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ABSTRACT

The tetrahedrite series is both a common group of
sulfosalts and an important contributor to ores of copper
and silver. The general formula is XjoY4S;3, where X is

-.Cu, Fe, Zn, Ag, Pb, Hg, Ni, or Co; and Y is As or Sb with

\ occasionally minor Bi. The occurrence is in low to moderate-

temperature hydrothermal veins with other ore minerals of

) bopper, lead, zinc and silvet.. Microscopic textural
relationships of the minerals are difficult to interpret
in part because of lack of knowledge of solid phase
relatiopships. This study is based on syhthetic specimens
and worldwide‘natural specimehs of the tetrahe&rite series
and correlates data from chemical énalyses, x-ray diffraction
patterhs, and polished sections. The results have impli-
cations in geothermometry and the paragenésis'of ore '
‘minerals. In addition, some limitations in the chemistry
of the tetrahedrite series are defined and variation of
the unit cell size with chemistry‘analyzed.

De#pité‘yariations in size and valedée states of atoms
substituting in tetrahedrite-tennantite, complete solid
solution between Sb and As has been aséumed for all
varieties. Chemical analyses of natural specimens show

a Cdmposition gap, where few anaiyses fall, between 6 and
11 atomic percent As. X-ray powder diffracfion data
suggest'that this gap marks an unmixing field for varieties
ﬁgving greater than 2,5 atomic percent Ag. ‘The. critical
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temberature for unmixing might’be useful as a geoldgical
thermometer. | -

Limitations ih the quantities of various substituting
elements have hot previously been determinad. Suggésted
upper limits for Fe, Zn and Ag have been determined for

~the series, and the solid solution field for As-Sb-Bi
outlined. The sum Fe 4+ Zn approaches a constant value
in the tennantite field, sugéesting the formula
Cuyo(Fe,Zn)5(As,Sb) 4813, A brown streak is related
quantitatively to the Zn content and in a permissive way
to the As'contént.

" Knowledge of the range in ﬁnit cell size and the
effects of chemistry on cell size has been quite limited
A complete range of dimensions from 10.20 (10.18B) A to
10.55 A exists., The variation of cell size with chemistry

.hés been approached quantitatively for the tetrahedrite
series.‘

Most workers have stressed the similarity of the
tetrahedrite structure to the sphalerite type, and
classified it as a derivative of the basic sphalerite
structure. However, data from synthetic and natural
specimens seem to rule out an order-disorder relationshiﬁ
for all the metals within a stable sulfur network in the
tetrahedrite struéture. The explanation is %o be found
in important differences from ;phalerite in chemistry,

‘stacking and structure. In view of these findings, the
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tetrahedrite series could not exsolve in quantity from a

common high-temperature phase with sphalerite and chal-

copyrite.
Two "extra" reflections belonging to the tetrahedrite

structure appear in long-exposure Nonius-Guiniér powder
camera photographs. These are anomalous reflections for
the published structure and may be due to slight ordering
of metal atoms not previously indicated.
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INTRODUCT ION -

The tetrahedrite series is a group of sulfosalts
classified under the Type Formula A;BX; (Palache and
. others, 1944, p. 348); The general composition is
X12Y4S)3» where X is‘predominantly Cu with lesser amounts
of Fe, Zn, Ag, Pb, Hg; Ni or Co. A complete i§om6rphous
series exists between Y = Sb and Y = As with the dividin'g |
line between tetréhedrite and tennantite placed by def-
inition at Sb:As = 1:1. In'addition, Y= 'Bi is.found
to a minor extent in some members of the series.
The name tetrahedrite is derived from the usual
tetrahedral habit of the crystals, and tennantite from
the English chemist Smithson Tennabt. Fahlerz (German,
gray ore) is an obsolete term (Commission on New Minerals
and Mineral Names, 1960, 1962, p. 224). A number of
compositional names have been coined for members of the
‘series. The most noteworthy are freibérgite for silverv
~'beéring tetrahedrite (Pteibefg, Germany); schwatzite for
mercury-bearing tetrahedrite (Schwatz, Tirol); rionite
for bismuth-bearing tennantite; and binnite for crystals
of tennantite with dominant form'iiOé} (Binnéntal,
Switzerland). | .
Membefs-of the tetrahedrite series. are among the most
common sulfosalts and are important ore minerals of copper
and silver. Typically the occurrence 1s in low to moderate-

temperature hydrothermal veins with other ore minerals of
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copper, lead, zinc and silveg. Commonly assoéiated
minerals are chélcopyrite,.pyrite, galena, sphalerite,
bornite, argentite, bournonite, and the gangue minerals .-
quartz, calcite, siderite, and barite.

The assignment of a paragenetic sequence of deposition
for minerals in hydrothermal ore deposits depenqs on the
interpretation of the textural relationships of the
minerals in polished sections. The correct 1nterpietation
of thése textural relationshibs.must be founded in part
on a'knowlédge of solid phase relationships for individual
minerals. At present, textures resulting from exsolut;on,
replacement or simulténeous crystallization may often be
confused with one another because of lack of knowledge df
these phése relations.

This paper presents results of é study of the chemical
composition, structural variations and textural relation-
ships in polished seétion of a variety of minerals of thé
tetrahedrite series representing world-wide occurrences.
Previous work has been confined primarily to determination
of the general stoichiometric formula fhrough chemical
anélysis and to determination and refinement of the structure

A from singlé specimens, Correlation of data from x-ray

' diffraction, chemical analysis and polishedAsections
provides information~about the tetrahedrite series which
applies to geologic thermometry and.to the interpretation

of the paragenesis of ore minerals.
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A complete isomorphous series between As and Sb
members has been tacitly assuned to exist for all compositions
of the tetrahedrite series, though iimitlng values for -
various substituting elements have not previously been well-
defined. Considerable size disparity among substituting
elements suggested that compiete isomorphism ought not to
exist for all compositions. Chemicai analyses as well as
x-ray and polisned section data suggest an unmixing field
for certain compbsition in the tetrahedrite series. The
critical temperature for thi$ unmixing phenomenon might be
useful as a geologic thermometer.

The dimensions of the unit cell (ao) in minerals of the
tetrahedrite series vary consideiably.‘.The values have been
reported to range from 10.19 R in tennantite to 10.33 A in
tetrahedrite, with 10.40 R for silver-rich tetrahedrite from
Freiberg. Data presented in this paper recozd a continuum
of values from 10.20 to 10.55 for the cell edges of minerals
of the tetrahedrite series. Furthes-the variation of cell
edges with some of the substituting eleménis has been
assessed in a quéntitative-manner.. This information may\be.
uséd to determine, in a general way, the composition of a-
member of the tetfahedrite series from its cell dimensions.

Many workers have stressed the structural similarity
between tetrahedrite and sphalerife.' Tetrahedrite (1ike
chalcopyrite) may be considered a derivative of the basic
sphalerite-type structure. At suffic1ently high temperature;
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chalcopyrite has béén found to disorder in such a ménner
that the sphalerife-type unit cell is produced. Similarly
the complex, defect-derivative tetrahedrite might be
expected to have such a high-temperature disordered phase.
such a relationship, or lack of if; would be. important to
geologic thermometry as well as to the interprefation of
the paragenesis of the Commonly assoﬁiated ore minerals
sphalerite, chalcopyrite and tetrahedrite-tennantite.
X-ray analysis of natural and synthetic members of the
tetrahedrite series has suggested that no quenchable high-
temperature disordered phase exists. The explanation lies
in the chemistry and atom ooordinati9ns in.the tetrahédrite
series, which result in some basic differences in stacking
and structure from the sphalerite type. It is considered
inappropriate to conceive of the structural differences
in tetrahedrite as defects in a derivative of the

sphalerite-type structure.
wl nt

I wish to thank Dr. Frank L. Koucky for his help
during the research and for criticism of the paper. Most
natural specimens were genefously provided by the U. S.
National Museum'and by the Chicago Museum of Natural.
History. The major part of the work was done with the
suppoct of NSF Fellowships during 1961-62, 1962-63.
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Abbreviationg

The following standard mineral abbreviations used.

throughout this paper are taken from Chace (1956):

tetrahedrite td
tennantite tn
chalcopyrite , ccp
.sphalerite sp
pyrite Py
galena gn
~argentite arg
bornite bn
chalcocite cc
malachite me
chrysocolla chrys
quartz qtz
calcite calc
siderite sid
barite ba
bournonite bo
hematite hem

PREVIOUS WORK

Previous work on the tetrahedrite series has been
limited primarily to determination of the stoichiometric
formula from chemical analyses; descriptive mineralogy;
and to determination and refinement of the strﬁcture from
single specimens. With the notable exceptibn.of'Wuensch's
(1963) confirmation and refinement of the structure, few
studies have been made since the publication of Vol. I

"of the seventh edition of Dana's ngtem of Mineralogy
(Palache and o;hers,'l944). In this volume the data are
,summafized on which present knowledge of the tetrahedrite

series 1is based.
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g The general formula X12Y4813‘is knbwn,-butiiimits of
substitution for various elemehts have not preQiously been
proposed. Complete solid solution has been assumed to exist
betwéen Sb and As,. and no limitation on the introduction
of Bi into this series has been advanced. Until Wuensch's
(1963) work the structure was based on the Pauling and
Neuman (1934) determination, which was made from a limited
number of reflections. X-ray daté for the tetrahedrite
series i§ sketchy, donsiéting of a few incomblefe dif-
fraction patterns. As a result, neither the range in
cell dimensions nor the effects of individual elements
on cell size have been known. X-ray diffraction patterns
of natural materiéls have not been investigated for the
effects of possible ordered subsfitution of elements.
Although tetrahedrite-tennantite is classified as a
deféct-derivative of sphalerite, no search has been.made'
for a possible order-disorder relationship with the |

sphalerite-type structure.

Chemical Analyses gnd‘Stgichigmgtrx

Many of the analyses of the tetrahedritevseries were
made prior to 1900, and a number of different formulas were
proposed. Prior and Spencer (1899) proposed the formula
CugSbySe and Wherry and Foshag (1921) Cu,(Zn,Fe,Cu),Sb,S, 5.
Winchell (1926) collected 33 analyses of the tetrahedrite
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series considered best up to that time and recalculated |
them to atomic percentage composition. These analyses N
were judged to fit‘either the Wherry and Foshag or the
Prior and Spencer formula. Winchell concluded tentatively
that divalent Zn and Fe and Cu are not always present

in the structure in standard amount, as indicated by

the Wherry and Foshag formula, but that divalent Zn and

Fe substitute for Cu with concurrent addition of S to
maintain chatgé balance, as advecated by Prior and
Spencer. Machatschki's (1928) structure determination
resulted in the type formula RyRS3. In fifteen analyses
of fetrahedrite minerals, Pauling and Neuman (1934)

noted a consistent excess of sulf;r over the formula

used by Machatschki. They adopted the ideal formula
(CulOZn2)5b4Sl3 for the tetrahedrite group.

tructu

Maqhatschki_(l928) made the first determination of
ithe structure of tetrahedrite (fahlerz) from a specimen'
from Colquechéca,'Bolivia. He conéluded that the ﬁinerél

- crystallized in space group Tg and worked out the general
nature of the structure. Essentially; Machatschki's unit
cell was similar to the one shown in Figure é'without the
S-1I1 atoms. .Machatschki noted that, except.for one atom

missing in each octant, the tetrahedrite unit cell was
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- 11

.similar to a stack of eight cells of zincblende (sphalerite);
By'combaring lattice constants with partial analyses of |
~some 21 specimens, Machatschki judged that Ag substituting
in a “"customary" Cu-Sb tetrahedrite (a,= 10732) raised the
cell dimensions to 10,40, and As lowered them to 10.19. B
_ Pauling and Neuman (1934) determined the structure of
" binnite, a variety of tennantite from Binnenthal, Wallis,
Switzerland, which resulted in a refinement of the
struéture proposed by Machatschki. Using data from
oscillation and Laue photographs, he calculated cell
dimensions 10.19 X 0.020 KX units and chose space group
T3. The cﬁnsistent‘excess of sulfur noted by Pauling and
Neuman resulted in the placing of 6-coordinated S-II atoms
%n the structure, ~ | |
Wuen§ch (1963) confirmed and refined the crystal
structure of tetrahedrite proposed by Pauling and Neuman.
Nearly pure Cﬁ128b4513 was uséd from Horhausen, Westerwald,
Germany.. One-hundred and thirty-six reflections, with only
two undetectable, were obtained using an equi-inclinatioﬁ
diffractometer with proportional poinf counter. The
observed intensities, reduced to a set of structure factors,
compared closely with the set of calculated structure
factors., Wuensch obtainéd improved Qalues for the stomic

coordinates, interatomic distances and bond angles.
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§trgctura; Classification

The structural classification of sulfides into which
the tetrahedrite structure fits has evolved with the
determination of numerous structures and with.thg de=~
velopment of order-disorder theory. Strock (1935)
ouflined a classification of crystal structures with defect
.lattices; The "structure theory" permitted only those
structures composed of two or more interpenetrating
lattices, each consisting of only one type atom with no
empty points. Sttoc§ proposed the term "defect structures"
to include those structures which do not fulfill the
structure theory. The departures of defect structures
from the theory are characterized by: ‘

1. equivalent points not completely filled,

2. equivalent points occupied by different sorts

_ of atoms.

3. a combination of 1 and 2
Strock pointed out that structures having large atom
stable frameworks (oxides, Si-O complexes, sulfides,
tellurides, selenides, halogens) permit defects rang;ng-
from a perfeétly ordered and filled lattice of small
interstitial cations to completely random distribution_
of cations in the lattice. Defect lattices show all
transitions from ideal solids to a dispersed state in
which the latticé of one atom type is completely destrbyed.

Berry (1943) pointed out that the sulpho-salts include
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a wide variety of crystal structures. In attempting to

find a more modern structural basis on which to cléssify

them, instead of the traditional chemical grouping, he

suggested that the only common denominator might be certain

frequently occurring cell dimensions. Thus the numbers

4, 6, 8, 11, 15, and 19 X were found to occur frequently

in the sulpho-salts (Berry, 1943, p."25). However,

groupings according to these dimensions have no particular
| structural significance as do the classifications according

t? packing gebmetry‘proposed by Hiller (1953) ‘and Ross

(1957). | |

‘Hiller (1953) outlined a crystal-chemical classi-’

fication of the sulfide, telluride and seléhide minerals.

He pointed out that the classification B to AB, and so

forth reflects nothing of the prystal-structure and

bonding of the atoms. He asserted that a 6rystql-

chemical classificaiion can be constructed from either

one of fwo points of view:

1. a classification on the basis of the chemical

- bonding of the lattice-forming atoms.

2. . a classification based on the static geometry
with coordination numbers and polyhedron
arrangement.

Hiller indicated that these two points of view would often
show parallels and are not necessarily contradictory.

However, witness the structural similarity but bonding
differencés in NaCl and PbS. In essence, Hiller's
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classification was based first on the kind of sulfur
- lattice énd sﬁbdivided on the basis of coordination”of
metal atoms in the sulfur lattice. |

. Ross (1957) summarized the data basic to a structural
classification of the sulfide minerals. Such a clas;

'}sification is based on similarities'of pécking geometry
and of component: metals in chemical bénding. The
classification is divided into two groups on the basis
of cubic or hexagonal clo#est packing of the sulfur
atoms. Under these headings are grouped "type structures"
based on differences in coordination of metal atoms in
the sulfur lattice. "Simple" structures contain one
icomponent metal., "Complex derivative" structures are
derived by ordering two or more metals in sites occupied
by ohe metal in the simple structure. '"Defect"™ structures
_deviate'from the ideal composition because of an excess
or defiéiency of metal or sulfur. "“Layered" and "chain"
stiuctures are grouped as separate types.

. Tetrahedrite-tennantite is'cléséified as a complex
defect derivative structure of the basic sphalerite type-
structure. Both have cubic closest-packed sulfur afoms.
Further, both §tructures have all fetrahedral voids
filled by metal atoms. The geometrical differences in
the tetrahedrite structure derive from ordered positidns

of more than one metal and from "defects" in- the packing
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|

of sulfuré} such as the largg boles caused by missing

| " sulfurs.

Order-Digorder .

Buerger (1949) discussed thermodynamic consid-
erations bésic to the order-disorder concept.and
outlined the kinds of disorder in crystals of non-metals.
Of the four recognized kinds (interchange disorder,
interstitial disorder, orientation disorder and dis-
tortional disorder); interchange disorder ah& 1nter4
stitial disorder are important in sulfides. Disorder is
a kind‘gf disarray of atoms produced by temperature
energy. As an 1llustration of interchange disorder,
consider a crystal of three components ABC. There are
'two possible arrangements of atoms. (1) The atoms may
be in classical order. (2) Some A atoms may be inter-
changed with B'atoﬁs; If the first arrangement has
minimal internal or bond energy, the second arréngement
has higher energy which can be supplied by heat. Except -
at absolute zero, some A is’always interchanging with
B. With ihcreasihg,T, the amount of interchange of A
and B increases until A énd B are randomly oriented on |
positions ideally occupied by A or B. The crystalﬁis then
coﬁbletely disordered with respect to A and B.

Buerger discussed in a general manner some Ccrys-
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tallographic implications of the order-disorder re-
lationship. Complete disorder with respect to étoms

A andlB produces a hybridized atom, with resultant
:higher symmetry operations for the crystal. Thus, the
sequence A B A B A B with disdrdering'and resultant |
hybridization of A and B becomes H H H H H H with period
‘one-half t. Diagrammatically, the following conditions

may be expected in crystals with order-disorder possi-

bilities: |
heat ' (Al/2]  chill {A1/2 | -
ABC —> ‘ C——> C ————> ABC
Bi/21 A .B1/2
2 2
Onset of Dynamic Static Annealing
. disorder disorder disorder to order

Frueh (1950)asserted that sulfides are good choices.
for continuation of work by'metallurgiéts and physicists
on &isorder‘in ihteimetallic compounds. Sulfides have
a sqb-metallié character, contain atoms of similar size
and properties and commonly show evidence of exsolution
textures, indicafing diffusion in the solid staté.

Frueh (1958) discussed the application of the dis-
order relationship in sulfides to geologic thermometry;
Polymo:phic transitions have long been used as temperature
indicaiors, but less attention‘has been given to high-lqw
inversions in ore minerals. ‘X-ray crystallographic

criteria may be applied to answer the questions:
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1. Which crystalline.modificationAis now present?

2. Did this form or another crystallize originally?

3. If it is not the original and there are more

than two modifications, which did form first?

Reordered forms may be characterized by indistinct
morphology or polycrystalline aggregates.' X—ray crys-
tallographic effeéts in pictures of single crystals may
be (1) diffuseness of returned reflections due to small
size of domains, (2) appearance of additional reflections
due to more than one crystallographic orientation for
ordered domains, (3) angular differences in crystallographic

axes due to non-oarallél'alignment of domains because axes

of'ordered forms are not perfect multiples of axes of

disordered forms. b

 Ph ethionh

- Gaudin and Dicke (1939) synthesized many sulfides and
sulfosalts including tetrahedrite-tennantite and studied
the phase relationships under the microscope. In the
Cu-Sb-S-Systen, six phases were synthesized: covellite,.
chalcocite, chalcostibite, tetrahedrite, famatinite and
stibnite. Though an excess of sulfur over the "ideal”
formula A3BS3 occurs in tetrahedrite, the structure shows
sulfur missing from the cubic closest-packed arrangement,
suggesting tetrehedrite is.a.sulfur-deficient compound.-
The experimental resolts of Gaudin and Dicke suggest that
the production of tetrahedrite is inhibited by excess -
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sulfur and favored by sufficient or deficienf sulfur.
The following éequences were obtained:

1. . With excess S and increasing Cu:
‘stibnite —— famatinite —5 chalcocite

2. Wit?bsgfficient Sha?d 1n§§§asing Cu:
stibnite —> chalcostibite ——
tetrahedrite ——» chalcocite

' 3. With decrease in S due t6é reaction with Fe of bomb:
-famatinite ——> tetrahedrite

4, With very deficient S: .
metal as exsolution blebs from tetrahedrite and
other minerals.
In the Cu-As-S system, four phases were synthesizedi
rgalgar,_orpimenf, enargite, and tennantite.. Relationships
were rather similar to the Cu-Sb-§ system. The folloﬁing

sequences were obtained:

1. With excess S and increasing Cu:
enargite =—==_5 chalcocite"

2. With deficient S and increasing Cu:
tennantite — chalcocite

x-;ax-D;ffraction Data

‘ Little x-ray dlffraction data has been publiahed for
the tetrahedrite series. Waldo (1935) and Harcourt (1942)
p@bliéhed incomplete powder patterns for three spetimens. |
Berry and Thbmpson (1962) reported observed intensities |
and d- spacings for powder patterns of two tetrahedrites

and one tennantite. Wuensch (written co&munication,ll963)

" supplied indices for all his observed reflections as well
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as the set of observed and calculated structure factors.
METHODS AND PROCEDURES

Natural Specimens -

Seventy-five specimens of natural material were
Apéocured for investigation. Many of these piovéd to
be misidentified specimens, most commonly confused with
bournonitelor chalcocite, Oies'of massive sulfides as
well a§ mineral specimens of euhedral crystals aie
. included in the samples. Of the total, 40 are foreigh
and 14 U,S. occurrences, with localiﬁies in 14 countries
and seven states represented. (table 1). The majority
of specimens were obtained from the U.S, National ﬁ
Museum; the Chicago Museum of Natural Hiétory} and the
University of Cihcinnati. Additional specimens were
‘collected from mines and private individuals.
.§gga;atorx Tgchnigueg, It was aesirabie to gffgct
a clean separation of tetrahed;ite-tennantite from some |
" gpecimens in oider to obtain reliable chemical and x-ray
data. Commonly, the ﬁcontaminating"_minerals were
chalcopyrite, pyrite, bornite, sphalérite, and galeha;
as well as the gangue minerals quartz, calcite, siderite,
barite and occasional hematite'ana malachite. Specimens
were crushed, sized, and separated by meanslof_Clerici

solution and the Frantz Isodynamic Separator. Rosenblum'
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(1958) gathered and tabulated data on the magnetic
susceptibilities of about 50 minerals. These data were
useful as a basis from which to work to find settings
on the Frantz Separator which allowed for ;eparatidn of
a_cIean fraction of tetrahedrite-tennantite. By this
méthod,.céntaminant was generally less fhaﬁ one percent
(table 2). Even specimens of massive, fine-grained
sulfides were separable., Only microscopic mineral inter-
growths (such as tetrahedrite and bornite) proved
 inseparable by this method. , | _
Polighed Sectiong, About 45 polished sections were
made from suitable material: Many of the.spedimens broved
difficult’tq‘pdlish becéuse of crustification fextures,
friability and differénces in mineral hardnesses. |
_Mantings were made in lucite thermo-plastic by means of
.'the'Buehlgr Press. Grinding and polishing was done
~aécording to sgéndard procedures oﬁ‘the Sampson-Patmore
Polisherl(Sampson, 1949, 1956), Good quality reflective
.surfaces without relief were achiévéd. Photomicrogrqphs
of the polished sections wgre.taken using the Zeisé..
Attachment Camera forlPhotomicrographs mounted on a
| Baush and Lohb refiecting microscope. The photos were

‘taken with 35 mm Panatomic X film and printed on F5 paper.

Synthetics.

Nine varieties of synthesizéd_tetrahedriteytennantite-'
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contain various amoﬁnté of Cu, Fe, Zn, Ag, SB, and As. 
These were prepared from stoichiometric amounts of

reagent grade CuS, reduced iron poWder, ZnS,.sulfur,
antimony powder, powdered arsenic, and silver, weighed

to 0.0001 g. on a chain or ‘Sartorius balance. These

dry chemicals were compresséd into pellets under 50,000
psi and sealed in evacuated Vycor silica glass tubing.

The specimens were syntheéized just below 600° C, over

a 16-24 hbdr interval and quenched in cold water immediately
~upon removal from the furnaéé. X-ray diffréction patterns
verified formation of the single mineral phase. The

" results are tabulated in Table 3.

GE _XRD-5 and Diffractometer.

| All specimens were x-rayed by the powdef method to
. identify phases and obtain structural data. Samples were
takeh ffom among the mineral sepaiates or hand-picked
‘from specimens and investigatéd undez the binocular
microscope for purity.. Despite prééautions, some X-ray
diffraétion powder patterns showed contamination by
other minerals.” Samples were scanned with Ni-filtered
Cu radiation (Kec = 1.54050 &) at 16 ma and 40 kv.
ﬁecordings were made through 15° to 65° 20 angles at
2°/minute. - ' { '

- Peak positions were recorded as accurately as
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possible to the second place (°28) and the observed
intensity recorded. Peak intensities were computed as
peak height times peak width at one-half the height
The most intense peak (Il) was picked as unity (Il—~ 100)
' and other peaks logged as I/Il From the reflection
‘angles (°29) the d-spacings (interplanar spacings) in .
angstrom units were computed ‘according to Bragg s Law:
(1) A\ = 2dsin® |
The (440) and (622) reflections are sharp. intense peaks
lying in a rgliable region for the goniometer at 50° to
60° 208, respectively. Thesé'two peaks were slow-scanned
at 0. 2°/minute to obtain an accurate value for the unit
'cell edge (a,) according to the relationship:
(2)  d= o
J#+@+ﬂ

For the isometric system, a body-centered cell such as

in tetrahedrite has allowed Bragg reflections following
the relationship: .

(3) h2+-k24-l2';= all even numbers
The fit of each reflection with this SChgmé was checked
by‘using d (computed in equationil) and a good estimate
of a, in equation 2. An ap for each relection was
computed according to equation 2. These were graphed
versus 20 (fig. 1) and compared with a, from the_s;ow;

scanned peaks to. arrive at an a, reliable generally to

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



29

620+

Miigsa 09993

D148 A3 '8267

M 63; #1480
41 0148 A320_ M3ga |

115256

M 609

. > ce
\ R0 103201 M 8380

.240 ' ~
. e )
\\
.2204 ~—_
M 14761 53-18

.200+ :

180+
10.160 v v . r - , v T v ¥ ’

15 20 25 30 35 40 45 50 55 60 65

20 CuK« (1.54050A)

Figure 1. Graph of ag with 28 for all speCimeh’s.
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-t 0.005 &. Values for all specimens calculated by
means of the IBM 1620 Data Processing System appear in B

Appendix C,

Noniug-Guinier Camera

Film strips were taken of several pdeer'sampléslby
means of the Nonius-Guinier camera. The camera was
mounted on a -Picker x-ray unit with Co tube run at about
15 ma, 40'kv; Exposures were #bout 15 hours. Very weak .
reflections not detectable by the diffractometer were

recorded on the film strips.

- X-ray Fluorescence Analysis.

Specimens were analyzed by the x-ray fluorescéncg
method with LiF analyzing crystal and Cr tube rﬁn at 30
ma and 40 kv (fig.'2).-.The nine synthetic specimens were
used as standards (table 4). Stéﬁdardvcurvgs were drawn
for each element on the basis of peak intensity yeréus
atdmicrperbent for all usable peaks (fig. 3, 4, 5, 6).
The elements Bi, Hg and Pb were treated on a semi-

‘”quantifative basis.
STRUCTURE

Machatschki (1928) made the first determination of

the structure of tetrahedrite (fahlerz) from a specimen’
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Standard curve for x-ray fluorescence analysis - Cu,

Figure 3.
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Standard curves for x-ray fluorescence analysis - Fe.

Figure 4.
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Figure 5. Standard curves for x-ray fluorescence
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Figﬁré 6. Standard curves for x-ray'fluorescence'
analysis - As and Sb.
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from Colquechaca, Bolivia. The structure was modified -
by Pauling and Neuman (1934) from a crystal of binnite
from Binnenthal, Wallis, Switzerland. Wuensch (1963),
using nearly pure CujoSbgSy3 from Horhausen, Westerwald,
Germany, confirmed and refined the structube probosed‘
by Paulihg and Neuman(lﬂ .
_ The tetrahedrite series is composed of sulfur and
metal atoms in closest packing, forming a lattice of
large sulfur atoms and a supeflattice of small metal
' atoms. Essentially, the sulfur lattice is composed of
hexagonally closest packed layers of sulfur atoms
.stacked in the cublc closest-packed manner (ABC, ABC)..
The metal atoms occupy all the tetrahedral interstitial
‘sites between sulfur atoms to form thé‘métalrsuperlattice
(fig. 7). | | .

Thelgehéfal fOrmula for the tetrahedrité'sérieé is
-X12Y4813, where X is always predominantly Cu, with lesser
.amounts of Fe, Zn, Ag, Pb, Hg, Ni and Co. In the Y
’position, Sb or As always predomlnate, but some Bi is
p;esent in some instances. The atoms Sb, As’ and Bi are
ordered in tetrahgdral'sites as shown in Figure.?. "In
the structure, éaéh Y atom”fOrms;ﬁn apex“of a large

- tetrahedral hole twb sulfur layers deep,“bfdﬁght about.
by foqr'missing sulfur atoms. In éach such hole, trans-

- lated one-half layer distance out of position, a sulfur
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INSET

Figure 7. Stacking of the tetrahedrite series.,
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atom coordinates with six X atoms in their normal
- positions. The six apices of the resultant o§tahedron
coincide with the midpoinfs of the edges of the large
tetrahedral hole (fig. 7, inset). Thus each hole has
only three missing sulfur atoms.
The unit cell is body-centered with symmetry I43m
(fig. 8)1 The following values for the atomic co-
'~ ordinates were obtained b§ Wuensch (1963):
Sb in 8¢ . xxx, etc. x = 0.2682 * 0.0002
Cu-I in 12d 40, etc. | |
.Cu-II in 12e x00, etc. . x = 0.212(7) £ 0.0008

0.1152 ; + 0.0007
3) £ 0,0009

S-1 in 249 kxz, etc. X =
SR ' z = 0,360

S-II in 2a 000

The contents of this large cell are 2(cu125b4513) qr
58 atoms. For the pure As-end member (tennantlte)
containing only the elements Cu; As and S, the cell
includes 26 § atoms - 24 S-I and 2 S-II; 24 Cu atoms -
12 Cy-I and 12 Cu-II; and 8 As atoms. Each S-I atom is

- surrounded by four metal atoms (2 Cu-I, 1 Cu-II, 1 As),

forming a tétrahédron,land eachvS-II atom is surrounded
by 6 Cu-II, forming ah.octahedion. Each tetrahedron is
linked to other tetrahedra and to the apex of‘an
octahedron. Eaﬁh apex of an octahedron is linked to two
tetrahedra. The reSUlting polyhedra structure is an
oversimplification, since the picture is complicated by
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the three~fold coordination of As and Cu-II'with sulfur
atoms.. The coordinations of all atoms in the structure
.aie:
S-II with respect to Cu-II
S-I with respect to Cu-II
S-I with respect to Cu-I.
S-I with respect to As
Cu-1I with respect to .S-I1I
Cu-II with respect to S-I

Cu-I with respect to S-I
As 'with respect to S-I

WHANFHFNDE=ON

Wuensch (1963) found the following interatomic

distances and bond angles:

. Cu-I to S-I 2.343 & with bond angle 110°
47! This is close to a regular tetrahedron.

)
Cu-II to S-I 2.292 A and to S-II 2.210 A.
This triangular planar group of four atoms .
lies in the (110 symmetry planes of the cell.
S-I to Sb 2.436 & with bond angle S-I to
Sb to S-I 95° 18, This is a trigonal pyramid
with Sb at the apex. :
An octahedron is at the center of the cubic cell
and a 1/8 octahedron at each of the eight corners, giving
the cell two octahedra (fig. B8). The cell also contains’
24 tetrahedra, 12 of them bonded to the apices of the
central octahedron. The (111) plane of the cell is the
direction of stacking of the hexagonally closest-packed
sulfur layers. The center of the cell can be considered
. a large tetrahedrally-shaped hole caused by four sulfur
atoms missing from the stacking arrangement. At the

center of this space (center of the unit cell) is one S
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'TETRAHEDRITE SERIES

Cul (Cu, Fe,Zn,Ag)lz(Sb,As)4 Si3

.' Cull
- @ Sb (As)
SI : ' ’ i ' o
O ~ 0,= 10.18 ~10.554

SI

Figure é. Tetrahedrite unit celi - foward half
(after Pauling and Neuman, 1934).
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atom. Each case of a S atom missing from the normal
packing is associated with the bonding of an As to only
three S atoms instead of fonr, as in the case of s-I.
Thus four As atoms are arranged about each tetrahedral
hole. - Since the cell has eight ) atoms~mis§ing from the
normal packing with only fwo centered S atoms replacing

them, space amounts to six missing S atoms.
CHEMISTRY

The many'elementS'subsfituting in the tetrahedrite
series show considerable differences in size and possible
vélence stétes. The implications of these'différences
in terms of limits of substitution of various afoms;
associations of atéms of similar size; ‘and the effect

| of certain sﬁbstitutions on the tetrahedrite-tennantite
isomorphous series have not previously been investigated.
Chemical data presented here define lihits of most sub-

- stituting elements, show a segregation of large atoms
into varieties in the tetrahedrite series, reveal
compositional limitatiohs in the.isbmorphous series

and suggest limits of solid solution between Aébe and Bi.

Analytical Results.

Thirty-eight specimens of the tetrahedrite series

were analyzed by the x-ray fluorescence method —_—
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quantitatively for Cu; Fe, Zn,.Ag; Sb and As; and semi-~.
quantitative;y for Bi, Pb and Hg. - The resulfs in atomic
percents and weight percents and the calculated formulas
are tabulated in Table 5. Of the total, 29vanalyses are
good formula fits and- thus quantitatively reliable; 11
analyses are semi—qdantitative, Twent?-two of the
specimens are tetrahedrites; 13 are tennantites; six
are bismuthian variefies. |
. Table 6 gives the minimum percent for Cu and the

- maximum percentages for other elements in the specimens
analyzed in comparison with the figures in Dana's System
of Mineralogy (Palache and others, b. 376); Generally
the maximum persentages reported in'thisApaper'a;e lower
and expected to be more accurate, since obviously

_contamineted analyses'afe omitted. Percentages especially
for Pb and possibly Hg may still be high, In-view of the .
antiquity of the analyses and in view of the ensulng
discussion in this. paper on element assoclations and
llmitations in the tetrahedrite series, the high values
for Bi and Ag reported in tennantites in Dana are regarded
as errers. Further, -analyses reborting Ni’and Co are old

and rare and ought to be considered suspect unless con-

firmed.

 Atom Sizes and Radius_.Ratios

-

Little previous work has been done to assess
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_ quantitatively what limitations might apply to sub-
stitutioniof constituent'elements £or one another in the

- tetrahedrite series. .From radius ratio considerations,
only certain of the elements are "allowed" in tetrahedral
voids in a cubic closest-packed arrangement of sulfur
atoms.

If simplified the tetrahedrite structure consists
of sulfur and metal atoms tetrahedrally coordinated with
each other. From geometrical considerations, the radius
ratio limits for the 4:4 coordinations'are.0.225 - 0.414
(Hurlbut, 1959, p. 196). " This means that tetrahedral
.coordination has maximum stability when the cation/anion
ratio lies within this range. If the ratio is larger,
we approach the lower limiting value of octahedral co-
ordination' if smaller, we approach the upper limiting

- value of triangular COordination.

The assignment of specific radii to atoms is difficult,
since many'variables‘are involved. The size of an atom
‘is:affected by its coordination.number as well-as the
electrostatic forces between atoms (Azaroff, 1960, p. 80).
Atomic radii of various elements have been determined from
strongly ionic, covalent or metallic substances. The
sub-metallic character of the tetrahedrite series meansil
that it has bonding of more than one type, in common with
other.sulfides. Bonding has both a covalent and ionic
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character and thus is partly metallic. 1In view of the

complex coordination and valence picture in the tet-

rahedrite series, the radii in Table 7 (Pauling, 1948,

p. 346, Azaroff, 1960, p. 438) are crude approximationé ,

meant to affo;:d a qualitative look at the consequences

of large size discrepancies between atoms.

TABLE 7

RADIUS RATIOS FOR CONSTITUENT ELEMENTS OF
THE TETRAHEDRITE SERIES

T within ra
element valence radius
As +5 0.46
As + 3 0.58
- Sb +5 0.62
Fe +3 0.64
Cu +2 0.72
Fe +2 0.74
Bi +5 0.74
Zn +2 0.74
Sb +3 0.76

B /572 exce
element valence radius
Pb . +4 0.84
- Ag +2 0.89
. Cu +1 0,96
Bi +3 0.96
Hg +2 -1.10
- Pb +2 1.20
Ag +1 1.26

E ;2

® 5-2 taken as 1.84

e 0,225 - 0,414

radius ratiox

0,414
rad

0.250.

0.315
0.336
0.347
0.391
0.402
0.402
0.402
0.413

ius rati

0.456

0.483

0.521
0.521
0.597
0.684

.These data show several illuminating groupings,

Divalent Cu, Fe ahd Zn are closely similar in size,
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differing in radius by only three percent, and ought to
substitute'easily for one another. Trivalent As and Sb,

"~ which apparently randomize in erdered~pqsitions in the.
tetrahedtite structure, differ greatly ;n size by 25
percent, with‘Sb at ‘about the upper limit for tetrahedral
coordination. The asEOciation of larger atoms with
tetrahedrite, rather than tennantite, may be anticipated
Although Pb is a ublquitous element as shown by the
frequent association.of galena with the tetrahedrite series,
it is a feirly infrequent substituting atom. Analyses in
Table 5 show only seven specimens with Pb which is not
explained by contamination, and only four of these have
Pb greater than one atomic percent. Contrastingly, Ag ”
was present in 25 of the specimens in amounts up to 8.9
and possibly 14 atomic percent. The element Pb may
either Be too large or have too niéh e-valency to be an -
important constitnent. Silver may then be divalent rether
than the large monovalent atom. These radius ratio con-
siderations anticipate the segregation of large atoms in

the tetrahedrite series as well as the possibility of
limited solid solution between tetrahedrite and tennantite.

'E e ciagtion nd Limitation

Chemical analyses disclose probable near upper limits

in the tetrahedrite series for the important substituting
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elements Ag, Fe and Zn. In_addition, a tendency for a
‘fixed content of Fe plus Zn, at least in the tennantite
field, is strongly suggésted. High amounts of the la;ger -
elements Ag, Bi and Hg associate preferéntially with Sb
in the tetrahedrite field. | o
A gap in the As-Sb solid solution series is indicated
by analyses of natural'specimens in this study, and
suppbrted by the best analyses from the literature. The
. gap coincides with a low-temperature unmixing field for
members rich in Ag. This relatibn;hip is also supported
by x-ray diffraction data and by relationships in polished
sections,' In addition, solid solution between As and Bi
is apparently quite restricted, but more extensiye between
Sb and Bi. 5
Ag. Figure 9 illustrates the distribution of Ag
in the tetrahedrite series. Tennantites are restricted
to about 2.5 atomic percent Ag (14252). Above this
value, specimens are tetrahedrites with eight or more
atomic percent Sb. Of the 25 Ag-bearing specimens
- analyzed, 19 are tetfahedrifes andAonly 6 tennantites.
Of a total of 21 tetrahedr%tes‘analyzed, only 2 contain
no Ag; In #&g-bearing tetrahedrites, Ag aVerages 3.8
atomic percent; in Ag-bearing tennantites, Ag averages
only l.3latomic percent. In summation, Ag is associated

‘with tetrahedrites in quantity and frequency of occurrence.
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~

With increasing Sb in the tetrahedrite field, Ag rises
from an'upper 1imit of about 3 atomic percent to 9 (66819)
and possibly to 14 (96332) atomic percent. |
Zn. Figure 10 illustrates the random distribution

of Zn in the tetrahedrite series._'Zinc shows no pro-
pensxty to associate with either As or Sb-rich.phésgs
of the series. The range is from no Zn to a pronounced
upper limit'at 6.5 atomiC“percent; Of 38 specimens
analyzed, 37 contained at least trace amounts of Zn,

. Fe. Figure 11 illustrates the distribution of

. Fe in the tetrahedrite series. The Qistribution~is
random, ranging fromvno Fe, bﬁf with more vague limits
in the tetrahedrite and tennantite fields than in the
case of Zn. All specimens analfzéd contained at least |
trace amounts of Fe. VeryAhigh ahalyses above the
dashed line show contamination by Fe-bearing minerals
in x-ray diffraction patterné. Polished sections of
M11654, RI1110, M669 and R10§6 have beén investigated
(Appendix B). Textural relations of the first three
give evidence that tetrahedrite or tennantite is a
later phase than the contaminant. In M11654, tet-
_rahédrite fills'ihtersfices'and apparently replaces
pyrite in an intergrowih'of-qﬁartz and euhedral pyrite.-
In M609, tennantite bears apparent replacement relation-

ships to chalcopyrite and subhedral pyrite. In R1110,
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tennantite fills interstices of a field of pyrite
crystals. The texture of R1096 is more difficult to
interpret'and may represent essentially isochronous
phases of tennantite an& pfrite.  A tennantite front
appearé to-advance into sphalerite, with pyrite blebs
distributed ‘along the contact and numerous blebs in
tennantite near the contact. In this case, pyrite may
have exsolved from tennantite. | |
Fe+ Zn. Figure 12 illustrates the distribution
of Fe+ Zn in the tetrahedrite series. All‘samplés‘
analyzed contain either Fe or Zn. The sdﬁ does not féll
* below 2;5; except for analyses from Winchell (1926).
Negleqting the Winchell analyses and contaminated spec@mens,
the sum ranges from 2.5 to about 8 in the tetrahedrite
field and from about 5 to 6.5 in the tennantite field.
This distribution éuggests that the sum Fe + Zn'Qénds
' to have a fixed’?alue{'at least in tennantite. The
formula may be Cujo(Fe, Zn),(As, Sb)sS;s.
Hg. All specimens containing fhe raré, laige'element

. Hg are tetrahedrites or bismuthian tetrahedrites.

Limitgtiong in the Complete igomo#éhoug Series

Analyses in this paper and from Winchell (1926)
- indicate a compqsition gap in the As-Sb solid solution
series. This is revealed in the.above'graphs‘and‘in the
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~ As-Sb-Bi composition diégrém (fig. 13) as a region

h between 6 and 11 atomic‘peicent As in which few analy#es
fall. Thus the gap lies predominantly in the tennantite
field with analyses of the'tetrahedrite series clustering
in the regions 11 to 14 atomic ﬁercent As and B to 14
atomic percent Sb, Further, Figure 13 indicates extreme

" restriction of As-Bi solid solution, which is limited to
less than one atomic percent.Bi even in an intermediate
As-Sb‘member.l'Solid solution between Sb and Bi is much

. more extensive, reaching four to six atomic percent Bi

in antihdnian members of the serieé.

The composition gap'between‘ﬁs and Sb is transgressed
by several analyses. Discounting contamihation, these
analyses are all low in perceéféées of the large étoms

' Ag, Hg and Bi. Despite the size disparity between As
and Sb, both fall within the radius ratio-limits for
tetrahedral coordination. The'différeﬁces between them
' are accentuated by thelincorporation'pf consideragle
quantities of Ag (aiso Hg and.Bi) in tetrahedrites and
the excluﬁion of these quéntities in @ennantites.’.fhe
data suggeéf that écmplete solid solution exists between
As and Sb qnly'fbr members with insignificant Bi and Hg
and with Ag hot greater than 2.5 atomic percent (fig. 9)._
X-ray and polished section investigations suggest

" that the composition gap may mark a low-temperature un-
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X - X-RAY FLUORESCENCE ANALYSES THIS PAPER
© -FROM WINCHELL (1926) | '
@-REGION OF IMMISCIBILITY FOR Ag >2.5At.%

Figure 13. Composition diagram for As-Sb-Bi.
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mixing field for members having Ag in excess of 2.5
atomic percent. A semi-quantitative wet chemicai |
analysis of specimen 64981 indicates that it is inter-
mediate in As and Sb coétenﬁ and contains Ag in excess
~of 2.5 atomic percent. The x-ray diffraction powder
‘pattern of this specimen (fig. 14) shows double peaks

for all substantial reflections except those in' the front
regioh, where resoiution ismnot likely. This indicates |
the occurrehce in the same specimen of two species of

the tetrahedrite sefies.- The slightly‘different pe;k
positions reflect different size unit cells which are a
function of the differént chemistry of ?he two'spéciesi
Since'two phasés are not detected in the photoéicrograph
of this specimen, the mi#ture is probably sub-micfpécopic.
These features are interpreted as an unmixing of.tﬁis
material in the solié state. Cell dimensions computed

for the (440); (510, 431); and (400) reflections give

the following values: o |

(440) a, = 10.42 3; A
2 =10.37(5
(510) (431) a, ::10;43{0
| ag =10.30(2
(400) a, ::10,45§2g
a, =10.,30(6

According to results presented in the ensuing section on
_cell size variation, the larger cell size 1s~consistenf'

with Ag-bearing.tetrahedrite and the $mallég with
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Figure 14.. X-ray diffraction powder patfern and polished
section of unmixing tetrahedrite-tennantlte.
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- tennantite. The complexity revealed by the slow-
scanned (440) reflection ﬁrobably indicates this material
has domains of differing cell sizes due to differing
‘chemistry. '

Figure 15 shows relationships for specimen R1096,
which also occurs in the composition gap but has less
than one atomic percent Ag. The x-ray diffraction

' pattern shows sharp, single peeks characteristic of a
single phase. , | '

Figure 16 is a preliminary diagram of the fields of .
stabi}itykfor the tetrahedrite series based on chemical
and x-ray_diffracfion data from natural specimens. The
.melting temperatures were obtained from experimental

.,results on 'synthetic members of the series. The
miscibility gap may be transgressed by two 51tuat10ns

1. Small atom (i.e. Fe, Zn) varieties in
the tetrahedrite series.

2., Unstable large atom (Ag) varieties _
which crystallized at high temperature,

where complete miscibility in the series
is indicated. :

§tre§k

In the tetrahedrite series, streak ranges from
black to light brown. The varioué streak colors were
determined by inspection of very finely powdered amounts

dried on glass slides. The color is a function of the
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Figure 15. X-ray diffraction powder pattern and polished
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tennantite (containing little silver) in
composition gap.
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" quantities of the common elements Fe, Zn, Sb and As.
The trend to a light brown streak is related to the
amount of Zn and in aApermissive way to the amount of
As. That is, a tennantite with a given amount of Zn
will show a more brownish streak than a tetrahedrite
with the same amount. Both.Zn and As occur in sulfide
minerals which have non-metallic or sub-metallic streaks.
Examples ére:

| S@halerite Zn$S ‘Streak colorless

Orpiment = As)S;  Streak yellow
- Realgar As Streak red

On the other hand, sulfide minerals of Fe and Sb have
a black metéllic streak: |

Pyrite FeS Streak black
Stibnite Sb2§3 - Streak black

Black streak is related to metallic and colored streak
to a more non-metallic character. -
| Figu;e’l7 illustrates fhe dependenée of brown streak
color in fhe'tetrahedrite series on the quéhtity.of Zn.
Since Sb and As are interdependent, the plot is made
atomic percent Fe plus Sb versus atomic percent Zn for -
the énélyzed samples., In this manher streak fields are
delineated from black to light brown., From these data
can bé d;éwn the cﬁnciusion that if the streak ig black;
Zn must be less than 3 atomic percent. If the streak is
light brown, Zn must be greater than a minimum of 4

atomic percent.
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UNIT CELL DIMENSIONS

 Machatschki (1928) ‘indicated that the cell dimensions

of the tetrahedrite series were lowered by As and raised
by both Sb and As. Since that time no further attempt

' haé been made to assess quantitatively what effects the
substituting atoms have on‘the cell sizes in the tet-
rahedrite series.

A number of studies haye been.made of the effect
of atom substitutions on ceil dimensions for some
chemically simpler compounds. For example, Skinner
(1961) .and Skinner and Bethke (1961) demonstrated that
the unit cell edges in natural and synthetic sphalerites
ahd in synthetic wurtzites are linear functiohs of
composition in mol percent. In these ;tudies; only
the effect of substitution of Fe or Mn separately for
Zn needed to be considered.
In contrast, the tetrahedrite series has chemically
complex speéies in natural specimens, with many;different'
v"’atoms interacting on the size of the unit ceil;.‘Frbm a

complete spectrum of cell sizes, the variation due tb
several of the constitugnt‘atomé-has been aséessed in a
generally quantitative way. These results may be useful
for a rough approximatioh of the chemistry of mémbers,of
~the series when fhe unit cell size ;s known. |

In the 38 natural specimens investigated by the powder
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method, cell dimensions were comppted ranging continuously
from 10.201 to 10.552 £ .005 A. The most common values
fall ih the region 10.25 to 10.45 A, Table 8 lists the
cell sizes determlned for tetrahedrites, tennantites and
synthetic specimens. The lowest value (10.201 A) is

' from a pure tennantite (Ml4761). This is undoubtedly
an Fe and Zn-bearing variety with the reported Ag (table
5) due to contaminant. The synthetic S5 (CullanAs4Sl3)
has a very small cell (lO 188 A) This figure is close
to the low figure for.nearly pure tennantite given in
Dana's System of Mineralogy (Palache and others, 1944,
p.'374) and represents the lowest limit for celi
dimensions of natural material. The range to 10.55 is
considerably higher than the 10.40 for Ag- rich tetrahedrite
reported by Machatschki (1928), -

Since large atoms tend to associate with Sb in fhe
tetrahedrite fiel&, only a narrow region of.overlap in
cell dimensions occurs between tetrahedrites and. ten- _
nantites. The latter range from 10.20 to 10. 39 2 (14252)
in Ag-rich'varieties; the former range from 10.31 (D148,
A1772) to 10.55 A. In Figure 18 is shown the magnitude
of variation of 20 in x-ray powder diffraction patterns
of specimens-differing greatly in cell size.

'ngtheticg. From synthetic material, insufficient

data have been procured to demonstrate quantitatively
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| TABLE B .
CELL DIMENSIONS OF NATURAL AND SYNTHETIC SPECIMENS ®

Tetrahedrites: = : Tennantites:
. ) g : 0

Spec, # ag (A) © . Spec. # a, (A)
66819 - - 10.552 14252 10.398
96332 10,531 M609 10,340
90875 10,512 R1089 10,301
C4995 , 10.502 - - 108759 10,274
92347 : 10.487 90382 10.274.
Sunshine 3 10.453 : C819 © 10.264
74553 10.444 90776 10.260
104553 : 10.443 ‘ Bingham 10.255
M11654 : 10.435 61823 10.255
No # B 10.433 R1110 10,254
18267 10.431 103201 . 10.252

" D148 A315 = 10.424 MB8380 10.252
98503 10.423 M14761 ~10.201
103164 10.416 ‘
5262 10.414

115110 10.411 . Synthetics:
46455 10.403 " ' ' : o
103658 . 10.392 Spec. # a, (A)
Wedge 1 10.377 . |
M631 #148 10.368 Sl-1 10.308
M354 10.363 = s2-1 - 10.380
115256 10.361 - - 83-1 10.200
88118 10.350 S4-1 10.365

D148 Al772 = 10.315 ? $5-1 . 10.188

. . o
R Determinations to 1T .005 A
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.Figure 18, X-ray diffraction powder patterns of members
. - of* the tetrahedrite series differing in cell
size. ' :
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the effect of each atom on the cell size of the tet-
rahedrite series. This can be done by plotting data
from a sufficient number of pure materials. However,
except for a few major génerélities which are readily
-attainable, these data could be applied only in a-
qualitative manner to natural materials which are
chemically complex. Nevertheless, some useful gen-
eralities can be obtained from the synthetic specimené.
1. The effect of all substituting atoms is to raise
.the cell dimensions frgm a lowest case of some-
thing less than 10.18 A (perhaps about 10.16)
for ideally pure tennantite Cu12A54813.

.2. " Complete substitution of Sb for As cguses a,
to expand from 10.18 to about 10.30 A,

3. Substitution of Fe up to 10.3 atomic percent
into ideally pure tetrahedrite Cu;5SbsS;3
causes a, to rise from 10.30 to 16%38°8

- .

4., Substitution of Zn has nearly the same effect

: as Fe on cell dimensions but causes a slightly
greater rise.,

5, Larger atoms cause a greater rate of change
of cell dimensions with composition.

Natural Specimens.  Graphs: of the variation bf ag
with Ag and with Bi (fig. 19) emphasize the association
of large atoms which mutually affect cell dimensions in
the tetrahedrite series. 1In tennantites, which have
little Ag, the effect of Sb on éo is most obvious.
Specimens poor in Ag below the:trend aie tennantites.
The element Bi isVassociated with large amduntg-of Sb,
Ag and Hg. Therefore, bismuthian tetrahedrites have
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Figure 19. Variation of cell size with Ag and Bi.
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big cells ranging from 10.38 at least to 10.53 A.
since Ag is a fairly common substitute associated with
Sb, the plot of a, versus Ag + Sb approximates a
straight-line trend (fig. 20).
 The variation of:cell.size_throughout,the tet-
rahedrite series is illustrated in Figure 21. Most
‘of the importaht relationships of cell size to chemistry
ean'be deduced from this diag&am. uTennantites, which
have littie Ag and rather constant sums of Fe + Zn,
tend to cluster in a region 10.25 to 10.28 X. Varieties
poor in Fe + Zn are rare, and consequently members of
the tetrahedrite series with a, less than 10.25 A are
seldom found., Differences in cell dimensions between
" tennantites and tetrahedrites are rendered more pro-
nounced by the spar31ty of specimens in the composition
,gap. The family of curves represents the rise in ag
with Sb for various Ag contents. The diagram mayobe used
in conJunction with the chemical data for the tetrahedrite
series to approximate the chemistry of members when the

cell size is known.
DISORDERED SUBSTITUTIONS

The fetrahedrite structure accommodates a variety
of substituting atoms --- Fe, Zn, Ag, Hg, Pb, and Bi.
X-ray diffraction resilts indicate that these atoms are
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Figure 21. Variation of .cell size in tetrahedrite series.

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



78

disordered or réndémly disfributed in metal sites
rather than ordered in a regular lattice array in the
structure. |
Atoms which substitute for others in a structure
may be randomized or orderly distributed ih equivalent
sites. lIf ordered;.the'substituting atoms comprise a
new set'of equivalentApoints. As aldonsequence, the
_.subsfiﬁutions cause chénges in the symmetry of the
structuig._ The structures of sphaierite and chalcepyrite
may be used as an example. vSphalerite is composed of
- cubic closest-packed sulfur atoms with all interstitial
tetrahedral sites occupied by zinc atoms. ~The regultlng
unit cell (fig. 22) is a face-centered cubic structure.
Chalcopyrite has the same basic packing'gf sulfur atoms
with all tetrahedral sites occupied by metal atoms. |
However, the zinc atoms are replace& by regularly
alternating atoms of copper and iron. 1In effecf,vthis'is
" similar to an orderly replacement of one metal atom by
another. The chalcopyrite'unit'cell (fig. 23) has a hew
' tetragonal body-centered symmetry imposed by the‘ordered ‘
arrangement of metals in a superlattice.. |
Such differences in symmetry -are detected in x-ray
'diffracfion powder patterns by the appearancé of new lines
or reflections. In Figure 24, the three most infense.

lines in sphale:ite,.qhalcopfiite and tetrahedrite are .
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Figure 22. Unit cell of sphalerite.
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Figure 23, Unit cell of chalcopyrite.
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caused by the cubic closest-packing of,sulfur'atoms in
all three minerals. Theyrrepresent reéflections from.
planes containing sulfur atoms, and are sometimes
referred to as "main lines" for these'minerals.h Dis-
counting Kg reflections, the sphalerite pattern is
quite simple, whereas the cha;copyrite pattern shows
added reflections caused by the ordered positions of
two sets of metal atoms‘instead.of one. . These reflections
are sometimes referred to as "superstructufe reflections".
Tetrahedrite, with sevéral sets of ordered metal atoms
(Cu-I, Cu-II, As) has many superstructure reflections.
S In contrast to ordered substitutions of atoms,
substitutions in a disofdered manner produce no change
in the symmetry of the structure. Instead, the intensity
of reflections from planes of atoms affected by the h
substitution will fluctuate.

. The dependence (in part) of the-intensity'of' .
reflections on iype of atom is indiéated by'the following
relatibnghip: |

T < m-F-L‘“:l;

where m = the multiplicity of reflection
(i.e. number of times this same
symmetry direction is repeated
for x-ray diffraction powder
pattern data).

L = the Lorentz factor.
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the polarization fackor. .

0
|

F = the atomic structure factor
(this factor is dependent on
the type of atoms and their
" positions in a structure.
The way in which F is dependent on the type of atoms and

their positionlng is shown by the relationship:

F = zi ami(hx +Ky+|z)

~Z%(/’T+B)

where f = the atomic scattering factor
for particular atoms.

A and B can be obtained from nterngtiong;
: Tables for X-ray Crystallogr

X-ray powder diffraction data (Appendix C) for all
natural and synthetic specimens of the tetrahedrite series.
show reflections accounted for by the bodyecentered cubic
structure where allowed reflections are given by the

relationship:
h2+-k24-12:: ail even numbers

In the tetrahedrite structure there are possibil%ties
for disordered substitution of metal atoms in several sets
of equivalent'points. Consider again the tetrahedrite
structure (fig. 8). The Cu-I, Cu-II and Sb-As positions
are ordered,‘and any of the substituting metals ﬁéy
selectively disorder in any one of the three sets of
'equivalent point; without changing the structure.

The unique set of points for As and Sb has been

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



84

1established by the determination of the structure of the
| tetrahedrite series. These can also be verified by '
cénsideration of the reflectiqns froﬁ-planes containing
these atoms. In Figure 25 the relative intensities of |
all reflections except the (222) are plotted for six
specimens which vary in chemistry. Inspection of the -
unit cell indicafesAthéf fhe (400) and (220) planes
contain important-contributions to F (p.83) from the
As-Sb,positionsr Since Sb, with higher atomic¢ number,
has a larger scattering factor, these reflections ought
to increase in intensity with Sb. In the top diagram '
of Figure 25, the *(220) reflection shows such an increase,
but the (400) does not. The (400) plane includes |
contributions to F from many Cu szitions, ﬁhich can be
interpreted as obécuring the effect_of‘Sb. Figure 26,
in which.all specimens are plotted, shows the increase
.in intensity with Sb for the (220) reflection. This
'technique demonstrates the disordering of As and Sb in
sites in thesé planes.

It is pﬁgsible that'Fe,‘Zn and Ag, as ﬁell as othei
substituting atoms disorder preferentially on Cu-I or
Cu-II sites. Possibilities for Ag merit consideration
for several reasons: (1) silver is an important
constituent of the tetrahedrite series; (2) because of

its large size, silver might be expected to disorder on
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;geiective'sites; (3)'the high scatfering factor ought
to make the effect of the silver atoms on certain planes
detectable. The bottom diagram of Figure 25 shows the
intensity of reflections plotted for three speéimequ
which vary in silQer content, and Figure 27 shows
;everél reflections plotted for all silver-bearing
specimens, The stropgest upward trend with silver
occurs with the (510, 431) reflection. The (510) plane
is sfiongly affected by Cu-II sites, but the (431) has
not been assessed. Silver may disorder on Cu-II sites,
but this conclusion is hot yet justified.
WEXTRA" REFLECTIONS BELONGING
TO TETRAHEDRITE STRUCTURE
Nonius-Guinier powder camera photographs of several
specimens of the tetrahedrite series revealltwq additional
lines belonging to the mineral structure but neyef
previously reported. The lines are brought 6ut by long
exbosure (15 hours) on a Nonius-Guinier camera using a
curved quartz monochrometer. These reflections are
anomalous lines for x-ray powder diffractipn patterns of
a cubic body-centered lattice and do not both have
rational indices.
The lines occur between the (310) and'(222) re-
flections very cloée to the (222).. Table 9 shows the
posifioning and d-yalues for these lines as well as a

, persistenf blurry region. The reflections are present
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in spsciméns widely different in cichemistry and cell
~dimensions. Fﬁrther, the three spripecinens illustrate.
that both lines and the blurry regpgion increase in d-
spacing along with other reflectionons vith increasing
cell dimensib’ns-.- The possibility- 'v'of some persistent
contaminant is consequently ruled ! out, The lines must
belong to the mineral structure oftf the tetrahedrite ‘~

series.

B These lines may indicate an o ordering of atoms not
shown in the published structure, . since othsr possibilities
do not account for ‘the lines. Tablible 10 shows that the

'~ - lines cannot be accounted for as ( (1) Co Kg peaks of
(222), or as (2) simple harmonics s of the nex.t most
intense lines (440) and (622). 4 A search of 0, 1, and

- 2-level x-ray photogi-aphs ‘taken omon thee Buerger precession’

camera shows- no symmetrically arzaTanged extra spots, though

any very weak reflections could beos missed.
TETRAHEDRITE AS A DERIVAT MIVE STRUCTURE

Emphssis' has been place on tetetrahedrite-tennantite
as a derivative structure of the ¢ simple basic sphalerite
structure. The basis for this thininking is the similar

- cubic-closest packed acrangement o of sulfur atoms with
metals completely filling the tetsirahedral interstitial

sites. The structure is regarded H as defective in that
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' ® NONIUS GUINIER X-RAY DATA SHOWING WEXTRA" LINES

bkl
110

- blurry

200
211
220
310

222
321
400
330

. 420
. 332
422
510
521
440
530
600
611
620
541
622
631
444
710

411

431

433

442
532 ..

550

543

c819

a°=10.26
S ___d

7.06.

B.76
10.02
12,33
14,30
16.06
16.87
17.17
17.61
19,10
20.46

21.76

23,02
23.93
25.36

-.26.47

28.58

- 29,63

30.65
31.51
32246

-33.45

34,42

- 35,30

36.25
37.16
38.06

7.277
5,873
50140
4,188
3.621
3.233
3.082
3.029
2,956
2.733
2,558

2,412

2.287
2.205
2.088
2.006
1.869
1.809
l. 754

1,711 -

1,666
1.622
1.582

1.547
1,512

1.480
1.450

' (¢}
B Co K< = 1.,78890 A
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: a°=10.35
-—g-———;——qg'

7.05
8063
9;95
12,23
12.92
15.91
16.73
17.17
17.43
18.90
20.25
21,55
22,76
23.92
25,07
26.17

© 28.28
29.31
30.28
31.15
32.12
33,07
34,05
34,91
35,83
36.75
37.62

7.287
5.960
5.176
4,222

4,000

3.262
3.107
3.029
2,986
2.761

12,435

2.312
2.206
2.110
2.028
1.887
1.827
1.773
1.729
1.682
1.639
1.597
1.562
1.528

1.494.
1,465 .

66819

90

=10.55

%)

6.90
8.55
9.80
12,05
12,67

- 15,66

16.42
16.70

117.13

18.57
19.91
21.16
22.40
23,52
24,66
25.70
27.78
28.77

29.77

30.57
31.53
32.50
33.37.
34.26
35.17
36.02
36.88

d
7.445
6.016
5.255
4,284
4,078
3.313
3.164
3.112
3.036
2.808
2.626
2.477
2.347
2.241
2.143
2,062
1.919
1,858
1.801
1,758
1.710
1.664
1.626
1,588
1.552
1.521
1.490
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sulfur atoms are missing from the sulfur iayéré. This -
defect could be corrected by filling in the spaces with
_fhe missing'sulfur atdms. The structure could thehvbe
defived from the sphalérite-type by repl;cing the one
metal atom with the variety. of metals found in the
tetrahedrite series. This thinking reached its cul-.
mination with Ross' (1957) structural classification
..of the sulfides in which tetrahedrite-tennantite appears
as a "éomplex defect derivative structure" under the
basic sphalerite type. '. B
Aside from the convenient simple way of looking at
these‘structures from the boint of view of similarities
'in their geometry, some imporéant dynamic relationships
- follow. In derivative strucfures; it is necessary only
to change'the small interstitial metal atoms without
rearranging the stackin§ of the large sulfui# te revert
back to the simple basic type and vice versa. Thué, both
chalcopyrite and tefrahedrité (fig. 8, 23, 22) can revert
geometrically to the ;phalerite étru@tu;e merely by
changing the métal atoms to one atom type and, in the
latter case, correcting the defects by fiilihg in the
sulfur network. Such a.transition is not only geomet- -
. ricaily instructive but also may be‘reél in a dyhamic
‘sense,

For example,'accordihg-to order-disorder'theory by
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Buerger -and others, at sufficiently highvtemperature
(550°C) the Fe and Cu atoms in chalcopyrite may actively'
exchange tetrahedral interstitial sites within the
stable sulfur network. .In this manner, the atoms become -
randomly disfributed or disordered in sites formerly
o¢cupied by ordered Fe and Cu atoms. At this time, for
any paiticular site we have a hybridized atom which is
half the time Fg and half Cu and so acts like a single
metal atom. "When this high-temperature disordered phase
'is quickly cooled and frozen in, its unit cell is face-
_céntered'cubic, siailar to the sphalerite cell with
slightly different cell dimensions. N
Since tetrahedfite-tennantité can be considered a

~ complex defect derivative af the sbhalerife-type
structure; one of the objectives of this study was to
find evidence (or the lack of it) for an order-disorder
relationship similar to that for chalcopyrite and other
mineials. Such a relationship would havé impoftant
implications in geothermometry and in the interpretation
of the paragenesis of ore minerals from te#tural
relationships. _

| For geothérmometry, both any frozen-in disordered
phase or a reordered phase-theorefically could bé
detected. (See section.on Frueh's work). The critical
temperature for the‘orderqdisbrder,transformation would

be of interest.
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| The tetrahediite series is commonly associated

with the structurally-similar éhalcopyrite and sphalerife
as well as other sulfides. The interpretation of re- |
‘placement, exsolution, and simultaneous crystallization
textures is a difficult procedure because of confusion

of these processes. Were the above three minerals to
have a common high temperature phase, they could be
e#pected to exsolve ubon cooling. .

.Most of the étructural work in this paper has been
done on natural and some synthetic material on rgcorded
diffraction patterns obtained by the powder method. All
of this data for 41 natural members of the tetrahedrite
‘series and about 5 synthetic specimens appears in
AppgndiX'C.- For this material, representing worldwide
occurrences, all of the reflections that were detected
have been accounted for as belonging to the tetrahedrite
structural pattern. .

vSynthetic members of the tetrahedrite seriés,
quenched just below melting point for Stoiéhibmefric
mixtures (table 3) do not show a different high tem-
erature phase. All are typical tetrahedrites. Natural
materials show only those reflections'éccountéd for by
the determined tetrahedrite structure. Those that are
missing are‘weak and lost in the background. For some

specimens, these reflections have been verified by means
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of Nonius-Guinier photographs; Thus no obvious high
temperature phase has been frozen-in to natural members
of the tetrahedrite series. i

- InHQiew of this evidence, the tentative conclusion
is held that there is not an order-disorder relationship
for all the metal atoms in tHe tetrahedrite éeries,
resulting in a high temperature phase in comﬁon with
either sphalerite or chaiéobyrite. Such a view leads
naturally to an emphési§ of the differences, rather
than thevsimilarities,-in 6hemist:y and ;tructure_

between sphalerite and tetrahedrite.

Differences in Chemistry.

The tetrahedrite series is chemically complex, with.
a number of substituting atoms which differ considerably
in size. Chemical analyses have shown that the substituting
elements As, Sb, Bi, Ag, Hg are in parf mutually exclusive.:
These atomé might show great resistance to e#changing sites
because of size and valence differences. From Buerger
(1949) the interchange of atoms to produce disorder'depends.
on the energy required to break bonds and to stuff an atom
into an unfavoraBlé interstitial position. Thus,'if'might
requife too great energy to stuff the large Ag atom into
any site or to change As or Sb from a kind of trigonal

coordination to tetrahedral coordination.. Such difficulties
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are not encountered in the chalcopyrite case, where Fe
and Cu have similar size and valence states and similarly .

coordinated sites.

Differences in Stacking.

Strock (1936) classified "defect" structures as those
departing from the "structure theory", with defects
characterized by:

1. Equ1valent points not completely filled.

2. Equivalent points occupied by different atoms.

3. - Combination of 1 and 2.
‘Now consider the tetrahedrite structure (fig. 7). Sulfur
atoms are missing, that is, the sulfur lattice has points
not filled, as in number 1 above, However, this is not
a defect in the sense that Fe is missing from pyrrhotite -
(Fe;_,S).. The S-II atoms are out of ‘position by one-
half layer; and .the entire arrangement caused, apparently,
by the failure of As or Sb to coordinate tetrahedrally
with 'S. Thus the "defect" is not simplyla case of a v
sulfur lattice with equivalent points not completely
filled or occupied by different atoms.

It follows that the "abnormalities® (in the sulfur
lattice) in the perfect interpenetration of metal and
sulfur 1attices are not deficiency defects that can be
‘corrected by filling in the empty spaQes.‘ Frem the point

of view of stacking, the tetrahedrite series is not a
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good derivative of sphalerite. Disorder carmnot be
 expected since differences in the Cu-I and OCu~II sites
are caused by the S geometry and not the mettal type.

Differences in Structure.

Past workers on the structure of the ‘teétrahedriie

series (Machatschki, 1928; Pauling and Neumazn, 1934)‘

have called attention to the similarity of‘ﬁthe structure

to that of sphalerite. Machatschki's structture, which

is missing the uhiquely positioned S-II at-omms, probably

has exerted a considerable influence on thowught., Such

a structure required only the filling of eannpty‘ spaces

in the sulfur lattice and conversioﬁ of metaal atoms to

a single type in order to revert to the sinmppler face; |

centered sphalerite structure. This kind off thinking has

placed tetrahedrite as a defect derivative sstructure of

sphalerite. | ‘ | .

| Becently Wuensch (1963) has called at‘tee"nt.i on.to the

variety of coordination polyhedra comprisi ncn the'tet-

r’ahedrite structure. The planar Cu-II - Sj3 gxroups form

a six-bladed spinner as central axis-of the unit cell.

In contrast to the me£é14 -8 teti-ahedra in the structures
of sphalerite and chalcopyrite, the tetraheddrite structure

has several polyhedra. Theyai-e the metaly -25-1 tetrahedron,

the flat Sb -S3 (or As - S3) polyhedron and the Cu-IIg-S
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‘octahedron coordinated between two sulfur layers.

According to Wuensch, "it is misleading to conceive

of the tet;ahedrite structure in terms of ordered Sb

or As substitutions in tetrahedral Cu sites.”

Both theoretical,considerétions.and structural

investigations of natural and synthetic materlals agree
" that the tetrahedrite series ought not to show dynamic

disorder leading to a more'simple sphale;ite-type cell.

Further structural studies would best be directed toward
" elucidating the limifed isomorphous series and the dis-

ordering sites of various substituting elements within

the tetrahedrite structure.
CONCLUS IONS

From tbe results of work presented in this paper,
the following conclusions are drawn,

1. In the tetrahedrite series, complete solid
solution exists between Sb.and As only for certain
varieties. For varieties with greater than 2.5 atomic -

. percent silver or other large atoms, a gap exists in
the series from about 6 to 11 atomic percent arsenic.
This gap is transgressed by small atom varieties in the
series. ._ | | |

2. Evidence from chemical analysis and x-ray

diffraction pattetns suggests fhat the'composition gap
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between Sb and As marks an unmixing field for varieties
having greater than 2.5 atomic percent silver,

3. From chemical analyses; the extent of solid
solution of bismuth in the tetrahedrite series is
suggested. Solid so}ution between As and Bi is quite
restricted; but is extensive between Sb and Bi. A
solid solution field has been delimited on the As-Sb-Bi
composition triangle.

4. High amounts of the large elements Ag, Bi, and
Hg associate preferentially in the tetrahedrite field.

~In tennantites, Ag is limited to less than 2.5 atomic
percent. The very large atoms Bi and Hg tend to occu®
together in tetrahedrites. Exceptionally high Ag
analyses are from nearly pure tetrahedrites or bismuthian
varieties. |

5. Zinc ahd iron are randomly distributed in the
tetrahedrite series.- The sum.Fe-+'Zn in atomic percent
tends to have a fixed value, especially in the tennantite
field, hear 6.5. For tennantites, the formqla~Culo(Fe,Zn)2

' (As,Sb),S, 5 may be indicated. |

6. Though classed as a derivative structure of the

basic'sphalerite type, x-ray diffraction results oﬁ
| natural specimens and synthetics quenched at high tem-
perature indicate no evidence of a high-temperature dis-

ordered phase. These results are in keeping with chemical,

. . \
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coordination, and-structural differences in tetrahedrite
from sphalerite. Tetrahedrite is not a good derivative
of sphalerite'éither from a dynamic point of view or
from the point‘of view of stacking geometry.

'7. New lines, definitely related to the.mineral
stéucture, appear in long-exposure Noﬁius—Guinier
photographs. These are probably related to a slight
ordering of atoms. '

8. Cell dimensions in the tetrahgdrité series
cover a range from abqut 10.18 x'to 10.55 X. Since
'Fe and/or Zn is almosi invariably'presenﬁ in substanfial
amount, few spécimens have cell dimensions lower than |
10.25 8. The graph of cell size variation for the
tetrahedrite.ééfieé,may be used'fo maké a rough estiméte
bf the chemistry bf a specimen from its cell size.

9. The brown streak color is related tp the
relatively non-metallic character of As and Zn in the
tetrahedrite series. The brown color is related to the
Zn content and in a permissive way to the As content.
Light brown streak is limited to Zn-bearing tennantites.

10, Further work with natural specimens ought to
be done on the disordeéring sites of various substituting
elements. Both natural and synthetic specimens can be

~investigated for exsolved phases in the tetrahedrite series.

>
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APPENDIX A
DETAILED PROCEDURES

.Seggratory Procedufe. Tetrahedrite-tennantite was
separated from specimens by means of Clerici solution and
the Frantz Isodynamic Separatbr. First a crude hand-
picking was done where practigable. Generally about 5 to
25 grams of sample were necessary to obtain 3 to 10 grams
of pure separate. This amount was suitable fbi x-ray

o .wbrk, furnace trials and chemical analysis. The sample
was crushed and ground in a mortar and pestle, and
screened to the size range 1154170 mesh. This size"
provides for good separation of attached mineral grains
ahd is convenient for techniques with Clerici solution and
the magnetic separator. Further, this size is convenient
for investigation of grains with the binocular‘miCroscope.

Dust Was thoroughly waéhea-from'the grains with water
and acetone. Acetone dries fast and, -because of its small
surface tension, was particularly effective in wetting the
grains and removing the dust. Removal of d&st was essential,
since dust would contaminatevthé Clerici solution and inter-
fere with seéparation in the magnetic separator.

The Clerici solution was adjusted with water until
chalcopyrite just floated. The dry sample grains we;e‘

 added to Clerici in a séparatory funnel. This gravi-
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metrically sepafated such minerals as chalcopyrite,
sphaler;te and the light gangue minerals as the light
fraction. -Tetrahedrite-tennantite,élong,1With such

.minérals as bornite, pyrite, gglena, and others were
collected as the héavy fraction. A grade of coarse,

" perforated filter paper was found which allowed very- rapid
filtration (about 100 ml. per half hour) of the Clerici
solution despite its high vistosity. Sirice the filtrate
consisted of coarse Qrains, the filtered solution was
perfectly clean. The heavy fraction of the filtrate was
again washed and dried before proceeding to thé magnetic
separator. - ' [

The. general procedure was to separate first a highly
magnetic fraction from the fraction containing tetrahedrite-
tennantite and then to separate tetrahedrite-teénnantite
from a non-magnetic fractiﬁn. Individual samples required
different numbers of passesﬂas.weil'as ;lightly different
settings of the magnetic separator:depending'on the
mine;als piesent}and the susceptibility of the species of
tetrahedrite-tennantite.‘ Several samples required re-
processing in Clerici solution to remove several percent
of quartz, sphalerite or'other mingrals. Sepafations were
made with side tilt between 1 and 5 degrees and forwafd'
tilt about 30 degrees. A highly magnetic fraction (usually
bornite when bresent) séparated cleanly witﬁ only minor

loss of tetrahedrite at about 0.60 amperes. Tetrahedrite
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then separated .cleanly from the more non-magnetic
‘material by making passes with settings ranging from
0.65 to 1.50 amperes.
Mineral Synthesis Procedure. Synthetics were
.prepared by)heating stodchimmetric amounts of material
iﬁ evacuated silica glass.tubing. A pellétizer wasv
fashioned from a headless drill bushing with 3/16" hole
fitted with a dowell pim 3/16" plus 0.0002". A plug -
was formed by cuttihg a small section from one end of
the dowell pin. Drill =zod was used for a pusher. All
these pieces were hardemed steel. This tight-fitting
assembly prevented loss of sample in the pelletizihg
procedure. ’
| -With the plug in place, sample was introduced into
the cylinder and the dowell pin inserted. The sample
was compressed under 1380 pounds pressure (50,000 psi).
To achieve a uniformly dense pellet,,it was pressed from
- both sides. The pressed-out pellets weighed about one-
half gram each. Pellets were stored in dessicator uhtil
sealed in glass tubes.
The pellets were s<aled in Vycor Brand silica glass
‘ tubing for synthesis in the furnace. The outside diameter
was 9 mm. and wall thickness 1 mm. This tubing has about |
99 percent silica, softens over a range so thai it san bs
sealed easily, melts arqund 1500°C,, and has small'so; ;
efficient of expansion %o that it can be quenched in

-
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ice water right from the furnace.

The Vycor was melted by toxch using a mixture of
lab gas and oxygen.~-First one end of the tube was sealed
and the pellets inee:tedﬂ The tube was then heated 2-3.
inches above the pellets (to pfevent volatilization and
loss of any material) and drawn out to ieave a small
opening. A Duo-seal Vaccuum Pump (Patent No. 2337849,
W, M. Welch Manufacturing Co., Chicago) was attached to

” the tube and contents evacuated for 15 minutes. With |
pump still runnlng, the small section of tube with the
pellets was sealed off, ready for the. furnace. |

For heating the tubes, a Hoskins Electrlc Furnace

 (Type FD202c) equipped with Variac and Micromax (Leeds
and Northrupj was used, The thetmoceunlg was chromel
vs alumel, and temperature was read with Leeds and
Northrup Portable.Preeision Potentiometer No. 8662,
Temperature was controlled to about plus or minus 10°C.
Samples remained in furnace about 24 hour; and were

‘quenched immediately in cold water.
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APPENDIX B
POLISHED SECTION DATA

The following 13 plates contain photomicrographs
of textures and mineral associations of 26 specimens
- in polished sections. The scale shown in Plate 1 is

the same for all specimens.

Plate 1.

Figure 1. 108759
Qtz, gn, py, tn. - Section has blocky chunks

of gn and tn with euhedral and subhedral py
scattered through. Some qtz is euhedral with
- inclusions of tn. Tn one phase only.

Figure 2, 74553 : '
Qtz, ccp, gn, td, bn, sp. Coarse-grained
intergrowth.” Some wormy-looking c¢cp and bn
in td. Some qtz euhedral. Td one phase.
Sp more associated with gn, bn with ccp and td.

Plate 2.

Figure 1. 96332
Qtz, td. Td veined with q$z .and one other
highly reflective mineral. May be a silver
‘sulfide or silver. High silver analysis
for this specimen is in question.

- Figure 2. 51746 . o
- Intergrowth of td-tn and ccp. Qtz.

Plate 3.

-Figure 1. Sunshine 3
sid, qtz, py, td. Td veins sid. Qtz may be
xenolithic. Py as remnants (sometimes subhedral)

“in td. Td probably replaces py.

Figure 2. M609 -
Ecp, z pI& tn. Subhedral py distributed
throug tield of ccp. Tn appears to replace

both. Tn one phase.
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Plate 4.

Figure 1. No # B .
Rock fragments, gn, ccp, td. Td is one phase;
ccp apparently veins td.

Figure 2. $5262
Qtz, py, ccp, td. Section is cross-section of
vein, Ccp fills minute fractures in qtz with
replacement boundaries. Most ccp distributed
in masses of partly euhedral py. Td veins and
replaces ccp preferentially as well as py.

Plate 3.

Figure 1. 103164
Py, ccp, td, qtz. Possibly ccp and td inter-
stitial to granular masses of euhedral py.
Td essentially without ccp inclusions; the
two form an intergrowth. Some qtz euhedral.

Figure 2. M728 : . ,
Td, py, gn, qtz, bn., Coarse open-structured
specimen. Py subhedral, Td one phase.

Plate 6.

Figure 1. 61823
Tn, ccp, qtz. Tn one phase.

Figure 2. M63l
One phase td- tn.

Plate 7.

Figure 1. Wedgé 2
Cep,  py, td.

Pigure 2. 64941 :
Py, qtz, and two other phases.

Plate 8.

Figure 1. 90942 ' ’
Field of td-tn, py((one large zoned py),
euhedral qbz.

Figure 2. 'R1096
Py, an, sp, tn. Tn one phase with blebs of py
along boundary between tn and sp. Py blebs also
in tn near contact, none in sp. Occasional ‘angular
bits of sp in tn.
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Plate 9.

'Figure 1. M14761 :
. Py, ccp, bn, tn. Part of euhedral crystal of
ccp. Tn apparently replaces ccp and bn,

Figure 2. 142652
Td-tn, ccp, bn, qtz.

Plate 10.

_Figure 1. 61901
Gn, ccp, qtz, td-tn. Intergrowth.

Figure 2. M11654
Py, td, qtz, ?

Plate}ll.

~ Figure 1. RI1110
Fractured py crystals, tn, gn, ccp.

Figure 2. 115256 » :
Ccp, td. One phase of td veined by ccp.

Plate 12.

Figure 1. 90864 o
Field of td-tn, euhedral py and qtz.

Figure 2. M1B004 o o
' Droplet py in td-tn. Py apparently’
.crystallographically oriented.

 Plate 13.

Figure 1. 90776 - .
Ccp veins broken py. Tn in ccp has droplet
inclusions of ccp, crystallographically
oriented. ‘ ‘

Figure 2. 39599 , . |
: Py, gn, td-tn, sid. Grid pattern of gn

|
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Figure 1. 96332

Figure 2. 51746 .
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Figure 2. (5262
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Figure 1. 103164

Figure 2, M728
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Figure 2. M631
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Figure 2, 6494}
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Figure 2. R1096
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Figure 1. M14761

.Figure 2. 142652
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PLATE 10

Figure 1. 6190l;<‘

Figure 2. ML1654
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PLATE 11

Y
i

'R1110

Figure 1.

115256

Figute 2,
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PLATE 12

‘ Figure 1. 90864

Figure 2. M18004H
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PLATE 13

- Figure 1. 90776

Figure 2. 39599
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APPENDIX C-

DATA FROM X-RAY DIFFRACTION
- POWDER PATTERNS

Specimens on the following pages appear in the
order of increasing cell dimensions. The information
shown below applies to all specimens x-rayed.

GE XRD-5 and diffractometer.

Radiation: Cu KeZ (1.54050 &).

40 kv, 16 ma

Slit system: 1°-3° MR

. Ni filter. .
Recordings (20) at 2°/minute.
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Spec: ~S5-1B a, =

hicl,
110
200

220
310
222
321
400
330 411
420
332
422

- 510 431
521
40
530 433
600 442
611 532
620
541
622
631
by

- 710 550
543

hvac 2
(not scanned)
(undetected)"
n 2433
(weak)
12 239
100 30442
7 32,7
22 35.25
L 3746
(undetected)
(undetected)
(ﬁndetected)
15 45040
19 48498
64 . 50,67
8 52,34
6 53482
15 55453
5 57.13
(undetected)
27 0.20
(undetected)
8 63.13
10 | 6462

10.188 * .005

4

441620 -

3.2533
2.9358
247313
2,5438
2,3987

1.9959

1.8581
1.8000
L7464
1.7018
1.6534
1.6108

- 1.5358

14714
1.4410

N

26

30
32

34

38
40

50

10,194

10,288

10,170

10,219
10,175
10,176

10,177
10,177

10,182

10,183

10,211

10,192
10,188

10,187

10,19
10,189

4e1592

32217
2.9410
2,7228
2.5470
2.4013

1.9980
1.8600
1.8010
17472
1,6980
1.6527
1.6108

1.5358

"1.4705
1.4408
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5.99

9.80
12,04
13.91
16,03
18.03

26,05
30.06

. 32,03

34403
35.83
37.96
3999

47.93
49.98
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110 (not scanned)
200 (undstected) '

211 6 .35 41581 6 10,185 4o 1641 6.01
220 5 2468  3.604 8 10,194  3.6062 8,00
310 7 27.28 3.2662 10 10.328 342255 9.75

222 . 100  30.36 2,9415 12 10.189 2.9444 12,02
321 6 3278 2.7296 - 1 10,213 2.7260  13.96
400 26 3502 25529 16 1021 25500 15,9
330 411 9 37.31 2.4080 18 - 10,216 2.4041 '»17.94
420 (undetected) |
332 (undetected)
422 (undetected)
510 431 8  45.24  2.0026 26 10,211 2.0003  25.9%
s 14 48.82  1.8638 30 10.208 L8622 29.9%
4O . 40 50,58  1.8030 - 32 10,199  1.8031  32.00
530 433 (weak)
| 600 442 (undetected)
611 532 8  55.49  l.6s45 38 10,199 1.6546 38,00
620 (uea.lg) ‘ |
541  (undetected)
G2 26 60.07  1.5388 44 10,207 LS3TT 43.93

631 (undetected)

42.4  (weak) | | | .
710 550 4 64.59  L.4416 50 10,194  L.4h24 5005
543 | :
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Spec: ML4761 &, =
g, UYL . 28
1i0 (#ot scanned)
200 6 1870
21 6 A2
220 5 2455
310 9 22
222 100 - 30.24
321 12 327
400 .. 28 35.05
330 411 11 37.28
420 (weak)
332 (weak)
;22 21 43420
510 431 12 45.30
| 521 22 48.83
W0 95 50¢54
530 433 9. 52420
600 442 9 53.90
611 532 19 55.50
- 620 (weak)
541 . (weak)
60,10

622 - 50

10,200 #

4eT410
41794
3.6229
3.2709
2.9529
2,7329
22,5579

2,0923

2.0001

1.8043

1.7508

1.6995
1.6539

1.5381

«005

=

26
30
32
34
36
9

g

9.482
10,237

10,247
10,343

10.229
10.225
10,231
104224

- 10,250

10,198
10,206

10,206

10,208
10,197
10,195

10,203

d calc

5,1000
41641
3.6062
3.2255
29444

. 247260

245500
2.4041

2.0820
240003
1.8622
18031

1.7492

1.7000

1.6546

1.5377
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N cale

" 4e62
5095
7492
9.72

11.93

13,92

15.90

17.91

23.76
26,00
29496

31,95

33,94
. 36,01
38,03

43497



Spec: 103201 a, =
mt L 22
110 (not scarmed)
200 (undetected)
211 5 . 2110
220 3 2440
310 9 27.09
222 100 30.07
321 7 32.55
400 A 34489
330 411 10  37.10
420 (undetected)
332 . (undetected)'
422 3 43430
510 431 11,  45.05
521 1L - 48.58°
Mo 6L 50,28
530 433 3 5185
600 442 3 53.45
611 532 10  55.13
620 4 56,68
541 | (undetected)
622 35 59.80
| 631 (undetected)
bty 5 62,70
710 550 5 6415

543

10,252 + .005

g

442068
3.6448
32887
2.9692
2,48/,
2.5692
22,4211

22,0877
2,0106
1.8724
1.8130
1.7618
1.7127
1.6644
1.6225

15451

1.4804

1.4504

1=

10

12

16
18

26
30
32
34

36 -

38

40

50

10.304
104309

10,399

10,285

10.283
10.277

10,272

' 10.227

10.252

1104255

104256

10,272

10,276

10,260

10.262

10.249

10,257
10,256

41853
346246

302419
2959

R.7399
245630
264164

22,0926

2.,0105

1.8717

1.8123
1.7582

1.7086
1.6630
1.6209

1.5455

1.4797
144498
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5093
7,91

9.71
11.92
13.91
15.92
17.92

24,11
25699
29,97
31.97
33.86
35.82
37493
39.92

44602 .

47495
49495



Spec:

Cwa
- 110
200 .
211
220
310
222
321
400
330 411
420
332
422
510 431
521
440
530 433
600 442
611 532
620
541
622

MB380 &, =
W =
(not scénned).
(undetecﬁéd).
(undetected)

- 6 24453
5  27.20
100 30.21
7 32,67
18 35,00
16 37.17
(undetected)

5  41.20
(undetected)
16 | 45.15
18 48.65

6k 50440

5 52,04

6 53.60

g 55.28
14 56,27
4 57.88
33 59.88

L4

10.252 %

3.6258
3.2756
2.9558
2.7386

2.5614

244167

- 2.1891

2.0064
1. 8090

1.7558
1.7083
1.6603.

1.6334

" 1.5917
1.5433

|

2005

N

8
10
12

16
18

22

26
30

32
3

36
38
40

20

10.255
10.358

'10.239

10,247

" 10.245

10.253

10.268

10.230

10.242
10.233

110.238

10,250
10.234

"~ 10,200
10,192

10,237

3.6246
362419
249594
2.7399

12,5630

2.4164

. 2.1857

2,0105
1.8707
1.8123

1.7582

1,7086

1.6630

1.6416
1.6010
1.5455
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7.99
9.79
12,02
14.01
16.01

17.99.

21.93

26,10
30.05
32.11
34409
36.01
38.12
39.39

41.48

bhel2
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Spec: BINGHAM ao = 10,255 * .005

ml 1A 0 4 N &y deale Neale

110 . (not scanned) -.

200 (undetected) |

él; "(undetected)t

220  (undetected) _

310 o 27,07 3.2011 10 10,407  3.2429 9.70

222 100 30,02 29740 - 12 10,302  2.9603  11.88

321 15 32.82 20726, 14 10,201 2,707 Llidh

400 23 3482 . 25743 16 10,297  2.5637  15.86

330 411 15 36,98 2.4287 18 10,304 2471 17.82

420 (undetected) |

1332 9  40.63  2.2185 22 10,166  2.2378  21.36

422 (poor pesk) - | |

510 431 15 45.06  2.0102 26 10,250 2,011 26,02

521 18 48.62  1.8710 30 10.248  1.8722  30.04-.

4O 73 50,37 1.8100 32 10.239  1.8128 32,09

530.433 (weak) "

600 442 7 . 53.47 - 1 121 36 10,273 L7091 35.87

611532 9  55.14  1.6642 38 - 10,258  1.6635  37.97

620 (weak) | ' ' ' .
54 .(undetécted) ,. S

62 - 33 . 59.78 - 1.5456 Ll 16.252 - 1.5459 4402
10.214 '__1.5120 46.36

&

631 5  6L52  1.5060
m 6  62.80  1.4783 48 10,242 1.480L 4811
710 550 & 6410  L1.4514 50 10.263 . 1.4502  49.91

543 | e
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Spec: 6182; ae =

hkd l[il 20
110 (not scanned)

200  (undetedted)

220 7T 2442

222 100 30,10

321 8 32.54
400. 22 34,87
330 Ail 9 37.08
| 4@0 | (undetected)

332 (undetected)

iz 2 7 43.18
510 431712 45.00
521 13 48.58
440 56 50,32
530433 4 5193
600422 3 53.55
611 532 8 - 5517 .
620 2 56,80
541 (undetected)
622 26 1 59.83

631 (undetected)
W (weak) .

710 550 3 64.30 -

" 543

AR 7 - 21.05

10.255 + 4005

d

442167

3.6419

3.2958

2.9663 .

2.7492
2.5707
2.4224

2.0932
2.Q127
1.8724

1.8117
11,7592

1.7098

1.6633

1,619,

 L.5444

14474 -

=

26

30
32

34

36

38

50“'

10.325
| 10,300
10,422
10.275

10,286

10.282
10,277

10.254

10.263
110.255
10.248
10,258

110,258
'10;253

104242

© 10.235

10.244

d cale

41865
3.6256
3.2429
2.9603
2.7407
2.5637
24171

2.0932
2,0111
1.8722
1.8128
1.7587

1.7091
| 1.6635
1.6214

1.5459

1.4502
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5491
7.92
9.68

- 11.95

13.91
15.91
17.92

24,00
25,95

1 29.99

32,03
33.97
35.97
38,00

40,09

50,19



Spec: R110 &, =
153 N VA & 20
i10 (not scanned)
200  (undetected) .

o 6  2.03
220 3 2435
310 6 2714
222 100 30,05
320 16 32.84
400 18 34.90
330 11 19 37.00
420 (undetected)
332 10 40,60
422 12 42495
510 431 11 45400

52 13 48.60
440 54 50,32
530 433 3 51.98
600 442 3 53.55
611 532 7 55420
620 18 56.L4
_541 (undetected)

62 33 59,81
631 5 6L.54
bbd, 5 62,75
710 550 9 64.20
543 - .

4

42207
346522

342827

2.9711
2.7248
2,5685
264274

242201
2,1039

2,0127
1,8717

1.8117

1.7577

1.7098

1.6625
1,6369

1.5449
1.5055

1.479%
1,449

10,257 + .005

N

10

12

16
18

22

26

.30
32
34

36
38
40

&

- 104338

10,330
10,381
10,292
10,195
10,274
10,298

10,307

10,263
10,251
10.248

10,249
10,258

10,248

10,352

10,247
10,211
10,249
10,249

4e187%,
346263
32435
2,9609
27412

2.5642
2,175

2.1868
2.,0937

2,015

1.8726
1.8131

f1.759o

1.7095
1.6639
1.6217

1.5463
1.5123

1,480/,

1.4505
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5.90
-7.88
9476

-13.91

14416
15.9
17.85

21,34
23.76
25.96
30.02-
32.05
34405
35.98
38,06
39426

4ha0T
4641

48,06
© 50,07



Spec:

110

200

220
310
222
321
400
330 411
420
332
22 .
510 431

s
Mo
530 433

600 442

611 532
620
541
622
631
Ll

© 710 550
543

90776  a, = 10,260 * 005
/L P 4 N
(not scanned)

(weak)
U4 2.0 4e2207 6
6 2435  3.6522 8
9 27,05  3.2935 10
100 30,05  2.9711 . 12

9 32,50 . 2.7525 14
21 3492  2.5671 16
11 3730 24211 . 18

~(weak) ¢
(weak)

5 43,20 2,0923 24
1, 45.02  2.0119 26
15 48.52 . 1.8746 30
57 508 1.8130 32

5 51,90 1.7602 - 34
4 -53.47 12l 36,
T 55,13 1.6644 - 38

3 56,10 1.6220 40
(undebected) |
30 . 59078 L1.5456 4k

‘(undetectéd).

5 L6275 1.4T94 4B

5 6422 1u4490 50

s

10.338
10.330

110,414

10.292
10.299

10,268
10,272

10,250
10,267

7 10.256
10.263"

10,273
10,260
10.258

10,252 -

104249

10,246

401886

3.6274
362444
2.9618
2,421
2.5650

R.4183

2.0943

2,0121
1.8732

1.8137
‘ .

17595
1.7100
1.6643
1.6222

15467

1.4809
1.4509
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5,90
7.89
9,70
11,92
13.89

15,97

17.95

24,404,
26,00
29.95
32,02 .
33.97
35,90
37.99
40,00

4406

48,09



Spec:

bl
110

200
211
220
310
222
321
400
330 411
420
332
422
510 431
521
440
530 433
- 600 442
611 532
620
541
622
631
Lbhd

710 550
543

c819 a, =
L 2
(not scanned)
2 17.16
7 20,96
8 2435
6 27.04
100  30.01
22 3247
10 34484
10 37.02
(undetected)
(undetected)
(undetected)
12 495
13 VAN A
48 50,17
5 5183
3 53.43
8  55.08
3 56462
(uﬁdetected)
27 59.68
(undetected)
5 62463
6 6410

10,264 + .005

d

5.1628
4e2346
3.6522
3.2946
2.9750
247550
12,5728
2.4262

2,0148
1.8775
1.8167

1.7624

1.7133

1.6658

1.6241
1.5479

1.4819

L.4514

1=

10

12

16
18

26
30
32

34
36

38
40

50

10,325
10.372

10.330

10,418
10.305
10,308
10,291
10.293

10,273
10.283
10,277
10,276

10,280

10,269

10,272

10,268

10,267
10,263

d cale

5.1320
4.1902
3.,6288
3.2457
2.9629
2.7431
245660
2.4192

2.,01:29
1.8739

1.8144
 1.7602

1.7106

11,6650

1.6228

1.5473

1.481%
1.4515
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N cale

3.95
5,87
7.89
9470
11,90
13.87
15,91
17,89

25,94,
29.88
31,91
33.91
35,88
37,96
39.93

43496

47,96
50,00



Spec: 108759

Bl

110

- 200

220

310

222

321

400

330 411
o

322

422

510 431

512

LA4O-

530 433

600 442

611 532

620

622
631
4t

;z;i

ao-

10.274 +

4

462127

3.6478

342946
2.9711
2.7509
2.5721
244262
2.3040
2.1942
2,0997
2.0140
1.8900
1.8157
1,7633

l.7142 .

1.6667
1.6236

1.5479

1.4847

20
(not scanned)
(undetected)

6  21.07
5 24438
7 27.04
100 30,05
7 32.52
24 34.85
10.  37.02
1 39,06
2 410
1 43.04
13 b4 e 97
1 48410

51 50,20
4 51.80
3 53.40

§  55.05
3 56.64

541 (undetecfed)

2 59.8
(undetected)
4 62.50
5 64,02

710 550

543

1.4531

«005

X

10
12

16

18

20

22

26
30
32
- 34

36

38
40

50

3

10.319
10,317
10,418

10,292
10,293

10,288
10.293
10.304
10,292

110,286

10,269
10,352
10,271
10,282
10,285

10,274

10,268

10,268

10,286

10.275

41943

3.6324

342489

- 2,9658

R.7458

- 2.5685

2.4216
2.2973
2.1904
2.0971
2,0148

1.8757
1.8162

1.7619
1.7123
1.6666
1.6244

1.5488

1.4829

1.4529
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L1382

5.9%
7.93
9472

13.94
15,95

17.93 -

19.88
21,92 |
23,9
26402

29.54 -

32,01
33.94
35491
37,99
40,04,

44604

47,88
49,98



Spec:

110
200

220
310
222
321
400
330 411
420
332
422
510 431
521
440
530 433
600 442
611 532
620
56
622
631
"
710 550
543

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

90382 a, =
v,
(not scamned)

2 17.17
5 21,05
5 24l
7 27.04
100 } 30,03
7 32448
23 34,80
12 .37.04
(undetected)
2 41.10
8.  42.9
13 44095
14 48.50
57 50,20
5 51.83
1 53440
8 55,10
(weak)
(weak)
27 59.72
(undetected)
5 62,68
4 6418

5.1598
4e2167
346433
3.2§46
2,971
247542
2. 5757
2o 4249

. 2.1942
2,1039
2,0148
1.8753

. 1.8157
1.7624

1,742

| 1.6653

1.5470

1.4809

1.4498

22

26
30
32
34
36
38

50

o

10,319
10,328
10,305
10,418
10,299
10,305
10,302
10,288

10.292
10,307

10.273
10,271
| 10,271

10,276
10.285
10,265

10,261

10,260

10,252

d cale

- 5.1370

441943
3.6324
342489
2.9658

2.7458

2.5685
2.42.6

2.1904
240971

2.0L48

1.8757

1.8162

1,7619
1.7123
1.6666

1.5488

1.4829

1.4529.

133

3.96
5.93
7.95
9.72
11,94
13.91
15,91
17.95

2,92
23.84
26,00
30,01
. 32,01
33498
35.91
38,06

44,010

48.12
- 50621



Spec: R1089

2o
hil .'llll 20
110 (not scanned)

200 (undetected)

21 5
220 5
310 7
222 100
321 5
400 23
330 411 14

20,76
24,08
26,85
29483
32.25
34464
36.96

420 (undetected)

332 (undetected)

422 (undetected)

510 431 12

521 13

440 52

530 533 (weak)

600 442 (weak)
1532 8

620 (weak) -

541  (weak)

622 - 27

4lee85
48427

. 50,00

54491

59,54

631.' (undetected)

k5
710 550 7
543

Reproduced with permission of the copyright

62,60

64,07

owner.

[}

4243
3.6925
3.3175
2.9925
2.7733
R.5872
244300

2.0234
1.8837

1.8225 |

1,6706

1.551=2

1.4826
1.4521

= 10,300 + .005

N

10

.12

16
18

26

.30
32

38

50

I

10,471
10e444
104491
10.366
10.376
10.349

10.309 !

10,317
10,317

- 10,309

10,298

10,290

10.271

10,267

442049
3.6415
342571
2.9733
2.7527
2.5750
264277

2.0199
1.8805
1.8207

1.6708

1.5527

1.4866
1.4566

Further reproduction prohibited without permission.
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5480
778
9.63
11.84
13.7
15.84
17.96

25,91
29.89
31.93

38.01

4408

48,26

’ 500_31- )



a, = 10.308 % 4005

20

(not scanned)

Spec: Sl-1
ml L
110
200 6
21 4
220 13
310 7
222 100
321 12
400 23
330 411 13
20 7
332 5
22 6
510 431 15
521 15
440 62
530 433 6
600 442 1
611 532 12
620 (weak)
541 (weak)
622 30
63£ 1
L 1
710550 8

543

17.20
A.15
24440
27.00
30,00
324,50
34e75
37.00
39.00

© 40.95

42495
44475
48425
50400
51.50
5340

54481

59440
60.85
62435

4

541509
4e1970
306448
3299

2.9760

2.7525
2.5793
Re4274
23074

.2'. 2019
- 21039

2,0234
1.8845
1.8225
1.7729

1,742

1.6734

1.5546

1,5210

1.4879
14596

N

kS

50

2o

10,301
10,280
10,309
10.433
10.309
10,299
10,317
10,298
10,319
10,328
10.307
10,317
10.321
10.309
10,337

10.285
10.315

10,312

10,315

10.308
10,321

d cale

5.1540
42082
306444
342596
2.9756
2.7549
2,5770

244296

243049
2.1976
2.1041
2,0215
1,8819
1.8222
1.7678
1,7180
1.672L

1.5539
1.5198

- 1.4878
14577
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4000
6.03
7499
9476

11,99

14402
15,97
18.03
19.95
21,91

2595
29,91
31.98
33.80
36415

37.94 |

43496
4592 .
4Te99
49.87



Spec: DL4E,A1772

el I/ 20
110 (not scanned)
200 2 17.20
a1 3 &
220 10 24435
310 5 27,00
222 100  30.00
3. 8 320
400 17 3475
30041 8 36,90
420 4 39.00
322 2 41.00
422 4 42,85
510 431 9 4470

521 6 48.30

M0 . 40 50,00
530 433 3 51.60
600 442 2 53.20
611 532 6 54480

620 1 56,34
541 1 58,08
622 1 59.40
631 1 60.80 .
bdds 1 62.26
70 550 2 63.70
543

= 10.315 *
d N
541509 A
421970
346522 8
3.2994 10
3.9760 12
2.7608 14
(12,5793 16
2.4338 18
2.3074 20
2.1994 22,
2,1086 24
" 2,0255 26
1.8826 30
11,8225 32
17697 3%
1.7202 36
1.6737 38
11,6315 40
1.5867 42
1.5546 A
1.5221 46
1,4898 48
1.4596 50

'oib

10,301

10,280

10.330
104433
10,309
16.330
10,317
10.325
10.319
10,316
10.330

10,328

10.311
10.309
10,319

.10.321
10,317

10,318
10,283

10,312

10.323
10,322

10.321 -

d cale

541575
442110

: 3.6469

3.2618

29776

2.7567
2.5787
2.4312
243065
2.1991
2.1055
2.0229
1.8832
1.8234
1,7690
1.7191
1.6733

11,6309

1.5916
1.5550
1.5208

1.4888

1.4587
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401
6404
7.97
9.77
12,01
13.95
15.99
17.96
19.98
21.99
23.92
25.93

. 30,01

3203
33.97
35,95
37.98
39.96
42425
44,402
45492
47.93
49.93



Spec:

- 110
200

220
310
222
321
400
330 411
420
332
=
510 431
521
140
530 433
600 442
611 532
620
541
622
631
bbb

710 550
543

M09
Yn o2
(not scanned)
(undetected)
(undeteéted)
6 24625
8 26495
100 29.88
10 3.3
33 34467
1 36489
3 38490
3 41425
6 42,80
20 4he62
19 A VA
77 49.83
12 5l.48
12 52,98
20 54465
(undetected)
(undetected)
40 59.20
8 60,70
1 62,20
15 63.53

8.0 = 100340 +

4

3.6670

303054
2.9876
2.8526
245850
204344
2.3131
2,1866
2,1109
2.0290
1,8885
1.8283
1.7735

1,7268

!
1,677

15593

1.4911

1.4631

«005

N

10

12

16
18
20
22

30
32

34

36

38

46

50

. 10,372

106452

10.349
10,673

10,340

10,328
10.344
10,256
10.341
10.345

104342
10,341
10.361
10,343

10.343

10,338
10,331
10.345

:

- 3.6557
302697

2.9849
2,7634
2,5850
24371

243120

2.2044
2.1106

2.0278

1.8878
1.8278
1.7732
1723
16773

1.5588

1.5245
14492,
1.4622
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795
9.78
11.97

1313

15.99
18,03
19.98
22,36
23.99
25696

29,97

31,98
33.98
35485

3797

43496
46400
48408

49494



Spec: 88118 8 =
hil, hvjey 2
110 (not séanned)
200 4 1704
211 5 20498
220 10 25.25
30 10 26,82
222 100  29.80
321 10 32.25
400 23 34460
330 411 1, 36.73
420 4 38,81
332 5 397

422 7 4270
510 431 16 4458
521 11 48,10
440 55 49.78
530 433 9 5L.40
600 442 5 53.00
611 532 Lk 5462
620 4 . 56,13
51 2 57,50
622 33 59.18
631 2 60,65
Wk 5 62.08
70 550 &  63.64
543

d

5.1989
442306
3.6670
3.3212
2.9955

2.7733

245901

24447

2,3183
2,2661

2.1156

2.,0307

1.,8900 -
1.8301 -

1,7262

1.6788

1.6371

- 1.6013

1.5598
1.5255
1.4937
1.4608

10.350 + 005

=

10
12

16
18
20
22

26
30
32
34
36

38

40

S

50

g

10,397
10,362

10,372

10,502
10,376
10,376
10,360

10,371

10.367
10,628
10.364
10,354
10,352
10,352

10,356

10.357

. 10,348

10.354
10,378

106347

10,346
10349

10,329

d cale

501750
4eR253
3.6592
342729
2,9877
2,7661

25875

244395
2.3143
2,2066
2.1126
2,0298
1.8896
1.8296
1.7750

1.7250 .

1.6789
1.6364

1.5970

1.5603
1.5260

1.4938-

1.4637
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" 138

3.9
5.98
7.96
9.7
11,93
13.92
15.96
17.92
19.93
20.85
23,93
25.97

129,98

31.98
33495

35:9%

38,00
39.96
41eT7
44a02
46,02
48400
50419



Spec: DL4S,A8T7,d3241 a, =

200

220

310

222

321

400

330 411

420

332

422

510 431

521

440

530 433

600 442

611 532

620

541

622
63l

i

710 550

543

7 P
(not scanned)
2 17,05
2 20,93
9 2420
5 26,85
100 29,79
8 32.25
25 345k
12 36,68
5 38,78
3 40.75
5 42,72
13 4450
9 48.40
6L 49.70
6 51.39
'3 5294
11 54455
2 56,06
(undetected)
26 59405
2 60,50
2 6L95
5 63.42

a

5.;959
e 2406
346745
33175
249965

2.7733
245945

244719
243200

2.,2123

2.1147
240342
1.8790
1.8328
1.7764
1.7280
1.6808
1.6390

- 145629

1.5289

 1.4966

1.4654

10,360 *

1=

&

50

005

a

10,391
10.387

10.393 -
- 10.491

10,380
10.376

10,378

10.385
10.375
10,376
10.360
10.372

. 10,291

10,368
10.358
10,368
10.361
10.366

10,367
10.369
10,368
10.362

d cale

42294,
3.6628 -

3.2761
2.9906
2,7688
2.5900

2.4418

2.3165

2.2087

2.1147
2.0317
1.8914
1.8314
1.7767
1.7266
1.6806
1.6380

1.5618
1.5274
1.4953
1.4651
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3.97
5.96
7.9
9.75
11.95
13495
15,94
17.91
19493
21,92
23499
25,93
30.39
3194
34400
35494
37499
139495

43493
45491
47.91
49498



Spect RL096
hicl L

110 (not scanned)

200 (undetected)

¢ 21 5
20 7

| 310 7
222 100
321 7
400 19
330 411 16
420 . (weak)
332 8
422 . (weak)
510 431 11
521 11
440 49
530 433 (veak)
600 442 (weak)
611 532 11
620 11

541 (undetected)

622 26
631 (weak)
4dd, (weak)
70 556 (weak)
543

20.90
24,400
26,70
29.65
32.13
34e47
36,73

40,53
Lhel3

47,98
49465

54455
55495

59.10

42466
3.7046
3.3358
3.0103

2.7834

245996
2 4L

242238

1.8944

1.8345

1.6808

1.6420

1.5617

=

10
12

16

.18,

22

26
30
32

38
P

'om

10,402
10,478
10,548
10,428
10,414
10.398
10,371

10,430

110,387

10,376
10,378

10,361

© 10,385

10.359

" 4eR294
3.6628

3.2761
2.9906
2.7688

. 25900

2.4418

2,2087

2,0317
- 1.8914

1.8314

1.6806
M lo 6380

1.5618
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5495
7.82
9064
11.84
13.85
15.88
17.95

21.70

25486

29,90

31.88

37.99
39,80



200
211
220
310
222
321
400
© 330 411
420
332
422
510 431
521
4o
530 433
600 442
611 532
620
- 541
622
631
Rz

710 550
543

115256 a, =
Y
(not scaﬁned)

10  16.92
(undetected)
12 2419

6 26,87
100 29.78

.10 32.21
17 34.58
12 36,72

5 38.74
3 40.80
5 42.80
9 4458
‘9 48.05
g3 49.79
5 51.46
5 52,94
9 54.61
3 56.10
2 s
17 59.16

(undetected)
2 62.07
63.56

3

10,361 '+ .005

d

542355

3.6760

3.3151

2.9975 '
2.7766
2.5916

2.4453

" 2.3223
| 2.2097

2.1109
2.0307
1.8918
;;8297
1.7742
1.7280
- 1.6791
1.6379
1.5953

1.5603

1.4940

N

10.

12

14

16

18
20
22

2
30

32
34
36 -
38

.S,

o

10,471

10.397
10.483
10.3836
10.389

10,374
10.385

10.364
10,347

10,354

10;362'

10.350
10.345
10,368

_ 10.350

10.359
10.338
10.350

10,350

10.341

5.1805

3.6631

3.2764
2.,9909
2.7690

2,5902
2.4421

2.3167
2.2089

2.1149

2.0319
1.8916

1.8315
1.7768

1.7268

1.6807
1.6382

1.5987
;1.5619

14954

1.4652
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3.91

7.9%
9.76
11.94 -
13,92
15.98
17.95
19.9
21.98
24,,08.
26.03

29,99

32.06
34,10
35,94
38.07
40,01
4218
4409

© 48,09

50.18



Spect S4~1B 8o . =
Bl Yh o2
110 (not scanned)
200 6 17.02
211 3 20,93
'22Ql 11 24421
310 6 26,88
222 100 29,85
321 9 323
400 21 3457
330 411 12 36.77
420 6  38.80
332 L 40.80
g2 5 4268
510431 11 4hes2
521 1L 47.98
MO 2 49.68
530 433 8 51429
600 442 6 52.90
611 532 12  54.48
620 7 56413
541 | (weak)
22 2 59.06
631 5 60.43
by L 62,04
710 550 5 63.36

10,365 +

542050
442406
3.6730
3.3139
2.9906
2.7683
2.5923
Re4421
2.3189
2.2097
2.,1166
2.0333
1.8944
1.8335
1.7797
1.7292

1.6828

1.6371

© 1.5627

1.5305

. 1.4946

1.4666

005

=

10

12

1
16
18
20

22

26
30

.3
34

36

40

&

50

8o

10.410

© 10,387
110,388

10,479

110,359

10.358

10,369

10,361

110.370
.10.364 -
© 10.369
10,368 -
.10.376

10.372

- 10,377

10.375
10.373
10.354

10,366

10,380
10.355
10.370
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‘Spec: 148,A320,d3241

bl
110
200
211
220
310
222
-
. .400
330 411
420 -
332
o
510 431
521

440

530 433

600 442
611 532
620

541
622
631
-

710 550
- 543

- (not scanned).
5  17.15 -
8 20.85
2 4,18
bt 26,59
100 29,78 -
6 32,20
18 3452
12 36.65°
(undetected)
(undetected)
8 42,58
20 Ahedd
9 48401
ST 49.T0
5 5130
3 52.82
10 54.52
(undetected)
(ugdetected)
17 59.08
(undeteéted)
2 62,00

2 63.50

ag = 10,365 * .005

i

5,1658
462567

3.6775 .

343494
R.9975
2. TT75
245959
‘2.4498

2.1213"

2:0346
1.8933
1.8328

- 1.7793
17317
1.6816

1.5622

1.4955
1.4637

N

26
30 .

32

34

36
38

50

a5

10.331

© 10.426

10.401
10,591
10.383
10.392

. 10,383

10.393

10.392
10.374

“10.,370

- 10,368

10,375

10:390

10.366

10,362

10.350

d cale

5.,1825

4,231

346645
32777
2.,9921

2,770
2.5912

Re4430

© 22,1157

2.0327

| 1.8923

1.8322

1.7775

1.7275

| 1.68L

1.5625

1.4960
144658
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4402
5492
794
9.57
11.95
13,92
15.94
17,90

23.87
25495
29.96

131497 .
33.93
35.82
37.98

© 4401

" 48,03
50.14



Speci M35 8y =
IS R V5 SR
110 (not . seannéd)
200 (undetected)
21 (undétect;d)
220 . 15 24,27
. 310 | 6 26,90
222. 100  29.85
321 9 32,25
400 21 34,57
3041 12 36.7%
1 420 6 38.85
332 6 440.73
422 11 42,68
510 431 19 | 4453
521 9 48.05
440 L 49.70
530433 11 51,32
60422 5 52m
a1l 532 12 5450
620 (weak) -
541 ‘(undetectéd) 
622 34 59.07
631 L 60.56
Wh T 6L.98
70550 6 63.38
543 ,

4

3.6640

3.3115. .

2.9906

247733

245923

204440 :
2.3160

2.2133

2,1166

2.0329
1.8918
1.8328

1.7787

1.7332
1.6822

1.5625
1.5275
1.4959
1.4662

10,366 * ,005

N

22

26

30 -
32
"
36

38

&

50

©10.363

10,47
10.359
10376

10.369

10,369

10,357
10.381
10,369
10.365

- 10,362

10,368
io.371
10,399
10,369

10,364
©10.360

10.364
10.367

3.6649

'.3.2780
 2.9924
2,770,

245915
24432

2.3179
2.2100

2,1159

2,0329
1.8925

1.8324

1.7777
1.7276

106815

1.5627

1.5283
- 1.4962
14659
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8.00

9.79
12,01
13.97.

e Y

15.98
17,98
20,03

2,93
23.98 - -
..26,00

30,02

31.98
33.96
35,76
37.97

44aOL
46,04
48.01
49.98



Spec: M631 #1428 a,

higl,

110

" 200
o
220 .
310
222
o
400

330 A1

420
332
2
510 431
521
440
530 433
600 442
611 532
© 620
541
622

L

U

20

(not seanned)

7
4
13
7

15

(weak)

33

16.93

20,76

24409

29.70
32,15
YA
36464
38.73
40,65

| 42.62-

blre b5

. 48,00

49,64
51,12
52485
54450
56,05

59,05

10,370 + .005

!

542324

42749

3.6910

3.3395
3,0053

2.7617
' 2.6018
| 2-4504
»é.zzzé
242175
2,194
2.0363.'
1.8937.
1.8349
17852

1.7307
1.6822

1.6393

1.5629

X

10.464

10.471
10.439
;0.560
10,410

. 10,408

10.407

10.396

10,388

10,401

10.383
10,383
10372
10,379
10,409
. 10,384
10,369
10.368

10,367

d cale

5.1850 -

442335

. 3.6663 -

3.2792
2.9935
I AVA
2.5925
24442

' 2.3188

2.2108

12,1167

2,0337

1.8932 .

1.8331
1.7784

 1.7283
1.6822
1.6396 -

1.5633
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"N ealc

3.93
5,88
7,89
9464
11.90
-13.89
15,88 -

. 17.90

21,86
23.93
25.93
29.98
31.93
BT
35.89
38.00
40401



Spec:
bkl
10
© 200
211
. 220
310

222

400
330 411
20

332

422

510 431

521

440

530 433 -

600 442
611 532
620
541
622
631
Lid,
710 550
543

WEDGE MINE #1
Y 20
(not scanneé)
(undetected)
(undetected)
13 2415
1 2675
100 29.64
13 3210
27 34440
17 36.60- .
10 4070

8 40.65
ST 42059
22 lhdh
17 47.96
70 49.64,
6  51.27
8 52,80
15 54445
5 56,09
3 5770
36 59.05
7 60,50
8  6L.95
8  63.40

{=H

. 3.6820
- 3.3297

3,0113

2.7859

2. 6047
244530
2.2149
2.2175
2.1209

-2.0368
- 1.8952
1.8349 -

1.7803
1.7323
1.6836
1.6382

1.5963.

1.5629

1.5289
C 1.4966

1.4658

10.377 *

=

10

14

16

18
22

26
&
32

34
36
38

40

46

50

. 005

10,414
10,529

104431
10,424 -

10,419
10,407
10,388

- 10,401

10,390

10,385

10.380

10,381

10.393
10,378
10,361

10.345 .

10,367
10.369
10,368

2

3.6688

3.2814

2.9955
R.TI33

| 2.5942

244458
2.2123

2.2123

2.,1181

" 2,0350

1.8945
1.8344
1.7796
1.7295
1.6833

1.6407

1.6012

© 1.5643

1.5300

1.4977
1.4675
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3

7.9

9.7
11.87
13.87
15.87
17.89
21.95
21.89
23.93
25.95

29,97
© 31,98

33.97
35.88

. 37.98 .

40,12
42425
44,07
46,06
48,07

. 50.11



Spec:

110
200

220 °
310
222

324

330 411
2o
332

. 422

510 431

521

440

530 433
600 442

611 532

620
54
62
63

S2-1A

a, =

lé:i. 29
(not scanned)
12 16.98
9 20.87
25 24,17
6 26,75
100 29,77
12 32,25
18 34e51
15 36469

6 3872

7 40,69

1 4253
18 bhe 0

12 4749 .
58 49456
6 51425

3 52,73
10 - 5442
(unéetected)
 (undetected)
2 58,98
1 60440

4

5.2171

- 4e2527
3.6790 -

3.3297
2.9984
2.7733

2.5967.

2¢ 4472
263235
Re 2154

- Re1237
.-2,0385

1.8952

1.8377
17810
1,734

1.6845

'1.5646

1.5312

10,380 + .005

N

46

ac)

10,434

10.416
10,405
10,529

10,387
10,376
10.386
10,382

10.3_91 :

10,391

10,404

10.39%

10.380 -
10,395

10.384
10.406
10.384

10.378

10.385

o

5.1900
442376
3.6698
3,282,
2.9964
2,771
245950

2.4465

2,3210
22130

2,188

2.,0356
1.8951

 .‘108349

1.7801
1.7300

11,6838

1.5648
1,5304
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N calc

3.95
595
7.96
9.7
11.98.
14,00
15.97.
17.98
19.95
2,95
23.88
25,92
2999
31.9Q
33.96
354,81
37.97

kha0O



Spec: 103658 a& =

110 (not scanned)
200  (undetected)
211 (undetected)
. 220 10 24,408
510 7 26,80
" 222 100 29.68

321 10 32.07
400 2L 3440
330 411 11 36.56
420 3 38.65
332 2 4065

22 .. 25 42.85

510 431 12 4437

521 -9 - 47.94

440 4T 49457

530 433 17 5L.00
b 600.422 8 53,20
611532 12 5436
620 2 . 55,90
541 - (weak)
U622 25 - 58.93
631 3 60.32
| bhh * (weak)

710 550 6 - 63.33

- 543

10,392 *

d

3.6925
343236

© 3.0073
| 2,7884,

2,6047
2.4556

243275

2.2175
2.1086
2.0398
1.8959
1.8373
1,7891
1,7202
1.6862
1.6433

1.5658

.154672

.005

N

10

12

16

18

20

»

26

30
32
34
36

- 38

40

46

50

10.444
10,510

10,417

10,433

10,419
10.418
104409
10,401
10.330
10.401

10,384

- 10,393

10.432
10,321

10.39%

10.393

10.386
10,397

10.375

3.6741
3,.2862

. 249999
- 2. TI73
- 245980,

Re bl

2.2155

C2.1212

2.0380

18973

1.8370

1.7822 .
1.7320

1.6858

1.5666

1.5322

1.4696
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7.92
977

11.94

13,88
15.91
17.90
19493
21,96
24428
. 25,95
30,04
31,98

- 3373

36449
37.98
39.98

4e 04
45494

50.16



Spec: ag =
WU &
110 (not™ scanned)
200 8 16.88

21 13 20.73
220 10 24,02

- 310 22 . 26453

222 100 29.65
321 12 32,12
400 24 34.39
330 411 13 36.52
420 A 38.65
332 4 40,62
422 42,48
510 431 16 4435
521 1l 47.85
40 53 49.53
530 433 7 51.10
600 442 4 52,68
611 532 12 k34
620 4(unde£ected)
541 (undetected)
622 27 s58.88
631 L 60.00
Wb 4 6le83
76 550 2 63.20
543

10,398 + ,005

d

52479

42611

3.7016
3.3568

3,0103

2.7842
2.6054,
2.4582
2.3275
2.2191
2.1261
2.0407
1.8993

1.8387

1.7858
- 1.7359
1.6868

1.5671
1.5405
1.4992
L4699

N

&

50

)

10.495
10,486
10,469
10.615
10,428

10.417
10.421

10,429
10.409
10,408
10.415
10,405
10.402

10.401

- 10.413

10,415

10,398 |

10.39

10,448

10.386
10,394

d cale

5.1990
VARPINAS

3,6762.

3.,2881
3.,0016

2,7789 .

245995
2.4508
243250
2,2168

1 2.1224

2,0392

1.8984 -

1.8381
1.7832

- 1.7330

1.6867

1.5675
1;5331
1.5008

1.47704
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N cale -

3.92
5.89
7.89
9.59
11,93
13.94
15492
17.89
19.95
2495
23,91

- 25496
29.97 .

31.97

| 35,87
37,99

. 44002 -

45.55
48.10
50,03



Spec:

na
110

200

220
310

222

321

400
330 411
420

332
422

510 431
521
440
. 530-433
600 ;42
611 532
620
541
622

46455

/L

89 =

20 .

(not scanned)

4
5
12

6.

100

w &

0o B o~ w s~ BER o

16.76.

20,74
24,00
26,62
2960
32,00
34.38
36,58
38.60
40,70
42,44
44038
47.82
49-56
51.18
52.66

55,98
57,39
56.94
60,44
61,90

. 63.30

10,405 +

el

5.2851

442790

3.7046
343457

13,0153

2.7944
2.6062
2.4543
2.3304

©2.2149

2.1280

2,039

1.9004

o 1.8371

1.7832
1.7365

1.6856

1.6412

1.6041
1.5656
:1.5303 .
1.4976
‘i 14679

.005

X

& -

10,570

©10.481

10,478

10.580

10,445
10,455
10.424,
10,413

10.422

10,388
10.425
10,399

‘10,409
©10.395

10.398
10.419

10,391 -

10,379

10.396 -

10.385
10.379
10,376

10.379

d cale

542025
442478
3.6787

3.2903 -

3.0036
2.7808

T 2.6012

2,452/,
2.3266
2.2183
2.1239
2.0405
1.8996
1.8393

1.7341
1.6879
1.6451
1.6055

1.5686
1.5341

1.5018
14714
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. 150

“N calc

3.87

5.91

7.88
9.67
11.90
13.86
15.93
17.97
19.93
22,06
23.90
26,02

29.97
32,05

34404

©35.89

38.10
40,19
42,06
4hal6
46,22
48426
50,24



Spec: 05262 a, =
hkl /L 20

. 110 (not scanned)
200 3 16,92

211 (undetected)

220 15
310 4
222 100
32 12
00 20
330411 12
420 5
332 7
422 6
510 431 8
520 7
wo

530 433 -5
600 442 3
61522 9

5
3

620
541 “
622 | 20
631 3
A (wealk)
710 550 5

543

24,07 -

26,66
29.62

34.33
36.50
38.55
40.49

42,43
A2

47.80
4942

51,05

52.60

54420

55.90
57.30
58.74

60,20

63.05

542356

3.6940
3.3407

3.0133

2,7961
2.,6099
24595

2.3333

2.2259
2.1285

" 2.0464

1.9011
1.8425
1.7875
i.7384
1.6908

1.6433.
- 1.6065

1.5705
1.5358

- Lo473E

o
(¢}

10,471

10,448
10,564,

10,438
10,462
10,439
10,435
10.435

10,440
lOo 427 :
C 100434

10.413
10,423
10.422

10.430

10,422

10,393
10,411
10,417

- 10.416

10.416

]

5,2060:

3.6811
342925
3.0056

2.7827 -
' 2,6030

244541
2.3281
2,2198
2.1253
2.0419

1.9009
1.8405 -

1,7856

1.7353

1.6890

- 1.6462

1,6066
1.5696
1.5351

14724
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©3.95

7.9%4
9.71
11.93
13.86

. 15,91

17.92

- 19.91

21,87
23,92
25,88
29.99
31.93
33.92
35.87
37.91
40,14
42.00
43495

45,95

49495



- Speer

110
200
211
220"
310
222
321
400
330 411
420
332
422
510 431
521
440
530 433
600 442
611 532
620
541
622
631
YA

710 550
543

115110 ay =
vy 29
(not scanned)
(undetected)

57 20.68
11 24.00
14 26,43

100 29.55
14 3182
25 34426
11 36.42

4 38.40

2 40.43

3 42,36
12 44s30

8 4775
47 4943

5 51.03

L 52,60

9 54¢27

1 55.85
(undeteécted)

.23 58,78
(undetéctéd)

5 6170

5 | 63.#8

10.415 *

d

42913
©3.7046
3.3693
3.0203
2.8058
12,6150
2. 4647
2.3421

2.2264

2.1318

2.0429

1.9030.

1.8422

1.7881
1.7384
1.6888
16447

1.5695

1.5020

1.4683

.005

10
12

16
18
20

22

50 -

10,511
10,478

10.654

10,462

- 10,513

10,460
10.457
10.474
104443
104444

' 10.416

10.423

10.426
10.430

10.410 .
10.402

10,411

10,406

- 10.382

" d ealc

442519
3.6822
342935
3.0065

2.7835

2.6037

- Re4548

2,3288.

2.2204

2.1259

2.0425
1.9015

1.8411

1,7861
1.7358

1,6895
1.6467

1.5701

1.5032
1.4729
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:

5.89
7.90
9.55
11.89
13.73
15.86
17.85
19,77
21.88
23.86
25.99
29.95
31.96

: 33092

35.89
38,03
40,09

44,403

48.07
50,31



Spec: 103164 &, =

nicl
0
200
211
220
310 |
 222
321
400
330 411
420.
332
422
510 431
521
140
530 433
600 422
611 532
620 -
541
622
631

710 550
543

L

28

(not scanned)

6

3
11

6 .
(weak)
n

3

: (wéak)'

23

.4
.
5.

16.84

20,60

24,00

26,60

29.60

32,02

34436

36.57
| 38,60
4049
42,50

44e33
4782

49450

51.18

5425
55490

58.82
60523

61.70

63.18

4

| 5.2602

4,3078
3.7046
3.3481
3.0153
2.7927
246077
24550
243304
2+2259
21251
2,0416

1.9004
- 1.8397
11,7832

1.6894
1.6433

1.5685
1.5351
1,5020
1.4703

10,416 + .005

=

10
12 .

16

18

20 -

22

26

30

32
34

38

..40

&

50

&

10,520

10,551

10.478
10,587
10,445
10,449
10.430
10,415
10.422
10,440
10,411
10.410
10,409
10,407
10.398

10,414

10,404
10,412

10,406
10,397

- d_cale

5,2080

4e2523
3.6826
3.2938
3,0068
2.7837
2.6040
244550
2.3290

242206

2,1261
2.0427

1.9016

1.8413

© 1.7863

1.6896 '
. 1.6469

1.5702

1.5357
1.5034

1.4730
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, 3.924
5,84
7,90
9.67

11,93

13.91
15.95
18,00
19.97
21,89
24402
26,02

30,03

32,05

34.11

38,01
40,17

4409
46,03
48,08
50,18



a

20

20,64
23,90
26.52
29.50
31.95

36.42

38,50

4044

42,36
44,20
47.70
1940

51.05

52,60
54420

55,78

58,78

60.22
61.64
63.11

Spec: 98503
bl I
110  (not scanned)
200 - 5
211 3.
220 - 12
- 310 8
a2 - 100
321 - 8
® =
330';1i 12
420 5
332 3
422 5
510 431 14
520 12
O . 52
530 433 4
600 442 5
611532 11
620 3
541 _‘-(weak)
622 | 26
631 2
i 5
710 550 5 .
543

10.424 %

i~

5.2726

42995
. 3.7199

3.3581

- 3.0253

2.7986
2.6180
2.4647

2.3362.

2,2285
2.1318

2.0473

1.9049
1.8432

1.7875

1.7384

. 1.6908

1.6466

1.5695

© 1.5353

1.5033

1.4718

.005

1=

o

(0}

12

16
18
20

R

2%
- 30
g

34

36

38

40

R

50

2o

- 104543

10.531
10,521
10.619
10.479

10,471
10,472

10,448
10.45é
10, 444
10.439

110,433

10,427

10.422

10,430
10,422
10,414

10,411
10.413
10.415

10,407

dcale

~ 5,2120

4e2555

3.6854

3.2963
3,0091
2.7859
2,6060
2.4569

- R.3308
2.222/,

2.1277
2.0443
1.9031
1.8427
1.7877
1.7373
1.6909
1.6481

1.5714
1.5369

- 15045

1e474)
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N cale

3.90
5,87
7.85

' 9.63

12,87

13.87

15.85

17.88

19.90

21.87

23.90

25.92

29.9%

31.98

34400

35.95

38.Q0

40,07

44s20
46,09
48,07
150,15



Spec: D148,A315
Wl 1/, 00 20
110 (not scanned)

200 (undetected)
211 (undetected)
- 220 11 24405
300 9 26,60

8o

222 100 29,58

321 14  32.05
400 34,35

420

332
422 | 42.38
510 431 15  44.20
521 9 4165
WO 52 49435
530 433 7 50.95

600 42 5  52.60

611 532 10 54,10
620 .3 55472

541 (undetected)

21
330 411 11 36.55 -
5
4 40.50
5

38.50

622 . 25 = 58.70
631 5 6013
" 7 61.64

- 543

710550 - 7 62.98

3.697L
3.3481
3.0173

12,7901
2.6084
2. 4563

- 243362

2.2254

2.1309
2.0473

1.9068
1.8450

. 1.7907
1.7384

1.6937
1.6482

1.5714
1.5374

1.5033
14745

10

12

14

16

18-

20
22
24
26
30

3

34

36

38
40

46

50

10,457
10.587 -

10.452
10.439

10.433
. 10.421

10.448

© 10.438
10,439

10.439
10.444
10,437

100442

10.430
10,440

- 10.424

100424

10,427
10.415

10,426

d gglc

3.6854
3.2963

3.0091 .

2.7859

12,6060 .
'2.4569

_2.3308
2,222/,
2.1277

‘ 2.0443'

1.9031
1.8427
1.7877
1.7373
1.6909
1.6481

1.5714
1.5369

1.5045

1,474
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N calc

7.94

9.69

11.93
13.95
15.§7
18.00
19.90
21,94
23.92
25.92

: 31.91

33.88

37.87

39.99

43.99

4596

48,07
4997



Spec:

-110

200

220
310
222
321
00
330 411
420
332
422
510 431
521
B2
530 433
600 442

611 532

620
541
622
631

18267

pracy

(not scanned):

3
5
13

1

100

22
12

11

- 52

NN O W

25

(poor}

ao—

20

16.65
20.61
23.84
26,38
29445
31.86

34420

36635

- 38445

42440

hhald
41,64

49435

50,95

52,48

54415

' 55465

57.35

" 61,60

10,430

!

503198

43057
3.7291

343756
3.0303
2.8063

12,6195

2.4693
2.3392
2.2301
2.1299
2,0499
1.9071

1.8450

1.7907

1.7421

1.6922

1.6501
1.6052

1.5719

1.5043

.005

X

10

12

14 |

16

‘18

20

R

26

30
32

36

38
40

(o)

10.639
10.546

10.547"
10,672

10.497

© 10,500

10478
10,476

10,461
10,460

10.434

- 10452
- 10,446

10,437
10.442
10,452
10.431
10,436
10.403

10,468

"d cale

5.2150
442580

346875

3.0108

2.7875

246075

24583

2.3322
2.2236
2.1290
2.0454
1.9042

._1;8437
1.7887

1.7383

1.6919

1.6491
1.6093
1.5723

1,505
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' 3.84
5,86
7.82 |
9054
11.84
13.81

15,85

17.83
19.88
21.87
23.97
25,88
29,90
31.95
33.92
35,84
37.98
9.9
42,21
44,02

48,07



Spec:

110

200

220
3104_"
222
321
400
330 411

420 i.'5

332
422
510 431
521
4o
530 433

600 442
611 532 -

620

541
622
631
yVIA

. 710 550

243

No#B

/L

& ~

(not scanned)

4
5
10
8

100

19
10

10

10

36

19
2
2

3

16.65

20,40

23,70
26,30
29.30
31,70
34,03
36,20

38,32

40.25

42,22

417
470 67

49430

50,90

52044

54,08

55.59

56,94
58,62

6%.67
63.00

5.3198
4a3496
3.7509
3.3856
3.0455

2.8201
2.6322°
24792

2.3468

2.2386

2.1386
2.0486
1.9060

148467
1.9924

1.7433
1.6943
1.6518
1.6158

1.5734

1.5381
1.5027
14741

10.433 * .005

=

10

12
14
16
18

20

26
30

32

34

36
-

40

46

50

&g

10.639
10,654

10.609

10,157
10.549
10.552

. 10,528

10,518
10.495

© 10,500
10.477

104446
10,439
106447
10.451
10,460
10,444
10.446
10,471

10f436

10.432‘

10.411

C 104423

d cale

5.2165

42592

3.6886
3.4776
3.0117

2,7883

2,6082
2.4590
2,3328
242243

2.12906

2,0460
1.9047
1.8443
1.7892
1,7388
1.6924
1.6496

1.6098

1.5728
1.5382
1.5058
14754

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

157

3.84
5.75
.73
9.49
11.73
13.68
15,70
17.70 |
19.76
21,71
23.79
25.93
2995
31,91

© 33.87

35.81
37,91
39,89
41.69
43.96
46,00
48.20
50,08



L

110 - {not scanned)

200 . (undetected)

211 (undetecied)

220  (undetected)

310 36
222 100
s 2
400 24
330 411 16

26443
29.53
3185
34e22
36444

- 420 _ (undetected)

332 27
422 16
510 431 11
521 27
wo 55

40,56

42426

4419

47425

49432

530 433 (undetected) -

600 442 (undetected)

611 532 (undatected)

620 N
541 (weeak)
622 50

Lh, 13

56407

© 58455
631 (undetecﬁed) :

&L.52

7o 550 (undetected)

543

343693

340223
2,8072
2.6180
24634

2,2222
2.1367
2.0477
1.9220

" 1.8460

1,6387

1.5751

1.5060

10
12

16
- 18

22

26

32

10,654

10,469

10,503
- 10,472

10.451

10,423

10,441

10.350
10,443

10,448

10.434

d.cale

3.2992
3.0117
2.7883

. 2.6082

2.4590

22243

2,1296

2.0460
1.9373
1.8443

1.6293
1.5728

1.5058
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9.58.

1.9

13.81
15.88
17.93

22,04
23484
25495

‘2?,46
31493

40,52
43487

47,98



Spec: 104553 a5 =
hil, L 29
110° (not scanned)
200 6 16,80
211 "4 20,65
220 '13' 23.95
310" 9 26.48
’ 222 100 - 29.46
321 14 31.90
400 2 34418
330 411 13 36.37
420 6  38.40
332 2 40,38
422 7 42425
510 431 14 k16
521 10 4762
440 51 49.28
530 433 8 - 50.90
600 442 T 52.50
611 532 10 54409
620 3 55.60
541 (very weak)
622 25 58.56
631 2 59.93
yA | L 61,48
710 550 6  62.84
543

10445 *

5.2726
422975
3.7123
3.3630

3.0293

2.8029
2,6210
' 2.4680
12,3421
2.2317

2.0490
1.9079

1.8474

1.7924
1.7415
1.6940
1.6515

1.5749
- 1.5421
1.5069

14775

.005

1=

10

i

16
18
20

&

50

o

10,545

10.526
10,500

10.635

10.493

© 10,487

10.484

10,471
10,474 -

10,467

10,470

10,448

10,450
10.451

10.451

10,449
10,442

10.445

10,446
10.459
10.440
104447

d calc

542225

42641
3.6928

3.3029

3.0152
2.7915

2.6112
244619
263355
2.2268

2.1320
2,048,
21,9069
1.8484 -

1.7913
1.7408
1.6944
1.6514

 1.5746

1.5400
1.5076

1.4770
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3.92

5.90
7,91

9.64
11,83 |
13.88
15.88
17.91
119.88
21.90
23.88
25.98
29.96
31,96
33.95
- 35.97
38,01
39,99

43,98
45.87
48,04
49.97



Spec: U553 8o =
il /4 22

| 110 (not scqnned)
200 5 16,68
21 12 20449
220 16 23.82
310 28 26430
222 100 29442
321 11 382
400 23 3416
330 411 15 36.28
420 5 38,37 -
332 3 40.37
422 7 42422
510 431 14 44el6
521 13 47463
440 53 49.33
530433 7 50.90
600 442 4 52445
611 532 9 54el3
620 8 - 56,03
54 (wesk)
622 27 58465
631 (weak) Ay
W4 5 6L.52
710 550 5 63,02

543

10,448 +

5.3103
43307

3.7322
303856

340333

2,8098

2.6225

264739
2.3438
2,2322

'2,1386
2.0490

1.9075
1.8457

1.7924
. 17430
1.6928
1.6398

1.5726

1.5060

1.4737

«005

1=

50

3]

10,620

. 10,608

10,556
10,706

10,507

10,513
104490

- 10.496.
. 10,482

10477

" 10,448

10,448
10,441

010,451
10.453
10.435 -

10,500

104432

10,434

10,420

d calc

542240
4e2653

3.6939

33039

13,0160

2.7923
2.,6120
244626
2.,3362

242275

2,1326

' 2,0490
1.9075

1.8469
1,7918
1.7413

©1.6948

1.6317

1.5750

" 1,5080

14775
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3.87
5,82
7.83
9.52
11.86
13.82
15.87
17.83
19.86
21,90
23.86
25499
29499
32,04
133,97
35492
138,09
40.59

4hel3

48412
50425



Spec: .SUNSHINE MINE #3

hkl
110
200

220 -
310
222
321.
400

330 411 .

420
332

422
510 431

521"
40
530 433

600 442

611 532
620

541
622
631
444

543

710 550

/L

20
(not scanned)
5 168
L 20,70
11 23.95
8 26,51
100 29.44
12 31.90
26 34.15
10 36.32
4L . 38,35
6 40.42
3 42.30
16 44.08
10 47.58
51 49425
7 50,90
5 52.54
un 54404
4 55.60
'(weak)
26 58.54
(very weak) |
5 61.40
5 62482

ap

d

542695
442872

3,723

343593
3.0313
2.8029
2.6232
2.4713
243450
2.2296
2.1347
2.0526
1.9094
1.8485
1.7924
1.7402
1.6954

- 1.5753

. lo 5086 i
L4779

= 10,453 *

50

.005
i o
4 10.539
6  10.501
8 10,500
10 10.623
12 10,500
1 10,487
16 10.493
18 10.485
20 10.487
22 10.457
2, 10.458
26 10.466
30 10.458
32 10,456
34 10.451
36 10.441
38 10,451
40 10.445
M 10,449
48 10.452
v 10.450

‘ g cg;l_:c

542265
4o2674

3.6956

3.3055

'3.0275 '
" 2.7936
2.6132

2.4637
2.3373
2.2285
2.1337
2.0500
1.9084
1.8478
1.7926
1.7421
1.6957

1.6527

1.5758

1.5087
1.4782
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;

3.3
5.9
7.92

11.89
13.90
15.87

. 17. 89.

19.86
21.97
23.97
25.93
29.96
31.97
34,00
36,07
38,01

40,05

4402

48.00
50,02



Spec: 92347 ag

hicl

110
- 200

220
310‘
222
321
400
330 411
420
332
422
510 431
521
440
530 433

600 442 -

611 532

620"

541

622

631
 Ahk

710 550
543
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- | wggl
(not scanned)
(undetected)
(undetécted)
11 23.88 .
9 26.47
100 29.39
8  3L.84"

20 34.12

13 36.24
6  38.30
7 40.25
4 4207

19 43,98

13 47.39

56  49.03

6 5066
8 52,25

14 53.80

(weak)

(weak)

30 . 58,33
3 59.80
5  61.17
5 62,52

3.7230
3.3643
3.0363
2.8081
2.6254
24766

2.,3480

2.2386
2.1410
2,0570
1.9166
1.8563
"1.8003
L7492

1.7024

1.5805
 L.5451

1.5138

1.4843

10

12

18
20

22

26
30

32 |

34
36
38

46

50

&

10.530
10.638
10,518
10,506
10,501

. 10,507
10.500

10.500
10,488
10,488
10,498
10.500

104497

10.495
10.494

10.484 .
: 100 479

10,487
10,495

d calc

162

N cale

37077 7.93
3.3162° 9.7
3.0273  11.92
2.8027  13.94
2.6217  15.95
2,478 17.93
2.3449  19.9%
2.2358 21,94
2,1406  23.99
2.,0566 25f99
1.9146 29493
1.8538  31.91
1.7985°  33.93
17478 35.9%
17012 3.9
1.5809  44.02
1.5462 46406
1.5136  47.99
1.4830 49.91



163

Sped: 04995 &, = 10,502 % 005

=

my UL 2 4

s desle Neale
110 (not scanned) _ ' .
200 6. 16467 5.3135 L 10,627 542510 3.90
a1 5 0455  4e3182 6 10.57T 42874 5491
220 16 2378 3.738 8 10,573  3.7130 . T.89
310 10 26,31 3,384 10 10,702 3.3210 962
222 . 100 20,28 . 3,0475 12 10,556  3.0316 11,87
21 1 3070 2.8200 14 10.552 28067  13.86

400 27 3400 2.6344 . 16 10,537 2.6255  15.89
330 411 17 36,15 2.4825 18 10,532 2.4753 1789
420 8 38,23 23520 20 10,519 2.3483  19.93

332 5 40,20 2,203 22 10.512  2.2390 2195
225 h207 2159 T 24 10512 23T 23.95
S0 43119 - 43.90 20606 26 10,507 2.05%  25.97
521 | 13 4730 1,920 30 . 10,516 1.9173 29,91
M0 57 . 48.98 L8581 32 10.511  1.8565 3L
530 433 7 50,58 1.8030 34 10,513 - 1.8010 33,92
600 442 3 5207 1517 36 10,510 17503 35.94
611 532 11 53.75 17039 38 10,503  1.7036  37.98
620 (wéak) |
541 (weak)
622 30 58,23  1.5830 44 10,500 L5832 44.OL
631 4 597 LkS 46 10489 LSk 46
M4 4 6108 15158 48 10,501 L5158 48400

710 550 4 62.47  1.4853 50 10,503 14852  49.98
543 ~ | .
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Spec: 90875 a, =

higl,
1110

200

220
310
222

321
400
330 411
420
332
422
510 431
521

Vi 29
(not scénped)-
5: 16,77
(undetected)
17 23.80
10 26u45
100 29.34
8  31.80
20 34,06
9 36,15
38.28
4 40,20
4245
15 43.85
13 . 47.33
43 49,01
5 50,65
& 51.98
&  53.70
(weak)
(unﬂatected)
20 58.21

4

542820

3.7353
3.3668

3.0414

- 2.8115
2.6299

2.4825
243492
2.2413
2.1275

2.0628

1.9189

.1.8570

1.8006

1.7577
1.7053

1.5835

10,512 + .005

N

10,564

10,565 -

10.646
10,535
10,519
10,519

| 10,532

10,505
10,512
10.422
10,518

110,510
10,505

104499
10,546
10.512

110,503

d cale
542560

3,765

3.3241

2.8094
2.6280

2.4TI7

2.3505

2.2411

?.1257
2,0615
1.9192
1,8582
1.8027

1.7520 .

1.7052

1.5847
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N cale
3.96

%4

- 11.94

13.97
15.97
17.92
20,02
21.99 -
2441

25,96

30,00
32,04
34607
35.76
37.99



“Spee: 96332
SR

. 222 100
321 - 16
400 2
330 411 14
420 6
332 20

20

29.26

31.62
33,97
36,11 -

38410
40,13

422 (undetected)

510 431 26
520 10
440 40
530 433 7
600 442 7
611 532 13
620 5
541 (weak)
622 21
631 7
bl 3
710 550 7
543

43480
47,28
48490

50045

52,07

53.63
55415

58.14
59,53
60,97

62,34

10,530 #

d
3.0495
2.8271

2.6367

24852

2.3598

242450

2.,0650

1.9208 .

. 1.8609
1.8073
1.7548
1,707,
1.6639
1.5852
1.5515
1.5182

. 14881

005 .

X
12
- 14
16
18
20

22

26
30
32
34

36

. 40

. 46

0

o
10.564

10,578
" 104546

10.543

10,553 .

10,530
10.529
10,521
10.527
10,538
10,529
104525

104523

" 10,515

10,523

- 10,519

10,523

‘d.cale .
3.0397

2.8142
246325
2.4819

243545

R.2450

2.0651
1,9225
1.8614
1.8058
1.7550
1.7081
1.6649

1.5874

- 1.5525
1.5198

1.4891
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‘N cale

11.92 .
13.87
15,9
17.95
19.91
21,99

26,00
30,05
32,01
3349 .
36,00
38,03
40404

bhel2
46,06
. 48.09
50,06



bk,
110
200
211
220
310
222
321
400
330 411
420
332
422
510 431
521
o
530 433
600 442
611 532
620
541
622
631
bbb

710 550
543

66819 a8 =
U5 20
(not scanned)

.l r 16.62
6 20,46
13 23,66 -
g 26.2%
100 29.17
8 31456
20 33.85
9. 35.98
5. 38,02
8 39.98

(undetected)
17 43.66
9 47408 .
51 48,73
3 50028
5 51,90
0 53450
(ﬁndetected)
(undeteéteﬁ)
27 57.97
4 59440
4 60,88
4 62.33

-

= 10.552 &

4

5.3293
43369
3,757
3.3933
3.0587
2,8323
2.6458

. Re4939

2.364§

2.2531

2,0713
1.9285

11,8670
1,8130

1,7602

1.7112

1.5895

1.5203
1.4883

<005

10
12

16

18

20
22

26

30
1- ”
34

36
38

&

50

20

10,658

10,623

10,626

10,730
10,595

10,597

10,583
10,580
10,575

10,568

10.561
10.563

. 10,561
|

10571

10,561

10.549

10,543

10,543
10,533

10.524

dcale

562760

43078
3.7306
3.3368
3.0461
28201
2.6380
2.48T71

242496

240694
1.9265
1.8653

©1,8096

1.7586

R XY AN Y

11,5907
| 1.5558
1.5230

Le4922
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3.92

5.91

7.88
9466
11.90
13.87
15,90
17.90
19.91
21,93

25495
. '29.93
31,9

. 33487 .

35,93
38,02

46407
4817
50.26
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