degrees
C(figure#/#4). These reactions could possibly represent
additional polymorphic transformations of a non-quenchable
nature, The quenched, high polymorph of alkinite is very
unstable, unlike those of diaphorite and freieslebenite,

and re-orders to the low form within a short time.

11, Crystallization of synthetic bournonite and frelies-
lebenite are definitely aided by the addition of Ag-Bi and
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Cu-Fe,; respectively in their fomulas.

12. lattice parameter ranges for bournonite were

found to be as follows by least squares refinement:

A-AXIS  8.145 to 8.1ThA
B-AXIS  8.685 to 8.7254
C-AXIS  7.806 to T.836A

13. The discredited mineral berthonite(= bournonite)
(Djebal Slata, Tunisia) was found by this writer to
contain high Sb and Cu with respect to bournonite., The
x-ray diffraction pattern of the mineral shows it to be
poorly crystallized as well, It 1s, therefore, suggested
that this mineral, although being structurally similar
to bournonite, is not chemically analogous; and is possibly
two sulfosalt phases: bournonite plus a secondary, sub-

microscopic, exsolved, Cu-Sb-S sulfosalt,

14, Many "new" lines were observed in the diffraction
patterns of the five study sulfosalts with the Nonius-
Guinier powder camera. It 1is suggested that these lines
be added to Berry and Thompson's(1962) recent publication

« on the x-ray powder patterns of the ore minerals.

15. The present, non-destructive methods for quantitative
x-ray fluorescence analysis of the high Pb; Sb, Cu, Ag and

Bl sulfosalts are not suitable, owlng to excessive matrix
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absorption., Extreme dilution, liquid cell methods were

found to be most promising when destruction of the sample

is feasible,

16, This writer suggests that x-ray diffraction of
orliented sulfosalt crystals in polished section might be
utilized in future investigations of exsclved, sulfide and
sulfosalt phases. It 1s also proposed that infra-red light
methods used with such sulfosalts might well result in
visual evidence of exsolution phases, since many of the
complex sulfides have been shown to be transparent to

wavelengths of this order(Bailey,1948),
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APPENDIX A
DETAILED PROCEDURES

MINERAL SYNTHESIS PROCEDURE

Synthetics were prepared from reagent grade, dry, chemi-
cals that were thoroughly mixed, pelletized and then heated
in evacuated, sillca glass tubling. The pelletizer was
made from a headless drill bushing with 9/16" ID which
was fitted with a hardened steel dowell pin of 9/16" plus
0.0002" diameter. An end of the dowell pin was cut off as
a plug for the bushing and was fashioned flat with a mill,
The dowell surface was then worked with very fine sandpaper
to insure a perfect fit. The standard Buehler Press( model
AB) was used as the pelletizing instrument and was operated
to a maximum of 20,000 psi for the 9/16" bushing mold.

More pressure was found to create release fractures in the
pellets upon removal of the load.

All pellets were mixed to 2,5000 grams and were stored
in a dessicator until sealed in the sillica glass tubes.

The total 2,.,5000 grams of the charge was made into a single
pellet to lnsure homogenelity.

The pellets were sealed in Vycor Brand silica glass
tubed manufactured by the Corning Glass Co. of New York,
The tubes were of 11 mm ID and had 1 mm wall thicknesses.
The Vycor tubling is composed of 99 plus percent silica and
melts at about 1500 degrees C, The glass has a very low
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coefficlent of expansion and will not crack when quenched
from very high temperatures,

The Vycor tubes contalning the charge were evacuated
and then sealed with a methane and oxygen torch after
first driving out any water with repeated heatings. Evac-
uation was accomplished with a Duo-Seal Vacuum Pump(Patent
No. 2337849, W.M. Welch Manufacturing Co., Chicago) which
was operated for a 20-30 minute period on each seal.

After a good vacuum was obtained in the tube, an area 3-4
inches above the pellet was heated with the torch and the
tube wag slowly twisted free with the pump still running.

The sealed pellets were heated in a Tempco furnace
(model F-1620-1) with a Barber-Coleman Controller(model
293 C). The thermocouples used were chromel verses alumel
and exact temperatures were read to 5 degrees C. om a
Leeds-Northrup millivolt potentiometer( Cat. No. 8686).

All synthetic charges were taken to melting for pur-
poses of homogenization and then lowered to temperatures
appropriate for experimentation. Samples were heated for
time periods ranging from 4 hours to 14 days and all quenching

was done in cold water under the protection of a face guard.,
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APPENDIX B
POLISHED SECTION DATA

162

The follewlng 12 plates are photomicrographs of textures

and mineral associations of 9 specimens in polished secotion.

A total of 27 pollshed sections were studied.

are shown on the plates,

The following standard mineral abbreviations will be

used:

PLATE 1
Figure 1

Figure 2

PLATE 2
Flgure 1

bournonite
seligmannite
alkinite
diaphorite
freleslebenite
tetrahedrite
chalcopyrite
sphalerite
pyrite
galena
bornite
chalcoclte
covelllite
miagyrite
chrysecolla

Cc 768

bo
sellig

diap
freies
td

cop

8p

Py

bn

ce

cv
mliag
chrys

Bo showing polysynthetic twinning under crossed

nicols,
twinning.

Note fracture pattern controlled by

Same area as figure 1

Plain light. Note differential pitting controlled

by twin lamellae.

CT64
Bo, ccp.

Anhedral ccp in bo,

Cep is associated

with cv and cc elsewhere in the section.
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Pigure 2 CT764
Bo, cv. Bo showing two dlsgtinct textures, ome
heavily pitted (inclusions?), the other less so.
Cv disseminated throughout pitted bo phase but
generally restrieted to a eep-cc association
in the less pitted phase of bo.

PLATE 3

Figure 1 R-1052
Sp, gn, Py, 8selig. Sp embaying gn. Large eu-
hedral crystals of py present with very small
blebs of py exsolved from sp aleng crystal-
lographic direction. Gn containing unknown
inelusions.

Figure 2 R-1052
Sp, selig, gn, py, x (unknown arsenic? sulfosalt).
Selig and gn embayed by sp. Py containgng sp and
gn inclusions, X phase assoclated with gelig and

an.

PLATE 4

Figure 1 Cc-T768
Bo, td, gn, sp. Bo with inclusions showing rather
sharp boundary with slightly greyer td but less
sharp relationship with gn.

Figure 2 Cc-768
Bo, py, sp. Bo with typical texture assoclated
with large, euhedral grains of py and sp.

PLATE 5

Figure 1 949TT
Bo, gn. Bo showing very profuse pitting, possibly
due to an exsolved phase(?) Note association
with gn and also triangular pitting in gn.

Pigure 2 Q4977

Bo, gn. Same as in figure 1. X marks inclusion
in gn.
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PLATE 6

Figure 1 BM 88839
Gn, diap. Gn with higher relief associated with
diap.

Pigure 2 BM 88839
Gn, diap(?), sp. Gn with many inclusions(diap?)
and sp.

PLATE 7

Figure 1 105571
Al, td, cv. X-nlcola; td with cv f£illing fractures
assoclated with ai.,

Pigure 2 105571 (same area as figure 1)
AL, td, ecv., Plain light.

PLATE 8

Figure 1 105571
Td, py, cv. Td with abundant velnlets of cv., Eu-
hedral py crystals embayed with cv,

Figure 2 105571
Al, td, cv. Al with many cv veinlets. Possibly
some chrys associlated with cv in veins. Td area
surrounded by cv.

PLATE 9

Flgure 1 105571
Ai, td, cv, X-nlcols; cv velnlets in td associated
with ai.

Figure 2 Cc-768
Bo, gn. Bo with typical texture at boundary with
gn.

PLATE 10
Figure 1 S5-A reheat(2)
Ai(high and low phases). Synthetic specimen of

high al reverting to the low form. ILath-like
crystals are low al. The granular, microcryatalline
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Figure 2 S5-A reheat(2)
Ai(high and low phases). Close up of same section
showling better detall of good cleavage parallel
to elongation direction of low ai. Nobe alseo
the unterminated character of the laths.

PLATE 11

Figure 1 A-864
Be, py, Sp. Typically pitted bo (with inclusions
noted) in a course relationship with sp and py.
Py 1ls embayed with sp.

Figure 2 BM 88839

Diap, gn, miag. Gn with inclusions, intimately
assoclated with dlap, Milag associated with diap.

PLATE 12

Figure 1 R-6846
Bo, bn. Rare asasoclation of bo with bn. Bn
revealing exsolution lamellae at X while bo
exhibits a fine lamellae from top left of picture
to bottom right.
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Plate 1

Figure 1
]

3 B
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%

Figure 2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Plate 2
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Plate 3

Figure 1

Figure 2
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Plate 4
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Plate 6

Flgure 1

Figure 2
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Figure 2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




173

Plate 8

Figure 1

Figure 2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



174

Figure 2
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Plate 10 175

Figure 2
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Plate 11
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Plate 12

Figure 1
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APPENDIX C

178

DATA FOR CONSTRUCTION
OF SULFOSALT MODELS

BOURNONITE 4PbCquS3 cgv —Pn21m
2a) Xyo . 4v) xyz
-x,%/é,g/z
X Y Z X Y yA
Pb (2a) 0.079 0 0 0.072 0,500 0.500
Pb (2a) -0.560 0.670 O 0.560 0.170 0.500
Sb (2a) -0.073 '0.550 © 0.073 0.050 0,500
Sb (2a) 0.515 0.125 O -0.515 0.625 0.500
S (2a) 0.225 0,310 O -0.225 0.710 0.500
s (2a) -0.225 0.710 © 0.225 0.310 0.500
X Y Z
Cu (4b) 0.269 0.440 0.249
0.269 0.440 -0.249
-0.269 0.940 (0.500-0.249)
-0.269 0.940 0.749
s (4b)  0.084 0.706 0.248
0.084 0.706 -0.248
-0.084 0.206 (0.500-0,248)
-0.084 0.206 (0.500/0.248)
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APPENDIX C
CONT.
X Y vA
S (4p) 0.564 0.425 0.267
0.564 0.425 -0.267
-0.564 0.925 (0.500/£0.267)
~0.564 0.925 (0.500-0.267)

FREIESLEBENITE 4PbAngS3 Czh—P2l/ a

Le) Xyz | .
3-%,3/7,2/2
i
Y yA

Pb (Be) 573 0.0%5 0.250
(.500-0.113) (.500£0.085) (.500£0.240)
(.113-0.500) (.500-0.085) 0,240
-0.113 -0.085 (.500£2)

Ag (4e) 0.095 0.415 0.240
(.500-0.095) (.500/£0.415) {(.500£0.240)
(.095-0.500) (.500-0.415) 0,240
-0.095 -0.415 (.5004£0.240)

Sb (4e) 0.385 0.256 0.720

(,500-0.385) (.500£0.256) (.500£0.720)
(.385-0.500) (.500-0.256) 0.720
~0.385 '-0.256 (.500/0.720)
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APPENDIX C
CONT.
X Y VA
s, (4e) 0.100 0.100 0.T740

(.500-0,100) (.500£0.100) (.5004£0.720)
(.100-0.500) (.500-0.100) 0.T40
-0.100 -0.100 (.500£0.720)
5 I (4e) 0,100 0.413 0.680
(.500-0.100) (.500£0.413) (.500£0.680)
(.100-0.500) (.500-0.413) 0.680
-.100 -.100 (.500£0.680)
Sppp(4e) 0.340 0.260 0.140
(.500-0.340) (.500£0.260) (.50040.140)
(.340-0.500) (.500-0.260)  0.140
-0.340 -0.260 (.500£0.140)

NOTE: Point positions (2a),(4b) and (4e) were recalculated
from those given in International Tables for X-ray

Crystallography

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



181

APPENDIX D

LEAST SQUARES REFT{EMENT
DATA FOR STUDY SPECIMENS

. 2
(1) The least squares parameter is 1/d il

(2) All axis parameters are given in R.

(3) Axes parameters given just under specimen
name and number are approximate parameters
glven to computer as starting point for
Pefinement.

(4) R equals degree of total refinement. Perfect
refinement is rated as 0.9999999

(5) Parameters given on last line of the following
pages is the computer refined set of values.

(6) Delta corresponds to the deviation(f or -) of
the observed d-spacings with the computer cal-
culated values.

(7) The fourth decimal place given in the calculated

lattice parameter values 1s not significant.
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80782 BOURNONITE LEAST SQUARES
8.1620 8.7100 T.8100

H K L OBSD CALCD DELTA
o 1 1 5.8820 5,.8264 .0555
1 o0 1 5.7120 5.6500 .0619
i 1 1 4, 7920 L, 7406 0513
0 2 o) L ,3820 L, 3566 .0253
> 0 O L,1010 4.,0771 .0238
o o0 2 3.9140 3.9179 -.0039
1 2 0 3.8640 3.8425 .0214
2 1 G 3.7050 3.6923 0121
1 1 2 3.2760 3.2729 .0030
> 2 0 2,9860 2.9769 .0090
o 2 2 2.9230 2.9132 ,0097
> 0 2 2.8330 2.8250 .0079
1 3 0 2 . TLUO 2.7360 .0079
3 0 0 2 ,6880 2,7131 -,0301
2 1 2 2,6760 2,.6873 -.0113
o 1 3 2.,5090 22,5019 .0070
2 2 2 2.3720 2.3703 ,0016
2 2 0 2,3100 2.,3061 .0038
1 3 2 2,2470 2.,2432 .0037
O 4 o0 2,1740 2.1783 -,0043
1 4 0 2,1110 2.1045 .0064
1 4 1 2.,0340 22,0324 ,0015
b 1 © 1.9920 1.,9849 ,0070
2 2 3 1.9590 1.9633 -.,0043
1 1 4 1.8570 1.8608 -.0038
L 0o 2 1.8020 1.8084 -,0064
L 1 2 1.7730 1.7707 .0022
O 5 0 1.7420 1.7426 - .,0006
1 5 0 1.7050 1,7041 .0008
L 3 0 1.6680 1.6685 -.,0005
1 4 3 1.6360 1.6387 -.0027
2 5 0 1.6020 1.6024 -, 0004
O 5 2 1 05910 1 05922 - 00012
1 1 5 1.5180 1.5155 .0024
L » 3 1.5070 1.5077 -,0007
5 1 2 1.4850 1.4836 ,0013
Sum DELTA = .2567 R = ,9999916

Sum of Squares = ,37194203E-04

8.1543 8.7132 7.8359
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94977 BOURNONITE
8.1620 8.7100 7.8100

H X L OBSD CALCD
o 1 1 5.7860 5.8156
1 1 1 4,7280 4.7339
0 2 O L .3290 L ,3430
2 0 0 L ,0830 L.,0750
2 1 O 3.7050 3.6891
2 2 0 2.,9660 2.9717
1 3 O 2.7200 2.7283
3 1 0 2.5900 2.5923
2 3 O 2.3600 2.,3602
o L 1 2,0970 2.0925
L o 1 1.9750 1.9718
L 2 1 1.7890 1.7954
3 1 3 1.8400 1.8393
2 0 4 1.7600 1.7643
3 4 1 1.6570 1.6577
O 3 4 1.6220 1.6215
3 4L 2 1.5500 1.5564
2 5 2 1.4780 1.4795
L 0o 4 1.4160 1.4115
5 0 3 1.3810 1.3825
& 0 O0 1.3580 1.3583
L 5 0 1.3260 1.3219
Sum DELTA = -,0472 R = ,9999897
Sum of Squares = 4T154TLOE-O4

8.1500 8.6861 7.8295
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DELTA

-.0296
- 00059
-.0140
.0079
.0158
-.0083
- Q0028
~.0002
Nelel
.0031
-.0064
.0006
- eOOOT
.0004
- 00064
-.0015
0044
et 00015
~.0003
.0040
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81295 BOURNONITE
8.1620 8.7100 7.8100

H K L OBSD CALCD DELTA

o 1 1 5.8420 5.8114 .0305
1 0 1 5 .,6400 5.6362 .0037
O 2 0 4,3290 4, 3547 -.0257
2 0 0 L, o640 4,0753 -.0113
o 2 2 2.,8%960 2.9057 -.0097
2 0 2 2.8160 2.8181 -.0021
1 3 O 2.7240 2.,73u8 -.0108
2 1 2 2.86730 2.6812 ~.0082
1 3 1 2.5800 2.5808 .0051
o 1 3 2.4930 2.4920 .0009
= 3 0 2,3660 2.3645 L0014
3 2 0 2,3040 2.3050 -.0010
o 2 3 2.2350 2.2328 .0031
3 1 2 2.,1640 22,1598 Nole)i5k
1 4 0 22,1020 2.1035 -.0015
2 3 2 2.0260 22,0221 .0038
3 3 0 1.9820 1.9837 -.0017
O 0 &L 1.9510 1.95056 .0003
1 3 3 1.8830 1.8846 -,0016
4 2 0 1.8500 1.8456 LO0U

4 2 1 1.7920 1.7960 - .0040
3 3 2 1.7700 1.7682 ..0017
1 2 4 1.7380 1.7391 -.0011
o 4L 2 1.7230 1.7229 0.0000
3 4 1 1.65610 1.6601 .0008
L 3 1 1.6300 1.6310 -.,0010
3 4L 2 1.5580 1.5577 .0002
2 3 4 1.5050 1.5046 .0003
Sum DELTA = -,0431 R = ,99993966

Sum of Squares = ,12166226E-04

8.1507 8.7094  7.8024
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78894 BOURNONITE

8.1620 8.7100 7.8100

H X L OBSD CALCD DELTA

o 1 1 5.8050 5.3138 -.0088
i o0 1 5.6760 5.6383 .0376
1 1 1 L,7290 4.7322 -.0032
O 2 O 41,3500 4.3520 -.0020
2o 0 0 L.,0640 L,0730 -.0090
1 2 0 3.8390 3.8385 .0004
2 1 0 3.6900 3.6891 .0008
1 1 2 3.2640 3.2643 -.0008
2 2 0 2.9660 2.9738 -.0078
> 0 2 2,8160 2.,3191 -,0031
1 3 O 2.7280 2.7331 -.0051
2 1 2 2.6760 2.6820 -.0C60
3 1 O 2.,5940 2.5921 .0018
2 3 0 2,3660 2.3631 .0028
3 2 0 2.3050 2.3037 L0012
o 2 3 2.2380 2,23U5 .003U
1 2 3 2.1540 2.1549 -.0009
1 4 0 2,1020 2,1023 -.,0003
3 3 O 1.9790 1.93825 -.0035
O 0O &4 1.9510 1.9530 -.0020
1 4 2 1.8520 1.8512 .0007
L 2 1 1.7890 1.7952 -.0062
3 3 2 1.7680 1.7678 .0001
1 2 4 1.7420 1.7406 .0013
2 4 2 1.7250 1.7225 0024
1 5 1 1.6650 1.6633 .0016
L 3 1 1.6300 1.6301 -,0001
O 5 2 1.5890 1.5900 -,0010
3 L 2 1.5600 1.5572 .0027
> 4 3 1.5410 1.5449 -.,0039
L o 3 1.5070 1.5051 ,0018
5 1 2 1.4830 1.4817 ,0012
Sum DELTA = -,0033 R = ,9999357

Sum of Squares = .183586T73E-0

8.1461 8.7040 7.8120
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113077 BERTHONITE

.1620
K

FOOHOUVIEFHOWONMHFNKHNDOMOO I O™
HOUIFOHWFFMNOHWORHOONMH
NOON FHOOOOWNONMNMNONOOKH

Sum DELTA

8.7100

Sum of Squares

8.1742
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8.7083

7 .3100
CBSD

L] L ] * .
= YOV QI

O

N

(@]

~N P

-

. * L]
Q
(@

HMOMDMPPD MDD N WWW =0
O
(O)Ye;

QIO =
QOO

1.57k0
1.9550
1.3500
1.7410
1.4520
1.7730

1163R =

9999962

= .83917L02E-05

7.8199

N

DELTA

.O4306
.0168
L0428
.0051
0057
.0036
.0005
.0085
-.0016
.0062
-.0030
.0052
- .0029
.0001
0.0000
-.0026
.0006
-.0001
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M-17539 BERTHONITE

8.1620 8.7100
H K L

o 1 1

1 0O 1

o 2 o)

2 0 0

1 2 O

2 1 0

1 1 2

2 2 0

2 2 1

1 3 o)

1 3 1

2 3 0

3 2 O

3 1 2

4 0 1

O 0 &

L 2 0

2 0 4

3 2 3

2 4 2

3 4 1

L 3 1

Sum DELTA = .
Sum of Sguares

8.1516 8.6783
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7.8100

OBSD CALCD
5.8820 5.8051
5.7120 5.6392
4,3290 4 ,3391
4,0730 4,0758
3.8550 3.8303
3.6970 3.6892
3.3000 3.2631
2.9860 2.9707
2.7940 2.7766
2.7120 2.7262
2.5900 2.5738
2.3540 2.3590
2.3080 2.3029
2,1540 2,1601
1.9710 1.9718
1.9470 1.9524
1.8430 1.8446
1.7600 1.7608
1.7320 1.7248
1.7170 1.7194
1.6570 1.6568
1.6270 1.6293
2278 R = .,9999851

= ,30979995E-04

7 .8096

DELTA

.0768
0727
-,0101
- 00028
.0246
.0368
0152
0173
- 00142
0161
-.0050
.0050
- 00008
-.0054
-.0016
-.,0008
0071
.0001
-.0023

ed without permission.
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112640 BOURNONITE
8.1620 8.7100 T7.8100

H X L 0BSD CAICD DELTA
o 1 1 5.8240 5.8157 .0082
1 0 1 5.6760 5.6481 .0278
1 1 1 L ,7920 L 7363 L0556
0O 2 O 41,3500 L, 3468 .0031
2 0 0 L,0730 L,0810 -.0080
o 0 =2 3.8970 3.9121 -,0151
1 2 0 3,.8470 3.8366 .0103
2 1 O 3.6900 3.6G42 -.,0042
o 0 1 3.6160 3.6183 -.0023
1 2 1 3.4770 3 4447 .0322
o 1 1 3.3480 3.3405 0074
o 2 2 2.9100 2.9078 .0021
2 0 2 2,8200 2.8240 -.,0040
1 3 0 2.7360 2.7308 ,0051
2 1 2 2.68380 2.6859 .0020
3 1 0 2.5970 2.5964 .0005
> D 2 2,3660 2,3681 -.0021
3 1 2 2.,1670 2,1633 .0036
1 4 0 22,0740 2,1002 -.0262
1 4 1 2,0340 2,0284 .0055
L o 1 1.9790 1.9744 0045
2 2 3 1.9590 1.9612 -.,0022
o 4L 2 1.9010 1.3998 0011
L o2 0 1.8480 1.8471 .0008
L 2 1 1.7920 1.7976 - .0056
3 3 2 1.7670 1.7691 -.0021
1 2 4 1.7370 1.7426 -.0056
3 4 1 1.6600 1.6594 .0005
O 3 &4 1.6220 1.6212 .0007
> 5 1 1.5690 1.5671 .0018
3 4 2 1.5580 1.5576 .0003
3 2 4 1.4930 1.4917 .0012
1 5 3 1.4260 1.4245 . L0014
1 5 &4 1.2840 1.2833 .0006
Sum DELTA = .0993 R = ,9999884

Sum of Squares = .54418967E-O4

8.1620 8.6936 7.82u42
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A-862 D-136 BOURNONITE

8.1620 8.7100 7.8100

H X L OBSD CAICD DELTA

o 1 1 5.9010 5.8208 - .0801
1 0 1 5.7120 - 5.6484 0635
o 2 0 I, 4140 4,3587 .0552
2 0 0 4,1110 L ,0840 .0269
O 0 2 3.9310 3.9097 0212
1 2 0 3.8720 33,8454 .0265
2 1 0 3.7050 3.6983 .0066
2 2 0 2.9560 2.93802 0157
o. 2 2 2.9280 2.,9104 L0175
> 0 2 2.3380 02,8242 L0137
1 3 © 2.7530 2. 7377 0152
2 1 2 2.,7000 2.6867 .0132
3 1 O 2,6050 2.5939 .0060
o 1 3 2.5030 2.4972 0057
2 2 2 2.3720 2.3701 .0018
1 3 =z 2.,2490 2.2425 0064
3 1 2 2.,1640 2.1643 -.,0003
1 4 0 2,1040 2,1056 -.,0016
L 1 © 1.5920 1.9882 .0037
2 2 3 1.9510 1.9619 - .,0009
1 4 2 1.8570 1.8539 .C030
2 1 1.7990 1.7995 -.0005
0O 5 0 1.7430 1.7434 -, 0004
> 1 L 1,7260 1.7282 - ,0022
L 3 0 1.6680 1.6707 -.,0027
1 4 3 1.6350 1.6379 -.,0029
0O 5 2 1.5910 1,5923 -.0013
1 5 2 1.5630 1.5629 0.0000
SumDELTA = .3179 R = ,999990L

Sum of Squares = .30470929E-04
8.1681 8.7174 7.8195
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A-861 BOURNONITE

H K L 0BSD CALCD DELTA

1 0 © 8.2290 8.1639 0650
1 1 0 5 .9830 5.9611 .0268
o 1 1 5.8600 5.8233 .0366
1 0 1 5.6800 5.6473 .0326
1 1 1 L,7560 L,7408 .0151
O 2 © 4,3810 4,.3623 .0186
> 0 O L ,1000 4 ,0819 .0180
O 0 2 3.9290 3.9101 .0188
1 2 0 3.8600 3.8L75 L0124
> 1 O 3.7100 3.6973 0126
2 1 1 3.3510 3.3425 .0084
1 1 2 3.2770 3.2695 . 0074
2 2 0 2.9380 2.,9805 Nelore:!
o 2 2 2.9160 2.9116 . 0043
2 0 ) 2.8310 2.8236 .0073
2 2 1 2.7900 2.7851 .oou8
1 32 0 2.7460 2.7395 .0064
2 1 2 2.6520 2 .,6864 . 0055
o o0 3 2.,6030 22,6067 -,0037
1 3 1 2.,5890 2.5855 0034
3 0 1 2.5760 2.5701 .0058
O 1 3 2,5030 2.,4976 .0053
1 1 3 2,3890 2,.3883 ,0006
3 2 O 2.3120 2,3088 .0031
> 3 1 2.,2690 2.,2668 0021
1 3 2 2.2480 2 ,2l36 .0043
0 2 3 2.2390 2.,2376 .0013
O 4 0 - 2,1840 22,1811 .0028
3 1 2 20,1640 02,1638 .0001
1 L 0 2,1090 2.,1072 0017
104 1 £,0360 2.,0346 .0013
2 2 3 1.5600 1.9621 -,0021
L 1 1 1.9250 1.9261 =,0011
O 1 &4 1.9060 1.9077 -,0017
1 3 3 1.3870 1.888L -,0014
1 1 1.8570 1.8576 - ,0006
4L o o2 1.8030 1.8093 -,0063
O 2 4 1.7860 1.7840 - ,0019
4 1 2 1.7750 1.7716 ,0033
0O 5 0 1.7460 1.7449 .0010
3 2 3 1.7290 1,7283 .0006
1 5 © 1.7050 1,7063 -,0013
o 4 3 1.6740 1.6728 .0011
1 5 1 1.666 1.6671 -.,0011
1 4 3 1.6360 1.6387 -,0027

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A-861 BOURNONITE (Contt®d,)

H X L 0BSD CALCD DELTA

O 5 2 105920 105932‘0" -ooolll'
} 5 2 1.5630 11,5639 -.0009
5 2 0] 1.5300 1.5291 .0008
i 2 3 1.5070 1.5079 -.0009
3 2 4 1.4920 1.4920 0.0000
5 1 2 1.,4340 1.,4847 -,0007
1 L 4 1.4340 1.4332 .0007
Sum DELTA = 3243 R = ,9999972

Sum _of Squares = L,18615933E-04

8.1639 8.7246 7.8202

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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A-2891 D-3411 BOURNONITE
8.1620 8.7100 7.8100

H X L OBSD CAICD DELTA
o 1 1 5.8440 5.3118 .0321
1 0 1 5.6760 5.6394 .0365
O 2 © 4 ,3500 4,3500 0.0000
2 0 O 4,0820 L.,0757 .0062
1 2 O 3.8310 3.8377 -.0067
> 1 O 3.6900 3.6908 -,0008
1 1 2 3.2640 3.2644 - ,0004
2 2 0 2.9660 2.9742 -.,0082
O 3 O 2.,9010 2,9000 .0009
> 0 2 2.3160 2,3197 -.0037
2 1 2 2,6760 02,6823 -.,0063
1 3 1 2.53900 2.5790 .0109
2 3 O 2.3600 2.3629 -,0029
3 2 0 2,3030 2.30L5 ,0034L
o 2 3 2.2360 2.2338 .0021
3 1 2 2,1690 2,1605 .0084
1 4 0 2,1020 2.1015 Nelole):]
3 3 O 1.9840 1.9828 .0011
O O &4 1.9510 1.9525 -.0015
1 4 2 1.8520 1.8505 ,0014
4y 2 1 1.7920 1.7959 -.0039
3 3 2 1,7700 1.7679 .0020
1 2 4 1.7380 1.7402 -.,0022
2 4 2 1.7230 1.7222 .0007
1 5 O 1.6970 1.7016 -.0046
1 5 1 1.6640 1.6626 .0013
O 5 2 1.5890 1.5893 -.0003
3 4 2 1.5590 1.5571 .0018
L o 3 1.5070 1.5055 0014
5 1 2 1.4810 1.4824 -,0014
Sum DELTA = .0635 R = ,9999957

Sum of Squares = ,16T774941E-O4

8.1515 8.7000 T7.8101
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A3920 BOURNONITE
8.1620 8.7100 7.8100

H X L OBSD CALCD DELTA

0 2 O 4 ,3710 L. 3572 .0137
2 0 0 L,1110 4,0869 .0240
O 0 2 2.8970 3.9034 -.,0064
2 1 0 3.7050 3.7002 LOOuUT
1 1 2 3.3000 3,2657 .0342
> 2 0 2.9960 2,9808 0151
0 2 2 2.9100 2.9074L .0025
> 0 2 2.8290 2.8228 0061
1 3 O 2.7360 2.7371 -.0011
> 1 2 2.6880 2.,6854 .0025
3 1 O 2.5970 2.6004 -.0034
1 1 3 2.3730 2,.3850 -.0070
3 2 O 2.3130 2.3101 .0028
1 4 0 2.1060 22,1051 .0003
4L 1 0 1.9880 1.8895 -.0015
2 2 3 1.9590 1.9603 -.,0013
1 1 4 1.8540 1.8548 -,0008
L 1 2 1.7730 1.7725 Nolololit
1 5 1 1.6650 1.6653 -.0003
2 2 L 1.6330 1.6328 0001
1 3 4 1.5890 1.5891 ~-.0001
3 4 2 1.5590 1.5598 -,0008
5 1 2 1.4850 1.4858 -,0008
1 5 3 1.4260 1.4259 0.0000
L 1 4 1.3940 1.3932 .0007
> 5 3 1.3650 1.3649 0.0000
2 &6 1 1.3480 1.3480 0.0000

Sum DELTA = .0842 R = ,9999982
Sum of Sguares = .87637876E~05
8.1739 8.7145 T7.8069

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1=



195

BM 1912-151 BOURNONITE
8.1620 8.,7100 7.8100

H K L OBSD CALCD DELTA

o 1 1 5.8820 5.8185 0634
1 0 1 5.7120 5.6L67 0652
1 1 1 L,7790 4,7383 LOL06
O 2 © 4 ,3820 4,3557 0262
2 0 O 4,0920 4.,0822 ,0097
o 0 =2 3.9050 3.9091 -,0031
1 2 0 3.8560 3.3430 .0129
2 1 O 3.7C50 3.6964 0084
1 1 2 3.2760 3.2682 0077
2 ) 0 2.,9810 2.9785 .0024
c 2 2 22,9190 2.9092 .0097
2 0 2 2.8290 2.8233 .0056
1 3 O 2., 7400 2.7359 0040
2 1 2 2.6880 2.6858 0021
3 1 O 2.5970 2.5976 -.0006
o 1 3 2.4930 2.,4967 -.0037
2 2 2 2.3720 2.3691 .0028
3 2 0 2.3030 2.3080 0.0000
1 3 2 2.2470 o.2414 .0055
O 4 o 2.1740 2.1778 -,0038
1 4 o0 2.1090 22,1042 L0047
1 4 1 2.0340 2.0319 .0020
L 1 0 1.9880 1.9872 ,0007
2 2 3 1-9590 199613 -00023
1 3 3 1.8840 1.8870 -.,0030
i 1 4 1.8560 1.8571 -.0011
L o 1 1.7970 1.7986 -.,0016
4L 1 2 1.7730 1.7715 L0014
0 5 0 13,7420 1.7423 -,0003
3 4 0 1.6980 1,7004 -,0024
» 3 0 1.6680 1.6698 -.,0018
5 1 2 1.4850 1.4846 .0003
O 6 0 1.4520 1.4519 0.0000
L 1 4 1.3940 1.3935 .0004

8.1644 8.7115 7.8182

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3411 4073 BOURNONITE
8.,1620 8,7100 7.8100

H X L 0BSD CALCD DELTA

1 1 O 5.9010 5.9561 -,0551
1 0 1 5 .6L00 5.,6460 -.,0060
11 1 L ,7660 L,7376 .,0283
0O 2 0 L ,3500 L,3546 -,0046
2 0 O 4,0920 L,0817 ,0102
O 0 2 3.9310 3.9085 .0224
2 1 0 3.7050 3.6960 .0089
11 2 3.2760 3.2677 .0082
2 2 0 2.9750 2.9780 -.,0020
o 2 2 2.9100 2,9087 0012
2 0 2 2.8290 2,8230 .0059
1 3 O© 2, 7840 2.7352 .0087
o 1 2 2.6880 2.6854 .0025
3 1 0 2.5970 2.5973 -.0003
o 1 3 2.4930 2.1963 ~-,0033
2 3 0 2.3660 2.3657 0002
3 2 0 2.3080 2,3076 .0003
o 2 3 22,2410 2.2359 .0050
3 1 2 2.15390 2.1632 -.,0042
1 4 0 2.1020 2,1037 -.0017
L 1 O 1.9840 1.9870 -.0030
o 0 &4 1.9550 1.9542 .0007
o 4 0 1.9200 1.9210 -.0010
1 3 3 1.8830 1.8866 -.0036
1 4 2 1.8500 1.8524 -.0024
by 1 2 1.7700 1.7713 -.0013
O 5 O 1.7420 1.7418 .0001
o 4L 2 1.7260 1.7240 .0019
3 4 0 1.7000 1.7000 0.0000
3 4 1 1.6650 1.6612 .0037
L 3 1 1.6330 1.6327 .0002
2 5 0 1.6010 1.6020 -,0010
5 1 1 1.5720 1.5719 0.0000
3 4 o2 1.5570 1.5589 -.,0019
L 2 3 1.5070 1.5073 -.0003
5 1 2 1.4850 1.4845 .0004
L 4 1 1.4840 1.4627 0012
1 4 i 1.4320 1.4318 .0001
Sum DELTA = L0180 R = ,9999977

Sum of Squares = ,12726479E-O4

8.1635 8.7092 7.8171
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BM 32909 BOURNONITE
8.1620 8.7100 7.8100

H K L OBSD CALCD DELTA
o 1 1 5.7860 5,.8147 -.0287
1 0 1 5 .5860 5 .6404 -.0544
O 2 0 4.3290 4,3518 -.0128
> 0 O L,0730 L o747 -.0017
1 2 0 3.3540 3.8388 .0251
o> 1 0 3.6970 3.6903 ,0066
1 1 2 3.2700 3.2658 Nelolixi
2 2 0 2,9710 2.9744 -,0034
O 3 O 2,3960 2.9012 -,0052
2 0 2 22,8120 2.8202 -.0082
1 3 O 2.7200 2.7331 -.0131
2 1 2 2,6730 2.6829 -,0099
1 3 1 2.5830 2.5799 .0030
o 1 3 2.4930 2.,1955 -,0025
5 3 0 2.3660 2.3633 .0026
3 2 0 2.2990 2.3044 -.0054
3 0 2 2.2310 2.2304 .0005
1 2 3 2. 1840 2.1554 -.,011L
o 4 1 2.0990 2,0961 .0028
L o 1 1.9790 1.9714 L0075
O 0 &4 1.9490 1.9536 ~.00L6
o 4 0 1.9200 11,9194 .0005
3 0 3 1.3790 1.8801 -.,0011
14 2 1.8500 1.8513 -,0013
L 2 1 1.7940 1.7958 -,0018
2 0 4 1.7650 1.7616 .0033
3 2 3 1.7320 1.7259 .0060
2 4 2 1.7210 1.7227 -.0017
3 L 0 1.6970 1.6982 -,0012
1 5 1 1.6640 1,6633 .0006
L 3 1 1.6270 1.6306 -,0036
5 0 1 1.5990 1.5955 .0034
3 0 4 1.5870 1.5860 .0009
3 4 2 1.5580 1.5575 . 0004
> 3 4 1.5040 1.5057 ~-,0017
2 5 2 1.4790 1.4812 -,0022
3 4 3 1.4240 1.4206 .0013
L 4 2 1.3900 1.3899 0.0000
O 6 2 1.3620 1.3599 .0020
5 3 2 1.3350 1.3354 - ,0004
6 1 1 1,3220 1.322 -.0006
o 1 6 1.2870 1.2880 -.0010
5 0 4 1.2510 1.2515 -.0005
1 2 6 1.2350 1.2333 .0016
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BM 32909 BOURNONITE (Cont®d.)

Sum DELTA = -,1109 R = ,9999957
Sum of Squares = ,43235318E-04
8.1495 8.7036 7.8146
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BM 43625 BOURNONITE
8.1620 8.7100 7.3100

H X L OBSD CALCD DELTA

1 1 O 5.9010 5.9468 -.,0458
1 0 1 5.7120 5.6393 0726
1 11 L.7790 L,7326 L0L63
o 2 O L 3710 L.3514 .0195
2 0 O L, 0820 4.,0725 .0094
1 2 0 3.8640 3.8380 .0259
2 1 0 3.6970 3.6886 .0083
1 1 2 3.2640 3.2658 -.0018
2 2 0 2.9760 2.9734 .0025
0O 3 0 2.9000 2.9009 -.0009
> 0 2 2.8120 2,8196 -.0076
1 3 0 2.7200 2.7328 -.0128
2 1 2 2.,6800 2.6824 -.,0024
3 1 0 22,5900 2.,5918 -.0018
o 1 3 2.4330 2 .4958 -,0028
3 2 0 2.,3050 2,303L .0015
1 3 2 2.2390 2.2395 -,0005
1 2 3 2.1590 2.1555 .0034
1 4 0 2.,1020 2,1020 0,0000
104 2 2,0300 2.0298 .0001
L o0 1 1.9780 1.9704 .0075
O O &4 1.9510 1.9539 -.0029
i 3 3 1.8830 1.8856 - ,0026
o 2 4 1.7890C 1.7824 .0065
o 0 4 1.7650 1.7616 .0033
O 5 0 1.,7420 1. 7405 . ,0014
o 1 4 1.7250 1.7066 -.0016
1 5 1 1.6550 1.6631 .0018
3 0 &4 1,5850 1.5859 -,0009
3 4 2 1.5570 1.5572 -,0002
2 3 4 1.5040 1.,5057 -,0017
5 3 0 1.4200 1.4203 -.,0003
L 4 o2 1.3880 1.38%5 -,0015
Sum DELTA = .1219 R = ,9999950

Sum of Squares = ,21569483E-04

8.1450 8.7028 T.8156
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BM 54797 BOURNONITE
8.1620 8.7100 7.8100

H XK L 0OBSD CALCD DELTA

o 1 1 5.824L0 5.,8143 ,0096
1 0 1 5.7120 5.6426 .0693
11 1 4,7920 L 7349 .0570
O 2 O L ,3710 L ,3525 .0184
2 0 O L ,C640 L 0792 -.,0152
1 2 0 3.85640 3.8402 .0237
2 1 O 3.680C 3.6937 -.0037
1 2 2 3.4240 34463 -.0223
1 1 2 3.264 3.2659 -.,0019
2 2 o) 22,9760 2.9763 -.0003
O 2 2 2.9190 2.9071 .0118
2 0 2 2.8200 2.8213 -.,0013
1 3 0 2.7320 2.7339 -.,0019
s 1 2 2.6760 2.,6838 -.0078
3 1 0 2.5970 2.5957 ,0012
c 1 3 2.4930 2.,4949 -.,0019
3 2 0 2,3030 2,3063 .0016
1 3 2 2.2390 2,2398 ~-.0008
3 1 2 2,1690 2,1619 .0070
1 4 0 2,1020 2,1027 -.,0007
1 4 1 2,0340 2.,0304 ,0035
3 3 0 1,9820 1.9842 -.,0022
O o0 & 1.9530 1.9531 -,0001
1 4 2 1.8520 1.8515 000k
L 2 1 1.7940 1.7973 -,0033
3 3 2 1.7680 1.7691 -,0011
c 5 O 1.7420 1.7410 .0009
> 1 &4 1,7260 1.7266 -.,0006
L 3 0 1.6670 1.6686 -.0016
5 0 1 1.5990 1.5972 L0017
3 0 & 1.5860 1.5864 -, 0004
3 4 2 1.5580 1.5581 -.0001
5 1 2 1.4850 1.4835 0014
0O 4 L 1.4540 1.4535 .0004
5 3 0 1.,4220 1.4002 ~-.0002
L 4 2 1.3900 1.3906 - ,0006
Sum DELTA = .1393 R = ,9999974

Sum of Squares = ,12972262E-04

8.1584 8.7051 T7.8126
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C762 BOURNONITE NONIUS
8.1620 8.7100 7.8100

H X L OBSD CALCD DELTA
o 2 2 2.9130 2,3092 .0037
2 0 2 2.8250 2.8221 .0038
2 2 1 2.7840 2.7826 .0013
1 3 0 2.7420 2.7361 .0058
2 1 2 2.6880 2.,6848 .0031
3 1 0° 2.5980 2,5960 .,0019
3 2 0 2.,3080 2,3069 .0010
1 3 2 2.2390 2.2u1d ~,0024
O 4 0 22,1790 2.,1782 .0007
1 2 3 2.,1600 2.1566 .0033
1 L 0 2,1050 2,1045 Nololo!lt
3 3 0 1.9350 1.9851 -.,0001
O o & 1.9550 1.9542 .0007
2 4 0 1.9220 1.,9214 .0005
O 1 &4 1.9050 1.9068 -.0018
1 3 3 1.8870 1.8869 0.0000
1 1 4 1.8540 1.8568 -.0028
L 2 1 1.7970 1.7977 -.0007
L 1 2 1.7710 1.7705 .000kL
0O 5 0 1.7430 1.7426 .0003
2 4 2 1.7240 1.7243 -,.0003
1 5 0 1.7020 1.7041 -.0021
3 4 1 1.6620 1.6613 . ,0006
2 5 0 1.6020 1.6025 -,0005
1 3 4 1.5890 1.5902 -.0012
3 2 4 1.4910 1.4911 -,0001
5 1 2 1.4840 1.,4837 .0002
1 4 % 1.4340 1.4320 .0019
5 3 0 1.4220 1.4025 -.,0005
2 2 0 2.9780 2.9777 .0002
1 1 2 3.2690 3.2676 .0013
> 1 1 3.3410 3.3402 .0007
2 1 © 3.6970 3.69LL .0025
1 2 O 3.8430 3.8429 0.0000
O 0 2 3.9080 3.9084 - . 0004
2 0 0 L 0810 4.,0793 .0016
0 2 0 4.,3590 4,3565 ,002L
1 1 1 L,7430 L.,7372 .0057
1 0 1 5.6490 5.6443 . 0046
o 1 1 5.8200 5.8185 L0014
1 1 O 5.9610 5.9554 .0055
Sum DELTA = .043L R = ,9999988

Sum of Squares = .59946033E-05

8.1586 8.7131 7.3168
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C764 BOURNONITE

8.1620 8.7100 7.8100

H K L OBSD CALCD DELTA

O 1 1 5.7860 5.8175 -.0315
O 2 0 L ,3920 L3578 L0341
2 0 O L, 0730 L,0821 -.0091
1 2 0 3.8640 3.844h .0195
> 1 0 3.7200 3.6967 .0232
2 0 2 2.8290 2.8222 0067
O 3 1 2.7280 2.7230 .0ok49
3 1 0 2.5970 2.5977  ~-.0007
3 1 1 2., 14500 2 ,4650 -.,0050
2 3 0 2,3660 22,3669 - .0009
L 0 O 2.0L70 2,0410 .0059
L o0 1 1.9790 1.9747 0042
0O 0 &4 1.9510 1.9531 -,0021
O 1 &4 1.9090 1,9058 .0031
1 4 2 1.8500 1,8532 -.0032
L 1 2 1.77C0 1.,7712 -,0012
3 4 1 1.6620 1.6619 0.0000
r 3 1 1.6300 1.6332 -,0032
L 1 3 1.5790 1.5793 ~,0008
1 5 2 1.5640 1.5624 .0015
Sum DELTA = .OU52 R = .9999950

Sum of Squares = .11770021E-O4

8.1642 8.7157 7.8126
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CT767 BOURNONITE NONIUS
8,1620 8.7100 7.8100

H K L 0BS3D CALCD DELTA

O 2 2 2.,9150 2,9081 .0068
2 0 2 2,3260 z.8201 .0038
> o 1 2.78%0 2, 7824 ,0015
1 3 0 2.7430 2.7352 0077
2 1 2 2.,6300 2,63L6 .0053
3 1 0 2.5990 2.5966 .0023
3 2 O 2.3070 2.3071 -.0001
1 3 2 2.2390 2.2L07 -.0017
O 4 0 2.,1780 2.,1773 .0006
1 2 3 2,1620 2.1559 0060
1 4 0 22,1050 2.1037 0012
O o0 &4 1.,9560 1.9535 .0024
o r 2 1.9020 1.9019 0,0000
3 0 3 1.8820 1.8814 .0005
L 2 1 1.7970 1.7979 -.0009
L 1 2 1.7710 1.7707 .0002
o 1 L 1.7250 1.7270 -,0020
0 5 1 1.7010 1.7001 .0008
o 4 3 1.6700 1.6705 -,0005
3 4 1 1.6610 1.6610 0.0000
2 5 0 1.6020 1.,6020 0.0000
L 2 3 1.5070 1.5069 0.0000
3 2 4 1.4900 1.4909 -,0009
2 5 2 1.4810 1.43822 -.0012
1 4 4 1.4310 1.4315 - ,0005
> 2 0 2.9830 2.9775 L0054
1 1 2 3.2750 3.2668 .0081
> 1 1 3 3450 3.340L .00l45
2 1 0 3.7020 3.6951 .0068
1 2 0 3.8510 3.8419 .0090
O 0 2 3.9200 3.9071 .0128
> 0 © L ,0880 L ,0806 L0073
O 2 0 L ,3700 4.,3546 .0153
1 1 1 L ,7560 L7365 o194
1 0 1 5.6680 5.044p 0237
o 1 1 5.8340 5.8163 L0176
1 1 0 5.9610 5.9551 .0058

Sum DELTA = 9R_ = .9999985
Sum of Squares .66672861E-05
8.1612 8.7093 7.8142

;.x
1] J0)
)
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D-864 BOURNONITE
8.1620 8.7100 7.8100

H X L OBSD CALCD DELTA

o 1 1 5.8420 5.8160 .0259
1 0 1 5.7120 5,.64LL L0675
101 1 L,7410 L 7369 L0040
O 2 O 4 ,3710 4,3554 0155
o 0 O L,1110 L ,0819 .0290
o 0 =2 3.9140 3.9062 L0077
1 2 0 3.3470 3.8U57 0042
2 1 O 3.7050 3.6962 .0087
11 2 3.2640 3.2665 -.0025
o 2 2 2.,9100 2.9080 .0019
o 0 2 2,3240 2.8202 .0017
1 3 © 2.7320 2.7357 -.,0037
2 1 2 2,6680 2 .,6348 -,0168
3 1 0 2.5970 2.5975 -.0005
2 3 0 2.3720 2.3660 .0059
3 2 0 2,3080 2.,3078 .0001
o 2 3 2.2410 2.2350 .0059
3 1 2 2.1640 2.1629 .0010
14 0 2,1040 22,1041 -,0001
L 1 0 1.9880 1.9871 .0008
O O &4 1.9510 1.9531 -.0021
1 L2 1.8520 1.8524 -.0004
L 1 2 1.7700 1,7711 -,0011
O 5 © 1.7380 1,7421 -,00L1
o 4L 2 1.,7260 1.7241 ,0018
3 4L o1 1.6650 1.6614 ,0035
4 3 1 1.6300 1.6328 -.,0028
3 4L 2 1.,5600 1.5590 .0009
Sum DELTA = ,1500 R = ,9999943

Sum of Squares = .15017550E-0O4

8.1639 8.7109 T.8124
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J~1 BOURNONITE LEAST SQUARES
8.1620 8.7100 7.8100

H X L ORSD CALCD DELTA
1 1 O 5.9010 5.9507 - .0497
101 1 L ,7920 L, 7362 0557
0O 2 O L ,3320 L,3561 .0258
> 0 0 L _,1200 L.0736 L0ou63
o o =2 3.9220 3.9116 .0103
1 2 0 3.85640 3.8415 .02oL
2 1 0 3.7050 3.6902 L0147
1 1 2 3.2810 3.2686 .0123
> 2 0 2.9310 2.9753 .0056
o 2 2 2.9190 2,9104 .0085
2 0 2 2,8290 2.,8214 .0075
1 3 © 2.7400 2.7355 ool
2 1 2 2.6920 2.684p 0077
O 0 3 2.6050 2.6077 -.,0027
o 1 3 2.,14930 2.4982 -.,0052
3 2 0 2.3080 2.3046 .0033
1 3 2 2.2440 2.2L17 .0022
3 1 2 2.,1690 2,1611 .0078
1 4 0 2.1040 2.1041 -.0001
L 0 O 2.0300 2,0368 -.0068
1 3 3 1.8830 1.8875 -.0045
0O 5 0 1.7420 1. 7424 ~-,0004
1 5 1 1.6650 1.6648 .0001
L 4 0 1.4870 1.4876 - .0006
Sum DELTA = L1515 R = ,9999914

Sum of Squares = ,15638673E-04

8.1473 8.7122 7.8232
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J-2 BOURNONITE LEAST SQUARES
8.1620 8.7100 7.8100

H K L 0BSD CALCD
o 1 1 5.,8240 5,8126
1 0 1 5.5760 5.6388
1 1 1 L 7410 4.,7333
O 2 O L .3390 4,3545
2 0 O L ,0330 L o774
o 0 2 3.83880 3.9027
1 2 0 3,3390 3.8L12
2 1 0 3.6900 3.6927
11 2 3.2640 3.,2638
2 2 0 2,9710 2.9763
O 3 O 2.8960 2,9030
O 3 1 2.7280 2.7209
2 1 2 22,6730 2.6823
1 3 1 2.5830 2.5810
o 1 3 2.,4930 2.14929
3 2 0 2.3050 2.3058
o 2 3 2.2360 2.2335
2 0 3 2.1940 2.1933
3 1 2 2.1690 2,1608
1 L o© 2,1070 2,1035
O 0 4 1.9510 1.9513
1 X 2 1.8520 1.8517
L o 1 1.7940 1.,7967
Ly 1 2 1.7700 1.7693
1 2 L4 1.7L00 1.7397
o 4L 2 1.7230 1.7232
3 4 0 1.6980 1.6993
3 4 1 1.6620 1.,6604
1 3 4 1.58590 1.588%4
3 4 2 1.5580 1.5580
> 3 4 1.5040 1.5051
2 5 2 1.4810 1.4818
L 4 2 1.3910 1.3905
Sum DELTA = L0244 R = ,9999980
Sum of Squares = .8680639TE-05

8.1548 8.7091 T7.8055
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DELTA

0113
0371
.0076
- 00155
0055
-.,0147
- 00022
- 00027
.0001
-.,0053
-.0070
.0070
-.0093
.0019
0.0000
- 00008
.0024
.0006
.0081
.0034
-.0003
.0002
-.0027
.0006
0002
-,0002
- 00013
.0015
.0005
0.0000
- 00011
- 00008
.0004L

206
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M-BOURNONITE NONIUS
8.1620 8.7100 7.8100

H X L OBSD CALCD DELTA

1 0 0 8.2030 8.1752 0277
1 1 0 5.9750 5.,9613 0136
o 1 1 5.3400 5.8174 .0225
i 0 1 5.6800 5.6492 .0307
101 1 4 ,7560 4,7398 0161
o 2 0 L3650 4,.3557 .0092
2 0 O L .,1000 L,0876 0123
o o0 2 3.9200 3.9076 .0123
1 2 0 3.6530 3.83441 .0088
2 1 O 3.7080 3,7005 L0074
2 0 1 3.6310 3.6221 .0088
1 0 2 3.5370 3.5256 .0113
> 1 1 3.3490 3.3445 LoouL
11 2 3.2770 3,26081 .0088
) 2 0 2.0840 2.9806 .0033
0 2 2 2.9130 2.9087 0042
2 0 2 2.3300 2,8246 .0053
2 2 1 2,.7380 2.,7850 .0029
i1 3 © 2,7420 2,7363 .0056
2 1 2 2.6910 22,6869 0040
3 1 O 2,6030 2,6008 .0021
l 3 1 265780 205826 -00046
c 1 3 2.4980 2.,4959 ,0020
i 1 3 2.3940 22,3871 .0068
2 2 2 2.3710 2.3699 .0010
3 2 0 2,3130 2.,3102 .0027
> 3 1 2,2700 2,2656 0043
i1 3 2 2.2430 o.,241L .0015
O 4 o0 2.1710 2,1778 -,0068
1 4 0 2,1050 2,1044 .0005
1 4 1 2.0300 2.0321 ~-,0021
L 1 0 1.9890 1.9897 - .0007
o 2 3 1.9580 1.9615 -.0035
L 1 1 1.9270 1.9282 -,0012
o 1 & 1.9030 1.9064 -.0034
1 3 3 1.8870 1.8867 .0002
1 1 4 1.8540 1.8566 -.0026
r 2 1 1.8020 1.8004 .0015
L 1 2 1.7740 1.7731 .0008
O 5 © 1.7450 1,.7423 .0026
1 5 O 1.7020 1.7040 -,0020
o 4 3 1.6730 1.6709 .0020
1 5 1 1.6640 1.6649 -.0009
3 0 &4 1.5830 1.5878 -,0048
1 1 5 1.5150 1.5119 .0030

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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M-BOURNONITE NONIUS (Cont'd.)

Sum DELTA = .2183 R = ,9999949
Sum of Squares = ,21742700E-O4
8.1752 8.7115 7.8153

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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M704 BOURNONITE NONIUS
8.1620 8.7100 7.8100

H X L 0BSD CALCD DELTA

1 0 O 8.1510 8.1556 -, 0046
1 1 © 5.9640 5.9519 .0120
o 1 1 5.8300 5,8136 .0163
i o 1 5.6550 5.6407 .0llo
1 1 1 L, 7460 4,7339 .0120
O 2 0 L ,3650 4,3530 .0119
2 0 0 L,0840 - 4,0778 .0061
O 0 =2 3.9100 3,9050 0049
1 2 0 3.8420 3.3L02 0017
2 1 0 3.6970 3.6927 .ool2
2 1 1 3.3370 3.3384 ~,0014
1 1 2 3.2670 3.2650 .0019
> 2 0 2,9760 2.9759 0.0000
c 2 2 2,9080 2.,9068 0011
2 0 2 2.8200 2,8203 -,0003
o 2 1 2,7810 2,730S 0.,0000
1 3 0 2.7370 2,7340 .0029
O 3 1 2.7210 2.7203 .0006
2 1 2 2.6830 22,6830 0.0000
3 1 © 2.5970 2 ,5049 .0020
1 3 1 2.5810 2.5805 .O00L
3 0 1 2 ,5660 2.5674 -,0014
o 1 3 2,4860 o, 49l 0017
i1 1 3 2.3840 22,3851 -,0011
> 3 0 2.3660 2,3644 0015
o 3 2 2.3250 2.3292 -.0042
3 2 0 2.,3050 2.3058 - ,0008
2 3 1 2.2650 2.2629 .0020
1 3 2 2.2390 2.2397 - ,0007
0 L 0 2.,L750 2.1765 - ,Q015
1 2 3 2.1580 2,1548 ,0031
1 4 0 2.1040 2,1029 ,0010
3 3 0 1.9840 1.9839 0.0000
O 0 &4 1.9540 1.9525 0014
2 L 0 1.9220 1.9201 .0018
o 4 2 1.9000 1.9011 -.0011
1l 3 3 108830 108853 - 00023
1 4 2 1.8510 1.8515 - ,0005
4 2 1 1.7950 1.7968 -.0018
o 2 4 1.7310 1.7815 -.0005
3 3 2 1.7690 1.,7687 .0002
o 0 &4 1.7600 1.7610 -.0010
1 2 4 1.7400 1.7404 -, 0004
o 4L 2 1.7230 1.7230 0.0000
4 3 0 1.6680 1.6683 -.0003

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



M704 BOURNONITE NONIUS (Cont'd,)

H X L

3 L 1

3 0 &4

3 4 2

Sum DEITA = .

Sum of Squares
8.1556 8.7060

0BSD
1.6610
1.5580

0334 R

CALCD
1.6602
1.5858
1.5579

09999991

= .39472330E-05
7.8100

210

. DELTA

.0007
.0011
0.0000

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BOURNONITE
8.7100 7.8100

0BSD

W
n O
(@3]

|
= o0

5.8620
5.6760
L, 7670
L ,3710
4,1110
3.8800
3.7050
3.2640
2.9769
2.9100
2.3200
2.7320
2.,6300
2.5970
2.4930
2.3030
2.2360
2,1690
2,1040
22,0240
1.9510
1.7960
1,7220
1.6620
1.6270
1.5860
1.5570
1.5070
1.4220
1.3900
1.3330
1.3230

oYW FUIUT FWW WO FONHFWOWOWNHNONHNONOHIHO I =
HHEEFOHD FOWEEVOWEHFNONOHEFRFWONNNHHOOMNMHOKR R
HUMNDOMNWNH EHHFMODHF&ENDONDWOWONONMNDONON OO H

Sum DELTA & _,1670-R =

CAICD

5.8125
5.6409
L,7335
L.,3514
L,0783
3.9048
3.6929
3.26438
2.9756
22,9062
2.,3204
2.7332
2.6831
2.5951
2, 4SH0
2.3057
2.2339
2,1613
2.,1022
2,0222
1.9524
1.7969
1,7227
1.6599
1.6314
1.5858
1.5577
1.5060
1.,4832
1.4219
1.3903
1.3382
1.3237

.9999976

Sum of Squares = .13440532E-04
7.

8.1566  8.7029 097

Reproduced with permission of the copyright owner. Further repr

DELTA

.OLoL
.0350
.0334
.0195
.0326
.0120
-.0008
.0003
.0037
-.0004
-,0012
-.0031
.0018
-.,0010
.0022
0020
.0076
.0017
.0017
e 0014
e 0007
.0020
.0001
- .0007
.0009
.0017
0.0000
-,0003
e 0002
- .0007

oduction prohibited without permission.
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-8055 BOURNONITE

R
8.1620 8.7100 7.8100

H X L 0OBSD CAILCD DELTA
1 1 © 5.9010 5.9546 -.0536
O 2 O 4.,3920 4.,3537 .0382
> 0 O L,1300 L0806 .0493
O O =2 3.8970 3.9058 -.0088
2 1 0 3.7120 3.6950 .0169
1 1 2 3.2760 3.2659 .0100
2 2 0 2.9860 2.9773 .0086
o 2 2 2.9140 2.9073 . 0066
2 0 2 2.8200 22,8216 -.0016
1 3 © 2.7360 27347 ,0012
2 1 o 2.6920 2.6842 0077
3 1 © 2.53970 2.5966 .0003
z 2 2 2.3720 2.3678 .0041
3 2 0 2.3100 2.3070 .0029
O 4 © 2.1740 2.1768 -.0028
1 & 0 2,1060 2.1033 .0026
3 3 0 1.9840 1.9848 -.,0008
O o0 & 1.9550 1.9529 .0020
L 2 0 1.8500 1.8475 ooz
L 1 » 1,7700 1.7706 - . 0006
1 2 4 1.7380 1.7408 -,0028
2 4 2 1.7230 1.7235 -.0005
3 4 1 1.6620 1.6608 .0011
Ly 3 1 1.6300 1.6323 -.0023
5 3 0 1.4210 1.4227 -.,0017
3 3 L4 1.3920 1.3920 0.0000

Sum DELTA = L0799 R = .9999969
Sum of Squares = .12209408E-O4
8.1613 8.7075 7.8116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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R6845 BOURNONITE
8.1620 8.7100 7.8100

H X L ORSD CALCD DELTA
o 1 1 5.8620 5.8151 LoU68
11 1 4, 7660 4.,7338 .0321
O 2 0 4 ,3920 4,3528 .0391
2 0 O 4 ,0550 4,0755 -.0205
1 2 0 3.8640 3.8396 L0243
21 O 3.7050 3.6910 .0139
i 1 2 3.23880 3.2658 L0221
2 2 0 2.9760 2.9750 .0009
O 2 2 2 09010 2 09075 - 00065
o 1 2 2.6800 2,6830 -,0030
1 3 1 2.5830 2.,5804 .0025
2 2 2.3720 2,3669 .0050
3 2 0 2,3080 2.,30483 .0031
o) 2 3 2.2360 2,2350 .,0009
3 1 2 2.1640 2,1608 .0031
o 4 1 2.0970 2.0966 .0003
L o 1 1.9790 1.9718 0071
O 0 4 1.9510 1.9534 -,0024
i 3 3 1.8830 1.8857 -.0027
L 2 0 1.8470 1.8455 .0014
L 2 1 1.7920 1.,7961 -,0041
3 3 2 1,7670 1.7685 -,0015
l 2 )'{' 1.7350 107411 -00061
> 4 2 1,7230 1.7230 0.0000
3 4 1 1.6620 1.6598 .0021
0O 3 4 1.6270 1.6205 0064
1 6 0 1.4280 1.4084 - . 0004
5 3 0 1.4200 1.4212 -.0012
4 4 2 1.3900 1.3901 -,0001
Sum DELTA = L.1561 R = ,9999932

Sum of Squares = .30246Q0TE-OL

8.1510 8.7057 7.8139

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R 10829 FH BOURNONITE NONIUS
'8,1620 8.7100 7.8100

H X L 0BSD CAILCD DELTA
1 0 © 8.1830 8.1692 0137
1 1 © 5.9740 5.9593 .0146
o i 1 5.8470 5.8155 0314
1 0 1 5.6710 5.6452 0257
1 1 1 4,7560 4.7376 .0183
0O 2 O L,3700 L,3562 L0137
2 0 O L4.,0920 L,0846 .0073
o 0o 2 3.9200 3.9050 0149
1 2 0 3.8570 3.8438 ,0131
> 1 O 3,7030 3.6983 .0046
2 1 1 3.3490 3.3425 0064
1 1 2 3.2730 3.2662 0067
2 2 0 2,9830 2,9796 - .0033
o »? 2 2,9130 2.9077 .0052
2 o 2 2,8260 2.822 .0033
> 2 1 2.7830 2.7839 0040
1 3 0 2, TLL0 2.7363 .0076
2 1 2 2.,6900 2.6852 .O0U7
3 1 0 2.6000 2.5990 .0009
1 3 1 2.5840 2.5824 .0015
3 O l 2.5710 2.5712 -90002
1 1 3 22,3900 2.3856 .0043
2 3 0] 2.3720 2.3668 ,0051
3 2 O 2.3120 2.3090 .0029
i 3 2 2,2440 2.,2409 .0030
o 4 0 2,1810 2.1781 .0028
3 1 2 2,1650 2.,1636 .0013
1 4 0 2,1070 2,1046 .0023
2 ? 3 109570 1.96OL1- "900314'
L 1 1 1.8250 1.9269 -,0019
O 1 &4 1.9050 1.9052 - .0002
1 3 3 1.8850 1.8861 -.0011
1 1 4 1.8540 1.8554 -,001%
L o 1 1.7990 1.79%4 - . 0004
O 2 L4 1.7840 1.7817 .0022
i 1 2 1.7710 1.7719 - ,0009
o 5 0 1.7430 1.7425 .0004
1 5 O 1.7030 1,7041 -.0011
O 4 3 1.6710 1.6705 . 000k
1 5 1 1.6630 1.6649 -.0019
1 4 3 1.6340 1.6366 - ,0026
1 5 2 1.5620 1.5619 0,0000
Sum DELTA = .2115 R = ,9999975

Sum of Squares = .9496TU83E-05
8.1692 8.7125 7 .8100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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216

R 10829 PB BOURNONITE NONIUS (Cont'd.)

H X L OBSD CALCD DELTA
1 1 1.6650 1.6659 -.000
1 LI 3 1.6360 1.6381 -.ooeg
5 1 0 1.60L0 1.6051 -.0011
O 5 2 1.5920 1.5924 -,0004
5 1 1 1.5710 1.5723 -.0013
1 5 2 1.5620 1.5629 -.0009
5 2 0 1.5290 1.5292 -,0002
Sum DELTA = 3599 R = ,9999970

Sum of Squares = ,1915582]1E-04
8.1653 8.7176 T7.8210

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R12108 BOURNONITE
8.1620 8.7100 7.8100

H X L OBSD CALCD DELTA

1 1 O 5.9010 5.9525 -.0515
0 2 0 L.3710 4.,3527 0182
2 0 0 4 .,0920 4,0788 L0131
O o0 2 3.9140 3.9049 .0090
2 1 O 3.7050 3.6934 L0115
1 1 2 3.2760 3.2651 .0108
2 2 -0 2,9860 2.9762 .0097
O 2 2 2.9190 2.9067 0122
2 0 2 2.8290 2.8206 .0083
1 3 0 2.7360 22,7340 .C019
> 1 2 2.6880 2.6833 . 0046
3 1 O 2.5970 2.5955 0014
2 2 2 2.3720 2.3071 0048
3 2 O 2.3080 2,3061 .0018
o 2 3 2.2360 2.23U42 .0017
3 1 2 2.,1640 22,1616 .0023
1 4 0 2,1040 2,1028 0011
3 2 2 1.9860 1.9857 .0002
O O &4 1.9510 1.9524 -.0014
1 4 2 1.8500 1.8514 -,0014
L 1 2 1.7700 1.7699 00,0000
1 2 ok 1.7380 1.,7404 -,0024
2 4 2 1.7230 1.7230 0.0000
3 4 1 1.6620 1.6603 - ,0016
b 3 1 1.630C 1.6317 -,0017
3 4L 2 1.5570 1.5530 -.,0010
L L 0 1.4870 1.4881 -,0011
3 4 3 1.4240 1.4008 L0011
L L 2 1.3900 1.3905 -,0005
Sum DELTA = L0548 R = ,9999978

Sum of Squares = 86493635E-05

8.,1576 8.7054  T7.8099

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R 13491 BOURNONITE

8,1620 8.7100 7.8100

E X L OBSD CAILCD
> 2 0 2.9760 2.9767
o 2 2 2.9100 2.9080
2 0 2 2.3200 2.8229
1 3 0 2. 7400 2.7335
o 1 2 2,6840 2.6852
3 1 © 2.5970 2.5907
> 3 O 2.3660 2.3645
3 2 0 2,3050 2,3069
o 2 3 2,2410 2.,2358
O 4 © 22,1740 2.1758 -
1 4 0 22,1020 2.,1024
141 2.0340 2.0302
3 3 0 1.9850 1.98L45
O O &4 1.9550 1.9545
i3 3 1.8830 1.8862
1 4 2 1.8520 1.8516
3 3 2 1.7680 1.7695
1 2 U 1,7420 1.7419
> 4 2 1.7240 1.7233
3 4 0 1.7000 1.6992
15 1 1.6620 1.6634
3 L 2 1.5580 1.5583
L 3 1 1.6330 1.6322
Sum DELTA = L0066 R = ,9999985
Sum of Squares = L44281924E-05

8.1619 8.7033 7.8132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

DELTA

-.0007
.0019
-.0029
. 0064
-,0012
0002
.0014
-,0019
0051
-.0004
.0037
0004
0004
-.0032
.0003
0.0000
.0006
- 0007
-,0003
.0007

218



S1L-B3 BOURNONITE
8.1620 8.7100 7.8100

H X L OBSD CALCD DELTA
c 1 1 5.8620 5.8059 .0560
o 2 O L,1680 4,3499 -.1819
2 0 O L,0920 4,0787 .0132 .
o 0 2 3.8720 3.8930 -,0260
> 1 0 3,7120 3.6929 .0190
1 0 2 3.4900 3.5171 -.0271
1 1 2 3.2700 3.2607 .0092
2 2 0 2,93860 2.9753 .0106
O 2 2 2.9140 2,9029 0110
> 0 2 2.3160 2,8180 ~-.0020
1 3 0 2.7320 2.7324 -, 0004
2 1 2 2.6840 02,6808 .0031
3 1 0 2.5900 2.5953 -,0053
o 2 2 2,3690 2.3650 .0039
3 2 0 2,3080 2.3057 0022
O 2 3 2.2360 2.2309 .0050
3 1 2 2.,1640 2,1602 ,0037
1 4 0 2.1020 2,1015 .0004
L o0 © o ,0L30 2.0393 .0036
3 3 0 1.9840 1.9835 Nelolelit
O O & 1.5510 1.9490 ,0019
1 0 &4 1.8950 1.8956 ~,0006
L 2 0 1.8480 1.8464 .0015
3 1 3 1.8290 1.8363 -.0073
}‘l' 2 l l 9?9 20 l -7967 - 00047
3 3 2 1.7670 1.7678 -.0008
1 2 &4 1.7380 1.7378 .0001
> L 2 1.7230 1.7217 ,0012
3 4 2 1.6620 1.6595 . 0024
L 3 1 1.6270 1.6312 -.,00U2
3 L 9 1.5570 1.5570 0,0000
5 1 2 1.4850 1.4829 .0020
5 3 0 1.4220 1.,4219 0.0000
L 4 2 1.3900 1.3898 .0001
Sum DELTA = =,1092 R = ,9999901

Sum of Squares = L46405495E-04

8.15T4 8.6998 - 7.7960

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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W~2 BOURNONITE LEAST SQUARES NONIUS
8.1620 8.7100 7.8100

H K L OBSD CALCD DELTA
1 0 O 8.1770 8.152L 0245
i 1 O 5.9750 5.9516 .0233
O 1 1 5 .3500 5.3178 0221
1 0 1 5.6620 5.6428 .0191
1 1 1 L.,752 4,7356 .0163
0O 2 © 4,3700 L .,3543 ,0156
2 0 O L,0840 4L,0762 - L0177
O 0 2 3.9140 3.9091 .0048
1 2 0 3.8540 3.8408 ,013L
a2 1 0 3.7000 3.6918 .0081
11 2 3.2730 3.2673 .0056
2 2 0 2.,9730  2.9758 .0021
o 2 2 2,9100 2.9089 ,0010
Z ¢ 2 2.,3250 2.8214 .0035
2 2 1 2.7330 2,7811 .0018
i1 3 © 2. 7420 2.7347 .0072
o 3 1 2.7250 2.7213 .0036
2 1 2 02,6860 22,6840 - ,0019
3 1 © 25,6000 2.5941 .0058
i 3 1 2,5810 22,5813 -.0003
3 0 1 2.5670 2.,5668 .0001
2 2 2 2,3680 2.3678 .0001
3 2 © 2.2840 2.,3053 -.0213
2 3 1 2,.2650 2,2633 .0016
1 3 2 22,2420 22,2408 .0011
o 2 3 2.,2340 2.0362 -.,0022
o &4 © 2,1780 21771 .0008
3 1 2 2,1610 o,1614 - 0004
1 4 0 2,1040 2.1034 .0005
1 4 1 2.,0270 2,0312 -.0042
O O &4 1.9560 1.9545 .0014
O 3 3 1.9380 1.9392 -.,0012
> 4 0 1.9230 1.9204 .0025
o 4 o2 1.9020 1.9020 0.0000
O 2 4 1.7840 1.7831 .0008
L 1 2 1.7720 1.7695 .0024
o 4 3 1.6710 1.6708 .0001
3 4 1 1.6620 1.6603 .0016
O 3 4 1.6210 1.6213 -,0003
2 5 0 1.6020 1.6016 .0003
3 1 &4 1.5600 1.5610 -.0010
5 .2 0 1.5270 1.5269 0,0000

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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W-2 BOURNONITE LEAST SQUARES NONIUS (Cont'd.)

H ¥ L OBSD CALCD DELTA
2 5 2 1.14810 1.,4820 -.0010
I T 1.1320 1.4318 .0001
3 4 3 1.4230 1.4233 - .0003
Sum DELTA = L1881 R = .9999963

Sum of Squares = ,19542148E~04

8.1524 88,7087 7.8183

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



S2-SX SELIGMANNITE
8.0560 8.6770 T.5750

0BSD CALCD DELTA

H K L

1 1 O 5,9000 5.9148 -.0148
0 1 1 5.6680 5.7333 -.0653
1 0o 1 5.5160 5.5326 -.0166
1 01 1 4.,6630 L .6708 -,0078
c 2 0 4 3480 4,3572 -.,0092
> 0 0 44,0230 L,0270 -.,0040
1 2 0 3.3340 3.8323 .0016
O o0 2 3.8050 3.8065 -.0015
2 1 © 3.6540 3.6555 -,0016
102 1 3.2180 3.4231 -.,0051
2 1 1 3.2930 3.2954 -.,0024
1 1 2 3.2000 3.2009 -.,0009
o) 2 2 2,8700 02,8666 .0033
o 2 1 2.7620 2.7567 0052
1 3 0 2.7200 2.7325 -,0105
> 1 2 2.6380 2.,6266 .0013
3 1 O 2.5660 2.5657 ,0002
3 0 1 2.5310 2.5319 -,0009
3 1 1 2.4330 2.,4313 ,0016
1 1 3 2.3340 2.3321 .0018
3 2 0 2,2860 02,2856 .0003
2 3 1 2.2530 2.2506 .0023
1 3 2 2,2180 2.2198 -,0018
0O L 1 2,0890 2.,0945 -.0055
3 3 0 1.9720 1.9716 .0003
L 1 0 1.9620 1.9618 .0001
» L 0 1.9260 1.9161 .0098
O 3 3 1.9030 1.9111 -.0081
14 2 1.8430 1.8407 .0022
L o 1 1.7740 1.7773 -.0033
'3 3 2 1.7500 1.7507 -.0007
L 1 2 1.7440 1.7438 .0001
2 0 4 1.7240 1.7207 .0032
Sum DELTA = -,1267 R = ,9999913

Sum of Squares = ,2082546TE-O4

8.0541 8.7145 T7.6130
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S-4 SELIGMANNITE REHEAT
8.0560. 8.6T7T0 7.5750

H X L 0OBSD CALCD DELTA
1 1 0 5.8620 5,9282 -, 0662
1 0 1 5 ,6040 5.5521 .0518
1 1 1 L,7160 L. 6848 .0311
O 2 0 L _.3920 L,3646 .0273
> 0 0 L,0550 L ,0331 .01638
o 0 2 3.3140 3.8226 -,0086
1 2 1 3.4300 3.4313  -.0013
11 e 3.2060 3.2126 ~,0066
> 0 2 2.7730 2.7760 .0019
i 3 0 2.7160 2.7375 ~-,0215
103 1 2.5830 2.5772 ,0057
1 1 3 2.3360 2.,3412 -.0052
1 3 2 2.2310 2,2256 .0053
0O 4 1 2.,1020 2.,098L .0035
3 3 0 1.9810 1.9760 .0049
0O 3 © 2.8370 2.9097 -,0227
3 0 3 1.8500 1.8507 -.0007
L 2 0 1.8270 1.8325 - .0055
L 0 2 1.7890 1.7853 .0036
3 3 2 1.7540 1.7554 -,0014
2 4 2 1.7170 1.7156 .0013
Sum DELTA = .0136 R = .9999874

Sum of Squares = ,19823904E-O4

8.0763 8.7292 T.6452
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S5-A REHEAT LOW AIKINITE
11.3200 11.6600 4,0100

H K L OBSD CALCD DELTA

1 2 0 5.1810 5.1754 .0055
2 2 0 L,0730 L0569 .0160
o 1 1 3.8140 3.8032 .0107
1 3 0 3.6450 3.6700 -.0250
1 1 1 3.6010 3.6051 -.0041
o 2 1 3.3240 3.3099 ,O0140
2 2 1 2.8640 2,8570 .0069
L 1 o0© 2.7570 2., 74C2 L0077
3 1 1 ~ 2.6850 2,6783 . 0066
2 4 0 2.5760 2.5877 -,0117
L 2 0 2.5440 2 .,5445 - .,0005
2 3 1 2.5050 2,50i45 .0014
o 4 1 2.3510 2.3579 - .0069
3 4 0 2.3020 2.,3040 -,0020
L 1 1 02,2680 2.2700 - ,0020
> 5 0 2.,1640 2.1527 0ll2
5 2 0 2,0520 2.1095 -,0175
O 5 1 2.0170 2.,0149 .0020
1 5 1 1.9840 1.9837 .0002
O 2 2 1.8920 - 1.9016 - ,0096
4 4 1 1.8190 1.8113 .0076
1 3 2 1.7650 1.7643 .0006
3 6 0 1.7230 1.7251 -,0021
L 5 1 1.6410 1.6413 -,0003
2 4 2 1.5890 1.5884 ,0005
7 2 0 1.5590 1.5577 0012
3 4 o2 1.5180 1.5155 0024
5 6 0 1.4740 1.4729 .0010
L 7 O 1.4320 1.4335 -.0015
8 1 © 1.4050 1.4043 .0006
Sum DELTA = L0050 R = ,9999898

Sum of Squares = L4B69651T1E-O4

11.3174 11.6392 4,024l
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A-6 AIKINITE SYNTHETIC
11.3200 11.6600 4.,0100

H K L OBSD CALCD DELTA
1 2 O 5.2730 5.1837 .0892
2 2 0 4,1110 4,0641 .0L638
O 3 O© 3.8550 3.8854 -.,0304
1 3 O 3.6970 3.6757 0212
0 2 1 3.3300 3.2984 0315
2 3 0 3.2010 3.2051 -.0041
o 4 o0 2.8820 2.,9141 -.0321
4y 1 0 2.7730 2.7548 .01381
3 3 O 2.7040 2.7094L -.,0054
> 4 0 2.,6010 2.5918 .0091
1 5 0 2.,2910 2.2835 Neloyg
3 3 1 2.2550 2.2434 0115
o 4 1 2.1690 2.1752 -,0062
5 2 0 2.,1090 2.,1136 -.00L46
L 4 0 2,0340 2.0320 .0019
L 3 1 1.9960 1.9876 .0083
5 3 O 1.9630 1.95587 .00LD
3 5 1 1.7730 1.7776 -,0046
1 6 1 1.7310 1.7272 0037
1 7 O 1.6460 1.6475 -,0015
2 7 O 1.5990 1.5977 .0012
& 3 2 1.5620 1.5643 -.0023
3 7 O 1.5250 1.5238 L0011
o 8 0 1.4590 1.4570 .0019.
3 5 2 1.4080 1.,4087 -.,0007
5 6 1 1.3830 1.3843 -.0013
Sum DELTA = ,1562 R = .9999902

Sum of Squares = ,46896149E-O4

11.3405 11.6564  4,0008
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DIAPHORITE HIGH PHASE

5.7330

H X L OBSD CAICD DELTA
11 1 3.3100 3.3065 .0034
2 0 0] 2 .3700 2,8635 .0064
> 0 2 22,0200 2,0243 -.0048
2 1 1 1,7300 1.7267 .0032
2 2 2 1.6500 1.6532 -.0032
L 0 0 1.4300 1.4317 -.0017
3 1 3 1.3200 1.3138 .0061
4 2 O l . 2800 l ° 2806 - 00006
4 2 2 1.,1700 1.1690 .0009
3 3 3 1,1000 1.1021 -.,0021
Sum DELTA = 0074 R = ,9999903

Sum of Squares = J47951481E-04

5.7271

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BM 88839 DIAPHORITE ‘
15.8490 5,9010 17.9140 116.4200

H K L OBSD CALCD DELTA
o 0 =3 5.6760 5.6440 .0319
o 1 =2 L 5480 L ,5409 .0070
3 1 © 3.6740 3.6851 ~-,0111
3 0 2 3.4370 3.4470 -.0100
2 0 3 2.9380 2,9429 -,0049
1 2 ©0 2.,8820 2,8890 -,0070
O 1 5 2.8200 2.8159 .0040
1 > 4 2.2470 22,2478 -.,0008
> 2 -6 2.0970 2.0953 .0016
L o 2 2.03L0 2.0336 .0003
3 0 =9 1.5840 1.9836 .0003
5 0 =9 1.8510 1.9496 .0013
o 3 =2 1.0120 1.9106 .0013
& 0 3 1.8720 1,8708 .0011
3 3 -1 1.8400 1.8400 0.0000
7 O =9 1.7890 1.7903 -.0013
6 2 1 1.7630 1.7620 .0009
1 3 &4 1.7110 1.7114 -, 0004
3 1 7 1.6970 1.6968  ,0001
o 2 8 1.6570 1.6571 -.0001
3 2 6 1.6410 1.6419 -.0009
Sum DELTA = L0110 R = ,9999991

Sum of Squares = .23549004E-05

15.8191 5.9024  17.9068  116.5336

-
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R1034 FREIESLEBENITE NONIUS
7.5325 12.7869 5.953%  9.2268

H X L OBSD CALCD DELTA

1 1 O 6.4863 6.4870 - ,0006
o 1 1 5.3936 5.4050 -,0113
1 2 0 u . 8727 4 ,8890 -,0162
11 <1 L 1506 4 4630 -,0023
1 2 =1 3.8178 3.8200 -,0021
2 0 O 3.7633 3.7630 .0003
1 2 1 3.7230 3.7230 0.0000
> 1 0 3.6102 3.6110 - .0007
o 3 1 3.4647 3.4760 -,0112
> 2 0 3.2431 3,2410 .0021
2 0 1 3.1249 33,1290 -, 0040
o 1 1 3,0356 3.,0420 -,0063
o O 2 2,.9744 2,9740 .0004
o 1 2 2,3970 2,8940 .0030
2 3 0 2.8210 2.,8260 -,0049
1 1 =2 2.7393 2,7390 .0003
o 2 2 2 .,6G68 2.,6960 .0008
2 3 -l 2 -5787 2 05760 00027
1 2 2 2.5103 2.5100 ,0003
3 1 0 2, 4619 2.4630 ~-.0010
5 0 =2 2.3798 2.3820 -,0021
3 2 O 2 ° 335l! 2 .3350 ooool‘l'
o S 2.2751 2.2750. 0001
1 5 -1 2.2527 2.2540 -,0012
1 5 1 2.2328 2,2320 -~ ,0003
3 2 =1 2,2017 2,2010 ,0007
O 6 © 2.1311 2.1370 -.0058
2 3 =2 2,0778 2,0780 -.0001
2 3 2 2,0171 22,0180 -,0008
1 6 1 1.9321 1.9270 .0051
b o © 1.8816 1.8810 .0006
Sum DELTA = =.0529

Sum Delta 1/D Square = 0,0000

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



S-F~3 FREIESLEBENITE HIGH PHASE
5.7760 :

H K L OBSD CALCD
1 1 1 3.3300 3.3373
2 0 0 22,8820 2.8902
2 0 2 2.,0410 2.,0436
3 1 1 1.7420 1.7428
2 2 2 1.6680 1.6686
L o0 © 1.1460 1.4451
3 1 3 1.3260 1.3261
4 2 0 1.2930 1.2925
Sum DELTA = -,0185 R = ,9999993
Sum of Squares = ,17508918E-05
5,.7804

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

DELTA

-.0073
-.0082
- 00006
.0008
-.0001
. 0004
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Si-F ISOMETRIC HIGH PHASE PB3AG5SB5S12

5.7330

H X L 0BSD CALCD DELTA

1 1 1 3.3120 3.3088 .0031
2 0 0 2.86L0 2.8655 -.,0015
2 G 2 2.0300 2.0262 .0037
3 1 1 1.7290 1.7279 .0010
2 2 2 1.6570 1.6544 .0025
4 o 0 1.4340 1.4327 0012
3 1 3 1.3180 1.3147 0032
4 2 0 1.2800 1.2815 -.0015
4 2 2 1.1690 1.1698 -.0008
3 3 3 1.1020 1.1029 -.0009
Sum DELTA = (0101 R = 79999967

Sum of Squares = ,16067946E-04

5.7310
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S15-BR-2 ISOMETRIC HIGH PHASE PBAG2SB2S5

5.7330

H X L OBSD CALCD DELTA
1 1 1 3.3000 3.3040 -,0040
2 0 O 2.8640 2.,8614 .0025
2 0 2 2.0300 2,0233 ,0066
3 1 1 1.7260 1.,7254 .0005
L o o 1.4330 1.4307 .0022
3 1 3 1.3130 1.3129 0,0000
L 2 0 1.2780 1.2796 -.,0016
L 2 2 1.1670 1,1681 -,0011
3 3 3 1.1020 1.,1013 .0006
Sum DELTA = ,0058 R = ,5999977

Sum of Squares = ,10758948E-04

5.7228

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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