
INTERNATIONAL MINERALOGICA L ASSOCIATION 

PAPERS AND PROCEEDINGS 
O F T H E 

FIFTH GENERAL MEETING 

Cambridge, England 

August 30--September 3, 1966 

T H E M I NERALOGICAL SOCIETY, LOND ON 

1968 



International Mineralogical Association 

An Association of 24 National Mineralogical Societies 

*President 
First Vice-President 
Second Vice-President 

*Secretary 
*Treasurer 

Councillors 

Past President 

* Member of the Executive Committee. 

C. E. Tilley 
H. Strunz 
D.S. Korzhinski 
A. Preisinger 
L. G. Berry 
T. F. W. Barth 
J . Kutina 
T. Watanabe 
D. Jerome Fisher 

COMMISSIONS 

Abstracts 

Th. Hi.igi, Chairman 
R . A. Howie, Secretary 

Cosmic Mineralogy 

D. P. Grigoriev, Chairman 
E. P. Henderson, Secretary 

Mineral Data 

H. Strunz, Chairman 
J. R. Butler, Secretary 

Museums 

C. Frondel, Chairman 
P. C. Zwaan, Secretary 

Ore Microscopy 

W. Uytenbogaardt, Chairman 
S. H. U. Bowie, Secretary 

Teaching 

C. S. Hurlbut, Chairman 
E. den Tex, Secretary 

New Minerals and Mineral Names 

M. Fleischer, Chairman 
C. Guillemin, Secretary 

Uncsco subvention-1968-DC/ 2.1 / 414/ 26 

Printed by Adlard & Son Ltd., Oorking 



Foreword 

THE fifth general assembly of the International Mineralogical Association was 
held at Cambridge, August 30 to September 3, 1966, sponsored by the Minera
logical Society of Great Britain and Ireland and the Department of Mineralogy 
and Petrology, University of Cambridge. 

The programme Chairman for the meeting was T. F. W. Barth and the 
Chairmen for each of the three main sessions were: M. J. Buerger and R. Kern, 
Symposium I on Crystal Growth, with special reference to minerals, and Bonding 
Forces in Mineral Structures; P. Gay and J. Zussman, Symposium II on 
Pyroxenes and Amphiboles; B. H. Mason and H. Neumann, General Session. 
The programme included two special lectures : Theory of Chemical Valence and 
its relation to Bonding in Silicates by D. W. J. Cruickshank, and The Relation 
of Lattice Dynamics to Chemical Bonding by W. Cochran. In all 102 papers 
were presented (23 in Symposium I, 31 in Symposium Ir, 42 in the General 
Session, with 6 papers presented at an extra session, devoted to Methods in 
Reflected Light, under the Chairmanship of N. F. M. Henry). 

Publication of papers submitted for the two Symposia has been undertaken 
jointly by the International Mineralogical Association and the Mineralogical 
Society and has been aided by a generous grant from the International Union 
of Geological Sciences. Other papers are printed by title and abstract. Editing 
of papers has been carried out by P. Gay, A. F. Seager, H. F. W. Taylor, and 
J. Zussman, who wish to express their thanks to numerous colleagues for their 
help. The Association is especially appreciative of the work of M. H. Hey, 
Editor of the Mineralogical Magazine, in seeing the volume through the press. 

c. E. TILLEY. 

Published by the J.M.A. and Mineralogical Society with the financial assistance of UNESCO. 
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Proceedings of the I.M.A. 

Fifth General Business Meeting of Delegates 

Cambridge, August 31 to September 3, 1966 

Anton Preisinger, Secretary 

T HE.first session of the fifth General Business Meeting of Delegates of the 24 
Member Societies of the !.M.A. was held in the Department of Mineralogy and 
Petrology, University of Cambridge, England, on August 31 , 1966 at 5.15 p.m. 

The delegates of 23 Member Societies were present: Austria, Belgium, Brazil , 
Bulgaria, Canada, Czechoslovakia, Denma rk, Egypt, Finland, France, Germany, 
Hungary, India, Italy, Japan, Netherlands, Norway, Spain, Sweden, Switzerland, 
United Kingdom, U.S.A., and U.S.S.R., New Zealand was not represented. 
Algeria, Australia, Eire, Malaysia, Sudan, and Turkey were represented by 
observers. 

Opening remarks. The President, Prof. C. E. Tilley, and Dr. Claringbull , 
President of the Mineralogical Society of Great Britain and Ireland, welcomed 
the delegates and other participants. 

The President said the Association was greatly indebted to the Mineralogical 
Society and the Department of Mineralogy and Petrology for their invitation 
to hold the sessions of the I.M .A. at Cambridge. The preparatory work of the 
Local Committee ensured that this was to be a most successful meeting. 
Altogether 311 mineralogists with 54 accompanying members, from twenty-nine 
countries, had registered, the meeting thus forming the largest gathering of 
mineralogists in the Association's history. 

Reports of the officers 

The Secretary, Prof. A Preisinger, reported that within the short time, since 
December 1964, when he became secretary, no important business was handed 
over to him except the preparation of the business of the present meeting. 
The proceedings and 29 papers of the New Delhi Meeti ng would be published 
in October, 1966. Reprints of the proceedings of the Fourth General Business 
Meeting of Delegates in New Delhi, December 1964, were given to the main 
delegates and were approved by the Assembly. One new member, Hungary, 
has been accepted in the I.M.A. It was suggested that, in order to guarantee a 
better co-operation of member societies with the !.M.A., it would be desirable 
to send letters not only to the National Representative but also a copy to the 

VII 



VIII PROCEEDINGS 

Secretariat of each National Mineralogical Society, and the Secretary asked for 
the address of the Secretariats before the Second Session of this Business 
Meeting. 

The Treasurer, Prof. L. G. Berry, submitted a report covering receipts and 
disbursements from November r , 1964, to July 31, 1966 (p. xv). 

Appointment of the Auditors 

The delegates nominated Profs., M. Font-Altaba and 0. Mellis as auditors 
and scrutineers for this Meeting of the Association. 

Next Meeting 

President Prof. C. E. Tilley announced that the next Meeting will be held in 
Prague at the end of August 1968. Fu rther the President told the Assembly that 
an invitation had been received from the Mineralogical Society of Japan to 
hold the 7th General Meeting of I.M.A. in Japan in 1970. He asked Prof. T. 
Watanabe to explain the situation . The Meeting should take place at the end 
of August or the beginning of September. The invitation was accepted with 
acclamation. 

New Business 

There was a brief di scussion about the publication of the papers of this 
Meeting. Prof. C. E. Tilley informed the Assembly of a resolution of the Council 
of the Mineralogical Society to print the papers of the two symposia (pyroxenes 
and amphiboles; crystal growth) and the titles of the papers in the open session , 
together with the proceedings of the general Meeting, in one or two separate 
volumes. This was made possible by a substantial award for this purpose given 
by the International Union of Geological Sciences. The President announced 
a second edition of the World Directory of Mineralogists and asked Prof. 
Font-Altaba for remarks. Prof. M. Font-Altaba believed that the second edition 
could be published in spring of 1968. He asked the National Representatives 
to send a list of the names and addresses of the members of the Nationa l 
Mineralogica l Societies of all non-English spea king countries to him, Prof. 
M. Font-Altaba, Dept. of Crystallography and Mineralogy, University of 
Barcelona ; all English speaking countries should send the lists to Miss M. 
Hooker, U .S. Geologica l Survey, Washington 25, D.C., U .S.A. There being 
no further business, the first session of the fifth G eneral Meeting was adjourned 
by the President. 

Second session 

The second session of the Business Meeting of the Delegates was held on 
September 3, at 16. r 5 at the same place. The President opened the session and 
asked the Chairmen of the Commissions to give their reports : 



IMPU RITIES IN QUARTZ 137 

A most interesting thing is the change of the parameter c of the quartz lattice. 
which is connected with the presence of aluminium in the lattice. The data show 
that the q uartz crysta llized under higher temperatures (from pcgmatites and 
magmatic rocks) contains but little Al20 3 (about 0.01 %) and has the minimum 
values of the unit cel l. On lowering of the temperature of crystallization (quartzes 
from hydrothermal veins) the content of Al20a increases (up to about 0.0 18 %). 

Synthetic quartz contains the maximum amount of Al20 3 (up to about 0.025 %). 
which is probably due to the conditions of its crystalliza tion in laboratories. 
The data obtained for microisomorphic correlations in quartzes of various 
paragene e are confi rmed by the investiga tions of A. I. Belkovsky (1964). 

Thus all the data point co the fact that when the temperature of crysta llization 
decrease crystals of quartz ab orb a relatively large amount of microisomorphic 
aluminium. which is accompanied by the insertion of alka li cations into the 
voids of the quartz structure. If the originally formed quartz is subjected to 

recrystalliza tion (without additional absorption of contaminants) there will be 
a decrease of impurities in it (self-purification during recrystalliza tion); this is 
supported by the study of the products of recrystallization of syn thetic quartzes. 
Crystals of q uartz with 0.05 % of structural aluminium, after being used as a 
charge, contained only 0.03 % of Al20 3 • Deviation observed in ome samples 
of natural quartz (fig. 4) are probably due to recrystallization. This must be the 
case with the crystals of quartz from the pegmatite veins of Volign, which have 
an almost constant parameter c from different zones of the pegrnatite body 
(~c = o.0002 A, Karnentsev, 1962). Mineralogica l and geologica l in vestigations 
confi rm the intensive recry tallization of the pegmatite body in that region 
(Prikazchikov. 1962). 

Co11c/11sio11s. The results of the in vestigatibns indicate that the Ouctuations in 
the unit-cell parameters of quartz are in direct dependence on the inclusion of 
impurities in its structure: Al replacing Si in silicon- oxygen tetrahedra affects 
mainly the parameter c of the la ttice, while uni- and divalent ions, compensating 
the alumin ium charge, enter the cana ls of the quartz st ructure and increase the 
parameter a. The inclusion of impurities depends on the condition of crystal 
growth. The effects of the rate of growth and of the chemical composition of 
the solution were observed in crystals of ynthetic quartz. Correlating the 
va riati ons in the lattice parameters of natural quartz with the conditions of 
formation , a definite dependence emerges between the temperature of crystalliza
tion a nd the content of structural aluminium, as well as va riations in the 
parameter of the unit cell in quartzes of magmatic and hydrothermal origin. 
Yee other factors (chemical composition of the medium, rate of growth. etc) 
cannot be ignored. as they are likely to affect the amounts of impurities in the 
lattice. Any varia tion in the cond itions of crysta llization of quartz causes changes 
in the parameters of the unit cell , which may be observed by means of precision 
X-ray methods. 

The stud ies of microisomorphic replacemen ts in natural and synthetic 
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Reports from Commissions 

Commission 011 Abstracts. Prof. H l.igi, Chairman of the Commission, reported 
that the full commission met on two occasions. Reports were presented on three 
developments in the abstracting field: The proposed abstract programme of the 
Geological Society of America and the American Geological Institute covering 
the whole field of geology including mineralogy, at an estimated cost of produc
tion per abstract lo times greater than that of the "Mineralogical Abstracts''; 
the proposal of the Deutsche M ineralogische Gesellschaft for computer-style 
abstracts and documentation based on key-words; and the proposal of Prof. 
Preisinger for a complete abstracting service based on a computer (e.g. lBM 360) 
using key-words plus data and text. The last two proposals would involve the 
co-operation of the Editors of journals in requiring their authors to prepare 
abstracts in conformity with rules to be formulated by the I.M.A. 

The Commission decided that we should actively explore the possibility of 
developing a computer-based abstract system and the members present voted 
unanimously for this to be on the Jines of Prof. Preis inger's proposal for key
words plus data and text. It was also decided to set up a sub-Committee of six 
who, together with the Chairman, Prof. Hugi, and the Secretary, Dr. Howie, 
would go into the details of the proposed scheme and formulate rules for 
abstracts in the various fields, and who would report progress to the National 
Delegates and invite co-operation from the Member Societies. The six members 
are: Dr. Olive Bradley (U .K.), Dr. Isa Kubach (Germany), Prof. A. Preis inger 
(Austria), Prof. J. Wyart (France), Dr. D. E. Appleman (U.S.A.) and Prof. 
Zakharov (U.S.S.R.). 

It is emphasized that the decision is to explore the possible creation of such 
a computer key-word system and that in any eyent the present mineralogical 
abstracting journals will continue to be produced for some years. During this 
period a trial run of the proposed key-word abstracts should enable a comparison 
to be made. 

Commission on cosmic mineralogy. Dr. Sandrea, in the name of Prof. Grigoriev, 
reported that The Commission met twice under the Chairman Prof. Grigoriev 
(U .S.S.R.) ; France, Germany, Hungary, India, Italy, Japan, and U.S.A. were 
represented. At the first meeting it was decided to ask the national delegates 
for a quick reproduction of the publications on cosmic mineralogy in their 
countries and to send 1 o to 12 copies either to Prof. Grigoriev or to the Secretary 
of the Commission. The second meeting was devoted to reports of the work done 
in the different countries: Grigoriev for U.S.S.R., Sunagawa for Japan , Sztrokay 
for Hungary, and Sandrea for France. 

Commission on Mineral Data. Prof. Strunz, Chairman, reported that as in 
earlier years the Commission has issued a classified list of the new minerals 
from 1964 to 1966 and of new data important for the classification of known 
minerals. About 70 copies of the list have been distributed (for internal use only). 
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The national delegates were asked to send their comments to the chairman by 
December r, 1966. The Commission expressed the hope that further classified 
lists would be available at biennial intervals. 

It is hoped to reach agreement on the format of proposed data sheets for the 
Mineral Data File by February 1967 and to have ready by September 1967 data 
sheets on some 50 minerals for di stribution to nati onal delegates. Dr. El-H innawi 
is preparing alternative formats and copies wi ll be sent also to the Commission 
on Or..: Microscopy for its comments. 

The Commission expressed its thanks again to Dr. Fleischer, Chairman of 
the Commission on New Minerals and Mineral Names, for his memoranda on 
new minerals and for copies of his translations of certain Russian papers. 

Commission 011 Muse11111s. One meeting of the Commission has been held, and 
the principal topic of discussion has been the proposed World List of Mineral 
Collections. Response to the questionnaires sent out in 1959 is far from complete, 
but all the replies have been partially edited and put on index cards. A maj ority 
of delegates present agreed that the List should be published, although incom
plete, and that Messrs Embrey and Jobbins should edit and prepare the copy 
for printing as soon as they received the data from the Chairman. Details of 
the layout should be left to the editors, except that a eparate listing should be 
made of all meteorite collections, however small. It was also agreed that a 
draft should be submitted to each national delegate for checking before going 
to press, and that a limited time be allowed for late entries. The question of 
numbers and publication costs is to be considered later, but Prof. Frondel 
undertook to ask the l .M.A. for a preliminary cash gra nt to cover editoria l and 
typing costs. 

Other topics di scussed more briefly included: the preparation by curators of 
lists of type and described specimens in their collections, for limited circulation; 
the need for an interest to be taken in computerized catalogu ing; the starting 
of an informal newsletter for the benefit of curators, to include the current 
availability of specimens and prevailing prices, methods of conservation, display 
techniques, etc. Mr Desa utels offered to edit such a newsletter. 

Prof. Frondel tendered his resignation as Chairman of the Commission, and 
the delegates agreed that Dr. C. Guillemin should be approached and asked 
to accept nomination as Chairman. Dr. Guillemin agreed and was briefed at 
a n informal meeting. 

Commission on Nell' Minerals and Mineral Na111es. Dr. Guillemin, Secretary of 
the Commission, reported: The commission was founded in 1959. Its essential 
task consists in checking the publication of new pecies, so as to avoid the 
proliferation of useless names : we must not forget that with less than 2 500 

mineral species, mineralogical nomenclature lists about 20 ooo names. The 
commission is well aware of this; accordingly, it has also undertaken a revision 
of nomenclature, in order to avoid as much as possible the use of synonyms in 
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mineralogical literature. One of its first tasks was to provide rules for descrip
tions, necessary and sufficient for a new species to be considered valid. 

Here is a brief account of the progress of our work: 

The commission investigates, before publication, the new species that are submitted for 
its approval. The members vote, and the description of the new species may then be published 
with the J.M.A.'s agreement; in other instances further studies are carr ied out at our request, 
or we discard the species as non-valid. f must lay stress on our growing efficiency. 6 species 
were submitted to us in 1962, 42 in 1965, and this year, at the end of August, we have already 
examined 32 new names. Generally, about 16 or 17 members out of 24 take part in the votes. 
T he commission seldom rejects new names, but criticisms from members have often led to 
withdrawals, changes of names, or correction of descr iptions. 

Unfortunately, names are sti ll published w ithout having been previously investigated by 
the Commission (however, several societies refuse to publish new species without approval 
by the Commission . For instance in 1964, we d id check 33 new names, but 21 were still 
published without previous investigation. For this reason, we issue an annual review of new 
names and changes in nomenclature, in which the members of the commission express their 
approval or disapproval of the published names. In 1964, for instance, out of the 33 names 
submitted to the Commission by 13 countries, 16 were agreed upon, 1 was rejected, and 15 
were withdrawn for further investigation. But 54 names were published during that same 
year, 37 without approval by the Commission; and 14 out of these 37 were objected to by 
our Commission after they had been published. 

We hope these annual reviews wil l help us to dissuade mineralogists from publishing 
without our agreement. Jn order to achieve this, we have asked that the periodicals of the 
Societies in the Commission publish each year the results of the votes on new names. We have 
secured agreement from our Russian colleagues by sett li ng an important matter: the transcrip
tion of Latin names with Cyrillic letters. The Commission stresses the importance of this 
annual review: it is to be desired that all the members should answer the list of questions sent 
to them. 

lt is evident that far too many bad names are being published. Several countries have set 
up their own national committees to screen proposed names. We hope that this becomes more 
widespread and acts as a deterrent, to some degree, fol' the publication of disapproved names. 

Nomentlarure revision. Using different names for the same mineral causes confusion and 
difficulty in indexing. The Commission has tried, with some success, to bring about some 
measure of agreement. Taking into account the names invest igated during this session, we 
now have agreed on over 50 names of important species, and this should eliminate more than 
200 synonyms. We hope that the societies w ill publish these results, that mineralogists will 
follow these recommendat ions, and that the discarded names wil l slowly vanish from the 
li terature. 

Names of mineral groups. Proposals for new names of members of large mineral groups have 
given the Commission much d ifficulty, since they require careful study of the entire group. 
At its 1964 meeting in Delhi, the Commission authorized the formation of two sub
committees, one to study the amphibole group, the other for the pyrochlore group. Setting-up 
these committees was a difficult task, but that on pyrochlores is almost complete, with Mr. 
A. H. Van der Veen as chairman. A preliminary meet ing has taken place, and proposals on 
nomenclature will probably be ready for examination by the Comm ission before the meeting 
in Prague. 

The Commission has undertaken no work on the nomenclature of the clays, but has 
maintained close contact with the committee of the International Clay M inerals group. 

A proposal by A. A. Levinson (United States) on the nomenclature of the rare-earth 
minerals has been approved by the Commission. It has been published in Amer. Min., 1966, 
51, 152- 158. 
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Other subjects have been discussed during the two sessions held in Cambridge by the 

Commission. Both the e sessions brought forth a remarkable spirit of conciliation from the 

rcpre entatives of the 14 countries attending: Belgium. Bulgaria. Denmark, Finland. France, 

Germany, Great Britain, Italy, Japan, etherlands, orway, Spain, Switzerland, U.S.S.R. 

Among these subjects, I shall emphasize the importance of examining the nomenclature 

of isomorphic series. Members have agreed to suggest that only the end terms of the series 

should be called by specific names; the varieties originating from isomorphic subst itution 

would keep the same name, with the addition, in brackets, of the symbol for the replacing 

element. According to this scheme, the varieties will be listed in an index immediately after 

the name of the species, and not under the substituting clement. 
The Commission exam ined, and adopted with on ly slight changes, Dr. Hey's proposals 

and Dr. Permingeat's remarks about the rules that should be fo llowed in selecting names for 

minerals and defining type-samples. I t recommended close contacts w ith the Commission on 

Museums. in order to set up quickly a locality-index of existing type- amples. 

Finally, the Commission decided to make widely known its decisions of 1959 and 196o on 

the validity of description of new mineral species and of changes in the mineralogical nomen

clature (see 8111/. Soc. j'ranr. Min. Crist., 1966, 84, 96- 105). The representatives from each 

country shou ld especia lly forward these decisions to the editors of those periodicals in which 

descriptions of new minerals are bound to appear. In addition, the Commission wi ll consider 

the changes that should be introduced eventually into the minimal description of a mineral; 

the c changes could be examined during the Prague meeting in 1968. 

Co111111issio11 011 Ore Microscopy. Prof. Uytenbogaardt, Chairman of the Com

mission, reported that a n in forma l meeting of the Commission was held in 

Paris on May 1, 1965, since 7 representatives, the Secretary and the Chairman 

were present at a joint meeting of the Societe fran9aise de Mineralogie et de 

Cristallographie and the Mineralogical Society of Great Britain. T he minutes 

of this meeting were afterwa rds circulated to all na ti ona l representatives a nd 

the recommendatio ns accepted with minor reservations. T he main conclusions 

and agreements reached were: 

Standar<ll-. T he ational Physical Laboratory (Gt. Britain) will calibrate standard material 

over the wavelength range of from 440 to 66o m 11 at intervals of 20 m 11 for a charge of £12 

per sample. The requirements are that the sample should be: roughly circular in section and 

3 mm or more in diameter ; the total surface area together with coplanar surround should be 

between 10 and 50 mm in diameter; the overall depth perpendicular to the reflect ing surface 

hould be less than 27 mm: the surface should be flat- less than five fr inges (546 m11) per 

cm; and a minimum of ten samples at a time would be required for measurement in order to 

keep the cost down to £ 12 per sample. 
A minimum of five standards shou ld comprise a set. Initially, standards would be made 

avai lable on request from the Nat ional Representative who wou ld hold a set for use in his 

country. Subsequent ly, additional sets of standards would be made more generally avai lable. 

One set of standards would be held by the Secretary of the Commission for reference purposes. 

Publication of reports and data. It was agreed to approach the Society of Economic Geologists 

for approval to publish data and reports of the Commission in Economic Geology. A ssent 

was immediately forthcoming, and the minutes of the Delhi meeting, together wi th the 

proposed scheme of tables of quantitati ve data, were published in the issue of Scptember

October, 1965. 

Standard materials. The position concerning suitable standards was reviewed and it was 

agreed that no new information was available that eemed to necessitate any change in the 
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~eries of standards accepted at Delhi. Germanium was proposed by Prof. Cameron and there 
was general agreement that this metal might replace pyrite if a sufficient quantity of the 
required purity could be obtained. The importance of being able to make direct measurements 
of reflectivity in oil was stressed and it was requested that the at ional Physical Laboratory 
look into this possibility. 

Measurernent of spectral r(1/ecrMry. The most suitable ha lf-heigh t band-widths fo r spectral 
filters was discussed ; also the tolerance permissible on the stated peak wavelength. It was 
accepted that the half-height band-width should be no greater than 25 m 11 and that the 
tolerance of the peak wavelength should be ± 1 ~0 or belier. Following the Paris meeting, 
a concerted effort was made to get suitable material for standards, and early in 1966 23 
specimens of neutral glass, provided by Dr. Piller, 10 specimens of carborundum, provided 
by Dr. Henry, and 12 specimens of silicon, provided by the Chairman. had been prepared 
for measurement in the laboratory of the Secretary. These 45 standards were submitted to 
the ational Physical Laborato ry. More recently, 12 additional silicon specimens and 20 

germanium specimens have been prepared for measurement as well as 10 oriented sections 
of Elba pyrite provided by the secretary. Provisional data on silicon indicate a reflectivity 
range of 43 to 50 % for wavelengths between 589 and 570 111;1, whi le for germanium the range 
is 53 to 48 %. Germanium is le s d ispersive than silicon o r pyrite and may make a good 
standard in the 45 to 65 '.!-0 range. Satisfactory high reflectivity standards have not yet been 
found, but provisional work on chromium (about 65 ~ 0) and rhodium (75 to 80 ~ 0) seems 
promising. 

On February 1, 1966, an interim report on the progress made by the Com
mission was distributed lo all members of the Commission. Di fferent inter
national meetings in Finland and Western and Eastern G ermany provided the 
opportunity to continue personal contact with many representatives, and to 
have informal di scussions on Commission business. 

Finally, the second li st of recent literature on quantitat ive methods in ore 
microscopy was issued in August 1966, together with a summary of the progress 
to date. ' 

Co111111issio11 011 Teaching. Prof. Hurlbut, Chairman of the Commission , reported: 
During the 22nd Session of the International Geological Congress at New 
Delhi in December 1964 the Commission on Teaching of the Internationa l 
Mineralogical Association met twice under the Chairmanship of P rof. J . Creel. 

The activities of the Commission up to December 1964 were discussed and , 
in particular, the results of its enquiry into the Content of the elementary 
Mineralogy course at university level. Some outstanding contributions to this 
question had been received, notably from C. S. H urlbut, W. Kleber, and J. 
Orccl, and it was decided not to press for more information on this particular 
score. No decision has been reached as to the future activities of the Commission. 
The General Assembly of the l.M .A., in its final ses ion at New Delhi, elected 
a s the Commission 's Chairman: C. S. Hurlbut and as its Secretary : E. den Tex. 

T he national working groups. through their delegates, suggested that an 
international list of teaching aids currently used in departments and institutes 
of Mineralogy and Petrology be compiled from national li sts to be prepared by 
individual members. Thi s suggestion met with a reasonable measure of respon c. 
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By August 3, 1966 information had been received from the delegates of the 
U.S.A., U.K., Canada, France, Italy, Denmark , Norway, Sweden, Bulgaria, 
and the Netherlands. There was, however, considerable variation in both 
quantity and quality of the information furnished. The most complete and best 
classified lists of pertinent material were obtained from the U.S.A., the U.K., 
and France. Owing to the short interval between the date of availability of 
most of the said information and of the present f. M.A. meeting, it has not 
been possible for the secretary to append a complete international list of 
teaching a ids to this report. ft is hoped that such a list can be made available 
at a date in the near future. 

All rhe reporrs of the Commissions ll'ere discussed and approved by the Assembly. 

Reporr of the Auditors 

The Auditors, Profs. M. Font-Altaba and 0. Mellis, reported: We have 
examined the Treasurer's books and records a nd the bank statements of the 
International Mineralogical Association for the period November 1, 1964, to 
July 31, 1966, and find them to be in order and in agreement with the financial 
statement presented by the Treasurer. 

The report was approved by the Assembly by unanimous vote. 

Other Business 
The President announced that the papers of the symposia presented at this 

meeting should be sent not later than December 1 to Prof. M. Buerger, 
Cambridge, U.S.A., for Bonding Forces, to Prof. R . Kern, Marseille, France, 
for Crystal Growth, or to Dr. P. Gay, Cambridge, England, for Pyroxene and 
Amphiboles. 

Prof. H. G . F. Winkler expressed the thanks of the Assembly to Dr. Claring
bull, Prof. Tilley, Dr. Gay, and the Local Secretary of this meeting, Dr. Henry, 
and his co-workers for this wonderfully organized meeting. 

The President thanked the Secretary, the Treasurer, and the Council members 
and closed the Fifth General Meeting of the l.M.A. in Cambridge. 

ANTON PREISINGER, Secreta ry 
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21.62 
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Paramagnetic resonance of electron-hole centres in minerals 

By L. v. BERSHOV and A. s. MARFU IN 

(Jl. B. 6epwos 11 A. C. Mapcpymrn) 

Institute of the Geology of Ore Deposits, Petrology, 
Mineralogy, and Geochemistry, Moscow. U.S.S. R. 

S 11111111ar)'. It has been shown that electron-hole centres are rather common in natural coloured 
and non-coloured minerals: that the results of EPR spectra suggest models for these centres: 
that different types of centres may be observed in the same mineral; and that hole centres arc 
more common in minerals than electron centres. 

UP to about the middle of this century, extensive data had been obtained from 
investigations of colour-centre in minerals, but rhese investigations had a 
number of limitations. Fir l of all they dealt with colour-centres but not with 
electron-hole centres in general, which occur both in coloured and non-coloured 
minerals; the colour was taken a an initial indication of the presence of a 
centre and the latter was assumed to be the cause of colour. The li st of minerals 
with colour-centres included not more than twenty to thirty names and the 
centres were considered as particular phenomena. Only for the simplest com
pounds (e.g. halides) were models of the centres proposed, and even for quartz 
their interpretation was no t unam biguous. For mo~t of the minerals the type of 
cen tre (electron or hole cent re) present was not determined. The methods of 
investigation of centres were: the decolorization of am pies on heating, the 
reconstruction of colour by irradiation. the investigation of optical absorption 
. pectra. and luminescence and thermoluminescence pectra. Jn more recent 
years the applica tion of electron paramagnetic resonance (EPR) techniques to 
the study of electron-hole centres in minerals has resulted in accurate descriptions 
of the structure of these centres (table I). T his report presents the results of an 
investigat ion on the £ PR spectrum of electron-hole centres in non-irradiated 
natura l minerals. EPR spectra were taken at room temperature on a R E- 1301 
spectrometer at frequencies o f 9 400 Mc,'sec (X-band). The data obtained from 
the measurements, the g-values and the hyperfine splitting constants, for some 
minerals, are given in table If. 

On the basis of the measured g-values it is possible to distinguish electron and 
hole centres: the first have a g -value close to the free-electron value (2.0023) 
or less, and the second have g-values more than the free-electron value. Q ualita
tive features of the E PR spectra have suggested models for the electron-hole 
centres. In general three kinds of atom may be involved: atoms (or vacancies) 

2 
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TABLE J. 

Natural or Type of 
Mineral synthetic Irradiation centre Ref. 

Quartz natural X-ray irradiated and not electron (1) 
irradiated 

Quartz natural X-ray irradiated hole (2) 
Corundum synthetic y-irradiated hole and (3) 

electron 
Corundum synthetic reactor-irradiated hole (4) 
Cancrinite natural and X-ray irradiated and not hole (5) 

synthetic irradiated 
Zeolites synthetic r- and X-ray irradiated bole and (6) 

electron 
Calcite natural X-ray irradiated and not electron (7) 

irradiated 
Diamond natural not irradiated electron (8) 
Sphalerite synthetic light-irradiated electron (9) 
Topaz natural X-ray irradiated and not electron (10) 

irradiated 
Fluorapatite synthetic X-ray irradiated electron (11) 

and hole 

TABLE IL g-value and !ifs constant A (gauss) in some minerals. 

Ci C2 Cs A1 A2 A3 

Danburite 2.0060 2.0109 2.0474 9.7 9.7 I. 5 
Apophyllite 2.0041 2.0106 2.0451 

Beryl { 0.9988 7.4 
2.0072 2.0099 2.0155 . 

Scapolite 2.0036 

Baryte 2.0036 2.0082 2.0037 6. 8 6.o 5 .4 
2.0096 2.0145 2.0462 0.2 I. 5 5.6 
2.0105* 2.0I45t 0.2* 0. 1t 

I 
2.0000 2.0026 2.0032 
2.0093 2 .0122 2 .0255 

Celestine 
2.0100 2.0241 2.060 2.8 4.2 
2.0076 2.0105 2.0193 

I 2.0093 2.0105 2.0180 

l 2.0025 2.036 2.0051 
Anhydrite 2.0018* 2.0063 t 0.2* o.27t 

Calcite 2.0105* 2.0163t 12.8* 8.ot 

Aragonite j 
I .9981 2.0020 2.0036 2.2 2.2 I.9 
I .9959 2.0020 2.0036 0.5 0.2 0.2 
2.0036* 2.0038t 0.5* o.st 

Cerussite 2.0030 2.0053 2.0107 
L 2.0068 2.0149 2.0200 

Amblygonite 2.0096 8.1 

* g , , A , . 
t g .1. ,A.1. . 
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that trap electrons or holes. atoms related to these electron or holes. and atom 
that act as charge compensator . 

The hyperfine structure U!/.5) may be exhibited by atoms with magnetic 
nuclei. We ca ll this structure, according to the a tom types mentioned above. 
1st. 2nd, or 3rd-order /if.i·. The magnitude of the 11/.i· splitting constant (A) 
indicates the fraction of time the unpaired electron spends a t the a tom, and fo r 
the 1st order A is about 100- 400 x 1 o 1 cm 1• This !ifs· is analogous to the /i fs· 
ob erved for paramagnetic ions uch as Mn 2 - , and ari c from the interaction 
of an unpaired electron with the magnetic moment of the ;;;Mn nucleus. The 
magn itudes of the 2nd and 3rd order hyperfine plitting constants are about 
0.2 to 20 x IO-~ cm- 1• This i comparable with the super-/ifs constant arising 
from the interaction of electrons of paramagnetic ion (for example Mn 2 · ) 

with magnetic moments of the nuclei of neighbou ring ions (for example 19F). 
The rela ti ve magnitudes of the 11/~· constants of different orders is : A 1 > A2 > A:i· 
For hole centres localized on neighbouring oxygen ions th at have no magnetic 
moment. no 11/s is shown. 3rd order Ms may be superimposed on the 2nd order 
l!fY (i.e .. there may be add itional splitting of the 2nd-order l!fs· lines). For the 
hole centres in quartz with 5 to 15 ppm Ti. the hole is trapped at charge-deficient 
cation sites (Ti :i · ) and localized on neighbouring anion (i.e. 0 ions). In th i 
ca e 1st order and 3rd order 1!/S are present but 2nd order !ifs is absent; 3rd order 
l1fs split the 1st order l1fs lines and the 3rd order l!f~ arise from compensating 
atoms of hydrogen located in tructural channels. 

A knowledge of the nuclear spin allows the number of /if~ lines to be deter
mined; their number and their rela tive intensitie a llow the determination of 
the number of equiva lent a toms with equal interatomic distances. These data 
together with the angular dependences of ,the g-tensors and l?fs constants, the 
symmetry of centres, and the number of non-equiva lent positions usua lly 
provide the interpretation of the centre. 

Let us consider from the mineral listed in table 11 some characteristic types 
of hole centres. Danburi1e ingle crystals of optical quality were obtained from 
Tetyukhc and an EPR spectrum of a hole centre (g value > 2.0023) has been 
ob erved (fig. 1 a). The spectrum consists of two set of four l!f."s lines in accord
ance with two equally populated 118 sites in the danburite structure. A hole 
localized on 1 1 B is consistent with the four /ifs lines observed (the nuclear spin 
of 1 1 B is 1 = ~ and the number of l?{S lines is 2/ + 1 = 4). Absorption lines have 
total widths of the order of 3 gauss. Taking into account the orthorhombic 
symmetry and the angular orientation of the spectra we conclude that the hole 
is trapped at a charge-deficient cation site (B3- -> Si I ; ) and is shared among 
neighbouring anions. This is typical also for charge-deficient SiO~ tetrahedral 
ubstitution such as Al0 1 (smoky quartz). Fe0 1 (amethyst). Ge0 4 , Ti0 1 (rose 

quartz). and B04 . 

I n baryte from Kuli-Kolon, Slyudyanka. Tyuya Muyun, and Kola Peninsula. 
the EPR spectra were considerably more complex: there are approximately 50 to 
70 lines, which are very narrow (0.2 to I .5 ga uss). In these specimens three 
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hole-centres and one electron-centre were established . The fi rst two spectra 
were attributed to a hole localized on (31P) substituting fo r sulph ur in SO~ 
tetrahedra. T he nuclear spin of 31P is L thus expla ining the dou blet structure 
of the l?(s lines. 

In natural blue calcite from Slyudyanka an axial hole centre is present. Th is 
centre produces four /ifs lines (fig. 1 b) and the average width of each line is 
about 3 to 4 gauss. The EPR centre is related to the Na+ impurities substituting 
for Ca 2\ as shown by the four /ifs lines due to 23Na (I = D· 

In a mblygon ite from Kazakhstan the observed EPR spectrum (fig. 1 c) 
corresponds to an isotropic hole centre. Such cen tres are formed from a hole 
trapped at a n F-vacancy and localized on two a lumin ium a toms (the nuclear 
spin of 27Al =D. 

The results obtained have shown that electron-ho le centres a re rather common 
for natural coloured and non-coloured minerals; that the construction of models 
for these centres using the results of EPR spectra is possible; that different 
types of centres may be observed in the same mineral ; and that hole centres are 
more common in minerals than electron centres. 

Electron-hole centres may be considered as an easily measurable general 
property of minerals due to the defect structure of natural crystals. The centres 
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give information about the structure and about the isomorphous replacement 
of non-paramagnetic atoms in minerals. The relative stabilities of different 
centres can indicate the distribution of bond strengths between pairs of atoms 
in the crystal. 
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The strength of bonding forces in mineral structures 

By A. S. POVARENNYKH 

(A. C. n osapeHHblX) 

Institute of Geological Sciences, Academy of Sciences of the Ukrainian 
S.S.R., Kiev 

Summary . The various factors that determine interatomic forces in minerals are considered, 
and are combined in a single quantitative expression. From this the relative strengths of 
bonds in diffe.rent directions and the degree to which the bonding is isodesmic or anisodesmic 
are estimated for a number of minerals with chain and sheet structures. Results may be 
usefully correlated wi th mechanica l properties. 

THE bonding forces between atoms in mineral structures differ, first of all, in 
their nature, as well as in their direction in space and multiplicity. 

The strength of these forces depends primarily on the predominance in the 
mineral of one of four types of che(l1ical bond: ionic, covalent, metallic, and 
Van der Waals. They may be manifested in the mineral in pure and mixed form, 
the latter state ordinarily predominating. 

Calculations of the hardness of minerals (Goldschmidt, 1933; Povarennykh, 
1959) show that the strongest is the covalent bond, followed by the ioni c, 
metallic (Povarennykh , 1963a), and, lastly, the Van der Waals or residual bond 
(Evans, 1964), which possesses the least strength. The last, its strength being 
inversely proportional to the sixth power of the interatomic distance, is typical 
of the softest, plastic minerals, such as graphite, molybdenite, talc, pyrophyllite, 
etc. Purely metallic bonding is considerably stronger, since it depends directly 
on the effective valence of the atoms (Povarennykh , 1963a; Hume-R othery and 
Rayner, 1956), but the nature of the forces of attraction and repulsion is not 
quite clear in this case (Cottrell , 1955), and this type of bond occurs infrequently 
among minerals. 

We shall consider the ionic-covalent bond, the most widespread among 
minerals, which is in most cases intermed iate (or mixed) between purely ionic 
and purely covalent and may vary, depending on the chemical composition of 
the minerals, within very wide limits. The proportion of ionic (or covalent) 
bonding in minerals of binary composition may be determined by a nomogram 
on the basis of the difference in electronegativity of the elements (Povarennykh, 
1963a and b). During the transition from ionic to covalent bonding in minerals a 
relative increase in bonding strength is observed, due to the gradual replacement 
of polar (Coulomb) interaction between atoms (ions) by quantum-mechanical 
(atom-atomic) interaction. This increase in bonding strength is easily calculated , 
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since during the transition from purely ionic bond to the most widespread purely 
cova lent hybrid er-bond of sp:i-type, its relative strength is doubled (a ll other 
conditions being equal) (Povarennykh, 1963a; Pauling, 1960). 

A detailed tudy of the hardnes of various sub tances (Povarennykh. 1963a) 
showed that the bonding strength in minerals with ionic-covalent bond depends 
on many cry tallochemical factors. The most important of the e factors are 
the properties of the atoms : valence, co-ordination number, and electron shell 
structure, then the interatomic distances, the forces of repulsion between the 
nearest neighbouring atoms, and the degree of shielding (or va lence saturation) 
of the atoms in co-ord inational polyhedrons. 

With the hardness equation for a crysta lline sub ta nee as a basis (Pova rennykh. 
1963a). and taking into con ideration the fact that for some crystallochemical 
factors the effects on breaking and compression strengths differ, a formu la may 
be derived that permits calculation of the breaking strength of the bonds. It 
shou ld be kept in mind that the number and direction of the bonds from any 
atom in the structure is determined by the shape and orienta ti on of its coordina
tion polyhedron. The atoms concerned are usually electropositive. 

The relative strength of a ingle bond of an electropositi ve atom in the 
structure of any mineral of binary composition with ionic-covalent bonds may 
be calculated approximately by the formula: <7 = rK/J( Wk- W,,) Cd2• where r 

is the coemcient of repulsion between the electron shells of neighbouring atoms. 
represented in a simplified way in the form of a factor equal to the square root 
of the reciprocal va lue of the product of the atom charges (r va ries for different 
valent types of bonding from 1 to 0.25); K is the bonding strength coefficient, 
taking into account the share of covalent bond between opposite atoms (its 
va lue varie from 1 to 2) ; Wk and W,, are the valences of electropo itive (cation) 
and electronegative (anion) a toms; C is the co-ordination number of the electro
positi ve atom (for mineral s it va ries from 2 to 12) ; dis the interatomic distance 
in A; /I is bonding strength relaxation coefficient, which depends on the number 
and state of orbits of va lence electrons not involved in the chemical bond 
(varying from 0.7 to r.o). 

The repulsion forces between neighbouring a toms depend chieny on their 
charges (va lencies), as was ascertained when studying the hardne s of minerals 
(Povarennykh, 1963a). The e forces are approximately proportional to the 
square root of the product of the charges. For convenience of calcu lation the 
repu lsion coefficient r is introduced into the equation as a factor with a reciprocal 
value, i.e. r = 1 , 1( Wk. W,,) , and not in the fo rm of a difference term. For 
various valence ratios of Wk : W,, it has the va lues : 1 1= 1, 1. 2 = 0.7 1, 1 3 = 0.58, 
2 2=0.50, 2 '3 = 0-41, 2.4 = 0.35, 3 3=0.33, 2 5 = 0.31. 2 6 = 0.29, 4 4 = 0.25. 

The value of the coefficient K is calculated by a special nomogram or table 
(Povarennykh, 1963a, p. 58), while the value of the coefficient fl is found from 
the table (ibid., p. 77), being different for the same element for an essentially 
ionic or a cova lent bond. 

Table J presen ts the values of the rela tive strengths of single bonds of the 
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most important elements for various anion coordinations. The range of these 
values for various chemical elements is very great- from 0.01 (CsCl8, Cs012) 

to 1.0 or 1.3 (C03, N03); i.e. the bonding strength in the polyhedrons of various 
elements may differ by over 100 times. It is true that for the most widespread 
elements encountered in oxides and silicates this difference is markedly less, 
about 0.02 (Na012, K012) to 0-41 (Si0 4), which corresponds to a change in 
bonding strength o f 20 times. 

TABLE l. Relative strengths of s ingle bonds of some elements 
in different anionic co-ordination 

Element Relative Element Relative Element Relative Element Relative 
and strength and strength and strength and strength 
co- of co- of co- of co- of 

ordination bond ordination bond ord ination bond ordination bond 

Li06 0.09 cu~+c16 0.07 As'l ·O:i 0.31. As0.1 0.45 

NaCl6 0.03 Zn06 0.11 Asll1S3 0.31 AsS , 0.30 

Na06 0 . 04 ZnS, 0 . 16 Sb3 -0 :) 0.23 SbOG 0.21 

Na012 0.02 ZnCl6 0.08 Sb 111S:i 0.19 SbS, 0 . 28 

AgS.1 0.07 Pb~~o,, 0.16 co,, l .00 Nb0.1 0.32 

BeO, 0.25 PbS,; 0.05 SiO, 0.41 NbOG 0.19 

MgO, 0. 17 B03 o.66 SiFG 0.14 Ta06 0. 18 

Mg06 0. JO BO., 0.41 Ti01; 0. 18 Y0.1 0-48 

Ca06 0.07 AI0.1 0.28 SnS6 0. 14 YS.1 0. 32 

Ca012 0.03 AIOG 'o. 16 Zr Os 0. 10 so .• 0.71 

CaF8 0.04 AIFG 0.10 Mn'- 0 ,; 0. 18 CrO, 0.58 

Fe2 +0 6 0.09 Fe3-0, 0 . 21 Th0 ,2 0.05 MoO, 0-41 

Fe11S6 0.08 Fe'h-0 6 0. 12 U' •Os 0 . 09 W0.1 0.40 

Cu2- o ., 0.15 FeHC16 0.08 N0,1 I. 28 WO,; 0.23 

Cu11S2 0. 19 Fe•ns, 0.22 PO, 0 . 53 UOG 0.19 

A comparison of the values of the relative bonding strength in various atomic 
co-ordinations (with the same anion) permits an assay of the degree of inhomo
geneity of the bonds (anisodesmicity) between the atoms in compounds of 
complex composition. Thus, for instance, in spine[ MgAl20~ the ratio of the 
values <TMgo ,1 and u A J06 is 0.17 : 0.16, which is close to unity and is evidence of 
the completely isodesmic nature of this mineral. Some si licates are close to 
being isodesmic, for example, phenakite Be2Si04 and andalusite AIAISi040; 
for the first A, the ratio of the values of u, is equal to 1.64, while fo r the second 
it is about r .80. H owever, an orthosilicate such as larnite Ca2 [Si04] is a markedly 
an isodesmic mineral (A ::::4.2). Even more anisodesmic are calcite Ca[C03] 

(A~ 7.3), baryte Ba[S04] (A~ 12) and nitre K[N03) (A ::::: 20). 1 Thus, all com
pounds may be classified by the degree of their anisodesmicity (Povarennykh, 
T 963a; 1966). 

Such a classification would, however be too approximate. l t may be improved 
by taking more strictly into account the number and direction of the various 

1 The ratios of the bonding strength values determining the anisodesmicity coefficient 
(A = v max/ amin) are calculated for these minerals, taking into account atomic co-ordination 
and the number and distribution of s ingle bonds in space. 



TABLE If. Relative strengths of bonds in different directions in crystal structures of some chain minerals 

Direction Atoms Degree of 
Mineral and of section participating c W.1: w<,. K /' d 11 fl (J anisodesmicity 

formula of crystal in the bond of bonds 

Cinnabar f 11(0001) Hg-S 6 2 2 1.80 0.50 2.3 I 1.0 0 . 114 1.00 
HgS ll(1ofo) Hg- S 6 2 . 2 I .80 0.50 3.1 I 1.0 0.063 0.55 

l !1( 1210) Hg-S 6 2 2 I .80 0.50 3.3 I 1.0 0.055 0.48 

I 11(001) Sb- S 2.80 
t:i::I 

Stibnite 7 3 2 I. 73 0.41 2 o.8 0.124 1.00 0 z 
Sb2Sa ~ 11(010) Sb- S 7 3 2 l. 73 0.41 3-47 J. 5 o.8 0.061 0.49 0 

l 1!(100) Sb- S 7 3 2 I. 73 0.41 3. I I 2.5 o.8 0.126 I .02 z 

{ 11(001) (Cu, Sb)-S Q 5 2 2 I. 72 0 .50 2.75 I .5 0.9 0. 124 1.00 ..,., 
Chak:ostibite 11(100) (Cu, Sb)-S 5.3 2.3 2 I. 73 0.48 2.78 I 0.85 0.079 0 .64 0 

::0 CuSbS2 11(010) Sb- S 6 3 2 I. 73 0.41 3.1 I 2 o.8 0. 117 0. 94 (') 

11(010) Cu- S 0. ll6 m 4 I 2 I. 71 0.71 2.29 I I .0 0.93 Vl 

Ru tile { 11(001) Ti- 0 ; 6 4 2 I. 51 0.35 1.94 2 1.0 0.375 I .00 z 
Ti02 11(110) Ti- 0 6 4 2 I. 51 0.35 1.99 I 1.0 0.179 0.48 ::: 

:z 

I 11(001) Al-0 6 3 2 J.41 0.41 I .88 4 1.0 0.640 1.00 m 
Dias pore 11(010) Al-0 6 3 2 1.41 0-41 2. 12 2 I .0 0.259 0.39 ::0 

> AIOOH H(210) (Al, H)-0 4 2 2 I. 52 0.50 2.41 4 I .0 0.525 0.82 r 
Vl 

l 11(100) (Al, H)- 0 4 2.5 2 1.46 0.45 2 .16 4 I .0 0.706 I .IO 

Diopside f 11(001) Si- 0 4 4 2 1.54 0 .35 1.62 4 I .0 1.65 l.00 

CaMg[Si20sl 11(110) (Ca, Mg)-0 6.7 2 2 I. 27 0.50 2.25 6 1.0 0-465 0.28 
l 11(100) (Ca, Mg)- 0 7 2 2 1.24 0.50 2.32 14 1.0 0.92 0.56 

Tremolite I 11(001) Si-0 4 4 2 1.54 0.35 r. 62 8 1.0 3.29 1.00 

Ca2Mg;[Si,,011MOH)2 ~ 11( 110) (Ca, Mg)-0, OH 6.2 2 1.83 I .28 0.55 2. 18 18 1.0 I. 53 0 .46 
l 11(100) (Ca, Mg)- 0, OH 6.6 2 I. 87 l. 26 0.54 2.22 23 1.0 I. 80 0 .55 

'-0 



..... 
0 

TABLE J rr. Relative strengths of bonds in different directions in crystal structures of some sheet minerals 

Direction Atoms Degree of 

Mineral and of section participating c w,., Wei K r d II {J (J anisodesmicity 
formula of crystal in the bond of bonds 

Arsenic { J_ (0001) As-As 6 3 3 2.00 0.33 2.51 3 o.8 0.564 I.00 

As 11 (0001) As-As 6 3 3 2 .00 0.33 3. 15 3 o.8 0.360 0.64 

Covelline f J_ (0001) (Cu', eun)- S 3.7 I. 3 2 I. 76 0.57 2 . 26 6 0.9 0.746 I.00 

Cu2CuS2S 
11 (0001) Cu1- S 4 I 2 I. 71 0.58 2.35 5 1.0 0.453 0.61 

l 11 (0001) S- S 4 2 2 2.00 0.50 2.05 4 1.0 0.950 I. 27 > -H igh-chalcocite { J_ (0001) Cu- S 3 I 2 I. 71 0.71 2.24 2 1.0 0.320 1.00 V> 

Cu2S 11 (0001) Cu- (Cu, S) 3 1 2 I. 71 0.71 3.34 2 0.85 0. 121 0.38 .,, 
Litharge { .l (001) Pb-0 4 2 2 I. 28 0.50 2.30 4 0.9 0.485 l.00 0 

< 
PbO II (001) Pb-0 8 2 2 I . 28 0.50 3.10 4 0.9 0.120 0.25 > 

::0 

Gibbsite { .l (001) Al- OH 6 3 I 1.41 0.58 1.86 4 I .0 0.476 I .00 en z 
Al(OH)3 11 (001) OH- OH 3 I I 2.00 1.00 2.79 3 r.o 0.260 0.55 z 

-< 
Brucite { .l (0001) Mg- OH 6 2 I I. 29 0.71 2. IO 4 I .0 0.277 I .00 ::><: 

:i:: 
Mg(OH)2 11 (0001) OH- OH 6 I I 2.00 1.00 3.22 3 1.0 0.100 0.36 

Quenselite 

~ 
.l (100) (Pb, Mn)- (0, OH) 4.5 2.5 I. 5 1.39 0.52 2.06 2 o.86 0.244 1.00 

11 (100) Pb- 0 3 2 2 I. 28 0.50 2.24 I 0.9 0.155 0.63 
PbMn020H 11 (100) Pb-OH 3 2 I I. 28 0.71 2. 13 2 0.9 0.242 0.99 

l 11 (100) OH-OH 3 I I 2.00 I .00 2.84 l 1.0 0.080 0.33 

Muscovite { J_ (001) (Si, Al)-0 4.7 3.7 2 1.49 0.37 I. 72 8 I .0 2.340 I .00 

KAl2[AISi30 1o](OH)2 11 (001) K- 0 12 I 2 I .12 0 .71 3 . 10 14 l.O 0. 192 0.08 

Margarite { .1(001) (Si, Al)-0 4.7 3 . 3 2 1.45 0.39 I. 76 8 I .0 2.06o l. 00 

CaAl2[Al2Si2010](0H)2 11 (001) Ca- 0 12 2 2 I. 19 0.50 2.72 14 1.0 0.375 0. 18 
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bonds in the mineral structure. The latter is particularly important in determina
tion of bonding strength in va rious plane sections of minerals possessing chain 
and sheet structures. Such calculations can be used to determine the degree of 
strong anisotropic bonding in the principal directions in the mineral structure, 
which is of great importance for determination of the cleavage planes and for 
ascertaining the relationship between the mineral structure and the appearance 
of its crystal line individuals (Povarennykh, 1965a). 

However, the task of taking into considerat ion all angles between bonds in 
the structure, and to compute the specific number of bonds per A 2 of the selected 
section of the crystal is very laborious, and can be solved only for highly 
symmetrical minerals of simple composition. ln most cases it is sufficient to 
take into consideration only the number of bonds intersected by some imaginary 
plane in order to calculate the degree of anisotropy of the bonds.1 The formula 
presented in the foregoing can be used for computations, adding in the numerator 
the va lue 11 , which designates the number of single bonds of the given atom 
extending in the same direction. 

Tables Tr and Irr present data on the calculation of the relative bonding 
strengths between atoms in various crystallographic directions for a number of 
the most important minerals with chain and sheet structures. The highest degree 
of anisotropy of the bonds is possessed by sheet sil icates (muscovite, margarite) 
and sheet hydrates (brucite, gibbsite, quenselite). The anisotropy coefficient 
of the bonds varies between 3 and 12. Lower an isotropy of the bond is found 
in chain silicates (diopside, tremolite) and in sheet and chain sulphides and 
oxides; for these minerals the bond anisotropy coefficient is between 1.5 and 3, 
which is as expected, since the bonding strength along the most important 
sections is determined in their case chiefly by the differences in the number and 
lengths of the bonds, which cannot vary mt.lch. 

The quantitative expression of anistropy of the bonds in mineral structures 
makes possible a clearer representation of the difference between the most 
important structural motifs, the consideration of which can serve as a basis for 
the revision of the systematics of minerals (Povarennykh, J 956, 1963b, 1965b). 
In addition , it gives a better idea of the degree of anisotropy of certain properties 
of minerals, especially the mechanical properties (for instance, hardness, tension , 
and compression of minerals). These data may also be of importance for crystallo
morphological investigations. 
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The influence of dislocation-strain energy on crystal 
morphology 

By P. J. SHUCHTA 

6026 Springvale Drive. Los Angeles. California. U.S.A. 

S1111111wry. Analyses arc presented of three different models of crystal growth, which assume 
isotropic surface-energy parameters. These analyses indicate that dislocation-strain energy 
can affect growth rate. There is ample evidence, however, that surface-energy parameters 
usually have the predom inant role in determining crystal growth rate and morphology and 
that dislocation-strain energy has only a minor effect. None the Jess, any detailed theory of 
crystal growth must take this factor into account. 

BRA VAIS' observation (1851) that the most prominent faces of a crysta l lie 
parallel to the lattice planes of highest reticular density (i.e., the planes with 
widest interplanar spacing) has s ince been confirmed by G. Friedel ( 1905) and 
reinterpreted and extended in terms of screw axes and glide planes by D on nay 
and Harker (1937). Explanatio ns have been attempted in terms of chains of 
stro ng bonds (Hartman and Pcrdok, 1955) or the minimization of surface energy 
(Wulff, 1901; Zadumkin, 1964), but these have considered only the equilibrium 
form of the crystal. However, since crystal growtb is not a morphologically 
reversible process, 1 equilibrium models are of doubtful value. Kinetic explana
tions. based on the adsorption and diffusion of molecules on the crystal surface 
(Amelinckx, 1950) o r on the urface area created by the nucleation of new growth 
s teps (Buerger, 1947), have considered only the growth of perfect crystals. 
Bravais· rule, however, is of necessity confined to euhedral crysta ls and therefore 
to crystals grown from vapor or solution. Under these conditions. at least at 
low supersaturations. growth depends on the nucleation of new steps from 
emerging screw dislocations (Frank, 1949). Detailed kinetic analyses of this 
model (Burton, Cabrera , and Frank, 1951; Chernov, 1961) have not specifically 
discussed Bravais' ru le, but it is evident that according to these models, Bravais' 
rule would be a direct consequence of the assumption that the most closely 
packed faces have optimum activation and evaporation energies for atoms at 
steps and kinks. These quantities are in turn related to equilibrium su rface 

1 For a dramatic demonstration of this, see the film .. Sugar Crystal Studies .. by H . E. C. 
Powers (Tate & Lyle, L td., London). In this connection, it has also been observed that when 
crystals having an atypical habit arc immersed for long periods in saturated solution, there 
is no tendency to change to the "equilibrium form., unless opportunity is provided for 
macroscopic growth (Wells, 1946). 

13 
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energy or bond strengths or both , thereby somewhat justifying explanations of 
Bravais' rule in terms of the latter parameters. 

There is, however, another aspect of the growth-spiral model that also depends 
on lattice spacing, namely the free energy of formation of the screw dislocations. 
This has been shown to be equivalent to the dislocation strain energy (Cottrell. 
1953), which is proportional to the square of the Buergers vector. Presumably. 
this strain energy is capable of influencing crystal growth, either by affecting 
the population of growth spirals or by inhibiting the growth rate near the 
centre of the spirals. 

In this paper, a qualitative examination of various simple models of crystal 
growth is made to determine the effect of dislocation-strain energy on growth 
kinetics. In each of the cases considered, it is assumed that the surface energy 
per unit area and the adsorption and diffusion parameters are isotropic, i.e. , 
the same on all faces. 

Case A. Crowll1 spiralformation is the rate-limiting process 

A relation between Buergers vector and growth rate can be deduced from the 
following premises: The free energy of a screw dislocation is proportional to 
the sq uare of its Buergers vector; dislocations with the highest free energy have 
the lowest probability of formation; crystal faces with the lowest concentration 
of emerging screw dislocations have the slowest growth rate ; and the s lowest 
growing faces are the most prominent ones on the crystal. 

Of these premises, the first and fourth are well establ ished. The second is not 
obviously true, since dislocations do not as a rule exist in dynamic equilibrium 
with the lattice. It is however, at least approximately true for dis locations 
moving under stress or at high temperatures, since dislocations with large 
Buergers vectors can under these conditions decompose, with an overall decrease 
in free energy, to form two or more dislocations with the same total Buergers 
vector. Other mechanisms of dis location formation in seed crystals, such as 
the incorporation of dirt particles, may involve similar mechanisms; but the 
formation of dislocations by the growing together of two seed crystals is 
probably a non-equilibrium process. Therefore the second premise is, at best, 
difficult to substantiate. 

The third premise is also extremely doubtful. In theory, one dislocation per 
face is sufficient to provide growth steps (J. Friedel , 1964), and rea l crystals 
usually contain numerous dislocations on all faces. Therefore, although 
Kirtsinghe, Morris, and Strickland-Constable (1966) have recently demonstrated 
that dislocation density can, in certain cases, profoundly affect growth rate, it 
seems unlikely that the third premise is generally applicable. 

Hence the foregoing argument is untenable for most crystals. In crystals 
with highly anisometric unit cells, however, dislocations may be entirely absent 
in all but the shortest unit cell dimension(s). Such crystals will obey Bravais' 
rule in an exaggerated manner, i.e. , by forming whiskers or platelets. The habits 
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of numerous minerals such as millerite and jamesonite tend to substantiate 
this prediction. 

Case B. Abundant ki11ks- su1jace diffusion as the rate-limiting process 
For crystals with approximately equidimensional unit cells having emerging 

screw dislocations on all low- index faces, the growth rate can be related to the 
dislocation strain energy by the following assumptions: The surface energy 
per unit area is the same on all faces. Each face grows by the linear advance of a 
series of monolayer growth steps. Abundant kinks are available at each step: 
hence the surface diffusion of adsorbed molecules to the kinks is the rate
limiting process. The surface diffusion parameters are the sa me on all faces 
(this is to some extent a consequence of the first premise). The spacing L between 
steps is much greater than the diffusion zone around each step (Fig. i); hence 
there is no interaction or competition between adjacent steps (This appears to 
be a valid assumption at low supersaturations; J. Friedel, 1964). 

• DIFFUSION 
: ZONE 

' . 
I 

0.' j ·.v 
I o 

; ADSORBED 
I ION--:q / 
I • . ,./ 

' • 

F1G. 1. Case B: Growth of crystal by steps with 
abundant kinks. 

F1G. 2. Case B: Effect of disloca
tion strain energy on spacing 
between steps. 

Under these assumptions, molecules are adsorbed at the same rate on each 
step; and the linear velocity of each step varies inversely as the step height. 
Therefore the perpendicular growth rate of each face is proportional only to 
the reciprocal of the distance between steps. If the steps are derived from screw
dislocation growth spirals, the step spacing depends on the rate of growth of 
the curved portion of the step in the immediate vicinity of the dislocation. The 
spacing is then approximately proportional to the critica l radius re for two-
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dimensional nucleation (Verma, 1953): L:::::4llrc::::: 4llu e. If we assume that 
surface energy (u) and edge energy (e) are isotropic, then re and L should be 
the same on all faces and the crystal shou ld grow at the same rate on a ll faces. 
l t is proposed , however, that the dislocation-strain energy causes an anomalously 
high surface energy near the dislocation core. Assuming typical values fo r the 
critical radius ( ,._,1 ooo A at one percent supersaturation), the strain energy at 
r-:::: r e amounts to 10 to 40 % of the yield stress of the average material; this 
should be sufficient to appreciably increase the surface energy and hence the 
critical radius at any given supersaturation. T his a ssum ption is substa ntia ted 
by the size of etch pits formed during the evapora tion of crystals. 

Faces with disloca tions having the largest Buergers vector will therefore have 
the highest surface energy near the dislocation cores. Such faces will have growth 
pirals with the largest critical radius, the largest spacing between steps, and 

hence the slowest growth rate (fig. 2). 

Case C. Kink formation as the rate-limiting process 

Case B was based o n the a ssumption of Burton, Cabrera, and Frank (1951) 
tha t, even on low-energy steps, kinks are abundant and occur on approximately 
every fourth atomic site. It is unlikely, however. that this model can account 
for the polygonal growth spiorals that are observed on many types of crysta ls 
a t low supersaturations. If, for example, we assume that on a given face the 
steps have minimum energy in two directions, it is plaus ible to conclude that 
the growth spiral will be composed of steps in the minimum-energy directi o ns. 
1 f kinks are abundant, however, it is a lways possible to construct a circu la r 
spiral out of minimum energy step segments (fig. 3a). This configuration wi ll 
have a lower edge energy than a polygonal spiral having the same frequency of 
kinks. Therefore, crystals growing as in case B will always have circular o r 
e lliptical growth spirals . 

( A_S( • 

Frc s. 3. Round versus polygonal growth spirals. 
a. Case B: abundant kinks : b. Case C: few 
kinks. 
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Fie . 4. Case C: Growth of crystal by 
steps with few kinks. 
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Polygonal growth spirals wi ll occur only if kink formation is extremely rare 
(i .e., is the rate-limiting process) and if a kink, once formed, grows rapidly 
until it comes to another kink or to a corner of the spiral (fig. 3b). According 
to this model, the molecules for growth come from isolated circular diffusion 
zones centred around each kink (fig. 4), the radius of these diffusion zones 
being of the order of the average diffusion distance of an adsorbed molecule 
before evaporation (J. Friedel, 1964). 

Fro. 5. Case C: Creation of new 
kinks. 

F1G. 6. Case C: Relation between step height 
and growth rate. 

If a, b, and c are the unit cell axial lengths, and Sci is the average value for 
the surface created by the formation of one kink on a face normal to the a-axis 
(fig. 5), then: Sa-:::. (a. b) + (a . c), S1):::;,(a. b)+(b. c) and Sc-:::.(a. c) + (b. c) . 
Then if a> b> c, (a. b) > (a. c) > (b. c), and therefore Sa > Sv > Sc 

If we again assume that the surface energy per unit area is the same for all 
principal faces, then the faces having the highest step height will have the h ighest 
average energy of kink formation. The steps on these faces will therefore have 
the lowest density of kinks per unit step length. 1 Moreover, these faces will also 
have the largest spacing between steps, inasmuch as kink formation (necessary 
for each quarter-turn advance of the innermost segment of the spiral) will be 
inhibited by the dislocation-strain energy for reasons similar to those set forth 

1 Note the resemblance of this model to the one proposed by Buerger (1947) for ideal 
crystals. 

3 
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in case B. Therefore, faces with the largest step height (i.e., Buergers vector) will 

have the fewes t kinks per unit a rea a nd hence (if diffusio n and adsorption 

parameters are the same on all faces) the s lowest rate of growth (fig. 6). 

C 011c/usio11s 

lt has thus been shown tha t, accord ing to several models, the strain energy 

of the di slocations from which growth spira ls emerge tends to inhibit the growth 

rate of the corresponding crysta l faces, a nd that the effect is greatest for the 

faces with the greatest step height (i.e., Buergers vector). There are several reasons. 

however, for doubting whether this effect has a s ignificant influence o n crystal 

morphology: 
The models proposed herein are extremely si mplified and involve only 

elementa ry steps. It appears plausible, however, that the basic concept- the 

inhibiti on of the growth rate at the centre of the spiral , with a consequent 

retardation of the rotation rate of the spira l- is general enough to be a pplicable 

to sophisticated models involving macroscopic steps (e.g., Chernov, 1961). 
Even if the foregoing models are valid, it is evident that the surface-energy 

anisotropy, eit her of itself o r in conjunction with dislocation-strain energy. 

wou ld a lso result in anisotropy of growth rate. Moreover, there is considera ble 

evidence that surface-energy an~sotropy is of itself sufficient to account quantita

tively for crysta l morphology. Fo r example, well-developed faces occur on ma ny 

dislocati on-free crystals, such as metal whiskers and flux-grown BeO crystals 

(Newkirk a nd Smith , 1965). It is also noteworthy that, in ma ny materials. 

therma l etching causes facet corresponding to the principal growth faces. even 

in cases, such as NaCl. that apparently violate Bravais· rule (e.g., Krasnopolsky 

de Grinberg and Grinberg, 1965). Therefore, it appea rs that the dis location

strain energy ca uses only a minor modification of the surface energy term. 
Growth -ra te anisotropies predicted so lely o n the basis of disloca tion-strain 

energies conform to Brava is' rule only in a few instances, such as prismatic 

faces in s imple tetragonal, hexagonal, or orthorhombic lattices. As a rule, there 

is no simple correlation between Buergers vector and interplanar spacing. For 

example, screw di slocations normal to high-index faces with sma ll interplanar 

spacings tend to have very large Buergers vectors; the absence of such faces can 

therefore be explained only in terms of surface energy. Tha t most crystals do 

conform to I3ravais' rule is additional evidence that the contribution o f disl oca

tion-strain energy is at most q uite sma ll. 
D espite these objections, however, it would eem advisable to consider the 

effect of dislocation-strain energy in any detailed quantitative treatment of 

crystal growth . For this purpose, Nenow·s results ( 1963) can be u ed to calculate 

the equili bri um form of a dislocation-step line as a function of the Buergers 

vector. In conj unction with this, some experimental evidence might be adduced 

from correlations of relative prominence versus growth spira l spacing for 

different faces on the same crystal. 
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Measurement and interpretation of infrared pleochroism 
in minerals 

By J OSEF ZEMANN 

(Inst. Min. Krist. , Gottingen) 

Summary. An account is given of two examples ill ustrating the conclusions that can be 
drawn from infra-red measurements. 

WHILE powder absorption spectroscopy in the infrared is now rather exten
sively used in mineralogy, only relatively few papers in this field report on the 
use of polarized infrared (cf. e.g. 1-3), although it is evident that polarized 
radiation should be appropriate when dealing with crystals. The first experiments 
in this field date back to the end of the last century, but technical difficulties 
have prevented rapid development oft.his kind of work. Recently the difficulties 
have been partly overcome by commercial polarizers (e.g. with sets of Se-foi ls) 
and by different kinds of "infrared-microscopes", which concentrate the 
radiation onto a small sample. To work in convergent light is of course a 
disadvantage compared with the use of parallel light, but it is often necessary 
when examining objects of only some few square millimetres in area. 

Since i 964 the infrared-pleochroism of the OH-stretching frequency has been 
measured for several minerals in the Institute for Mineralogy and Crystallography 
in Gottingen (5- 10). Several oriented thin sections of each of the minerals 
were cut. The absorption spectrum was recorded in the region of the OH
stretching frequency with the axis of the incident convergent beam perpendicular 
to the plate and with a known vibration direction of the electric vector. Another 
spectrum was recorded after the plate had been turned 1o 0 around the axis 
of the beam, and the whole procedure was repeated often enough to be able to 
draw the absorption figure. 

Two examples ill ustrate the conclusions that can been drawn from such 
measurements. 

In riebeckite (8) the absorption figures on thin sections parallel to (100), 
parallel to (ow), and perpendicular to [001) show that the absorption figure for 
the O H-stretching frequency (A = 2.76 p) has the shape of a dumb-bell with its 
axis perpendicular to (100). The result is in accordance with expectations from 
space-group considerations, since all O H-groups are parallel to each other and 
to (ow). The angle between the direction of the O H-dipoles and [001] is not 
determined by symmetry- the infrared pleochroism proves that it is 90 ± 3 °. 

20 
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For topaz (7) the absorption figure in space, as derived from the absorption 
figures on thin sections para llel to (100), (010), and (00 1), resembles a lemniscate 
rotated around its short axis; the rotation axis is parallel to (010] for the usual 
orientation (a 4.65 A, b 8.80 A, c 8.39 A). The only .interpretation of this 
pleochroic behaviour is that the four OH-groups in the unit-cell all lie practica lly 
parallel to (010) but are crossed in this plane by pairs. From the known position 
of the oxygens of the OH-groups approximate parameters for the hydrogens 
cou ld be derived. 

For detai ls, and for the results for azurite, tourmaline, epidote, and datolite 
the reader must be referred to the literature (5 to ro). The method is 
especially useful if the crystal contains groups of strong pleochroic efficiency, 
and for cases in which the structure does not contain more than one such group 
in the asymmetric unit. 
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Crystal-field spectra and chemical bonding in manganese 
minerals 

By KE ETH L. KEESTER and WILLIAM B. WHITE 

Materials Research Laboratory and 
Department of Geochemistry and Mineralogy 

Pennsylvania State University 
University Park, Pennsylvan ia 

S 11111111ary . Optical absorption spectra have been obtained on a suite of bivalent manganese 
minerals ei ther by transmission through single crystals or by d iffuse powder reflection 
techniques. The spectra exhibit 5 to 7 weak absorption bands in the visible range that can be 
assigned in terms of the energy level diagram of Mn 2 • T he manganese spectrum is par
ticularly useful in that the easily recognizable sharp bands due to 6A1 ir-+ 1A21t : 1E 11(G) 
and 6A, ,. .... ~E ir(D) transi tions can be used to calculate exactly values for the Racah param
eters 8 and C. T he Racah 8-parameter is<\ possible measure of the extent of covalent bonding 
in the manganese- oxygen bonds in the mineral. The ephelauxetic ratio (8/8 free ion) varies 
from 73 to 83 ~" in the various silicates (rhodonite, leucophoenicite, tephroite, glaucochroi te, 
etc.) and is less than its values in the carbonate, sulphate, borate, phosphate, and oxide 
minerals, thus indicat ing a higher degree of covalent bonding in the silicates. 

THE colour of a mineral is perhaps its most ubiquitous property and might 
very well be expected to contain some information about the minera l's internal 
structure. To extract this information requires first the quantification of the 
colour by expressing it in terms of the absorption spectrum and then in turn 
interpreting the spectrum by the relatively new theoretica l technique of the 
crystal-field theory. The end products of the analysis are some parameters that 
can be correlated with structural properties. 

The two most common transition metal ions that occur in minerals are iron 
and manganese. The application of crystal-field theory to iron in silicates has 
been treated by Burns (1966) and White and Keesler (1966). The present paper 
is a para llel study of the spectra of manganese ions in minerals. 

Literature on the spectra of Mn 2+ in ox ide hosts is sparse. Of interest is the 
work of Heidt, Koster, and Johnson (1958) on the hexaquocomplex, of Pratt 
and Coelho (1959) on MnO, of Ford et al. (1963) on manganese sulphides, and 
of Bates, White, and Roy ( 1966) on the spectra of synthetic zincites. 

The object of this paper is to describe the spectra of manganese ions in other 
oxide hosts, to assign correctly the spectral bands by crystal-field theory, and 
to use the derived crysta l-field parameters to draw orne tentative conclu ions 
about the chemical bonding in these minerals. 
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Both natural and synthetic minerals were used in this study: 

Glaucochroite, Franklin , New Jersey. Hand-picked, pale blue, glassy grains. 
Spectra obtained by diffuse reflectance. 

Hiibnerite, synthetic. Prepared by reacting Na2W04 .2H20 and MnCl2 .4H20 
in water solution , washing, drying, and sintering at 1000°C. Spectra obtained 
by diffuse reflectance of the bright olive powder. 

1/esite, synthetic. Crystals were grown by slow evaporation of water solution. 
Spectra obtained by transmission through single crystal plates. 

!nesite, K waduzu mine, Shimoda Township, Shidzoka Prefecture, Japan. 
D iffuse reflectance spectra were obtained from crushed, unaltered bright pink 
fibres and laths. This mineral occurs as pink fibrous to radial vein fillings in 
quartz. 

Leucophoenicite, franklin , New Jersey. Purplish-pink massive material 
crushed and grains hand-picked to avoid zincite contaminant, ground to obtain 
diffuse reflectance spectra. 

Lithiophilite, Custer Mountain mine, Custer, South Dakota, and White 
Picacho district, Yavapai Co., Arizona. The former is a dull orangish-tan, 
massive but glassy material and the latter has a bright salmon coloured, fine 
grained, semi-opaque appearance. Thin translucent slices of these minerals 
were used to obtain spectra by diffuse transmission. 

Manganosite, synthetic. Dull green stoichiometric oxide powder. Made by 
heating Mn02 in vacuum at 900 °C. Diffuse reflectance spectra. 

Pyrophanite, synthetic. Prepared by heating pelletized, equimolar Mn02- Ti02 

powders in vacuum, first at 970°C, then regrinding and reacting at 990 °C to 
remove all traces of the orthotitanate. Spectra obtained from the bright olive 
coloured powder by diffuse reflectance. 

Rhodochrosite. Moose mine, Gilpin County, Colorado. Transmission spectra 
obtained from transparent, bright rose, cleavage rhombs; the rhombohedron 
faces were polished. 

Rhodonite, North mine, Broken Hill, New South Wales, Australia. Trans
parent , cherry-red sections produced by cleaving and polishing. Transmission 
spectra. 

Sussexite, Sterling Hill , New Jersey. Massive, pink. Spectra were obtained by 
diffuse reflectance on powdered hand-picked grains. 

Tephroite, Franklin , New Jersey. Pure grey, massive, with zincite and frank
linite. Pure powder obtained by crushing the material and selecting grains under 
magnification, then pulverizing to obtain a diffuse reflectance sample. 

The natural specimens were obtained through commercial sources or from 
personal collections and their identity checked by microscopic examination and 
by X-ray powder diffraction. Quantitative emission spectrographic analyses 
were obtained in order to determine the presence of interfering ions such as 
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ferrous and ferric iron a nd other transition metals; these results are given 
in Table I. 

All spectra were o btained on a Beckman DK-2A spectrophotometer over 
the range of 300- 3500 m/I. Three techniques of sample mounting were used 
as appropriate: transmission through a cleaved or polished single crystal when 
possible, diffuse transmission through a tran slucent slab of mineral mo unted 
directly in front of the detector, and diffuse refl ecta nce from powders utilizing a 
MgO-coated integrating sphere attachment and an MgO plate in the reference 
beam. 

TABLE I. Emission spectrographic analyses of manganese minerals 

Sample* FeOt MnO Cao MgO Al20~ ZnO T i02 V20 :. 

G laucochroite 0 . 06 ~~ ' 3% 36% 0 . 15 °;, 0. 45 ~ .. 8.5 % < 0.02 % < 0.02° 0 
lnesite 0.52 > 3 7.7 0.26 I .8 -~ 0.2 0.04 < 0.02 
Leucophoenicite 0. 1 I ' 3 3.6 2.2 0.3 ....... 0.2 < 0.02 0.02 
Lithiophilite 

(A rizona) 0.43 .... , 3 I .7 0. I I I .7 ....... 0 . 2 < 0.02 ....... 0.02 
Lithiophilite 

(South D akota) 8.2 ' 3 2.5 I. 3 0.2 <'0.2 < 0.02 < 0.02 
Rhodochrosite 0.2 1 ....,, 3 2.2 I .2 0.3 3.7 < 0.02 0 .02 
Rhodonite 13 --- 3 4.8 0.13 0.45 < 0.2 < 0.02 < 0.02 
Tephroite 0.05 · 3 2.6 . 0.65 0.30 5- 10 ~ .. 0.02 

•All results in weight percent. In all samples: Cr;03 • 0.04, CuO < o.01 , Ag20 ~ 0.01, 
and iO < o.03. CoO not determined since it was used as an internal standard. 

t Total iron calculated as FcO. 

Theory 

The absorption bands in the visible and nea r infra red parts of the spect rum 
due to transition metal io ns in oxide hosts a re usually best interpreted by the 
crystal-field theory. The theory has been reviewed in detail in severa l books 
such as McClure (1959), Griffiths (196 1), and Ba llhausen (1962) and needs no 
further review here. 

In the weak-field scheme of the crystal-field theory. which is appropriate for 
most oxide materia ls, the spectra l bands a rise from transitions between energy 
levels derived from the crystal-field splitting of the free-ion energy levels. The 
degree of splitting can be described by a para meter Dq and effects of inter
electronic repulsion can be described by the Raca h parameters B and C. It is 
thus the object of the a na lysis here to select the values of the three crysta l-field 
parameters that give the best fit wi th the observed spectra a nd then to use these 
parameters to draw certa in conclusions about the structure a nd bonding of the 
minerals. 

The Mn 2,. ion has a d5 electron configurat ion with a 6S gro und term which 
does not split in any crystal fie ld. T he excited states are quartet or doublet 
states so all transitions are spin forbidden and the resulting absorptions a re 
very weak. It is these weak transitions that give diva lent manganese compounds 
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their typical pale pink colours. Since the ground state is not split, the near 
infrared region of the spectrum is devoid of features. 

The energy level diagram of Mn H is extremely complicated. Exact solutions 
for the excited-state energy levels in terms of Dq, B, and C may be obtained 
from the Tanabe- Sugano matrices; however, these are very large (up to 10 x 10) 
matrices and hand calculations are not feasible. For this reason the Tanabe
Sugano diagrams given in many places in the literature (e.g., McClure, 1959) 
are very incomplete and in fact are not sufficiently complete to allow the 
assignment of all the observed bands. Dr. J. S. Berkes in this laboratory has 
written a set of computer programs to solve the Tanabe- Sugano secular 
equations for any selected values of B and C and plot the energy levels as a 
function of Dq. Such a computer print-out is shown in fig. l. 

With the computer program it is only necessary to have obtained values 
for B and C and the complete scheme for any Dq can be quickly calculated. 
Fortunately B and C can be obtained analytically rather easily if a sufficiently 
complete spectrum can be obtained. 

It can be seen from the energy level diagram of fig. l that the 4A 1g, ~Eg(G) 
and 4Eg(D) levels plot as horizontal straight lines on the weak-field side of 
diagram. These levels are independent of the crystal field strength , Dq, and 
can be used for a calculation of B and C. The Tanabe- Sugano equations for 
these levels are: 

6A 1g(S) -358-E = o 
4A1g(G) - 25B + 5C - E=o 

4
Eg(G) 1-228 + 5C- E - 2 ,138 I 

4Eg(D) -2 , / 38 -21B + 5C - E = o 

For convenience in labelling we make the follow,ing definitions: 

£ 1 = 6A1g(S) (ground state), 

E2 = 4A 1g(G) = 4Eg(G), 

E3 = 4£g(D), 

1) 1 = E2 - E1 , 

1)2= E,1- Et· 

where J11 and 11
2 are the observed wavenum bers of the absorption bands arising 

from transitions between these states. By solving the Tanabe- Sugano equations 
and taking advantage of the fact that the 4A 1g(G) and 4Eg(G) levels are acciden
tally degenerate in an octahedral field, the following equations are obtained: 

J1 1 = 108 + 5C, ''2=1?B+5C. 

If '' 1 and 11
2 can be observed and correctly identified in the spectrum, B and C 

can immediately be calculated. Identification is particularly easy in these cases 
because of the sharpness of the bands. Since these levels are independent of 
Dq, the band broadening that usually results from thermal vibrations does not 
occur. 
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Spectra and band assignments 

27 

In this section are presented the spectra of twelve manganese minerals. Two 
common manganese minerals, rhodochrosite and rhodonite, were available in 
high quality single crystals, therefore much better spectra were obtained, and 
the results on these minerals are presented in greater detail. T he analysis of all 
other minerals closely parallels the treatment given to these two. 

Rhodochrosite. The near TR-spectrum of MnC03 exhibits only a group of bands 
at the long-wave end of the spectrum, which can be assigned to overtones of 
the carbonate ion vibrational modes. There is a profusion of detail in the 
visible and ultraviolet region as shown in fig. 2. This is a particularly detailed 
spectrum of Mn 2-r and the features present cannot all be accounted for by the 
energy level d iagram of fig. I. A listing of band wavenumbers and their assign
ments is given in table IL There are six strong bands, which correspond to the 
first six quartet states in the energy-level diagram. The two low-energy broad 
bands can be assigned to the strongly Dq-dependent 4T 1g(G) and 4T~g(G) 
levels . The sharp band at 24 750 cm 1 is assigned to the field-independent 4 A1g, 
4 Eg(G) level and provides a reference point for the a ssignment of the higher 
levels. These assignments agree well with the calculated energy-level diagram 
except for the 4T 1g(P) level which is calculated to be about 1 500 cm- 1 higher 
than the highest energy band observed in the ultraviolet. The Dq value estimated 
from the diagram is 750 cm- 1

• A second check on the assignments can be made 
by comparing table ll with the spectrum of MnF2 published by Stout ( 1959). 
The assignments for the quartet states agree with those proposed by Stout. 

TABLE II. Band posit ions and assignments for rhodochrosite 
' Wavenumber (cm I) Description Assignment 

18 300 broad, strong GA ,ir(S) -+ 'T,~(G) 

2 2 700 broad, strong -> "Te~(G) 
24 750 sharp, v. strong _, 'A ,g, , E~(G) 

25 380 sharp, weak I 
25 580 sha rp, weak sh. I 
25 770 sharp, weak 

j .... 2Te~( l) 
26 110 sharp, weak 
26 460 sharp, weak sh. 
27 100 sharp, weak 
27 850 sharp, strong -> 'T~g(D) 
29 200 sharp, v. strong -> ·1Eg(D) 
30 2 60 sharp, weak .... "Ai;( I) 
30 580 sharp, weak _, ~T 1g( I) 
32 000 broad, strong -> 'T1g(P) 

The very sharp Jines near 26 ooo cm- 1 and near 30 ooo cm 1 pose a problem 
that is not solved here. The high-energy pair ass igns rather well to the A 2g(T) 
and T11~(f) doublet states according to the energy-level diagram. The centre of 
the family of lines at 26 ooo cm- 1 lies near the doublet T 2g(T) level , which becomes 
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the ground state of Mn 2+ at the strong field limit. The high degree of splitting 
may be due to spin-orbit coupling, vibron ic coupling, trigonal field splitting, 
o r a combination of all three. The spin-orbit splitting of the 2T 2g term yields 
only a r 1 and r 8 level so at least one additional factor must be operating. 

Rhodonite. The specimen of rhodonite used in this investigation contains a 
considerable amount of ferrous iron and the spectral bands of Fe 2+ dominate 
the near-infrared spectrum. The spectrum of ferrous iron in pyroxenes has 
become a subject of some debate (White and Keester, 1966; Bancroft and Burns, 
1967 ; White and Keester, 1967). For this reason the present discussion 
will be limited to those features due to Mn 2+ and a treatment of the near 
infrared Fe 2+ bands will be deferred to a later paper. 
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F1Gs. 2 and 3: F10. 2 (left). Visible- ultraviolet spectrum of single-crystal rhodochrosite. 
F1G. 3 (right). Visible- ultraviolet spectrum of s ingle-crystal rhodonite. 

The assignment of the various bands in the visible part of the spectrum (fig. 3) 
is now somewhat more difficult since the intensities of the spin-forbidden bands 
of the ferrous iron will be of comparable intensity to the bands of Mn 2+. The 
assignments given in table I II were obtained by using a comparison with the 
pure M n 2+ spectrum of rhodochrosite as a guide to the Mn 2+ bands and using 
a computer print-out of the energy-level diagram for d6 to locate the spin
forb idden bands of Fe2+. A match of the o bserved val ues for the 4Trn(G) and 
4T2g(G) levels with the calculated energy level diagram gives an approxi mate 
Dq value of 825 cm- 1 for Mn 2+ in rhodonite. The fie ld-independent 4A 1g, 4E g 
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level is easily recognized by its sharpness, but strong charge-transfer absorption 
in the ultraviolet obscures the other 4E g(D) field-independent level and makes 
the exact calculation of B and C impossible. 

TABLE I Ir. Band positions and assignments for rhodonite 

Wavenumber (cm- 1) 

18 600 

20000 
22 200 
23 500 
24 240 
24 570 

Ion and co-ordination 

{
(Mn 2+)Y I 
(Fe2 :)Vl 
(Fe2l)VI 
(Mn2-)'' 1 
(Fe2+)Vl 
(Mn2+)Vl 

Assignment 
6A 11;(S) -+ •T,g(G) 

5T 2A(D) -> 3T,g(H) 
5T 2g(D)-> 1A1g(I) 
6A 1g(S) -+ •T2g(G) 

:.T2~(D)-> 3T 1g(H) 
6A,g(S) -> •A,g, 4Eg(G) 

Other silicate minerals. The spectra of tephroite, glaucochroite, and leuco
phoenicite are shown in fig. 4 and the spectrum of inesite in fig. 6. These spectra 
were a ll obtained by diffuse reflectance techniques and only the quartet states 
are observed. The important 1J1 and lJ2 transitions are recognizable by their 
sharpness and most of the assignment is easily done by direct comparison of 
the spectra with the spectrum of rhodochrosite. The quartet levels of these 
silicates are tabulated in table IV; the near-infrared spectra of these minerals 
show few features except for hydroxyl and water bands and are not reproduced. 

TABLE IV. Band positions and assignments for manganese silicates 

Tephroite G laucochroite Leucophoenicite Jnesite Assignment 

17 390 17 640 18 590 18 970 6A,:;(S) -+ 4T,g(G) 
21 550 
22 680 22 220 22 930 22 880 -+ ·1T2g(G) 
24 630 24 450 24 510 24 570 -+ •A,g, ·1Eg(G) 

26 600 
27 620 27 700 28 090 27 780 -+ •1T 2i:(D ) 
28 670 28 570 28 820 29 150 -+ 'Es(D) 
31 340 -> •T,g(P) 

Borate minerals. The spectrum of sussexite is shown in fig. 6 and the band 
wavenumbers and assignments in table VI. The spectrum of Mn 21- in the borate 
compound does not differ in any important respect from the spectrum of 
Mn 2+ in the silicates. The spectrum of a synthetic jimboite, Mn3(B03) 2, was 
also examined but the spectral features of Mn 3+ obliterated those of Mn 2+. 

Phosphate minerals. The spectra of two specimens of lithiophilite are shown in 
fig. 5. Band positions and assignments are tabulated in Table V. The spectra of 
LiMnP04 are interesting in that the Arizona specimen has a clean well-developed 
Mn 2+ spectrum whereas the spectrum of the South Dakota specimen seems to 
be mainly due to ferric iron. This is borne out by the analyses given in table I. 
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Two other manganese phosphate minerals, purpurite and hureaulite, were 
examined. The purpurite spectrum is not easily interpretable and the hureaulite 
specimen had no observable absorption bands in the region of the spectrum 
examined. 
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TABLE V. Band positions and assignments for lithiophilite 

Ari-zona specimen 

20 370 

23 310 

24 870 

28 170 

29 580 

3 1 740 

South Dakota specimen 

14 390 (Fe3+) 
16 ooo, (23 36o)(Fe 3+)(Mn2+) 
24 630 (Fe3+) 
28 090 (Fe 3+, Mn2+) 
29 070 (Fe3+, Mn2+) 

Assignment 

6A 1g(S) ... 4T 1g(G) 
... 4T2g(G) 
... 4A1g, 4Eg(G) 
... 4T2g(D) 
... 4£ g(D) 
... 4T1g(P) 
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F1G. 6. Vis ible- ult raviolet spectra taken by diffuse reflectance of inesite and sussexite. 

Ox ide and sulfate minerals. The spectra of ilesite, ma nganosite, hlibnerite, a nd 
pyrophanite are shown in fig. 7 and the band positions tabulated in Ta ble VJ 

The ilesite spectrum was obta ined from a thick single crystal a nd it is not 
clear why the bands should be weak. The field-independent level in this st ructure 
is split into three components with frequencies of 24 750, 25 190, a nd 26 650 
cm 1 when observed under h igh resolution. 

T ABLE VI. Band positions and assignments for oxide and sulfate minerals 

llcsite Manganos ite Hilbneri te Pyrophani te Susscxite Assignment 

19 800 16 530 17 980 17 980 18 140 6A 1g(S) ..... ' T 1g(G) 
23 470 20 830 22 020 -+ ' T 2g(G ) 
25 000 23 920 24 630 ..... ' A1g, ' Eg(G) 
28 330 27 770 -+ ' T 2g(O) 
29 850 29 150 __, 'E11(0 ) 

T he spectrum of MnO is incomplete because the optical absorption edge 
cuts off the spectrum just above the A 1g, Eg(G) level. T he bands that are observed 
a re in good agreement with the values measured by Pratt and Coehlo (1959) on 
a n M nO single crysta l. Because the higher levels are not observed, B and C 
can not be calcula ted exactly. 

In MnTi0 3 a nd MnW04 the optical absorption edge is still lower and only 
the first quartet state of Mn 2 1- is observed . No further conclusions can be 
drawn concerning these minera ls. 

Discussions and co11c/usio11s 
Calculation of crystal field parameters. Racah B and C parameters were ca lcu
lated fo r a ll minera ls for which a complete spectrum could be observed by use 
of the fo rmulae previously derived a nd the experimental values of v1 and v2• 

These data a re listed in Ta ble VIL The Dq va lues listed were derived by fi tt ing 
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the observed T1g(G) and T 28(G) transitions to the energy-level diagram and 
scaling off Dq. Thus, the Dqs can be regarded only as approximations and are 
certainly not accurate to better than ± 25 cm- 1. The only check possible was 
for the case of MnO where the present Dq of 975 cm- 1 agrees remarkably and 
perhaps fortuitously with Pratt and Coehlo's (1959) value of 979 cm- 1• 
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Frc. 7. Visible- ultraviolet spectra for manganosite, ilesite, hi.ibnerite, and pyrophanite. 
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Also listed in table Vlf are selected literature data pertinent to the discussion. 
The values of the crystal-field parameters listed are those given by the authors 
except for Stout's (1959) data on Mnf 2. Stout treated his spectra in terms of a 
cova lency parameter, e, and thus his results were not directly comparable. 
The va lues in table VII were calculated using Stout's reported values fo r the 
various absorption bands and the methods discussed above. Some doubt must 
be expressed concerning Pratt and Coehlo's va lues for the R acah parameters 
of MnO since the value of Bis much closer to the free ion value than would be 
expected. At least some lowering of the free ion levels due to covalency effects 
is expected . 

TABLE VI I. Crystal field parameters for manganese minerals 

Mineral 1· 1(cm- 1) i·lcm 1
) B(cm- 1) C(cni- 1) Dq (cm- 1

) C/B fl( %) 
MnO 

(Manganosite)t 23 810 786 32 10 979 4 .08 JOO 

MnF2; 25 180 30 230 721 3594 780 4.98 92 
MnS0.1 -4H20 

(Ilesite) 25 000 29 850 693 3614 750 5. 22 88 
LiMnPO, 

(Lithiophilite) 24 870 29 580 673 3628 680 5.39 86 

Mn(H20)«'7 § 25 115 29 750 { 671 37 10 848 5.53 85 
(62 I)* (378 I)* (6.09)* (79)* 

Mn;Ca2Si1002s(OH)2 
(lnesite) 24 570 29 150 654 3606 780 5.51 83 

H(Mn, Mg, Zn)B03 

(Sussexite) 24 630 29 760 646 3634 875 5.62 8:?. 
MnC03 

(Rhodochrosite) 24 750 29 200 636 3678 750 5.78 81 
Mn6Mn(OHMSi0.1}i 

( Leucophoen ici te) 24 510 28 820 616 3670 830 5.96 78 
Mn,CaSi50 15 

(Rhodonite) 24400 590 3700 825 6.27 75 
CaMnSi0 .1 

(Glaucochroite) 24 450 28 570 588 3714 875 6.32 75 
MnS 

(A labandine) ii 21 600 583 3125 730 5.36 74 
Mn2SiO, 

(Tephroite) 24 630 28 670 577 3772 875 6.54 73 

* Values calculated by the present methods using the author's experimental data. 
t Pratt and Coehlo, 1959. 
:~Stout, 1959. 
§ Heidt et al., 1959. 
II Ford et al., 1963. 

Crystal-field parameters for rhodonite were calculated using the measured 
value of v1 and a C/B ratio of 6.27 obtained by averaging the C/B ratios of 
tepbroite, glaucochroite, and Jeucophoenicite. The results must, therefore, be 
regarded as approximate. 

4 
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In the usual construction of Tanabe- Sugano diagrams (McClure, 1959) it is 
often assumed that the C'8 ratio remains constant for any given ion (C,'B= 4-48 
in the Tanabe and Sugano's original and widely copied diagram for c/5). From 
the tabulation in table VU, it can be seen that this ratio varies over a wide range 
and should not be assumed constant. 

The nephe/auxetic e,/fect and covalent bonding. J0rgensen ( 1962) has written at 
great length on what he calls the nephelauxetic or " cloud-expanding" effect. 
lt has long been known that the Racah 8 parameters of ions incorporated into 
crystals are smaller than the R acah 8-parameters of free ions. Since the 8-
parameter measures the inter-electronic interaction among the electrons in the 
d-orbitals, forgensen attributes the decrease in B to a decrease in interelectronic 
interaction due to the formation of partially covalent bonds. He proposes that 
the ratio, fl, of the crystal 8-parameter to the free ion 8-parameter is a measure 
of covalent bonding, the covalence increasing as /i decreases. 

We have applied forgensen's hypothesis to the manganese minerals with 
the hope of at least comparing the degree of covalence with the bonding in 
related materials and evaluating its usefulness. 

The free ion 8-parameter is obtained from published tables of free-ion energy 
levels (Moore, 1952) using Griffiths' equations for the free-ion levels in terms 
of the Racah parameters. T he free-ion B for Mn h is 785 cm- 1

• The values of 
/i = Bc-n.,,1,.1 'Br,.cc-i un are tabulated in table Vll, and the minerals are arranged in 
order of decreasing fl, leading to a reasonable array. The highest values are 
exhibited by MnO and MnF2, which are expected to be the most ionic. In the 
range of 80 to 90 % are compounds in which Mn 2+ is co-ordinated by groups 
that themselves are highly covalent such as the sulphate, carbonate, borate. 
phosphate, and the hexaquo ions. Also included in this group is the mineral 
inesite for reasons that are not clear at the present time. In the range of 70 to 
80 % are the si licates and alabandine, the rocksalt form of MnS. 1t wou ld thus 
appear that in the silicates, Mn 2-r is more strongly covalently bonded than in 
the other compounds. 

The results, unfortunately, are not as precise as one would like if one wanted 
to make a deta iled ranking within the groups. As can be seen from the Table, 
B is derived from a difference term and is very sensitive to the absolute value 
of 112• The spectra obtained on powders, which include most of the silicates, a re 
weak and somewhat broadened so that the maximum precision of the band 
positions is no better than ± 1 m;1. This uncertainty introduces an uncertainty 
of ± 20 cm 1 in 8 and about ± 2 in /i. No significance, therefore, should be 
attached to the relative cova lency of minerals whose /i values differ by only a 
few percent. There would be some value in repeating these measurements on 
single crystals using a higher precision spectrometer. 

One further complication to the J0rgensen hypothesis presents itself. M nS 
has a fl-value of 74 and falls among the silicates. However, 111 is much lower 
than 11

2 for the silicates and this is reflected in the R acah C-parameter, which is 
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much lower than the C-parameter of the silicates. It is apparent that the elec
tronic behavior of the su lfide is different from that of the silicates and that the 
value of B alone is not sufficient to describe it. 

Tt is concluded that the application of the N ephela uxctic Ratio concept to 
the manganese minerals gives results more or less in agreement with expectation. 
Much more work, both theoretical and experimental, is needed to determine 
whether this approach wi ll yield a more quantitative statement than could be 
obtained by chemical intuition. 

Ack110,..ledgeme111s. This work was supported by the ational Science Foundation under 
Grant No. GP3232. 
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Applications of the Mossbauer effect to mineralogy 

By G. M ICHAEL BANCROFT 

University Chemical Laboratories, Cambridge 

and ROGER G. B URNS 1 

Department of Mineralogy and Petrology, Cambridge 

S11111111ary. The Mossbauer spectra of a number of iron si licate minerals of known crystal 
structure and three iron silicate minera ls of unknown crystal structure have been recorded 
at room temperature. The two Mossbauer parameters, the chemical isomer (C.1.) shift and 
the quadrupole splitting, are sensitive to changes in the oxidation state, electronic configura
tion, and the co-ordination symmetry in the minerals. Using the Mossbauer parameters from 
the si licates of known crystal structure, information on the oxidation state, electronic con
figuration, and co-ordination symmetry of iron in the unknown crystal structures has been 
obtained. 

Mossbauer measurements have also been used to detect cation ordering in minerals of 
the orthopyroxene and cummingtonite- grunerite series. Quanti tative results for the cumming
tonite- gruneri te series show that Fe~- preferentially occupies the M. posit ion, and discrimi
nates against the M 2 position. 

THE Mossbauer effect (for a review, see Wertheim, 1964) has found widespread 
applications in chemistry and physics following its discovery in r957. In applying 
this effect to mineralogical p roblems, two important applications have been 
found in the study of iron-con taining minerals. First , Mossbauer spectroscopy 
provides a rapid method for obtaining information on the state of iron in 
minerals. Second, Mossbauer measurements may be used to estimate site 
popu lations in complex crystal structures. 

The present study was aimed at investigating the variations of Mossbauer 
parameters with changes in electronic configuration, oxidation state, and 
co-ordination symmetry of iron in various minerals of known crystal structure. 
It was hoped that these data could be used to obtain information on the state 
of iron in three minerals for which the structures are unknown: zussmanite, 
howieite, and deerite. The reference minerals studied included the following 
with h igh-spin Fe 2+: staurolite (tetrahedral); gillespite (square p lanar); olivines, 
pyroxenes, amph iboles (octahedral with various distortions); and a lmandine 
garnet (distorted cubic). Epidote (distorted octahedral) and andradite (octa
hedral) provided parameters for high spin Fe3+. T hese parameters are compared 
with those of a few inorganic compounds contain ing low-spin Fe II and Fe lJl 
in octahedra l co-ordination . 

1 Present address: Department of Geology and M ineralogy, Parks Rd., Oxford. 
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There are several advantages of working with silicate minerals. Firstly, the 
crystal structures of the reference silicates are known with moderate to high 
degrees of precision. Secondly, the minerals provide co-ordination symmetries 
not readily available to the synthetic inorganic chemist. Thirdly, solid-solution 
phenomena enable measurements on a phase with a range of iron concentrations. 

The Mossbauer parameters are sensitive to changes in the environment about 
the iron atom. Since in many silicate minerals iron can enter two or more sites 
differing structurally and energetically, the Mossbauer technique may be used 
to estimate site populations in ferromagnesium silicates (Bancroft, Burns, and 
Maddock, 1967). In these studies, computer-calculated areas under peaks 
(Stone, 1967) are used to determine the ratio of the amounts of iron in two 
distinct sites in a mineral. 

Experimental. The Mossbauer instrumentation and technique are described 
elsewhere (Bancroft, Maddock, and Ward , 1965). A two millicurie source of 
57Co in stainless steel was used. This gives a minimum line-width of 0.35 mm 'sec 
with sodium nitroprusside as the absorber. All the spectra in the present study 
were measured with both the source and absorber at room temperature. Total 
counts in excess of 2 x 105 per channel were obtained for each spectrum. 

Absorbers were prepared by mixing the finely ground mineral (150 mesh) 
with two grams of ground perspex and pressing the mixture into a disc about 
2 mm thick. Each disc contained an iron concentration of about 10 mg cm 2. 

The mirror image spectra obtained from the spectrometer were fitted by 
computer to Lorentzian line shapes (the theoretical line shapes). A good fit , 
defined by the va lue of x2 (Stone, 1967), was obtained for most of the spectra. 

The two principal parameters measured in the present study were the C.I. 
shift and quadrupole splitting. The quadrupole spl itting is the separation 
between the doublet peaks in a Mossbauer spectrum. The chemical isomer shift 
is the displacement of the midpoint of a quadrupole doublet from zero velocity 
(relative to a standard, which was stainless steel). 

Resul1s and discussion 

The reference silica/es. The C.I. shifts and quadrupole splittings obtained for 
the reference silicates are summarized in table l , a long with parameters for 
low-spin iron compounds. Four peaks were resolved in the cummingtonite, 
grunerite, staurolite, and orthopyroxene spectra, but only two were resolved in 
the other spectra. ln the olivine, orthopyroxene, and cummingtonite- grunerite 
spectra , the C.l. shift and quadrupole splitting varied with Fe2+,' Mg2 r rati o. 
Table l quotes the range of these parameters. This variation of Mossbauer 
parameters with increasing Fe2 ~ concentration demonstrates the sensitivity of 
the parameters to small changes in the structure. 

The computer plots of the Mossbauer spectra of two members of the cumming
tonite- grunerite series (35-4 % and 95.3 % Fe 2+) and two members of the 
orthopyroxene series (48-4 % and 85.9 % Fe2+) are shown in figs. l and 2. 
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F1Gs. 1 and 2 : FIG. 1 (left). Computer plots of the Mossbauer spectra of the 35'4 % Fez+ 
cummingtonite and the 95.3 % Fe2+ grunerite. Fie. 2 (right). Computer plots of the 
Mossbauer spectra of the 48.4 % Fe2+ and 85.9 % FeH orthopyroxenes. 

TABLE I. Mossbauer parameters for the reference minerals and compounds 

Symmetry of 
Mineral Type Position the C.l. shift Quadrupole 

or compound of in the co-ordination mm/sec. splitting 
Iron structure polyhedra mm/sec. 

Olivines Fe2+ M 1 and M 2 -octahedral 1·.25- 1.27 2.8 1- 3.02 

fFez+ M2 distorted six 1.24- 1.27 1.91- 2. 13 
Orthopyroxenes fold f Fe2~ M1 ,..._,octahedral 1.24- 1.27 2.35- 2.65 

Cummingtonites 
Fe2+ M, distorted six I .14- 1 .20 I .50-1 . 64 

fold 
and grunerites l Fe2• Mi. M 2 , M 3 ,..._,octahedral 1.23- 1.27 2.76-2.90 
Garnet FeH distorted 1.40 3.55 

eight fold 
~qua re 
antiprism 

Gillespite Fe~+ four fold o.86 0.51 
square planar 

Staurolite* Fe2+ four fold I .05 2.29 
,..._,tetrahedral 

Epidote Fe3+ (Al, Fe) distorted s ix 0.43 2.01 
site fold 

Andradite Fe3 octahedral 0.50 0 . 58 
Fe I I compoundst Fe II octahedral 0-0-45 0-1 .0 
Fe III compoundst Fe Ill octahedral - 0.25- + o.25 0-1.5 

* Another quadrupole doublet was resolved in this spectrum. 
t Parameters taken from Duncan and Golding, 1965. 
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ln both series, the inner two peaks arise from FeH in the most distorted site, 
which is the M 4 site in the cummingtonite structure (Ghose, 1961) and the M 2 

site in the orthopyroxene structure (Ghose, i 965). The outer two lines in fig. 2 

are due to Fe2+ in the M 1 position in orthopyroxene, and in fig. J the outer 
two lines represent a composite plot for iron in the Mi. M 2, and M,3 positions 
in cummingtonite. Figs. 1 and 2 indicate that ordering occurs in both the 
cummingtonite- grunerite series and orthopyroxene series, and that Fe2+ ions 
favour the most distorted site in each structure. 

TABLE I I. Percentage of each position in the amphibole s tructure 
occupied by iron in the cummingtonite- grunerite series 

Percentage of position Percentage of position 
occupied by Fe2- occupied by Fe2 • 

Mole % Mole % 
Fe2 • M 1 + M,1 Mt .M, Fet - M 1 + M a Mt M ., 
35.4 24.0 5.5 82.5 87.5 85.3 80.5 98.0 
51 .8 50.0 33.0 73.5 95 . 3 98.3 96.0 90.0 
63.0 65.3 36.0 86.5 19.7* 14.7 28.5 18.5 
85.0 87.3 83.0 83 .5 

* Manganoan cumrningtonite containing 23. 7 % Mn~Si ROtt(OH)2 • 

The computer-calculated areas under the peaks in the Mossbauer spectra 
enable site populations to be estimated in orthopyroxenes directly (Bancroft, 
Burns, and Howie, 1967). Total site populations in the cummingtonite- grunerite 
series may also be estimated from the Mossbauer spectra (Bancroft, Burns, and 
Maddock, 1967) in conjunction with data from infrared spectroscopy (Burns 
and Strens, 1966). The results for the cummingtonite- grunerite series are 
summarized in table I I and fig. 3. Th?s method gives site populations in good 
agreement with X-ray results (Fischer, 1966). These quantitative results confirm 
the qualitative observations from figs. I and 2 that Fe 2 r- ions enter preferentially 
the cummingtonite M.1 and orthopyroxene M 2 positions. 

Fayalitic olivines, almandine garnet, and epidote gave simple two-line spectra. 
T he spectra of olivine and epidote are similar to those published earlier (de 
Coster et al. , 1963; Sprenkel-Segel and Hanna, 1964). No ordering was detected 
in olivine and epidote, although electronic spectral measurements of olivines 
(Burns, unpublished work) and optical data of epidotes (K. Mills, personal 
communication) suggest that cation ordering may occur also in these structures. 

The four-line spectrum of staurolite indicates that this mineral contains Fe 2 · 

in two distinct structural positions. This was not found by X-ray diffraction 
studies (Naray-Szab6 and Sasvari , 1958). 

The results in table l show that the quadrupole splitting and chemical isomer 
shift are sensitive not only to the electronic configuration and oxidation state 
of iron, but also to the number and symmetry of the co-ordinating ligands. 
The changes in C.l. shift and quadrupole splitting are illustrated in fig. 4 for 
the different electronic configurations, oxidation states, and co-ordination 
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FIGS. 3 and 4: FIG. 3{1eft). Percentages of each position in the amphibole structure occupied 
by iron in the (Fe, Mg, Mn)-Si-022(©H)2 series. A line at 45 , representing random 
distribution, is drawn for reference. • M4 position: • M h M3 positions; & M2 position. 
• • & cummingtonite- grunerite series; • • ~ anthophyllite series ; • • Jl man
ganoan cummingtonite; 0 0 fi,. Ghose (I96I); & ISi ~ Fischer (1966). FIG. 4 (right). 
Variations of (top) the chemical isomer shift; and (bottom) the quadrupole splitting 
with changes in the oxidation state and electronic configuration of iron, and the co
ordination number about iron. 4S square planar co-ordination, 4T tetrahedra l co
ordination. 

symmetries of iron. The quadrupole splitting for epidote lies outside the normal 
range for Fe3~ compounds. T his may be due to the very la rge distortion of the 
oxygen environment about iron in the epidote structure (Ito, Morimoto, and 
Sadanaga, 1954). I t should be noted that in "high spin,. Fe2+ compounds, the 
quadrupole splitting becomes smaller with increasing distortion from octahedral 
symmetry of the co-ordinating oxygens ( rngalls, 1964), whereas the reverse is 
true for "high-spin" Fe~ 1• compounds. Few "low-spin" Fe JI and Fe I If com

pounds have been studied. Values of the C. l. shift and quadrupole splitting for 
these species are taken from Duncan and G o lding ( 1965). F ig. 4 shows that 
Mossbauer spectra wi ll genera lly indicate the sta te of iron (including the oxida
tion state, electronic configuration, co-ordination number, and site distortion) 
in a silicate of unknown or complex crystal structure. 

The silicates of u11k11oll'11 crystal structure. The Mossbauer spectra of zussmanite. 
howieite, and deerite are shown in fig. 5, together with the computer-plotted 
best-fit to the spectra. Table I fl summarizes the Mo ssbauer parameters for these 
three minerals. 
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F1G. 5. Computer plots of the Mossbauer spectra of zussmanite, howieite, and deerite. 

In view of the sensitivity of the Mossbauer parameters to changes of electronic 
configuration, oxidation state, and co-ordination symmetry of iron (fig. 4) the 
C.l. sh ift and quadrupole splitting may be used to characterize the iron in these 
three minerals. 

Thus, zussmanite contains "high-spin" Fe 2+ ions in an octahedral environment 
simi lar to that in olivine (Hanke, 1965). Howieite contains "high-spin" Fe2-r 
ions in octahedral co-ordination , and "high-spin" Fe3+ ions in a slightly 
distorted six-fold co-ordination site. Deerite appears to contain three distinct 
"high-spin" iron species: Two of these, one Fez+ and the other Fe3" , are present 
in sites similar to those in howieite; the third , consisting of Fe 2+ ions, occur in 
distorted six-fold co-ordination sites similar to the M 4 site in the cummingtonite 
s tructure. However, the large width of the peaks due to the latter Fez+ species 
(fig . 5) cannot be explained at the present time. It may be related to the anoma
lously low magnetic susceptibility of deerite reported by Fyfe et al. , (1966), 

TABLE II r. Mi:issbauer parameters for the unknown crysta l structures 

Mineral 

Zussmanite 

Howieite 

Deerite 

Type of 
iron 

FeZT 

Fe:i 
Fe2 -

Fe2+ t
Fe2 -

l Fe3+ 

Symmetry of the Quadrupole 
co-ordination C. I. shift splitting 

polyhedra mm/sec. mm/sec. 

.-...octahedral 1 . 26 2. 77 

,._,octahedral 1.27 2.81 

,._,octahedral o. 49 o. 58 
,._,octahedral 1 . 22 2 . 57 

very distorted 1. 14 1 .40 
six fold 

,._,octahedral 0.62 
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which has led them to postulate the presence of "Iow-spin" Fe II in deerite . 
In the present study, however, no peaks were found which could be attributed 

to "]ow-spin" Fe IL 

Conclusions 
The Mossbauer effect gives valuable information on the electronic and 

molecular structure of iron in silicate minerals. Qualitative estimates may be 

made of the amount of distortion of a co-ordination polyhedron from 

octahedral symmetry, and information may be obtained on the state of 

iron in minerals of unknown crystal structure, such as deerite, howieite, and 

zussmanite. Other minerals to which Mossbauer spectroscopy may be applicable 
include sapphirine, neptunite, stilpnomelane, chloritoid, and yoderite. T he 

Mossbauer technique is also useful for detecting cation ordering and estimating 

site populations in ferromagnesian silicates, such as in the o rthopyroxene and 

cummingtonite-grunerite series. Other mineral series at present being studied 

include actinolite, anthophyllite, and pigeonite. The great advantage of the 

Mossbauer technique in studies of orderi ng is the speed and, in many cases, the 

improved accuracy over more conventional X-ray diffraction methods. 
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Growth of diamond and cubic boron nitride from 
multi-component systems 

By P. J. GJELISSE 

General Electric Company 
Specialty Materials Department 
Detroit, Michigan 48232, U .S.A. 

Summary. The growth characteristics of diamond synthesized from multi-component systems 
under controlled conditions of high pressure and high temperature are contrasted w ith 
those of cubic boron nitride. Growth processes are found to be quite similar. The mor
phologies, although distinctly different, are crystallographically quite similar. In cubic 
boron nitride, tetrahedra replace the octahedron in diamond. As contrasted to the covalent ly 
bonded diamond, cubic boron nitride depends to an appreciable extent on direct coulombic 
interaction for its bonding energy. 

AS the only hard non-metallic elemental mineral , diamond possesses a variety 
of very desirable quali ties. Consequently, its physical properties have been 
widely investigated. In spite of this, and the fact that diamond constitutes one 
of the simplest crystallographic structures, little information about the actual 
crystal growth process has been derived from the study of the characteristics 
or genesis of diamond . The earliest, and, at the same time, very extensive 
observations on naturally occuring diamond were made by Fersrnan and 
Goldschmidt (1911 ) and Williams (1932). Though often very detailed, their 
conclusions regarding crystal growth processes had to remain speculative for 
the greater part since virtually nothing was known about the crystal growth 
parameters or the system from which they were derived. Laboratory-grown 
diamonds for the first time afforded an opportunity for the study of diamond 
crysta l fo rms, habits, surface structure, and other properties with the possibility 
of relating them to the many variables in the growth process. 

A distinct advan tage is the possibility of comparing the results on diamond 
to those derived from crystal growth studies on cubic boron nitride, wh ich is 
very s imilar to diamond in a great many respects. Some of the more recent 
results are reported in this paper. 

Since the crystals of diamond and cubic boron nitride studied here were 
synthesized in high-pressure- high-temperature apparatus, using cells, systems, 
and catalysts described previously (Wentorf, 1961 ; Bundy, 1963; Bundy and 
Wentorf, 1963), further mention of any of the particu lars need not be made here. 
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Fig. 1 shows, for ease of reference, the pressure and temperature regimes for 
the synthesis of both high pressure forms. The data are taken from Bundy 
( 1963) and Bundy and Wentorf (1963). 
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F1G. 1. The P- T phase diagrams of carbon and boron nitride, 
a fte r Bundy ( 1963) and Bundy and Wcntorf ( 1963). 

Crystallograp/J.1· 

Diamond. The high-pressure-stable form of carbon crystallizes in the cubic 
system with the structure based on the cubic space group, Fd3m. The unit cell 
contains eight atoms, and each atom is surrounded by fou r equidistant neigh
bours at the corners of a regular tetrahedron. 

An unusual aspect of the crystallography of mined diamond is that, a lthough 
the rhombic dodecahedro n a nd octahedron are most common, it crysta llizes 
in virtually all of the forms that are allowed fo r its class. Considering a ny 
o ne crystal, this is not common since one or two habits are often representative 
of the species, and, as such, characteristic. The forms developed on laboratory
grown diamonds are a lmost excl usively the octahedron , the cube, or, more often, 
a combina tion of the two (Bovenkerk, 196 1). This points to a difference in 
either the fundamental growth process or the conditions under which growth 
took place. 

Under laboratory cond itions, where growth takes place from a metal- carbon 
system, the low-temperature limit for diamond synthesis is usually set by the 
melting point (i.e. eutectic of the carbon-metal system), and the high-temperature 
limit by the conditions of thermodynamic stabi lity of the diamond. ff we 
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assume that pressures are low enough to prevent overgrowth, intergrowth, or 
extremely rapid nucleation, we shall find that cubic development is favoured 
at the lower temperature, gradually changing to cubo-octahedra and eventually 
octahedra at more elevated temperatures. This occurs for growth from apparently 
pure systems. 

Doping, apart from possible changes in the electrical or optical properties 
of the resulting crystals, can drastically influence their morphological develop
ment. For example, addition of boron to the catalyst at concentrations as low as 
200 p.p.m. does not significantly affect the above-described pattern. However, 
at constant pressure and with increasing concentration of boron, it becomes 
essentially impossible to synthesize a well-developed cube, and only cubo
octahedra and octahedra result. At concentrations of boron around r ooo p.p.m. 
only octahedra are synthesized over the entire region between the lower and 
upper limits of diamond stabi lity (fig. 2). Chemical analysis, progressively 
increasing conductivity, and change in colour confirm increasing boron content 
in the crystal itself. Similar effects, although not yet studied as fully, have been 
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observed with evera l clements other than boron. Cannon (1966) has recently 
de cribed the greatly increased occurrence of contact twins when diamond is 
formed by catalysed reaction in the presence of decomposable silicon compounds. 

Thus, whereas trace quantities of impurities do not appear to influence 
crysta l habit sign ificantly, laboratory growth of diamond from multicomponent 
systems may produce appreciably different results. In the case of boron, the 
apparent effect is that of a rise in synthesis temperature. 

Cubic boron 11i1ride is tructura lly similar to diamond and shares many of it 
physical propertie . It i hard. inert, commonly a dielectric. has a high index 
of refraction and high dispersion. and is commonly synthesized as whi te. 
pale yellow to yellow crystals. lt forms crystal with the 83 (zinc blendc) 
structure, the only difTercncc from diamond being that the positions in the 
structure are alternately filled with boron and nitrogen atoms and each atom 
is surrounded by four atoms of the other kind. An important consequence of 
this is, however, that the space group is F43111, which lacks a centre of symmetry. 
This should give rise to vector properties and. more important in this context. 
the lower symmetry wi ll affect the habit and face development of the crystals. 

As in manufactured diamond, none of the more complex forms ha ve been 
observed, and only { 100}, { 1 1 1) . and { 111 } , the cube and the positive and nega tive 
tetrahedra, cou ld be identified (cf. P. Cannon, 1966). A recent report (K. 
Kudaka, H. Konno, T. Matoba, and S. Takahashi, 1965) on the morphology 
of cubic boron nitride de cribes frequent occurrence of the rhombic dodeca
hedron { 1 IO} as the most prominent form modifying the tetrahedron ; the text 
is not explicit enough nor is the evidence sufficient to prove the occurrence of 
the dodecahedral faces. ft seems likely that rhombic dodecahedral surfaces 
are formed by accumula tion of growth layers on [ 1111 and (111 ]. It should 
be pointed ou t that dodecahedra are only rarely found in labora to ry-grown 
diamonds and on ly under very special conditions where dissolution is suspected 
( H . P. Bovenkerk, 1961 ). The rhombic dodecahedron is not considered a true 
growth form of synthetic diamond, but since the dodecahedral fo rm is very 
common in natural diamond. the natural growth environment may not be 
duplicated in our laboratory conditions. Since cubic boron nitride is not a 
mineral , no correlation is possible. 

The more common forms and habits of cubic boron nitride are: the tetra
hedron as a simple form, or more commonly as a combination of positive and 
nega tive tetrahedra, which resembles an octahedron when equally developed . 
Very often, however, growth in the third dimension is suppressed on these 
combined tetrahedra , resulting in platelets no thicker than 20 11, which often 
appear like a more or less perfect hexagon. Due to va riations in growth condi
tions and environment these platelets may take on almost any shape and vary 
widely in thickness as well. 

The most complex morphology of untwinned crysta l observed is the combina
tion of cube and both tetrahedra, in which one tetrahedron is almost inva riably 
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more developed than the other. Interestingly enough, th is habit is very common 
with spha lerite (ZnS), the structural prototype of boron nitride. 

ln a ll our observations, the crystals have generally shown smooth plane 
faces. Curved faces are very rare if not nonexistent. However, fracture is very 
common and often produces fragments with curved faces. In general, tetrahedra 
are the most common form in boron nitride, with the cubo-tetrahedral habit 
also very pronounced. In no case has the development of a cube been observed 
as a simple form. 

As is common for many crystals with the zinc blende structure, twinning is 
pronounced in cubic boron nitride. The twins in general have a [ 1 1 1] twin axis 
and a corresponding { 1r1 ] twin or composition plane. The most abundant 
twin variety is a rotation twin in which the parts of the crysta l on both sides of 
this composition plane are rotated r8o 0 around [111 ]. On both sides positive and 
negative tetrahedra have been developed. Again , if both tetrahedra are eq ua lly 
developed, the geometrical shape will resemble the familiar twinned octahedron 
or spinet twin , common in both natural and synthetic diamond. T he common 
occurrence of this type of twinning must be indicative of the relatively s light 
energy difference between such a twinned form and the regular or normally 
occurring form. Cannon (1966) has found that a very large amount of contact 
twinned diamond may be grown from systems containing decomposable s ilicon 
compounds, such as Mg2Si and CaSi2 , and proposed the growth of a very thin 
SiC layer from wh ich the twin would develop. It has been observed that Mg 
itself induces twinning in diamond, and since Mg and Ca as well as Li , Na, and 
K are used as catalysts in BN growt h systems that produce abundant twins, 
these e lements may be responsible for the twinn ing. Synthesis at elevated 
temperature, as contrasted with growth at low temperature, invariably produces 
a greater quantity of twinned crystals in b oron nitride and diamond. It is 
therefore not yet clear whether the formation of twins depends on the presence of 
foreign atoms. Much less common is a contact twin on { r r r] with te trahedra 
and cube developed. 

Many crystals are far from perfect geometrically. They are often irregularly 
distorted giving rise to a wide variety of shapes. Penetrat ion twins and inter
growths do not a lways appear as commonly as in diamond. T etrahedral crystal 
faces are very smooth , with trigons not uncommon , ""hi le striat ions are quite 
common on cube faces, probably reflecting the higher reticular density in the 
tetrahedra l face. Jn general, visua l observation discloses no inclusions in crystals 
grown from pure catalysed BN systems, other than entrapped crystals of cubic 
BN itself. Symmetrically arranged impurities may be observed when deliberately 
introduced into the growth system. They are discussed later. 

Evidence for a step-wise or layer-spreading growth mechanism in BN, as 
opposed to a continuous growth mechanism, may be found in the development 
of well-defined step surfaces on tetrahedral planes (fig. 3). T he largest step in 
the particular example shown was estimated to have a height of 30 11, with a 
similar width and a slope of 1 : ro between the top and bottom edges. 
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F1G. 3. Photomicrographs of cubic boron nitride. Top left, various habits of platelets; top 
middle and right, combinations of positive and negative tetrahedra; bottom left, evidence 
for stepped grO\\lh on (111); bottom middle, twinned cry:.tab with (1u) as composition 
plane; bottom right. combinations of cube and tetrahedra. 

The habit of crystals is known to vary with the type of growth process. degree 
of supersaturation, amount and type of impurity, concentration, rate of diffusion, 
pressure, and temperature. ln the BN system we again find many similarities 
with diamond. The development of the principal habits in boron nitride is 
chieny a function of temperature. At moderate pressures and low temperatures, 
only the very smallest crystals appear, as tetrahedra. A slight increase in tempera
ture or growth time immediately leads to the development of the cubic faces, 
while at increasingly higher temperatures twinned platelets develop, which show 
only tetrahedral forms. Al higher temperatures the growth rate, as well as the 
amount of twinned crystals. is markedly increased. Both the prevalence of 
t\\inned crystals and the platelet development are assumed to be indicative of 
high rate of growth and surface nucleation under conditions of high super
saturation. This is confirmed by our observations in the higher temperature 
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regime, as described above. Evidently,growth mechanisms under these conditions 
are such that axial growth is very much suppressed while latera l growth is 
enhanced. 

Lncreased pressure chiefly seems to increase the rate of nucleation and thus 
results in generating large numbers of much smaller crystals. Appreciably 
elevated pressures generate crystals with very poor morphological development, 
ultimately resulting in an essentially anhedral particle. lt may thus be sa id that, 
in general , the most perfect crysta ls are grown close to the equilibrium line 
between the hexagonal and cubic forms of boron nitride. 

Surface markings that resemble streams with tributary development, reflecting 
differential freezing of catalyst metal , are a very marked phenomenon on 
synthetic diamonds (Bovenkerk, T961 ). No such markings appear on boron 
nitride faces , and we may in all likelihood conclude that the growth process 
is either more abruptly ended o r precipitation of the high pressure form of 
boron nitride proceeds in a manner dissimilar to that in catalyzed diamond systems. 

Discussion. When crysta ls of cubic boron nitride were grown from system s 
containing deliberately introduced carbonaceous material, it was observed 
that da rker coloured bands or "streamers" developed, apparently symmetrica lly 
arranged, emanating from a point in the crystal and extending towards the 
tetrahedral faces. Since this phenomenon is only observed when carbon is 
present, it must be concluded that the inclusions are carbonaceous impurities, 
or a carbon complex, symmetrically and preferentially trapped in or between 
the growth layers. 

Similar observations have been made on diamond (fig. 4). This type of 
occurrence is typical for conditions of minimum pressure and temperature, 
i.e. close to the equilibrium line, where grolVth is extremely rapid and inclusion 
of particles, possibly undissolved , is most likely. A very interesting point is 
the fact that in crystals showing both tetrahedra, the zones of inclusions extend 
only from what is believed to be the point of nucleation to one set of tetrahedral 
faces, preserving symmetry. It may, therefore, be indicated that the crystal is 
nucleated as a tetrahedron with the development of the other tetrahedron at a 
later stage. The tetrahedron thus appears to be the fundamental form immediately 
after nucleation , which is supported by the occurrence of very small ( < 5 ,ll) 
tetrahedra at the very ea rly stages of growth, with the development of the cubic 
faces only when conditions regulating relative growth rates are favourable, i.e. 
at low temperatures. From all evidence gathered from laboratory experiments, 
similar reasoning may be applied to the development of habit in diamond, with 
the octahedral form replacing the tetrahedra in cubic BN. 

Growth of one crystal around another has been observed. This suggests 
interruption of the growth process by thermal or concentration gradients or 
actual movement and subsequent initiation of new growth. As in diamond , 
growth upon a seed always reveals a boundary and the crystal is never truly 
continuous structurally. 

5 
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The development of many and often complex forms on any one crystal is 
frequently interpreted as evidence for very slow growth rates from very pure 
systems. The lack of development of crystal forms, other than the three simplest 
ones, might indicate growth conditions quite different from those attained in 
our experiments. There is evidence that very slow growth develops more 
complex forms in diamond. Very pure systems do affect the habit of boron 
nitride, producing multiple twins never observed in any standard system. 

FIG. 4. Symmetrically oriented carbonaceous impuritic~ in diamond (left), cubic boron 
nitride containing a little carbon (middle), and cubic boron nitride with very little 
carbon (right). 

From experiments on the syn thesis of cubic BN, from catalysed systems in 
the stability region of this high-pressure polymorph, we may thus conclude that: 
The principal forms developed on cubic BN are the tetrahedra and the cube; 
more complex forms have not been identified so far. The habit of cubic BN is 
dependent on pressure and temperature, but primarily on temperature. The 
first form after nucleation is probably the tetrahedron , with cubo-tetrahedral 
development at low temperatures, and tetrahedral habit, often composite and 
twinned, at high temperatures. At any given temperature, an increase in pressure 
results in higher nucleation rates, smaller crystals and eventually less perfect 
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particles. A combination of low pressure and temperature favours the cubo
tetrahedral habit. The habits described here are probably the result of very rapid 
growth from impure systems. 

Binding forces in diamond and cubic boron nitride. Cubic boron nitride, through 
its simi larities in structure and physical properties, is the solid most closely 
related to diamond. The relationship also holds true for the low-pressure 
polymorphs from which they arc normally synthesized, graphite and hexagonal 
boron nitride, except that graphite is a conductor and hexagonal boron nitride 
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a dielectric. Graphite thus manifests an excess of free electrons, reflecting the 
difference in electronic structure between carbon on the one hand and boron 
and nitrogen on the other. Since binding forces in solids are the result of the 
electromagnetic interaction of the participating constituents, a difference in 
bond type between diamond and cubic boron nitride should be indicated. 
Following Pauling's (1960) concepts of chemical bonding, diamond , with zero 
electronegativity, has been classified as a covalent solid. Using Pauling's formula , 
l - exp [ - 1/4(Xa - Xb) 2

] where Xa and Xb are the electronegativities of the 
participating atoms, we arrive at a value of 22 % for the ionic character of cubic 
boron nitride. Part of the binding energy should, therefore, depend on direct 
coulombic or electrostatic interaction. Support for the fact that binding in 
cubic BN is partly ionic has recently been derived from our studies of the 
optical properties of BN in its lattice-vibrational region (Gielisse et al. , 1967). 
The maximum reflectivity in this region was found to be 84 %, indicating the 
presence of an appreciable dipole moment between boron and nitrogen in the 
high-pressure structure. By comparison diamond shows no attenuat ion of the 
reflectivity in its vibrational region. Cubic boron monophosphide, another 
compound in the ffT- Y series with an electronegativity of only o. 1 and conse
quently an essentially covalent character, shows a reflectivity of only 5 % above 
the high-frequency background. 

The polar character of the bQnd in cubic boron nitride, as measured by the 
effective charge q* from an interrelation between the dielectric constants and 
the vibrational frequencies , according to Szigeti ( 1949), gave q* = 1. 14. This is 
the highest value for any compound in the 1 IT- Y series. Similar results were 
derived from the difference between the longitudinal and transverse optical 
frequencies, which is known to increase with ionicity (Mitra and Marshall , 
1964; Mitra and Gielisse, 1964). Furthermore, for crystals of high effective 
ionic charge the longitudinal optical frequencies are higher than the transverse 
optical frequencies at the zone boundary (Mitra and Gielisse, J964). For cubic 
boron nitride L. 0. was found to be 1 232 cm 1 and T. 0. = 1 ooo cm- 1• The 
reverse is true for a totally covalent material. Fig. 7 is a graphical presentation 
of the effect of ionicity on the dispersion curves. 

The report of purely dipolar local fields in cubic boron nitride by Sundfors 
(1963), as a result of an nuclear magnetic resonance study, is correlated by the 
observation of sharp lines in the ESR spectra of the same material as determined 
by Cannon (personal communication, 1964). 

Conclusions 

Laboratory evidence from growth phenomena of cubic boron nitride and 
diamond indicates very s imilar crystallization processes. Principal crystal forms 
are the cube and octahedron for diamond and cube and tetrahedra for cubic 
boron nitride. For any one given system, temperature is the most important in 
determining habit. Low temperature, preferably combined with low pressure, 
favours cubo-octahedral or cubotetrahedral habit whi le higher temperatures 
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result in octahedra and tetrahedra. The results reported here are due to rapid, 
sometimes, very rapid, growth from relatively impure systems under conditions 
of pressure and temperature very close to the respective equilibrium lines. 
Growth at much reduced rates and for extended periods of time from pure 
systems will probably result in more complex morphological development. 
From physical considerations, it was concluded that cubic boron nitride, 
although similar to diamond in many of its properties, is appreciably ionic. 
Any physical characteristics principally determined by this difference should, 
therefore, be significantly dissimilar. 

Ack11owledgement. I would like to thank H. P. Bovenkerk for his constructive comments on 
reading this text. 
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La croissance du quartz lamellaire sur l'exemple des 
cristaux de la Gardette (Isere, France) 

par B. POTY 

Centre de Recherches Petrographiques ct Geochimiques 
B. P. 682- 54-Nancy 

Resume- Les c ristaux de quar tz lamellaire de la Gardelle se sont formcs dans un m il ieu 
dont les caracteristiqucs o nt varie brutalement un gra nd no mbre de fois. Ceci a engcndrc 
une structure zona ire des crista ux par adsorptio n irrcgulic rc d'impuretes. La croissance est 
cxaminee ici a travers l'ava ncemcnt du rhomboedre positif. La vitesse d'avancement de la 
face est le facteur qui regle la teneur en impuretes (Al, L i) adsorbees dans le Crista l. Les faces 
p lagicdres s et x ne se ferment que lorsque la vitcssc de croissance est faible et tcndent £1 

disparaitre des que cclle-ci augmente. II en resulte qu'ellcs apparaissent et disparaissent 
plusieurs fois au cours de la format io n d'un cristal. 

LES anoma lies optiqucs des crisl'aux de quartz ont signalees par D escloizeaux 
( 1858) qui o utre ses propres observations rapporte des observations anterieurcs 
aux siennes. Mais le premier travai l moderne sur cette question est celui de Wei l 
(1930). Weil decrit des crista ux de quartz de la Ga rdet te formes d'un emp ilemcnt 
de Jamelles birefringcntes pa ralleles aux faces. Remarquant le meme phenomenc 
sur des cristaux d 'a utres gisements ii en deduit quc le q uartz ne saura it avoir 
une symetrie hexagonale et devrait pluto t etre considere comme un empilemen t 
mimetique de lamelles de symetrie moindre. Bambauer, Brunner, et Laves 
( 196 1) ont decrit des lamclles com parables sur des cristaux de quartz de 
Madagascar. Ils con idercnt que les lamelles biaxes resultent d'une formation 
secondaire mais admettcnt que Jeur disposition et leur repartition ont pu et re 
predeterminees dans une large mesure par une repartition zonaire et sectorielle 
des impuretes lors de la croissance des cristaux. 

Cette idee d 'une structure mimetique du qua rtz est issue de conceptions qui 
furent developpees pa r Ma ll ard (1876) apropos de toute une serie de mineraux . 
On sait que d'autres poin ts de vue furent adoptes: en particulier celui d ' une 
adsorption d' impuretes par les differentes faces du cristal au coUJ·s de sa 
croissance. L'avancement de faces a proprietes de surface differentes cnt rainc 
une structure sectorielle du cristal , chaque secteur montrant des particularites 
induites par la face qui le forme compte tenu des caracteristiques du milieu 
(Lemmlein , 1948). 

Ce travail est une tentative de reconstitut ion des conditions de cro i sance 
des crista ux de quartz de la G a rdette par des observa tions detaillees de lcur 
structure zonaire et scctoriclle. Les crista ux de la Gardette sont incolores, 
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mais on sait que !'irradiation du quartz par les rayons X provoq ue habituelle
ment une coloration (Frondel, 1945). Cette coloration est particulierement uti le 
ici car elle met nettement en evidence la structure zonaire et sectorielle. Les 
lamelles birffri ngentes prennent des teintes variees, elles sont en continuite 
r igoureuse d ' un secteur du cristal a rautre. II est alors possible de delimiter le 
domaine d'un certain nombre de cristaux a. l'interieur de celui qu'on examine. 

Les relations entre la croissa nce et les modifications du m ilieu telles qu'elles 
peuvent etre cernees par l'etude des inclusions fluides ont ete recherchees sur 
un grand nombre de cristaux. Cent trente individus particulierement limpides 
ont ete tailles en sections epaisses (2 mm) paralleles au plan de pseudosymetrie 
du Cristal, (112o). Une trentaine d'autres ont ete tailles perpendiculairement a. 
l'a llongement du prisme. Ces sections ont ete polies optiquement (oxyde de 
cerium) puis irradiees (Machlett, W, 38 KV, 20 ma, 2 h). L'expose complet des 
resultats de cette etude sera fa it ailleurs. 1 fci on s'attache a montrerexclusivement 
le mode d'avancement du rhomboedre positif ainsi que celui des faces plagiedres. 

Bandes de croissance du rhomboedre posit if 
Elles sont bien visibles sur les sections paralleles au pla n de pseudosymetrie 

des crista ux. On consta te alors le plus souvent une alternance de lamelles 
jaunes et de lamelles brunes, parfois de lamelles incolores. Quand on examine 
r evolution de la couleur dans le sens d'avancement de la face on voit que 
souvent Jes lamelles jaunes passent progressivement aux lamelles brunes, mais 
que !'inverse ne se produit jamais: les lamelles brunes passent toujours brutale
ment aux la melles jaunes. Ceci incite a ne pas dissocier !'ensemble forme par 
une lamelle jaune et la lamelle brune qui lui succede dans le sens d'avancement 
de la face: on appellera cet ensemble une bande de croisscmce. 

Ces ba ndes possedent dans un meme Cristal des epaisseurs et des intensites 
de coloration variees. Elles sont done tres facilement reconnaissables et on 
peut les numeroter (fig. 1 ). Les numeros pa nent de la fin de la croissance des 
cristaux et remontent en direction du genne. Le nombre des bandes differe 
sur chaque cri stal. Dans une meme cavite les cristaux ne sont en effet pas tous 
nes au meme instant et les deforma tions de leur base qui obliterent cette struc
ture en bandes ne sont pas identiques sur tous les individus. Ma is on constate 
que dans une meme cavite la succession des bandes est la meme pour tous Jes 
crista ux . II en resulte que lorsqu'o n examine sur deux crista ux preleves dans 
la meme cavite des ba ndes portant le meme numero on compa re des phenomenes 
qui se sont produits rigoureusement au meme moment. 

Lorsqu 'on suit la limite entre deux bandes en direction des faces du cristal 
qui dans le gisement regardaient vers le haut o n constate que cette limite est 
jalonnee par un depot de petits cristaux de quartz ou a utres mineraux dont la 
taille va rie entre 1 e t 30 ;1 . Ce depot de debris minera ux rigoureusement regle 

1 Poty (B.) Recherches sur la croissa nce des cristaux de quartz dans les fi lons. These- Nancy 
- a paraitre 1967. 
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lcm 

FIG. I. Cristaux provenant de la mcme cavitc et montrant 
des successions identiques de bandes de croissance. 

par la direction de la verticalc (Poty, 1966) trouvc son origine tres vraisemblable
ment dans les broyages successifs engendres par Jes differcnts rejeux de la 
fracture dans laquelle le filon s'est mis en place. On peut observer de legers 
depots de cristaux au milieu d'une bandc de croissance, mais ceci n"est pas 
general. De toutes fa9ons les depots a l'interieur des bandes sont faibles et la 
plus grande masse des debris a sedimente a la limite entre les bandes. ll faut 
deduire de ce fait qu'unc bande de croissance est la partie du cristal qui a pousse 
entre dcux rejeux importants de la fracture. 

Signification de la division des bandes de croissance en /amelles. Elle nous est 
donnee par l'cxamen des cristaux dans toute l'etendue du gisement. Le filon 
de la Gardette est constitue par une serie de cavitcs echelonnees, sur une distance 
de plus de 300 m, dans des gneiss au contact de la surface de transgression 
triasique. Dans chaque cavite on trouve des cristaux de tailles tres variees, 
allant de plusieurs cm de longueur a quelques mm. Mais Jes dimensions de la 
majorite des cristaux d'une cavite, commc celles des plus gros individus, ne 
sont pas distribuees au hasard: a une extremite du gisement, au contact des 
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roches sedimentaires, les cristaux atteignent leur taille maxima pouvant depasser 
parfois 20 cm de longueur alors qu'a l'autre extremite, ils sont beaucoup plus 
petits, ne depassant guere 5 cm de longueur, et prennent un facies aciculaire. 
On note done une evolution de facies reglee par la distance a la surface de 
transgression triasique. Cette evolution de facies temoigne des differences 
suivantes dans Ja croissance des cristaux : le quartz pousse rapidement en gros 
cristaux trapus pres des roches sedimentaires, ii pousse plus lentement, en 
cristaux allonges, lorsqu'on s'eloigne de la surface de transgression triasique. 

Les individus montrent un nombre de bandes comparable d 'un bout ~I. 
l'autre du gisement mais la constitution des bandes varie. Dans le premier cas 
elles sont formees par une lamelle jaune epaisse et une fine lamelle brune, 
dans le deuxieme cas le rapport des epaisseurs est inverse. On considere done 
que Jes lamelles jaunes temoignent d'une croissance du quartz relativement 
rapide et que Jes lamelles brunes temoignent d'une croissance plus lente. 

Des lamelles jaunes et des lamelles brunes ont ete isolees et on a recherche 
les variations des teneurs en impuretes ainsi que les variations des parametres 
du reseau. 

Recherche des impuretes. De nombreux travaux (cf. Frondel, 1962) ont montre 
que Al etait l'impurete rencontree le plus frequemment et avec la plus grande 
abondance dans Jes cristaux de quartz naturel. A cote de Al on trouve egalement 
H. Li, Na, Mg, Ti , Fe. Dans Jes lamelles analysees Al et Li sont les impuretes 
les plus abondantes et Jes plus regulierement distribuees (tableau No 1). Les 
lamelles jaunes contiennent 2 fois plus de Al que Jes lamelles brunes et la 
quantite de Li est liee a celle de Al aux erreurs d'analyse pres. Na, Mg, Ti, Fe 
sont presents it des teneurs faibles ne depassant pas le plus souvent 1 ppm. 
H a ete decele par spectrometrie de masso sur des crista ux entiers et limpides, 
ne contenant pas d'inclusions fluides visibles au microscope (Zimmermann, 
1966). On ne peut malheureusement pas comparer les teneurs en H des deux 
types de lamelles. 

TABLEAU No I. Teneurs en Al et Li des lamelles formant 
les bandes de croissance du rhomboedre posit if 

Lamelles brunes Lamelles jaunes 
,----A---__,_ ,----A---__,_ 

No. Al Li No. Al L 
I 120 p.p.m. 20 p.p.m. 6 410 p.p.m. 40 p.p.m. 
2 250 35 21 310 40 
4 190 30 42 420 50 
8 310 30 94 460 55 

93 160 25 95 470 80 

Moyennes 
p.p.m. 210 30 410 55 
Atomes/ 106 .Si 460 240 920 470 

Les lamelles brunes ont ete analysees au moins deux fois, les lamelles jaunes au moins 
trois fois . Precision de la methode ana lytique, ± 30 ~~ · 
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Mesure precise des 1•ariations des parami?tres a et c. Des diffractogrammes ont 
cte realises pour quatre lamelles (2 jaunes et 2 brunes) a des angles proches de 
la diffraction en retour. Les raies utilisees pour le calcul furent 420 (Ocu-1(«

1 
= 

73 ° 31 ') et 315 (Oen-/(«, = 75 ° 8'). Les variations oa et <k des para metres a et 
c sont consignees dans le tableau No lI. On voil que le parametre a croit lcntc
ment quoique irregulierement lorsque la teneur en impuretes s'accroit. La 
dimension du parametre c est par contre une fonction nette de la teneur en Al. 

T ABLEA U o 11 . Variations des parametres a et c dans les Jamelles 

Ato mes 106 .Si 
,---~ 

o. lame lie Al Li Li/ 100AI Q(/ •k 

4 brune 420 250 59 IOX 10 iA 3 x JO 'A 
2 brune 560 300 53 7 6 
6 jaune 9JO 350 38 J 3 JO 

94 jaune J 020 480 47 J 3 JI 

Trois difTractogrammes ont etc realises pour chaque echantillon. Reproductibilitc, 
:!: 1. Jo 1 A. Les constanres utilisces pour le calcul sont celles donnees par Frondel ( 1962. 
pp. 25 et 33). 

Contenu en impuretes et centres co/ores. On ad met generalement (F rondel, 1962: 
Frank-Kamenetskii. 1964; Kamentsev. 1965) qu'une augmentation du para
metre c, parallelement a une augmentation de la teneur en Al indique une 
substitution de Si par Al. De ceci on deduit que la quantite d 'AI contenue dans 
les tetraedres est plus grande dans les lamelles jaunes que dans Jes lamelles 
brunes. 

Pourquoi alors ees lamelles contiennent-elles mo ins de centres colores que 
les lamelles brunes? Les trava ux de Bambauer ( 196 1) ont monlre que. dans le 
modele de centre colon! d'O'Brien, Jes defauts Al- H, Al- Li et Al- Na n'etaient 
pas equivalents. Le defaut Al- Li semble bien etre un centre colore potentiel 
mais dans les cristaux des Alpes Suisses une teneur importance en H entraine 
generalement une faible coloration apres irradiation y . 

H a ete decele dans les cristaux de la Gardette mais non dose. Na est par 
ailleurs une impurete peu abondante. II faut done croire que, outre leur plus 
grande teneur en impuretes, les lamelles jaunes se distinguent des lamelles 
brunes par une repartition differente de H et de Li. Dans les lamelles brune 
Li doit etre preferentiellement associe a I' Al des tetraedres, et produit des 
cen tres colores, alors que da ns les lamelles jaunes ii pourrait ceder la place a H. 

Apparition et disparition des faces p/agiec/res set x 

Ohsermtions sur la morplrologie inteme. Sur des ections taillees specialement 
et irradiees on peut examiner le comportement des faces plagiedres s { 1 121) 
et x {5161 } au cours de rhistoire des cristaux. Sur de telles sections on remarque 
nettement la trace de ces faces sous forme de lamelles incolores a la fin de la 
cro issance des bandes (lorsque se forment des lame lies brunes sur le rhomboedre ). 
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Elles sont visibles sur de nombreuses bandes (fig. 2), ce qui montre que Jes faces 
plagiedres, a la Gardette, ne se developpent pas seulement a la fin de l'histoire 
du crista l. Si on n'observe plus Jeur trace clans Jes regions proches du germe 
c'est peut-etre parce qu'il est difficile d'en deviner la position a l' interieur du 
cristal et de taille r des sections adequates. 

Que deviennent Jes faces plagiedres 
au debut de la croissance des bandes? 
Les differences de coloration sont alors 
plus tenues et !'observation est difficile. 
Seuls quelques cas sont demonstratifs. 
Sur la fi g. 3 on voit le secteur de crois-
sance d ' un trapezoedre. Au niveau 0,5 mm 
d'une lamellejaune du rhomboedre ce 
trapezoedre a adsorbe des impuretes F 1G. 2 . Traces de la dipyramide trigonale s 
qui ont forme des centres colores. Au en fin de croissance des bandes. 
niveau des lamelles brunes et incolores 
qui suivent sur le rhomboedre on voit que le trapezoedre n'a plus forme de centres 
co lores et que sa vitesse d 'avancement par rapport au rhomboedre a ete beaucoup 
plus faible, 6 fo is plus foib le clans cet exemple. Sur la fig. 4 on voit la trace 
d'une dipyramide trigonale s. Elle est incolore au niveau d ' une lamelle brune 
du rhomboedre. Au niveau de la lamelle jaune qui suit on voit nettement que 
cette face est devenue de plus en plus petite puis a disparu tout en ensevelissant 
des impuretes sous forme de centres colores. 

On peut resumer ces observations de la maniere suivante: Jes faces plagiedres 
s et x se developpent en fin de croissance des bandes; a ce moment elles 
n 'ensevelissent pas d ' impuretes capables de former des centres colores e t leur 
vitesse d 'ava ncement par rapport a celle' du rhomboedre est foible. Au debut 
de la croissance d ' une bande leur vitesse d 'ava ncement est beaucoup plus 
grande et elles tendent a disparaltre ; ace moment elles ensevelissent des impuretes 
clans des sites du reseau et des centres colores se forment. Ce phenomene 
d 'apparition et de disparition des faces plagiedres se produit pour de nombreuses 
bandes de croissance, c'est-a-dire pour une grande partie de l'histoire des 
cristaux. 

11 est interessant de rapprocher ces observations des conclusions de Hartman 
( T959) sur la formation du trapezoedre. A la suite d'une recherche sur les 
chaines de liaisons intenses du quartz, Ha rtman prevoit que si !'apparition de 
la face x est liee a une adsorption d ' impuretes ces impuretes ne doivent pas se 
loger dans des sites du reseau. 

Observations sur la morphologie externe. A la Gardette un cristal de quartz 
n'est limite par des faces plagiedres que lorsque sa vitesse de croissance est 
tres faible. Des que celle-ci augmente Jes faces plagiedres tendent a disparaitre. 
La morphologie externe des cristaux va nous donner une confirmation de cette 
hypothese. 
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Q,5 mm 0,5mm 

FIGS. 3 a 6: FrG. 3 (gauche, en haut). Croissance rapide du trapezoedre x au moment ou se 
forrne une larnelle jaune du rhomboedre. FIG. 4 (droit, en haut). Avancement rapide 
et disparition de la dipyramide trigonale s au debut de la croissance d'une bande. FIG. 5 
(gauche). Figures de croissance du premier type sur le rhomboedre positif. FIG. 6 (droit). 
Figures de croissance du deuxieme type sur Jc rhomboedre positif. 

Les cristaux de ce gisement montrent un rhomboedre particulierement 
developpe: celui qui, dans la cavite, regarde vers le bas. Comme cette face ne 
w;oit pas d'impuretes par sedimentation, sa croissance est tres reguliere et 
c'est sur elle que les figures de croissance doivent etre observees. Ces :figures 
de croissance sont, schematiquement, de deux types. Les figures du premier 
type (fig. 5) sont des pointements pyramidaux tres reguliers et peu nombreux 
sur la face. Tis sont formes d'un empilement de couches, tres facilement decelables 
au microscope a contraste de phase apres metallisation. On n'a pas observe de 
dislocations en leur centre. D'autres pointements pyramidaux beaucoup plus 
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eleves et etendus en surface peuvent egalement etre observes. Ils sont plus rares 
et au centre de chacun d'eux on voit toujours un defaut qui est vraisemblable
ment a J'origine de leur developpement plus important. Les figures de croissance 
du deuxieme type sont celles montrees par la fig. 6. On voit que Jes pointements 
ne sont plus pyramidaux mais au contraire globuleux. lls sont beaucoup plus 
nombreux que les precedents sur la face et empietent frequemment Ies uns sur 
Jes autres de fac;on anarchique. On distingue egalement a leur surface Jes Jisieres 
de nombreuses couches de croissance, mais elles sont moins nettes que dans 
les pointements du premier type. 

Comment interpreter ces phenomenes? Bien fa it, Bois tel le, et Kern ( 1965) 
ont montre sur des halogenures alcalins que les pointements pyramidaux 
apparaissaient en dehors du phenomene de croissance reversible des faces. lls 
sera ient en quelque sorte issus d'une germination tridimensionnelle sur support 
etranger. Si les resultats de ces auteurs sont generalisables au quartz on a, par 
!'observation de ces pointements pyramidaux, un moyen de comparer Jes forces 
mineralisantes des solutions qui ont nourri Jes cristaux. Dans une cavite Jes 
cristaux montrent effectivement des figures de l'un ou de l'autre type, jamais 
un melange des deux. Ceci signifie que Jorsque Jes cristaux ont arrete leur 
croissance celle-ci etait lente da ns certaines cavites, plus rapide dans d'autres. 
Or dans les cavites ou la croissance etait lente la quasi totalite des cristaux 
montrent des faces plagiedres et celles-ci sont de belles dimensions alors que 
dans les cavites ou la croissance etait plus rapide une grande proportion des 
cristaux ne possedent pas de faces plagiedres et lorsqu'ils en montrent elles 
sont tres petites. La morphologie externe des cristaux apporte done une con
firmation de ces interpretations tirees de !'examen de la morphologie interne. 

Lemmlein ( 194 r) avait fait une observation simiJaire su r les cristaux de 
l'Oural subpolaire: ii avait remarque que Jes' faces plagiedres ne se formaient 
qu'a la fin de la croissance des cristaux et en avait deduit que leur apparition 
necessitait une sursaturation extremement faible. 

Conclusions 

La croissance des cristaux de quartz lamellaires de la Gardette est un 
phenomene discontinu lie aux nombreuses reouvertures de la fracture dans 
laquelle le filon s'est mis en place. Chaque rejeu de cette fracture provoque 
la croissance d'une nouvelle bande. Dans chaque bande on distingue deux 
types differents de quartz: le premier se forme aussitot a pres le rejeu, le deuxieme 
plus tard. 

Aussit6t apres un rejeu de la fracture la vitesse de croissance est relativement 
elevee. Le rhomboedre positif avance en adsorbant une grande quantite 
d 'impuretes. La densite des centres colores est faible. Les faces plagiedres 
avancent rapidement ce qui peut entrainer leur disparition. Elles adsorbent 
alors des impuretes dans des sites du reseau et produisent des centres colores. 

Apres la croissance de ce premier quartz un deuxieme quartz appara'it. Le 
passage du premier au deuxieme quartz est frequemment progressif. La vitesse 
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de croissance est faible. Ce quartz contient moins d'impuretes et la densite 
des centres colores y est elevee. Les faces plagiedres avancent lentement et leur 
surface augmente. Elles n 'adsorbent pas d'impuretes dans des sites du reseau 
de fa<;on a produire des centres colon~s. 

La force mineralisante est renouvelee a chaque rejeu de la fracture. Mais 
elle est suffisamment faib le, et les solutions suffisamment immobiles pour que 
Jes effets de ces rejeux s'estompent a mesure que l'on s'eloigne de la surface de 
transgression triasique au dela de laquelle ii faut rechcrcher la source de si lice. 
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Macro- and micro-morphology of quartz and pyrite 

By I. Su AGAWA and Y. E DO 

Geological Survey of Japa n, 8 Kawada-cho. Shinjuku-ku. Tokyo, Japan 

PART T. A COMPARATI VE ST UDY OF ATURAL A 'D SY TllETIC QUARTZ CRYSTA LS 

(By 1. Sunagawa) 

S 11111111ary . A comparative study was made of the crystal morphology and surface structure~ 
of natura l quartz (A), synthetic quartz grown on seed plates (8), and synthetic quartz spon· 
taneously grown on the upper wa ll of the crucible (C). Crystal habits of B vary according to 
the rate and duration of crysta l growth and the orientation of the seed plates. I f an infinite 
time of growth were al lowed their habits would be similar to those of natural crystals. Both 
A and C crystals show similar prismatic habit, except that on the C crystals only major 
rhombohedral faces develop. whereas on the former crystals both major and minor rhombo
hcdral faces develop. It is also noticed that C crystals take on in general a longer prismatic 
habit than A crystals. Surface structures of the basal, rhombohedral, and prismatic faces of 
the two types o f synthet ic quartz are essentially the same, but very different from those o f 
natural crystals, suggesting different growth conditions as between natural and synthetic 
crystals. Growth pyramids on rhombohedral faces of natural crystals and on prism faces o f 
synthetic crystals show eccentric morphology, which is closely related with the hands of the 
crystals. Those on rhombohcdral faces of synthet ic crystals arc d ifferent in number and size 
as between major and minor faces. T hese growth pyramids are considered to be formed either 
from screw dislocations or from the contact poiqts of foreign minerals with the growing 
surfaces. Other growth features are also described in connection with the structure and growth 
conditions of quartz crystals. Characteristics of the crystal morphology of quartz arc con
sidered from the standpoint of growth mechanism. 

C RYSTA L morphology a nd surface structures of both natural and synthetic 
quartz have been studied by several workers. Judging from their results, natural 
and synthetic quartz exhibit very different crystal habit s and surface structure . 
It is, therefore, intended to make a comparative study between natural and 
synthetic quartz, with the hope of finding what are the main differences between 
the two. By doing so, it is hoped to clarify the mechanism of crystal growth of 
quartz and to analyse its crystal morphology from the standpoint of growth 
mechanism. 

The characteristics of crystal habit of natural quartz are: hexagonal prismatic 
habit, non-appearance of the basal plane, asymmetrical appearance of trigonal 
pyramidal and trapezohedral faces depending on the hand of the crystal, 
and unequal development of two types of rhombohedral face. These can be 
partly accounted for by its structural characteristics such as the three-fold 
screw axis along c (Donnay and Harker, 1937). Hartman (1959, 1965) has 
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recently put forward an explanation of the unequal development of two types 
of rhombohedral face . Jn this paper, it is intended to account for these mor
phological characteristics, on the basis of the mechanism of crystal growth, 
which will be deduced from the studies of surface structures. 

As to the surface structures of both natural and synthetic quartz, the following 
summarizes previous studies: 

R ounded triangular growth spira ls are observed on the {ooor } face of syn
thetic quartz (Augustine and Hale, 1960). The profile of these spirals is not 
abrupt stepwise but has curved steps. This profile was due to a dissolution 
mechanism according to Joshi and Tolansky (1961), but the present writer 
is not in favour of their explanation. 

On the {10!1 } faces of synthetic quartz, growth patterns suggesting the 
existence of growth spirals are observed, together with other growth features 
such as bubble-like and tadpole structures (Joshi, 1959). 

Shallow isosceles triangular growth pyramids develop on the {IOI 1} faces 
of natural quartz. These have been regarded as vicinal surfaces. There are 
several types of pyramids, and they are suggested to have close correlation with 
the hands of quartz crystals (Kalb, 1930, 1933). No definite evidence showing 
that they are spirals has been reported, except in a few cases reported by J oshi 
(1959). No clear difference has so far been reported on the nature of these 
structures as between major and minor rhombohedral faces . 

Characteristic surface structures of the {101o} faces of natural quartz are 
striations parallel to the horizontal axis. These are inferred to be due to an 
oscillatory growth between rhombohedral and prism faces (Dake, Fleener, and 
Wilson, J938). Tetrahedral growth pyramids are observed on these faces 
(Praagh and Wills, 1952), and eccentric rhombic growth spirals are reported 
to occur on {1olo} of synthetic quartz by Joshi (1964). 

fn the present study, natural quartz crystals from five localities and two 
different types of synthetic crystals made at Toyo Communication Equipment 
Co. were investigated by means of reflection and phase contrast microscopy as 
well as interferometry. Natural quartz crystals are from : Naegi, Gifu Pref. ; 
Ishikawa, Fukushima Pref.; Kofu, Yamanashi Pref. (pegmatitic origin); 
Donsuiwa mine, Fukushima Pref. (hydrothermal vein) in Japan , and St. 
Gotthard, Switzerland. Synthetic crystals investigated are those grown on seed 
plates parallel to the Z-, Y- and R-cut, and those grown spontaneously on the 
wall of the crucible at the top portion. Their morphological characteristics were 
compared, and their surface structures were studied. 

Crystal 111orpliology. Synthetic crystals grown on seed plates show different 
crystal habits according to the type of the seed plates and the duration of 
growth, as shown by the examples in fig. l. When a long plate parallel to {0001 } 
is used as a seed, an elongated crystal consisting of {0001}, {10!1 }, {1olo}, and 
t 1 12o} faces is formed. lf a seed plate parallel to a [ 10! 1} face is used, a rhombo
hedral p laty crystal para llel to the seed plate is formed. H owever, the crystal 



MORPllOLOGY OF QUARTZ A D PYRITE 65 

habit of synthetic quartl i al o controlled by the duration of crystal growth. 
Let us take a crystal grown on the Z-cut seed plate as an example. At an earlier 
tagc, the crystal is an elongated plate having a wide ba al plane, together with 

small {1011 }, {101o}, and { 112o} faces. The {0001 } and {112o} faces have 
rough surfaces, whereas {10T1 } and {101o} have smooth surfaces. As growth 
proceeds, the latter two faces develop larger, whereas the former two faces 
tend to decrease in size. In the normal procedure of quartL syntheses, crystals 
are taken out from the crucible at this stage, and hence they show external 
forms as shown in fig. 1. I lowever, if growth continues further. both {0001 } 
and { 112o} faces ultimately di appear, and the crystal take on a short hexagonal 
pri ma tic form, which is an ordinary crystal habit of natural quartz. This proce s 
i more or less similar in the case of other types of ecd plates being used, and 
their ultimate habit is imilar to those of natural crystals. 

The crystal habit of spontaneously grown synthetic quartz is very different 

rios. 1 and 2: F10. 1 (left). Synthetic quartz crystals grown on seed plates of different 
orientations. F10. 2 (right). Spontaneously grown synthetic quartz crystals. 

6 
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from the hab it of qua rtz grown on seed plates. and is more or less si mi lar to 
that of natura l quartz. As can be seen in fig. 2. prismatic or acicular hab its 
are adopted. However, a few distinct differences a re noticed betwee n these 
synthetic crystals and natural ones. In cont rast to the well-balanced hexagonal 
pri smatic fo rms of natura l crysta ls, spontaneously grown synthetic quartz 
crystals take on trigonal prismatic fo rms with three well-deve loped and three 
na rrow prism faces. On these synthetic crystals only major rhombohedral face 
develop, except in a few cases where minute minor rhombohedral faces appea r 
as well. A nother important difference is that these crysta ls take on much mo re 
elongated fo rms than ordinary natural crysta ls. In the case of natural crysta ls. 
the ratio of width to length of the crysta ls as measured along the a- and c-axes 
genera lly fal ls with in the range from 2 : 3 to 1 : 4. long prismat ic crystals wit h 
an elongation of more than 1 : 6 are uncommon, and acicular hab its a rc very 
rare ( Dana 7th cdn. vol. 3). Jn contrast, the spontaneously grown synthetic 
crystals take on a much more elongated prismatic hab it, and acicu lar habi t 
common ly occu rs. In some cases, whisker- li ke crysta ls a re found as well. lt 
should be noted here that these spontaneously grown crysta ls must have grown 
by a growth mechanism similar to that of natural crystals, since no seed crystals 
are used , yet they take on different crystal forms. the forms that reflect the 
structural nature of quartz crystals more vivid ly. 

'Swface structures 

Narural quart::. Rhombohedral faces are characterized by the development of 
slightly malformed triangu lar growth pyramids. an example being shown in 
fig. 3. They have usually a rounded corner on the left and point corners on the 
right and at the tops of the triangles. though on some crystals pyram ids are 

circular or elli ptical and in a few cases 
they ha ve a flat top surface. These 
pyramids have long been rega rded as 
vici nal surfaces. They consist of a p ile 
up of thin triangula r growth layers. 
the edges of which can be easily 
detected in most cases under low mag
nification with a reAection micro
scope. Th is shows that the spac ings 
between neighbouring growth layers 
are relat ively wide, suggesting low 

F1a. 3. Low magnification photomicrograph of supersa tura tion cond itions for the 
( 101 1) face of natural quartz. x 5. growth of natural quartz. Both the 

fo rms of the py ram ids and the 
spacings between successive layers vary from locality to loca li ty, corresponding 
to different supersaturation cond itions. 

If the apex of these pyram ids is carefully observed under high magnification 
with a phase contrast microscope, it is seen on some crystals that spira l growth 
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layer or iginate fro m screw dislocatio ns that a re s itua ted at the apex, or on a 
few crysta ls it is seen tha t tria ngula r growth layers o riginate from the point of 
inte rsections be tween a n acicula r fo re ign m ineral a nd the surface of a rho mbo
hedra l face. The la tte r case was observed on t he c rysta ls fro m St . G ottha rd , and 
an example is shown in fig. 4 . As ca n 
be seen in thi s figure, a n acicu lar 
c rysta l is situa ted at the summit of 
the pyram id . Growth layers may 
prefe rentia lly sta rt from such a po in t, 
a nd will fo rm a pyramid tha t has 
the a ppeara nce of a sp ira l pyramid . 
lf such fo re ign crystals a re enclosed 
in the c rysta l by further growth , no 
poin t fo r p referentia l growth will be 
left on t he growing surface. T hen the 
growth layers will not be newly 
c rea ted a nd a pyram id with a flat top 
surface will be fo rmed. 

On o ne surface o f the rho mbohed
ral face, one o r a few growth centres, 

Fie. 4. Posit ive phase contrast photomicro
graph showing the relation bet•veen acicular 
foreign minerals and growth pyramids on 
the ( 101 1) face of natural quartz from St. 
G otthard. x 1 10 . 

i.e . tria ngula r pyra mids, are seen. In some cases, o ne surface is complete ly covered 
by growth layers o r iginating fro m a s ingle centre; in o ther cases, a la rge number 
of sma ll py ramids occur o n one surface . Tt is fo und to be a general tendency 
that maj o r rho mbohedra l faces show a small number o f pyra mids, wherea 
mi nor rh ombo hedra l faces show a la rge num ber of pyra mids. A similar tendency 
is a lso noticed o n the synthetic qua rtz in a mo re exaggera ted fo rm ; this is 
described later. This is the o nly diffe rence in surface structures as between major 
and mino r rho mbohedra l faces t hat cou ld be no ticed ; no fundamenta l d iffe rence 
was fo und as to the mo rpho logy of growth pyramids between the two types o f 
rh om bohedral face. 

T he apex of a t r iangula r pyramid is usua lly not s ituated a t the very centre of 
the tria ngle. T wo types of ecce ntri city are noticed; o ne type has its a pex nea rly 
a t the centre of the tr iangle or to the left, the o ther type has its apex to the right 
of the centre. Ka lb a nd his co-wo rkers ( 1930, 1933), as well as several o the r 
workers, have made extensive stud ies o f the o rigin of this eccentric ity. T hey 
recorded more tha n two types, t ho ugh the ir observatio ns vvere not made on 
indi vidua l pyra mids but o n a face as a w ho le. They cons ider tha t the a tt itude 
of the upper edge of tria ngula r pyra mids is useful fo r determining the hands of 
q ua rtz. However, it has been suggested by Joshi ( 1959) t hat the eccentricity is 
re la ted to the directi ona l fl ow o f o re solutio n, tho ugh according to the present 
o bserva t ions his exp lana tio n is not va lid , since pyra mids of diffe rent eccentric ity 
occur on o ne surface. It seems tha t Kalb's expla na ti on is mo re li ke ly . A simi la r 
tendency is a lso o bserved mo re c learly on the eccent ricity of gro·wth pyramids 
on the {ro!o} faces of synthet ic qua rtz, wh ich will be described later. 
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Straight or irregular discontinuity Jines are often observed to develop on the 
rhombohedral faces. They give shifts or kinks to the growth layers. The irregular 
discontinuity lines are considered to be twin boundaries, whereas straight lines 
are inferred to be slip lines formed during growth. An example of the latter 
lines is shown in fig. 5. 

Under low magnification, { 1ofo} faces of natural quartz exhibit only striations 
parallel to the horizontal axis, with a few exceptions where vertical or oblique 
discontinuity lines, which are boundaries of penetration twins, cut the former. 

FtGS. 5 and 6: Fro. 5 (left). Slip Jines formed during crystal growth. (10!1) face of natural 
quartz, Kurobira, Kofu, Japan. Positive phase contrast. x 160. Fro. 6 (right). (rolo) 
face of natural quartz. Positive phase contrast. x 16o. 

Under higher magnification with a phase contrast microscope, the striations 
are found to consist of steps with narrow bands of flat areas on which elongated 
growth pyramids occur. T hese pyramids have elongated rhombic forms rather 
than rectangular forms (fig. 6). It shou ld be stressed here that these pyramids 
occur rarely, and in general only steps (which are not uni-directional) parallel 
to the horizontal axis are seen. This suggests that the development of growth 
layers on the prism face is strongly controlled by the growth on the rhombohedral 
faces. 

Crystals from Ruby Mountain, Colorado, U.S.A. are the only natural quartz 
crystals that are reported to have a {0001 } face. They are very small in size 



MORPHOLOGY OF QUARTZ A D PYRITE 

with a maximum of 1 mm. in length. A group of crystals from this locality 
wa presented by Mr. P. Seel through Prof. J . D . H. Donnay, and was in vesti
gated using a phase contrast microscope. However, no clear growth feature 
were observed on the basal planes, which showed only mottled and rough 
surfaces. 

Sy11t/Je1 ic crystals grown 011 seed plates 

:000 1}.faces. l t can be een even with the naked eye that these faces consi t of 
many boules placed up ide down. The boules are growth pyramids. As a 
general tendency. the number of boules decreases. whereas their sizes increa e. 
as growth proceeds. As the crystals grow. neighbouring boules coalesce together 
to form larger one . 

As reported by Joshi and T olansky ( 196 1), Augustine and Hale (1960) and 
ome other workers, some of these boules exhibit triangular spiral s with 

rounded corners. However, such boules are rather exceptional , and in most 
case they do not show clear spiral patterns. This does not mean that the 
boulcs are not formed by a spira l growth mecha ni sm, but it is simply becau e 
they consist of spi ra l layer of too narrow a spacing to be disclosed by optical 
microscopes. There is no definite evidence that they are formed by mechanism. 
other than that of spiral growth. When they show piral patterns, their profile 
are not of an abrupt stepwise nature, but are of curved steps. which can be 
clearly seen on their interferograms. The curved tep . instead of ordinary 
abrupt steps, of these spirals were attributed by J oshi and Tolansky to a 
dissolution mechanism. However, such profiles can also be formed by rythmical 
bunching of a large number of thin spiral layers that are extremely closely 
spaced. Indeed, a similar profile of curved steps was reported on the basal plane 
of flux-grown synthetic emera ld by the present author. a nd found to consist of 
extremely closely spaced mono-molecular spira l layer (Sunagawa, 1964). 
The e were observed under very high magnification with a phase contra t 
microscope. 

( 10! 1 }faces. Two types of urface structure are noticed under low magnification. 
examples of which a re shown in figs. 7 and 8. One has a rather smooth surface 
consisting of wide and nat domains, though a small number of minute hillock 
a re found as well (fig. 7); the apparently flat areas, under low magnification , 
in fact have shallow cone-like features, and there is always one summit in each 
nat area (shown by arrows in the photograph). Making a good contrast to the 
apparen tly flat surface of the first type, the second type is characterized by a 
large number of large and minute conical hills, a typical example being shown 
in fig. 8: circular growth layers a re seen even under low magnification on the 
side urface of larger hill , and interferograms show that they have profiles of 
curved steps, similar to those on the basal plane. Another point of interest in 
this photograph is the area marked irregularly by short lines, which represent 
twi n boundaries. 
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FIGS. 7 and 8: FJG. 7 (left). Low magnification photomicrograph of major (10!1) face of 
seed-grown synthetic quartz. x 7. 3. F1G. 8 (right). Low magnification photomicrograph 
of minor (10! 1) face of seed-grown synthetic quartz. x 7. 3. 

Under the phase contrast microscope, extremely closely spaced growth layers 
can be seen on the side surfaces of these hillocks and even on minute hills. 
Since these hillocks have curved surfaces due to closely spaced layers, a proper 
phase contrast effect was not secured at their summit or on their side surfaces. 
As a result, definite evidence showing the spiral nature of these hillocks was not 
obtained in this study. However, since they have singular summits and extremely 
closely spaced growth layers on the side faces, it is conjectured that they are 
also spiral hills. 

The two different types of general surface structures of {101 I} faces are 
considered to be derived from the difference between major and minor rhombo
hedral faces. The face that exhibits a smaller number of domains and apparent 
flat areas is considered to be the major rhombohedral face, whereas the second 
type may correspond to the minor rhombohedral face. Differences between 
the two types of rhombohedral faces in the number and steepness of growth 
hills suggest different growth velocities. The growth velocity of the first type 
is smaller than the second type, which will result in a larger development of the 
first type (major rhombohedral face) as growth proceeds. T his is in fact an 
observed general tendency in the development of major and minor rhombo
hedral faces. 
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{10!0} faces. These faces of synthetic crystals exhibit entirely different surface 
structures from those of natural quartz. Striations parallel to the horizontal 
axis, which are characteristic patterns of the {rolo} faces of natural crystals, 
are not seen at all on synthetic crystals. The prism faces of synthetic crystals 
arc characterized by the development of eccentric five-sided growth pyramids. 
An example is shown in a low-magnification photomicrograph, fig. 9. These 
pyramids always have their apex at an off-centred position. There are two 
opposite types of this eccentricity; one has its apex on upper right side of the 
pyramid, the other on the lower left side in fig. 9. There is no doubt that this 
eccentricity is directly related to the hands of quartz crystals. Therefore, in a 
certain area on the surface, only one type occurs, and on twinned crystals two 
types occur on the same surface but in different areas, with discontinuity lines 
between them. It is also conjectured that this eccentricity has a close connection 
with the development of trapezohedral faces. A large number of these pyramids, 
large and small, occur on one surface. Individual growth layers are clearly seen 
on their side faces even under low magnification. 

Fig. 10 is an example of the pyramids seen under higher magnification with 
the phase contrast microscope. Closely spaced thin growth layers can be seen 

F1as. 9 and 10: Fla. 9 (left). Low magnification photomicrograph of (1oio) face of seed 
grown synthetic quartz. This crystal is twinned, as can be seen from the orientations of 
eccentric five-sided growth pyramids. x 7. F1a. 10 (right). Phase-contrast photomicro
graph of five-sided growth pyramids on the (1oio) face of seed-grown synthetic quartz. 
x 150. 
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clearly, though at the apex individual layers arc difficult lo sec due to close 
spacings between the successive layers. As a result, no definite evidence showing 
the spiral nature of these pyramids was obtained, though they are considered 
to be spiral'>. 

Another interesting feature i5 the universal occurrence of \\hitc lines or dots 
along the steps and on the surfaces of growth layers. Since they appear brighter 
than the actual surface of growth layers on the pha e contrast photomicrographs, 
they arc at a higher level than the surface of growth layers. They arc considered 
to be impurities selectively adsorbed along growth fronts; detailed discussion 
about thi'> has appeared elsewhere (Sunaga\\a, 1965). 

FrG. 1 1. Low magnification photom icrograph 
of (1120) face of seed-gro-..n synthetic 
quart1. x 6. 

: 1 12o} faces. Fig. 1 1 is a low mag
nification photomicrograph of a 
[ 1 120 } face on a synthetic quartz. As 
can be seen on this photograph, this 
face exhibits two directions of stria
tion'>, and no growth layers develop. 
'"hich suggests that the gro,.,,th of this 
face is not made by the addition of 
two-dimensional layers but by the 
attachment of chaim. or molecules. 
Therefore, the { 1 12o} faces are transi
tional and will soon disappear as 
grov. th proceeds. 

Synthetic crystals grown rpo11ta11eously. Since the crystal habit of synthetic 
quartz gro\\n spontaneously on the inner wall of the upper part of the crucible 
has a close similarity with that of natural quartz, one may expect close 
resemblance between the surface structures of the two. H owever, surprisingly 
enough, these crystals have entirely different surface characteristics from those 
of natural crystals. Their surface structures arc essentially the same as those of 
the synthetic quartz gro'' n on seed crystals. 

Instead of showing striations parallel to the horizontal axis on the prism 
faces. they exhibit similar five-sided grov. th pyramids to those observed on the 
prism faces of quartz grown on seed plates. Furthermore, clear growth layers 
as well as selective impurity adsorption along the growth fronts arc seen as well 
on these faces. Fig. 12 shows an example. One will find little dilTcrcnce between 
this photomicrograph and those of the prism faces of secd-gro\\ n synthetic 
quartL Similarly, rhombohedral faces (only major rhombohedral faces develop 
on these crystals) exhibit circular layers or shallow circular cones, an example 
of which is shown in fig. 13. These are again fundamentally similar to those on 
the major rhombohedral faces of seed-grown synthetic crystals. 

These observations definitely show that the growth conditions are the 
governing factor of surface structures. 



Growth of phlogopite crystals in marble from Quebec 

By RALPH KRETZ 

Department of Chemistry, Imperial College, London 

Summary. The edges of growth steps on certain ph logopite crystals may be straight, irregu larly 
curved, or cuspate. Straight step edges may or may not be parallel to lines of closely packed 
oxygen ions in the mica structure. Chemical processes that have participated in the crystall iza
tion of phlogopite are considered. 

THE phlogopite crystals studied occur in marble from the Grenville region of 
Quebec. The marbles form layers and lenses in a terrain that consists mainly 
of various hornblende-, biotite-, garnet-, and sillimanite-bearing gneisses, veined 
gneisses, migmatites, and granitic rocks (Kretz, 1957). A selected specimen of 
marble consists largely of calcite, a small percentage of phlogopite, and very 
minor amounts of quartz, tremol ite, diopside, tourmaline, magnetite, and 
graphite. 

Propenies. The phlogopite crystals are pale yellowish-brown and transparent. 
The position of the a-axis in many crystals could be determined from the 
interference figure; successive cleavage slices showed no variation in the optic 
orientation. A few crystals that yielded a slightly anomalous interference figure 
were found to be twins with composition plane (001) and twin axis (310]. 
Small variations in orientation of the optic axial plane, as found in synthetic 
fluor-phlogopite by Bloss, Gibbs, and Cummings (1963), were not found, nor 
do the crystals posses domains of different crystallographic orientation , as 
described by Sunagawa ( 1964). 

The shape of a typical phlogopite crystal is shown in fig. 1. {oo 1} faces are 
normally well developed and commonly contain growth steps and depressions. 
{010} and [110} faces, where present, are poorly developed; the sides of the 
crystals commonly consist of several curved or nearly planar rough surfaces. 

The ratio of average diameter to height of these crystals varies from 1 to 8, 
with an arithmetic mean of 2.8 (Kretz, 1966a). The smallest crystals tend to be 
more equidimensional than larger ones, with a corresponding ratio of 2. 1. 
Hence the growth rate in the direction [001] was less than growth rates in 
directions normal to (001], and the ratio of these rates may have varied slightly 
as the crystals became larger. 

The crystals range in size from 0.10 mm diameter to 2.70 mm diameter, 
or from 0.00027 mm3 to 3.3 mm 3 (K retz, 1966b). T he grain-size distribution 

85 
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Frcs. 12 and 13: Frc. 12 (left). (1o!o) face of spontaneously grown synthetic quartz. Positive 
phase contrast. x 16o. Fro. 13 (right). (rolr) face of spontaneously grown synthetic 
quartz. Positive phase contrast. x 16o. 

Conclusions, 

From the observations described above, several points emerge in connection 
with the relations between surface and internal structures of quartz crystals, 
between surface structures and growth conditions, between crystal morphology 
of quartz and the nature of growth layers and pyramids on each face, and 
especially the relationship between all these and the growth mechanism of 
quartz crystals. The results can be summarized as follows: 

Each face of the basal, rhombohedral, and prism type shows its own charac
teristic surface structures, which are partly defined by the atomic arrangement 
and symmetry of the face. 

The hand of a quartz crystal is manifested in the morphological eccentricity 
of growth pyramids on both rhombohedral and prism faces. 

Major and minor rhombohedral faces show different numbers, types, and 
steepness of growth pyramids, from which it is deduced that the major rhombo
hedral face will develop larger than the minor rhombohedral face. 

Characteristics of surface structures are different as between natural and 
synthetic crystals, but no fundamental difference was found between the two 
types of synthetic quartz. This shows that the surface structures reflect the 
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difference in growth conditions most vividly. If crystals grow under similar 
conditions, they will show similar surface structures, even if their growth 
mecha nisms are different. 

Judging from the steepness of growth pyramids as well as the characteristic 
of surface structures on each face, it is estimated that the fastest direction of 
growth is perpendicular to (r 12o}, the next (0001 }, and then (10To} and major 
and minor {10!1 } faces. This order is in good agreement with the measu red 
growth velocity of each face on synthetic crystals. 

This order in growth velocity suggests that if growth takes place for a long 
duration in the synthesis of quartz, (1120} and tooo 1} faces will disappear and 
the crystal wi ll take on morphology simi lar to that of natural crystal , or 
ultimately similar to spontaneously grown synthetic crystals. 

Judging from the spacings between the successive arms of growth layer , 
synthetic quartz is grown under higher supersaturation conditions than the 
natura l crystals, and therefore has grown much more rapidly than the natural 
crystals. 

As a result of this, a structural characteristic of quartz, e.g. its trigonal nature, 
is more vividly demon trated on synthetic crystals by the morphology of 
spontaneously grown synthetic quartz, the morphology of growth pyramids 
on the prism faces, the difference in the surface structures of major and minor 
rhombohedral faces, and other features. 

Although the spiral nature at the apex of growth pyramids on both natural 
and synthetic quartz was in general not clear because of close spacings, it is 
conjectured that most of the pyramids on basa l, rhombohcdral , and prism faces 
arc spirals. However, some of the growth pyramids on the t 1oT1 } faces of natural 
quartz are formed by preferential growth at the points where foreign crystal s 
make contact with the grow ing surface. 

In the case of synthetic quartz grown on seed, morphological development 
with growth is different according to the orientation of the seed used. 1 n general, 
growth starts by spiral mechanism at a large number of locations on the ced. 
Spirals thus formed coale ce together forming bigger pyramids, but at the same 
time. morphologically predominant faces such as {10T1 ) and t10To} will appear 
on the sides of these pyramids. Once these faces appea r, growth takes place as 
a spiral layer spreading on them. Because of different growth velocities, { 1oT1 l 
and t10To} faces develop larger as growth proceeds, and the original faces, if 
they are other faces than the above two, will gradua lly disappear. 

In the case of synthetic quartz grown spontaneously, growth layers develop 
on both {10!1 } and [10To} faces. As a result, elongated prismatic crystal s are 
formed. 

In the case of natural cry tals. spiral growth layers mainly develop on { 1oT 1} 
faces. and the piling up of edges on these faces will form prism faces. On the 
pri m faces thus formed. growth layers may develop, but their development is 
very weak, resulting in the format ion of stria tions parallel to the horizontal 
ax is. and also in shorter prismatic crystals. 
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Distinct differences in surface structures, in spite of similarity of crystal 
habit, as between natural and spontaneously grown synthetic quartz, suggest 
that the order of face importance calculated on the basis of the Bravais- Donnay
Harker Law or Hartman's theory can vary considerably according to the 
condit ions of growth. 
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PART 11. SURFACE STRUCTURES OF PYRITE 

(Y. Endo a nd I. Sunagawa) 

Summary. The surface structures of pyrite crystalt from many localit ies were studied by 
means of phase-contrast microscopy and multiple-beam interferometry. Both s ingle and 
composite spirals were observed on { 1 oo }, { 1 1 1 }, and (2 1 o } faces, though their occurrence is 
not universal. Commonly observed growth features are growth tables, which are considered 
to be formed by two-dimensional nucleation or by the oriented settlement of minute crystals. 
Freely developed growth layers are observed mainly on [100! faces, sometimes on (111 l 
faces, and rarely on {110} faces. The advance of growth layers on the latter two faces is 
strongly controlled by the directions parallel to the edges between these faces and the l 100 : 
face. Each of the three faces shows a different morphology of growth layers in accord wi th 
its symmetry. Morphology of g rowth layers on { 100} faces varies according to the different 
combinations of crystal faces, whereas that of the other two faces is more o r less uniform. 
T hese observat ions are discussed in relation to the growth mechanism and habit variation 
o f pyri te crystals. 

GROWTH features observed on the surfaces of pyrite crysta ls have been studied 
by several workers. Seager ( 1953) observed them under low magnification with 
a n ordinary reflection microscope and discussed growth velocities, etc. He a lso 
reported an example of composite spirals on cube faces. Sunagawa (1957) 
summarized characteristics of the surface structures of {100}, {1 JJ }, and (210} 
faces of pyrite and tried to correlate them with the crystal habit variation. 
His observations also were made under low magnification with an ordinary 
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reflection microscope. Font-Altaba (1963) reported dislocation lines observed 
on pyrite crystals from Spain. However, the surface structures of pyrite crystals 
have not been studied in detail using modern and sensitive methods of observa
tion such as phase-contrast microscopy or multiple-beam interferometry. 
Therefore, it seemed desirable to make detailed observations and to clarify 
the mechanism of crystal growth of pyrite. By doing so, at least three problems 
relating to crystal growth might be solved: 

Causes of crystal habit variation , which is the result of crystal growth, and so 
should be studied in relation to growth mechanisms. 

The mechanism of crystal growth which takes place in hydrothermal solution. 
The spiral growth theory was at first put forward for the case of growth from a 
vapour phase of low supersaturation. I t is apparent from studies of many artificial 
crystals that the theory can also be applied to growth from the solution phase. 
However, at the same time there are many natural crystals grown from hydro
thermal solution that do not show growth spirals . Detailed surface-structural 
studies on pyrite crystals will show to what extent the spiral growth mechanism 
can be applied to growth from hydrothermal solution, and what will be the 
other mechanism that governs the growth from this phase. 

Hartman 's theory on crystal morphology says that {111 }, (100}, and {210} 
are the F-faces of pyrite and that {IT r } has its position at the first place, { 1 oo} 
second, and {21 o} third in the Qrder of predominance among the £ -faces. This 
suggests that free growth layers will develop mainly on {11 l }, whereas on the 
other two faces their development will be controlled by the directions parallel 
to the edges between { 1 1 L} and the other two faces. Whether this is true on 
natural crystals will be clarified by the detailed observations of their surface 
structures. 

In view of the above, the present study mainly attempted to clarify whether 
growth spirals are observed universally on natural pyrite, to determine what 
types of growth layers will be found on the three F-faces and what will be the 
relations between the morphology of growth layers and crystal habits, and to 
determine on which face of the three £ -faces growth layers will develop most 
freely. The pyrite crystals investigated in this study are from Kamikita mine, 
Aomori Pref; Hanaoka, Osarizawa, Mizusawa, and Ani mines, Akita Pref.; 
Tsunatori mine, Iwate Pref.; Akiu mine, Miyagi Pref.; Chichi bu mine, Saitama 
Pref.; Ogoya and Komatsu mine, Ishikawa Pref.; Kambe mine, Nara Pref.; 
and Ogasawara Island in Tokyo. They are either from epithermal vein deposits 
of Cu, Zn , and Pb or from Kuroko-deposits, which are massive-type ore 
deposits of Cu, Zn, and Pb. Only the three F-faces , {100}, {111 }, and {210} were 
studied, using an ordinary reflection microscope, a phase-contrast reflection 
microscope and a two-beam and multiple-beam interferometer. 

Observations 
(wo}faces exhibit a wide variety of surface structures. making a good contrast 
with the other two faces, which exhibit more or less uniform surface structures. 
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To the naked eye, {100} faces a re either very flat or heavily st riated. Under Jow 
magnification, however, every {100} face exhibits its own growth layers and 
pyramids. This is true even for cubic crystals with heavi ly striated faces. Fig. 16 
is a typical example of such faces and clearly shows that the surface is covered 
by a large number of elongated rectangular growth pyramids, the morphology 
of which gives an effect of striated appearance. 

F1Gs. 14 and 15: FIG. 14 (left). Showing different forms of growth features observed on the 
[ 1 oo} faces of pyrite. F1G. 15 (right). Schematic drawing to show the relation between 
different crystal habits and different forms of growth features on the {100} faces. 

The morphology of growth layers and pytamids o n the { 100} face varies 
considerably from crystal to crystal and from locality to locality. It varies from 
irregular to polygonal , a nd from elongated rectangular to cubic patterns that 
are rotated 45° from the cubic ones. The different mo rphologies of growth 
layers and pyramids on the cube faces are summarized and shown schematically 
in fig. r 4, and each of the different forms can be seen in figs. 16 to 18. No definite 
correlation between the morphology of growth pyramids and modes of occur
rence was established in this study, whereas a close correlation was noticed 
between the morphology of pyramids and the crystal habits of pyrite. Although 
a few exceptions can be found, it is noticed as a general tendency that the forms 
of growth layers and pyramids vary according to different combinations of 
crysta l faces, in a way shown schematically in fig . 15 and summarized below: 

On simple cubic crystals, growth layers on {100} faces take on irregular o r 
rectangular forms, the edges of which are parallel to ( 001 ) and ( 010) . They 
may be elongated or shortened, but are not in the form of a cube with edges 
parallel to ( 011 ) . 

On cube-octahedral crystals or octahedral crystals with cube faces, rectangular 
growth layers on { 1 oo} faces are truncated at their four corners in the directions 
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of ( OTT , and in an extreme case growth layers take on cubic form with their 
edges parallel to ( oTI '>. 

On cubo-pentagonal crystals or pentagonal crystals with cube faces, growth 
layers take on either elongated rectangular forms or the corners of the rectangles 
are truncated parallel to 012 . Cubic forms parallel to or1 are not observed 
on these crystals. 

The above tendencies arc noticed not only on the surface structures as a 
whole but also on individual growth pyramids that occur on a face in large 

numbers. It is another peculiarity of 
the surface structures of pyrite 
crystals that a large number of minute 
grO\\ th hills or tables occur on one 
face (fig. 19). The number of such 
growth features is much larger than 
that on other minerals such as 
hematite, which shows only a few 
growth centres on any one face. 

Under higher magnification with a 
phase contrast microscope, neither 
typical nor composite spirals are 
observed on either the surfaces of 
growth layers or on the apices of 
growth pyramids or tables, except in 
a few cases. Many of the minute 
growth hills seen under low magnifica

FIG. 16. An example of elongated rectangular tion have a flat surface rather than a 
grO\\ th features on the : 100} face. Ohizumi steep 5ummit. This makes a good 

mine. x 7. contrast to ordinary growth pyramids 

observed on many other crystals, which have steep summits and consist of 
composite spirals originating from a cluster of screw dislocations. On these 
flat-topped gro\\ th hills, no spiral pattern can be found even if special care is 
taken to secure very high contrast to enable the detection of layers as thin as a 
few Angstroms. Therefore it is considered that these growth hills arc not formed 
at screw dislocation points, but are formed by two-dimensional nucleation or 
by an epitaxial settlement of minute crystals on to the growing surface. The 
occurrence of a large number of minute growth hills or tables provides additional 

evidence to support this consideration. 
In addition to the above, some crystals exhibit something like "twist boun

daries'' on the surface, and growth pyramids occur along these Jines (see, for 
example, fig. 20). The twist boundaries are considered to be formed either from 
the coalescence of several growing crystals or from the distortion of a growing 
surface due to external or internal stresses. Under the phase contrast microscope. 
it is often observed that both large and minute pyramids formed along these 
lines exhibit a spiral nature, though they are not typical spirals but are rather 
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F1os. 17 and 18: Fro. 17 (left). An example of cubic forms of growth features on the {100} 
face. The photograph is in the same orientation as fig. 16. Ashio mine. x 7. F10. r8 
(right). Another type of growth features on the {100} face. Chichibu mine. x 7. 

Fros. r9 and 20: Fro. 19 (left). Showing a large number of minute growth tables on a {roo} 
face. Positive phase contrast. Ogasawara Island. x 120. F10. 20 (right). Composite 
spirals observed along a twist boundary on { 1 oo} face. Positive phase contrast. Ashio 
mine. x6oo. 
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like composite spirals (fig. 20). Also of interest in this photograph are the 
rugged edges of spirals and the occurrence of a large number of minute cubic 
growth tables, which occur preferentially along the steps or corners of the spi ral 
layers and are at a higher level than the surface of the layers. On the surface of 
these tables, no spiral pattern can be noticed, which suggests that they arc 
formed by two-dimensional nucleation preferentially along the edges or corners 
of growth layers, which are more favourable sites for nucleation than the plane 
surface. Rugged edges of the spirals might well be derived from the combination 
of spiral layers and the tables. 

F1G. 21. Possible mono-molecular spirals observed on the { 1 oo} face. a (left), Ogasawara 
Island. egative pha e contrast. x 3 500. b (right), Tsunatori mine. Positive pha e 
contrast. x 880. 

Two more examples of growth spirals seen under higher magnification arc 
shown in figs. 2ia and b. On both photomicrographs, one can see faintlincs, on 
both sides of which no white diffraction bands are seen. They are ditches formed 
by preferential dissolution along steps of very thin growth layers. That no white 
diffraction bands appear along these lines suggests that their heights are as 
thin as a mono-molecular layer. Although no typical spiral pattern with many 
turns was observed, it was noticed on these photographs that many lines do 
not close themselves but originate from a point on the surface. When spiral 
layers originate from a large number of screw dislocations and interfere with 
each other, they often take on a pattern of this kind. It is, therefore, conjectured 
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that these are also spirals originating from single screw dislocation points with 
unit Burgers' vector. 

Although growth spirals occur on the cube faces of some crystals, it should 
be stressed here that they are not growth features commonly observed on this 
face, which in most cases shows a large number of minute two-dimensional 
islands that are not considered to be formed by spiral mechanism. 

{ 11 i } faces. The characteristic surface structures of this face are well developed 
regular equilateral triangular markings, which are in opposite orientation to 
the triangle of the face, i.e. their edges are parallel to the edges between { r II} 
and { roo} faces (fig. 22). Triangular markings are observed on almost all 
octahedral faces of not only cubo-octahedral and penta-octahedral crystals 
but also of simple octahedral crystals, except in a few cases to be described 
later. The edges of the triangular 
markings are in most cases very r 
straight, even on simple octahedral 
crystals, and the centre is generally 
situated at the centre of a face. 
Generally, there is only one centre on 
a face, though in some cases two or 
more centres occur, and in a few cases 
no centre is found on a face. If the '. • 
surfaces of these centres are observed 
under the phase contrast microscope, 
neither composite nor single spirals 
are found, but only a pile up of trian
gular layers is noticed. This is surpris
ing, since at such centres for other 
minerals one can usually find either Fro. 22. Triangular markings on the {III } face. 
composite or single spirals. It is Ani mine. x 7. 
also noteworthy that thinner layers 
observed on the surface of triangular markings have more or less irregular or 
rugged edges, whereas thicker steps have very straight edges, which are too 
straight to be called ordinary growth layers. It looks as if the advance of 
thinner growth layers having irregular fronts is halted at linear discontinuities, 
resulting in the formation of regular equilateral triangular markings. 

There are a few crystals that do not show these regular triangular markings 
on the octahedral faces. These are always simple octahedral crystals, and on 
such crystals only one can find growth spirals of both composite and typical 
nature, three examples of which are shown in fig. 23a, b, and c. Fig. 23a is a 
composite spiral observed on an octahedral crystal from Hanaoka mine. Small 
star-like patterns on the photograph represent gypsum crystals. The spiral is 
not regular equilateral triangular with straight edges but is malformed tri
angular with curved edges. Furthermore, its orientation is not the same as the 

7 
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commonly observed triangular markings but is inclined to the latter by a small 
angle. Fig. 23b is another example of composite spirals observed on a crystal 
from Mizusawa mine. In this case, spiral layers originate from clusters of screw 
dislocations and again have curved steps instead of straight steps . Fig. 23c is 
the only example of possible typical spirals with monomolecular step height. 
The triangular pyramids have single apices and smooth side faces. Unfortu
nately the face of this crystal has been subjected to natural etching, and the 
apices of the pyramids cannot be seen clearly under high magnification with 
the phase contrast microscope. As a result, it was not possible to prove that the 
pyramids consist of spirals. However, it has been demonstrated on many crystals 
such as hematite, corundum, and spinel that this sort of pyramid is formed by 
closely spaced typical spiral layers of monomolecular height originating from 
a single screw dislocation. 

F10. 23. Three examples of growth spirals observed on {1 u } faces. Positive phase contrast. 
a (left), Hanaoka mine. x 175. b (middle), Mizusawa mine. x 100. c (right) Hanaoka 
mine. x roo. 

{110} faces are characterized by the good development of striations parallel 
to the edges with cube faces. Almost all {210} faces of pyrite crystals exhibit 
only striations under low magnification , irrespective of size or habit of crystals. 
Under higher magnification with the phase contrast microscope, the striated 
surfaces show only parallel lines, and only poor development of elongated 
growth layers can be observed. This suggests that on the {z10} faces growth 
layers cannot develop as freely as on the { roo} face, and even if they start to 
develop, their advance is strictly controlled by the {TOO} faces. On a few crystals, 
striations develop in different orientations, perpendicular to the edge between 
{Too} and {2TO}. These crystals are regarded as negative crystals and can be 
found only rarely. It is interesting to note that negative crystals are only found 
in a special mode of occurrence and where they are found every pyrite crystal 
is negative. 
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On a few crystals, only when they 
take simple pentagonal habit, one can 
find {210} faces without well marked 
striations. On such surfaces, a few 
growth pyramids occur, and they are 
found, under high magnification with 
the phase contrast microscope, to 
consist of closely spaced growth 
layers. The pyramids have point 
apices, and at the tops of some 
pyramids a minute hole was found to 
occur (shown by an arrow in fig. 24). 
This shows that the pyramids are 
formed by spiral growth and the hole 
is a dislocation hole. The morphology 
of these spirals is in general trape
zoidal, which is in good accord with 
the symmetry of the {2Io} face. 

F10. 24. Possible spiral pyramid observed on 
{zro} face. Arrow shows dislocation hole. 
Hanaoka mine. x 240. 

Conclusions 

From the observations described above, the following conclusions can be 
drawn regarding the mechanism of crystal growth of pyrite and crystal habit 
variations: 

Spiral growth is not a universal feature in the g rowth of pyrite, though it takes 
place in special cases on all three dominant faces. Typical spirals originating 
from a s ingle screw dislocation are found only exceptionally on pyrite crystals. 
Layer growth , originating either from two-dimensional nucleation or epitaxially 
settled crystallites, is more general than spiral growth from screw dislocations. 
If a simi lar argument to that for the growth from vapour phase can be applied 
in this case too, one can say that most of the pyrite crystals were grown in 
relatively high supersaturation conditions. 

Growth layers, no matter how they originated, can develop on all of the three 
F-faces {100}, {1 n }, and {210}. However, they develop freely only on {100}, 
sometimes on { r 1 r }, and rarely on {210 }. Advance of growth layers on the latter 
two faces is in most cases strongly controlled by the directions parallel to {roo} 
faces. In this sense, the most predominant F-face is {100}, next {ru }, and the 
last {2IO}. This order of predominance is not the same as the theoretical order 
based on both Donnay- Harker's and Hartman's theories, but is in good accord 
with the observed order of predominance of crystal faces in pyrite (Sunagawa, 
1957). 

The forms of growth layers and pyramids on {roo} faces vary considerably, 
and this variation is closely related to the variation of crystal habit. Growth 
]ayers and pyramids on the { 1 ll} and {2IO} faces show more or less uniform 
morphology, except in a few cases of simple octahedra or pentagonal crystals. 
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This difference between { 100} and the other two faces suggests that the growth 
of pyrite will take place mainly on {100}, while the other two faces are in most 
cases formed by the pile up of the edges of growth layers on { 100 }, at least at 
the begining of their appearance; later, growth layers start to develop spon
taneously, though their advance will be controlled strongly by { 100} faces. 

It is conjectured that the appearance of {II I} and {210} faces is conditioned 
by the morphology of growth layers on the {mo} face. Which factor will govern 
the morphology of growth layers on {100} faces has not been clarified in this 
study. Impurity adsorptions along growth steps will certainly be one such factor. 
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is positively skewed, and hence the rate of nucleation increased for a longer 
period than it decreased. On the assumption of a constant rate of growth 
parallel to (001), the increase in nucleation rate was exponential. 

i---- -- 0. 7 mm ___ , I 

- a 

F1G. 1. Sketch showing plan and elevation of a typical 
phlogopite crystal. Growth steps are shown . 

Growth steps. The basal surfaces of most of the phlogopite crystals contain 
growth steps, often giving rise to complex patterns. The steps are more common 
on la rge crystals than on smaller ones, and are concentrated at the margins 
of the faces. 

Different patterns of steps may be described in relation to the shape of the 
line that defi nes the step edge, and differences are shown in figs. I and 2. Some 
step edges are straight (fig. 2b), others are irregularly curved (fig. 2c), while 
others are cuspate (figs. 1 and 2d). 

The steps that appear in fig. 2 are much higher than the unit cell of phlogopite 
( 10.3 A), reaching a n upper limit of about 15 ;1. On one surface (fig. 2d , bottom) 
the average step height is ~ fl . 

The straight or nearly straight steps tend to lie pa rallel to preferred crystal
lographic directions (fig. 3 and table I). The angles between the a ax is and 
straight step edges in the crystals of .fig. 2 a re listed in table II. Many of the 
edges coincide with directions of relatively close packing of oxygen ions, 
presumably because the free energy of these edges is relatively low. 

T he complete step pattern of one face of a crystal is shown in fig. 2a. The top 
surface appears plane and free of steps. Along a line parallel to { 1 IO} at a , this 
surface gives way to one that is inclined a nd has a rough surface. Nearby is 
a depression with sides that are clea rly stepped (f and g), and although the step 
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a h 

c d 

F1G. 2 a-d. Growth ~tcp-, on phlogopite crystals; position of crystallographic a axi~ 
is indicated; scale bar = 0.1 mm. 



88 R. KRETZ 

• 
• 

• 
• 

• 
• 

• 
• 
• 

• 
• • • 

• • • • • • 
• UNIT CE LL e • 

b • • • • 
: • 

4.6 A • • 
• 

a 
FIG. 3. Position of oxygen ions in the oxygen-rich plane of the phlogopite structure; 

potential positions of step edges (A1, A2, etc.) are indicated. 
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edges appear perfectly straight, they do not lie parallel to directions of close 
ionic packing (table II) nor does the angle between them (50 degrees) appear to 
have any crystallographic significance. On the other side of the crystal surface, 
the smooth {001} plane falls off into a complex step pattern. Here also it is 
difficult to relate step direction with crystallographic direction, as illustrated 
by the well-formed steps at b and c and the high steps at d and e (table II). 
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TABLE I. Potential step edges on phlogopite and their characteristics 

Line Angle with Line Angle with 
(fig. 3) Indices a axis 0 - 0* dtikl (fig. 3) Indices a axis 0 - 0* d11kl 

A1 {or -} 

o' oo'! 
2.65 A 4.60A Ca {31-} 79 ° 06'{ 7.01 A 

A2 {ll -} 60 ° oo' CJ {j 1-} 79 ° 06' I· 73 

B1 {13-} 30° oo' 
4.60 2.65 D1 {17-} I 3 ° 54' 

B2 { 10-} 90° oo' D2 {35-} 46 ° 06' J 9.55 I. 28 
C1 { 15-} 19° 06' Da {21-} 73 ° 54' 
C2 {12-} 40° 54' 

7 .01 I. 73 D ., {21 -} 73 ° 54' 

* Spacing of oxygen atoms along line. 

Fig. 2b shows two step patterns separated by an irregular line that does not 
appear to represent a grain boundary or a twin boundary. Steps a and d of one 
portion and step g of the other lie parallel to directions of greatest ionic density, 
while the remaining steps, with possible exception of c, are apparently anomalous. 

A very irregular step pattern is shown in fig. 2c. Although some step edges 
are irregular in shape, they may locally become straight and parallel to a line 
of close ionic packing, as shown at d and e. 

Peculiar cuspate patterns are shown in fig. 2d. The cusp may be sharp and it 
invariably points in the "down hill" direction. Locally the two lines that extend 
from the point lie parallel to crystallographic directions. The points of the cusps 
may be obstacles that prevented the effective spreading of growth layers. 

The reaction. The reactants that produce phlogopite in marbles are not easily 
specified (Tilley, r920), and it is suggested that this mineral is the consequence 
of an introduction of KA1Si30 8 and H 20 into magnesium-containing limestone 

3CaMgC20 6 + KA1Si30 8 + H20= KMg3AISi30 10(0H)2+3CaC03 +3C02. 

There is no reason to suspect metastable crystallization, since the estimated 
temperature and pressure of metamorphism lie well within the boundaries of 
the stabi lity field of phlogopite, as located by Yoder and Eugster (1954). 

T ABLE rr. Orientation of step edges on phlogopite crystals of fig. 2 and 
possible arrangement (P) o f oxygen ions at step edge (fig. 3; table I) 

Angle I Angle Angle 
Crystal between p Crystal between p Crystal between p 

and edge edge and and edge edge and and edge edge and 
a axis a axis a axis 

Aa 60 ° A2 Ba 60° A2 Ca 30° 8 , 
b 23 b 70 b 35 
c 72 D,1 c 30 '81 c 31 B, 
d 39 C2 d ~o A1 d 60 A2 
e 52 e 12 D1 e ~o A 1 
f 65 f 85 f 49 
g 15 D, g 60 A2 g 42 C2 

h ~o A, 
0 A1 

Da 60 A2 
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Little is known regarding the mechanism by which potassium, a luminium, 
silicon , and other elements are transported into rock bodies. Jt is presently 
suggested that H20 played an important role in the transport process, not as a 
solvent but as a reactant, giving ri se to chemical transport reactions as described 
by Schafer ( 1964). By analogy with Si02, which under certain conditions is 
evidently transported as Si(OH) 1 (Brady, 1953), the transport reaction may 
possibly be 

[KAISi308]~01i 11 + [11H20]rn1>our = [KA!Si30 8 .11H 20]vapour, or 

[KAISi30 8]tiolic1 + [8H20]rnpo11r = [KAISiiOH)l6]vapo11r, or 

[KAISiaOs)solitl +[9H20)vapour= [KAISiiOH)JG. H20]rnpour· 

Although the ph!ogopite-forming material may be referred to as vaporous when 
contained by a vessel , the migration of this matter is thought to be more 
analogous to grain-boundary diffusion in metals than to the flow of a gas through 
a porous medium. 

It is further suggested that the mobile material maintained at first a chemical 
potential sufficiently low to prevent reaction from taking place. Then. as the 
concentration of this material slowly and uniformly increased in the grain 
boundary phase, chemical reaction and nucleation of phlogopite were initiated 
at numerous points throughout the rock. 

Slightly different reactions may be written depending on the choice of 
reactants. For a mobile reactant of composition KAISiiOH)16, the reaction is: 

[K AISi,/0 H)l(Jmohi l~ + [3Ca MgC206]~out1 

= [K Mg3AISi301o(OH)2)"olid + [3CaC03]"olit1 or mohilc+ [3C02]molii lc + [7H20]mobilc 

Whatever the exact nature of the reaction , there can be no doubt that at the 
time of reaction , a small proportion of the phlogopite existed as an activated 
complex (Kingery, 1959; Osipov, 1964; Burke, 1965), and that a ll of the material 
presently found in phlogopite passed through this transitional state. Since 
points of reaction in the rock cou ld not have invariably coincided with points 
of crystal growth, the activated complex must have possessed an inherent 
mobility. Jt is postulated therefore that at the time of reaction and crystal 
growth, the activated complex was generally dispersed throughout the rock , 
especially along grain boundaries, where it mingled with other mobile con
stituents but moved independently of them. 

Nucleation of the phlogopite crystals presumably occurred at certain favourable 
nucleation sites. These may possibly include the surface of illite or other sheet 
silicate impurities in the limestone, grain boundaries (Clemm and Fisher, 1955), 
and at imperfections (Bengus et al. , 1960; Hanke, 1961; Patel and Goswami , 
1962) in the interiors of carbonate grains. 

Gro1rth mechanism. The crystal growth theory of Frank (1949) and Burton, 
Cabrera, and Frank (195 r), which considers screw di slocations as favourable 
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sources from which growth layers may spread, has proved highly successful , 
and spiral growth steps have been found on several minerals. It is suggested 
that the steps observed on phlogopite crystals of the present study are true 
growth steps inasmuch as they represent edges of layers that were spreading 
but did not reach the edge of the crystal. Spiral step patterns. as found on 
phlogopite crystals from cavities in volcanic rocks by Amelinckx (1952) and 
Sunagawa (1964) were not detected on those of the present study, and it is 
not known to what extent the Frank mechani sm was operative. 

Although the basal faces of the phlogopite crystals eviden tly advanced by 
layer formation and layer sp read ing, the outward growth of the sides of the 
crystals evidently advanced by the accretion of material to the edges of the mica 
sheets in a fairly irregular manner. As soon as a sma ll portion of a prismatic 
s ide advanced by accretion, the portions above and below cou ld advance by 
continued spreading of the now deeply buried layers, and hence two growth 
mechanisms evidently brought about the advance of the prismatic surfaces. 

The question of why steps on crystal faces are commonly many unit cells in 
height was considered by Bunn and Emmett ( 1949), who suggested that amalga
mation of many steps may take place as a natural attempt to reduce the surface 
energy, while Frank ( 1958) suggested that impurities might cause amalgamation 
of steps, and Mason , Bryant, and Van der Heuvel ( 1963) considered the problem 
in relation to surface diffusion. With reference to the crystals of the present 
study, different layers may have spread at different rates owing to hetero
geneities in the activity of the activated complex surrounding the crystal s, which 
may be partly determined by heterogeneities in the calcite that surrounded the 
crystals. Different layers spreading at different rates would cause a n amalgama
tion of layers, provided the variation in rates was sufficiently large. 

The relative dimen sions of mica crysta ls may provide information regarding 
relative growth rates in different crystallographic directions. Thus very small 
crystals of biotite in volcanic glass normally form thin plates (Ross, 1962), 
crystals of fluor-phlogopite grown from a vapour form tabular prisms (Anikin , 
1960), crystals of phlogopite in marble may form relatively long prisms (Struwe, 
1958), and it may be deduced that high " supersaturation'' favours a relatively 
rapid growth of the prismatic sides of the mica crystals. In view of the fact 
that the diameter of the crystals of the present study exceed the thickness by a 
factor of about 3, brief consideration may be given to the activation energy 
associated with the accretion of matter on phlogopite under the particu lar 
conditions of growth. 

Consider a phlogopite crystal of nearly cylindrical shape, one half of which 
is illustrated in fig. 4. Three contributions to crystal growth may be imagined: 
deposition on {oo 1} (at d, fig. 4) causing an increase in thickness (two-dimensional 
nucleation) ; deposition on the edge of a spreading layer (at a, b, b', fig. 4) 
causing an increase in width; and deposition on the edges of layers that have 
spread as far as possible (at c, fig. 4), also increasing the width of the crystal. 

Since the crystals are tabular in shape (fig. 1), the second a nd third processes 
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F1a. 4. Sketch of half a phlogopite crystal, showing different points 
where material may be added during growth. 

in co-operation occurred more readily than the first , and the activation energies 
associated with them were less than that associated with the first process. 

For a crystal of cylindrical shape it may be shown that in order to maintain 
a constant ratio of diameter to height, the volume of material deposited on the 
sides must exceed the volume of material deposited on the ends by a factor of 2. 

Hence it is suggested that of the total material deposited on a phlogopite 
crystal, a very small fraction was deposited by the first process, approximately 1 
was deposited on the ends by the second, and approximately t was deposited 
on the sides by the second and third processes. 

The conclusion that the activation energy associated with the first process is 
greater than that associated with the other two is in agreement with the expecta
tion that the placing of ions to fotin new mica sheets on a mica substrate is more 
"difficult" than the placing of these ions on the edges of existing sheets. 

Displacement of matrix. Crystals grow by displacement of their environment. 
The displacement of a solid environment may be a mechanical process in which 
the matrix becomes deformed plastically, or a physico-chemical process in which 
ions of the matrix are continuously removed from the interface. Tn certain 
instances, displacement of the matrix may possibly govern the rate of crystal 
growth. 

It is postulated that, in the marbles of the present study, calcite was displaced 
from the interface by the diffusion of ions or larger units along grain boundaries 
and away from the phlogopite crystals. Such a process evidently operated in 
marbles described by Malakhova (l964), which clearly showed that growing 
quartz and feldspar crystals displaced foraminiferal shells by dissolution and 
removal of the carbonate portions of the shells, while the carbonaceous portions 
remained undisturbed. 

Conclusion 

The several processes that have participated in the crystallization of phlogopite 
in marble are as yet imperfectly understood. It is necessary to postulate a 
mobilization of several of the phlogopite-forming atoms, possibly by a chemical 
transport reaction, and migration of these into marble layers, possibly by 
diffu sion along grain boundaries. Chemical reaction then occurred between 
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the mobile constituents and dolomite or magnesian calcite crystals to produce 
an activated complex. This resulted in the nucleation of phlogopite crystals 
at numerous points in the rock, and the diffusion of the phlogopite-forming 
portion of the activated complex to the sites of crystal growth . Growth of the 
phlogopite crystals evidently proceeded by the formation and spreading of 
layers on {001 } faces and the accretion of matter on the prismatic surfaces. 
Meanwhile the calcite matrix was removed from the front of crystal growth, 
possibly by diffusion of calcium carbonate away from the interface. 
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Comparison between theoretical and observed morphology of 
crystals with the rutile type structure 

By P. H ARTMAN 

Geologisch en Mineralogisch fnstituut der Rijksuniversiteit, 
Garenmarkt, Leiden, The Netherlands. 

S11111111arr. For crystals w ith the ruti le type structure the theoret ica l habit is {110}, {011 }. 
Natural and synthetic crystals often show {100} and : 111 } as prominent forms. Arguments 
are given that high supersaturat ion evokes mainly {11 i; and that adsorpt ion of water 
molecules enhances {100 ;. 

T he adsorption of an epitactic layer of hematite enhances {100} and {111 } on rutile, but 
[ 1 oo} only on plattnerite. 

The adsorption of an epitactic layer of quartz would promote {100} on rutile. 

THE morphology of the rutile group can be derived from the crystal structure 
by applying the periodic bond chain method (Hartman and Perdok, 1955; 
Hartman, 1963). In short this m~thod distinguishes three types of crystal faces: 
F-faces, which grow according to a layer mechanism. The minimum thickness 
of this growth layer or slice is d,,,.., and the slice should contain at least two 
periodic bond chains (PBC's); S-faces, which cannot grow according to a layer 
mechanism, as they contain within a layer d,,,.., only o ne PBC; and K-faces, 
which do not contain any PBC within a layer d,,,..,. 

A crystal that grows slowly from a slightly supersaturated vapour or solution 
should be bounded by F-faces exclusively. Other faces may occur through the 
influence of supersaturation or the presence of impurities upon crystal growth. 

Kern (1955) has shown that a high supersaturation may induce a habit change 
in ionic crystals whereby the new faces are structu rally characterized by alternat
ing layers of positive and negative ions, as e.g. the (r r 1) face of NaCl. Such faces 
a re often K-faces. 

The application of the PBC method to the rutile structure gives the following 
results (Hartman, to be published): 

The PBC's are <001 ) and <111 ). These determine the F-forms {rro} and 
{oo }. All other forms {hko} are S-forms. Densely packed K -faces are { 11 1} a nd 
{oor}, of which o nly the former has a polar surface structure. 

From th is we conclude that rutile crystals should be bounded by { 110} a nd 
{01 r} on ly, 1 to which ( 1 11 } may be added when crystallization took place from 
aqueous solutions at a high supersaturation . Im purities might be responsible 
for the appearance of S- and K-faces. 

1 Dana's settings (Syst. Min., 7th edn) are used throughout. 

94 
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Ohserred morphology. Since the PBC method i a strong bond approximation. 
and since no specific atomic properties are considered, the predicted morphology 
should hold for a ll compounds with the rutile structure. 

On natural crystals of rutile (Ti02), pyrolusite (Mn02), cassiterite (Sn02). 

and sellaite (Mgf2) the main fo rms are (11 0}, (100}, (0 11 }, and [f 11 }. Platt
ncrite crysta ls (Pb02) have been described as having [100} dominant, and [11 0} 
absent. 

In the last few year rutile type crystals have been grown hydrothermally 
(Harvill and Roy, 1964 and 1965). Ti0 2 was grown from 9M. H2SO~ at 640 C 
and 60 ooo lb. in. 2 and a super a tu ration of a few percent. These crystals ho" 
: 100), t 110]. and (011 }, with (100} consistently larger than f 110}. Small : 111 : 
faces appear at higher upersaturation when spon taneous nucleation occurs. 
Gc02 was grown from aqueous solution at about 500 C and 60 ooo lb. in. 2 

and supersaturations of about 70- 80 %. On these crysta ls (110} and : 111 : 
dominated slightly over (1001 and [0 11 }. Sn02 was grown from 2M. KO H at 
700 °C and 60 ooo Jb. ' in .2 • Supersa turation va lues are not known. The crystal 
arc bounded by (11 0} and fo 11 } on ly. 

Comparison her1ree11 predicted and obsen·ed morphology 
If'' e compare the ob erved morphology with the predicted one. we see that 

indeed the two F-form are among the main forms. Further, ( r 11 } is a prominent 
form, which might be explained as an influence of upcrsaturation, possibly 
combined with the influence of impurities. 

The occurrence of f 100}, an S-form in (001], might have been expected on the 
equilibrium form , but not on the growth form. It can easily be shown that 
neighbouring chains [00 1) in a layer d200 have an a ttractive interaction energy. 
so that [ 100} shou ld be present at least on the ~qui li brium form as rather narrow 
facets. But how to explain its often being the most prominent face? In the 
following it will be argued that water, ferric ions. and silica may favour the 
development of [100}: 

Warer wi ll act as an impurity when it is adsorbed on the crystal from either 
the vapour or the liquid phase. In the outermost layer of (100) or of ( 110) the 
Ti ions are surrounded by 5 oxygens only. A water molecule can therefore be 
adsorbed on these faces in the site of the sixth oxygen atom, as shown in fig. 1. 
On the face (JOO) th is water molecule can form a hydrogen bond with an oxygen 
atom of the next PBC [001], the distance being 2.78 A fo r rutile. Moreover the 
angle Ti- H20 - 0 is about 11 7°. In this way the adsorbed water molecule lin ks 
the two neighbouring PBC's [001] together, so that it forms a new PBC [010] 
or [011]. Formally it then changes the S-form into an F-form. so that layer 
growth becomes possible (Wolff, 1962 ; Hartman and Kern , 1964). 

On the face ( 110) the adsorbed water molecule cannot be linked to an oxygen 
atom by means of a hydrogen bond. It appears therefore that this particular 
adsorption site for H20 occurs on ( 100} only. A different adsorption site is 
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a 

~:O H:O ~zO 

Fros. r and 2: Fro. r (left). Projection of the rutile s tructure along [oor]. Small circles, Ti ; 
large circles, 0. Open circles a t height z = o; filled circles, z= ·1. At the surface of (roo) a 
water mole.cute can be adsorbed at the s ite of an oxygen a tom of the next t/~00 slice. 
Through its hydrogen bond of 2.78 A new PBC's [oro] and [011) are formed. FIG. 2 

(r ight). A layer t/00~ of the rutile structure, projected a long [oor]. All atoms are coplanar 
at = = o. Adsorbed water molecules are drawn as dashed circles; they are at height : = t. 

found on (001) as shown in fig. 2. A layer d()(n consists entirely of coplanar Ti 
and 0 atoms, which means that the electrostatic field is rather weak. A water 
molecule may be adsorbed in th'e site of an oxygen atom as shown in the figure , 
but although the distance to a neighbouring oxygen is favourable for a hyd rogen 
bond (2.78 A in rutile), the angle T i-H20 - 0 is not, since it is 94 °, which is 
rather far from the ideal angle of 125 ° 16'. 

The face (II 1) is a K-face. In a projection a long [011] (fig. 3) it is seen that 
its structure can be considered as consisting of alternating positive (Ti4+) and 
negative (Ti04 

4- ) layers. According to Kern ( 1955) such a face would be expected 
to develop on crystallization from highly supersaturated solutions in polar 

Q) 
0 0 0 

Fro. 3. Projection of the rutile structure along [otl). Parallel to (1 r1) the structure shows 
alternating positive and negative layers, so that the electrostatic field at the surface of 
(111) is high. 
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solvents. The electrostatic field is high for ( 111 ) so that the polar water molecules 
are well adsorbed. The fact that, according to Harvill and Roy. ( 1 1 1} appears 
on Ti02 and Ge0 2 at high super aturations i in agreement with the results of 
Kern's experiments. 

Ferric iron is present as an impurity in natural crysta ls of Ti02, Mn02, 

Sn02, and Pb02• When Fe3+ ions are present as an impurity in the noncrystalline 
phase. they may affect the cry tal habit through the formation of an adsorbed 
epitactic layer of Fe20 3. The epitaxy of hematite on rutile fo llows the law: ( 100) 
[011] rutile (000 1) [!1.0] hematite. This brings the fo llowing faces nearly into 
coincidence (the indices of hematite are referred to the structural rh ombohedral 
unit cell with a= 5-424 A and a= 55 ° 17'): ( 1 oo) of rutile with ( 1 1 1) of hematite, 
(101) with (011 ), (00 1) with (2 11 ), (0 1 t) with (1 10), (1I 1) with (021), and (010) 

with (01 ! ). Now the most prominent PBC's of hematite are the same as those 
for corundum, namely [01!] and [100] (Hartman, 1962). wh ich are parallel to 
[010] and [101] of rutile, respective ly. This means that through the adsorption 
of an epitactic layer with the hematite structure the zones o 1 o and <o 1 1) of 
rutilc might become new PBC . 

In table 1 the misfits are given for the variou combinations. A smaller mi fit 
means a more stable adsorption of an epitactic layer and therefore a more 
pronounced change in habit. From the table it fo llows that for Mn02 and Ti02 

the 101 zones wi ll be enhanced, that is, f111 } and {100} will become more 
developed, as is indeed the case on natural crystals. For Sn02 not only 1o 1 but 
also 0 10 \.VOuld be enhanced, which would result in larger developments of 
t roo}, (111 }. and possibly {00 1). This is exactly what is ob erved on natural 

crystals. 
T ABLE J. Misfi t o f hematite with rutilc type c rysta ls 

Hematite [011) (5.033 AJ Hematite [100] (5.424 A) 

Compound 

Mn02 

Ti02 

Sn02 

Pb02 

compared 1ritlt: 
(0 10) Misfit 

4.397A + 14.5°., 
4.593 + 9.6 
4 .7 18 -+ 6 . 7 
4 .955 - 1. 6 

Compound 

M110 2 

T102 

Sn02 

Pb02 

compared with: 
[101) Misfit 

5.250A + 3.J ~ .. 
5.464 - o. 7 
5 .679 - 4.5 
6 .ooo - 9.6 

For Pb02 the mi sfi t for 010) is clearly much less than fo r / 101 \ so that 
here the former zone is mainly enhanced. This is in excellent agreement with the 
habit of plattnerite crystals from ldaho, which show (100} large, [301 } medium, 
and : 1o1 }, (oo 1} small. Moreover these crystals are found together wit h limonite 
(cf. Hintze, 1915) so that this special habi t may well be accounted for by the 

adsorption of Fe20 :i. 
The habit changes can be formulated in a fo rmal way as follows : The S-face 

(100) of X02 is transformed into an F-face by the adsorption of a slice of the 
F-face ( 111) of hematite, which produces the new PBC [010], or a slice of the 
F-facc (01 I ) of hematite. which produces the PBC [roil The K-face (111) of 

8 
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X02 is transformed into an F-face by the adsorption of a slice of the F-face 
(021) of hematite, which produces the new PBC [rol]. As the zone [011] is 
equivalent with [101] two new PBC's a re formed, assuring the F-character of 
the o riginal K-face. 

In a fluid containing silica, epitactic adsorption of a layer of a silica polymorph 
on the (mo) face of ruti le may occur. It appears that the (10fo) face of quartz 
has the best dimensional and structural fit on (100) of rutile. The misfits of the 
PBC's (Hartman, 1959) in the quartz d1olo slice are given in table IL The epitactic 
quartz layer is shown in fig. 4. When the oxygen atom A is placed in the position 
of the missing oxygen around Ti, the nearest Si atom is at a distance of 1.79 A 
from an oxygen of the rutile structure, somewhat larger than the Si- 0 distance 
of 1 .61 A in quartz. Minor displacements in the relative position of the two 
structures would certain ly result in better agreement with normal Si- 0 , Ti- 0 , 
and 0 - 0 distances, but no attempt was made to calculate them. The periodic 
bond chain from A to B is [0111], which has the smallest misfit (table If). 

T ABLE II . Misfits of PBC's in a d101 0 slice of quartz 
on the (100) face of rut ile 

Quartz 

[01 .0] = 4.903 A 
[oo.1] = 5.393 A 
(01 .1] = 7. 289 A 

R u tile 

[010] = 4 .593 A 
, 2(001] = 5.91 8 A 

[012] = 7 .491 A 

Misfi t 

+ 6.7 % 
-8.9 % 
-2 .7% 

Hence the S-face (100) of rutile is formally transformed into an F-face by the 
adsorption of a slice of the F-face ( 1 ofo) of quartz. For rutile the direction [012] 
has become a PBC through adsorption, so that {100} will be enhanced when 
silica is present. 

Little is known about the influence of silica on the habit of rutile. It is known 
that rutile often occurs in quartz as needles. According to von Vultee (1955, 

l __ _ 
I 

FrG. 4. Epitaxial layer of quartz on rutile (101.o) of quartz on ( 100) of rutile. This layer has 
the structure of a d 1010 s lice and both crystals are projected along their c-axes. fn the 
quartz slice is a PBC [0 1 . 1] from A to B, wh ich fits well with [012] of rutile. 
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1956) these needles have a square cross section, but the indices of the prism 
could not be determined, owing to the small dimensions. 

Conclusions 

The morphology of natural crystals with the rutile type structure differs 
from the theoretical { 1 JO} {o I I } combination; the enhanced forms are {JOO} 
and { I 11 }. The discrepancy can be understood if high supersaturations and 
adsorption of impurities occurred. High supersaturation would evoke { 1 11 }. 

The adsorption of H20 would enhance {JOo} and {1 I I}. T he adsorption of 
ferric ions in the form of an epitactic hematite layer can account for the appear
ance of {JOo} and {11 r} on rutile and fo r the prominence of {roo}, {001}, and 
other {ho/} forms on plattnerite. The adsorption of silica in the form of an 
epitactic quartz layer accounts for the development of {roo}. 

Acknowledgements. The author wishes to express his sincere thanks to Prof. R . Roy and to 
Dr. M. L. Harvill for their kind permission to use their experimental data prior to publication. 
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Notation and genetic significance of crystal habits 

By [VAN K OSTOV 

(V1 BaH K ocTOB) 

Chair of Mineralogy and Crysta ll ography 
University of Sofia, Bulgaria. 

Summary. A system of classification for crystal habits is described, and the dependence of 
habit on genetic condi t ions and its uses an indicator of genetic discussions arc discussed. 

A DETAILED analysis of the main crystal types was made by Niggli (1926a), 
on the basis of the fundamenta l work of Fedorov (1903), where all crystal 
are treated either as pseudotetragonal or pseudohexagona l. Niggli distinguished 
cubic or hypocubic, tetragonal or hypotetragonal, and hexagonal or hypo
hexagonal types, the latter two extending from tabular to pseudoisometric and 
fi nally to columnar subtypes. These he used as principal subdivisions in his 
well-known textbook of special mineralogy (Niggli , 1926b). Kalb (1927) 
suggested ana logous subdivisions, viz. isoharm onic, tetraharmon ic. and hexa
harmonic, on the basis of corresponding harmonic point nets. Niggli ( 1941) 
provided also a detailed statistical analysis of crystal habits, later used exten
sively by many other authors. To Kalb and Koch (1929, 1931) and Kalb (1928), 
on the other hand, we owe excellent papers on habit types of minerals, derived 
chieAy by observation on crystals from natural occurrences. 

As poin ted out by Kalb (1927) the systematics of his crystal types concerns 
the basic crystal fo rm (Kristallgrundgestalt) and not the crystal habit (Kristall
tracht); the first is conceived as the mean of all possible habits of crystals of a 
given substance. Thus anatase is considered a basa l-tetraharmonic, whereas its 
d imorph rutile is prismatic-tetraharmonic, with axial ratios a =b< c and 
a = b,. c. The two minerals are similarly grouped by Niggli, the classifications 
of both au thors obviously putting stress on the equilibrium and not on the 
growth fo rms. 

The habi t of the crystals of some minerals is fai rly constant (e.g. those of 
spine!, siderite, etc.) but as a rule it varies considerably, as exemplified by 
calcite, tourmaline. apatite, anatase, and many others. For example, Niggli"s 
classification of tourmaline with the columnar hexagonal types seems correct 
for its equilibrium form but not fo r its growth form . Therefore the manner of 
subdi vision presented by both Niggli and Kalb, although structurally logical, 
seems rather incompatible with the morphogenetic systematics of crystal habits, 
wh ich should also take their variability into accoun t. 

JOO 



NOTATION AND GE ETIC SIGNIFICANCE OF CRYSTAL HABIT IOI 

In an attempt to derive statistically the main habit types of the crystals of 
many minerals, certain generalizations were put forward by the present author. 
These concerned the nomenclature of types of habit taking into account the 
geometry of the crystal structure and its relationship to variation of crystal 
habit (Ko stov, 1962, 1965). What follows is a further development of these ideas. 
evolving the notation of crystal habit, particularly for crystals of low symmetry. 
This is more suitable for the treatment of crystal habit, particularly its modifica
tion under different conditions. 

Structure and habit of crystals. The direct relationship between structure and 
habit has been demonstrated by Donnay and Harker (1937), Niggli (1941), 
Kosse! (1927), Stranski and Kaischew (1935), Kleber ( 1939, 1955), Hartman 
and Perdok (1955, 1956), Hartman (1953, 1963), Evzikova (1958), Kern (1953a. 
1953b, 1955), and other authors, on the basis of the classic Law of Bravais, 
which relates interplanar spacing and reticular density. As stressed by Bragg 
(1937), there is a distinct reciprocity between shape of unit cell and basic crystal 
form , in the sense of Kalb. For instance, millerite, crystallizing in the space 
group R3111, has an axial ratio c/a 0.328 and its crystals are invariably long 
prismatic to acicular along the c-axis. Conversely, molybdenite, space group 
P63 '111111c, has a ratio c/a 3.899 and is normally micaceous in habit. lf other 
examples are considered, it will be seen that crystal habit tends to become 
more isometric when the axial ratio approaches or is equal to unity. The latter 
case applies generally to crystals of the cubic system, the habits of which depend 
prima rily on the type of Bravais lattice (primitive, body-centred , or face-centred). 

The reciprocity between shape of unit cell and basic crystal form can be used 
successfully for differentiating the main habit types for crystals of all systems 
except the cubic, where details of the structure have to be considered. The axial 
ratio can be used as a measure of anisometricity of the structure, from which 
two fundamental types of structure can be derived, an axial or A-type, and a 
planar or P-type. The axial type is determined by a ratio c/a, 1 the planar type 
by a ratio c.1a> 1. Crystals with an axial ratio c.·a- 1 are pseudo-isometric, 
denoted as (T)-type, to distinguish them from true isometric or [-type crystal s of 
the cubic system. Examples of pseudoisometric crystals arc chabazite, space 
group R?,111, which has an axial ratio c,'a 1.086, mitscherlichite, K 2CuCl_1 . 2H 20 , 
space group P42 '11111111 and axial ratio c/a 1 .059, zircon, space group !4 1 'amd 
and c. a 0.90 I , chlora luminite, space group R?,c and c, a 1.00, and quartz, space 
group ?3121 or P3221 and c/a I. IO. Typical in this respect, pseudoisometric 
and pseudooctahedral in habit is stottite (FeGe(OH)6) , space group P42,'n and 
cia 0.989. 

Crystals of lower symmetry can be referred to analogous types (orthorhombic, 
monoclinic, and triclinic). For instance stibnite, space group Pbnm, has a 11.22. 
h J 1.30, and c 3.84 A, possesses a pseudotetragonal symmetry as regards the 
c-axis, and has a pseudotetragonal axial ratio 2c,'(a + b) 0.34. The mineral is 
therefore distinctly of an axial A-type, which agrees with its invariably long-
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prismatic to acicular habit. Because the structural anisometricity is due to 
elongation along the c-axis, the corresponding superscript Ac is used to di s
tinguish this case from crysta ls with the higher rotational symmetry. Epidotc, 
space group ?211111, with a 8.98, b 5.64, c 10.22 A, and /1 1. 15 ° 24', is an example 
o f an axial pseudo hexagona l type, since 2b/(a+ c) = 0.58; the mineral is usually 
elo ngated along [01 0] a nd is thus of the Ah-type. Metavariscite, space group 
?21

1111 with a 5. 16, b 9-47, c 8-47 A, fJ-90 ° is a further exa mple of an axia l 
A a-type with 2C/ '(b + c) 0.57 and crystals that are prismatic along [100]. 

Similarly, analogous planar types can be derived. Muscovite and the micas 
in general possess a typically layered structure and are of the PC-type. the fir t 

having a unit cell with a 5.19. b 9.04, c 20.08 A, and /i95 v 30'. hence aniso
metricity 2c (a+b) 2.82. Gypsum can be taken a an example of the Pl>-typc, 

with space group A2 'a, a 5.68, b 15.1 8, c 6.29 A, fl 1 13 ° 50, with 2b '(a+ c) = 2.65; 
the layered structure gives rise to its tabu lar habit {o t0} and perfect cleavage 
parallel to that plane. Fina lly, clinoclase, space group P2 1 'a, a 12.38, h 6-46, 
c 7.24 A, fl 99 ° 30' is a good exam ple of a planar P11-type, with crystals often 
e longated parallel to [001] but having prominent [100} face. 

The examples cited are typical and many o thers could be added to them. 
There are, however, tructures with unit cells. the a, h, and c dimension of 
which are either similar or vary with an almost equal s tep. T he first case repre
en ts a pseudo-isornet ric ( I )-type sensu stricto, as exern pl ified by monazite. 
pace group ?21

111 , a 6.78. b 6.99, c 6-445 A, /176 ° 22', the crysta ls of which arc 
often equant. The slight anisometricity, 2c (a +b) 0.93, points to a tendency 
towa rds axial development. Barite is an example with the a, b, a nd c parameters 

varying in a step-wise manner: 8.87, 5-45, and 7.14 A respectively. The ratios 
2a '(b+c), 2b/(a+c), and 2c/(a + b) are correspondingly 1.41 , o.68, and 0.99, so 
that as regards the first axis the structure is planar, as regards the second
axiaL as regards the third- isometric. The usual habit of barite is tabular loo 1} 
and elongated (ot0]. a slight predominance of the axia l pattern. Such instances 
are more complicated as far as habit variation is concerned. but they can 
rightly be treated as p eudo-i ometric (£)-type sen u lato. 

Variario11 of crysral /whir. The habits of minerals are of greater importance in 
mineralogy than their fo rms, because they are indicative of more drastic changes 
in the conditions of crysta llization than are the forms which trace on ly what 

can be called the polishing touch of the process. 
From experimental work it is known that quick crysta llization o r higher 

upersaturation favours the development of simpler crysta ls. whereas slow 
crysta llization or low uper aturation tends to the formation of more modified 
crystals. The first po e a a rule a habit compatible with their structure. i.e. 
reciprocal to it. the econd display a tendency to concur in form with the general 
geometry of the structure. Thi can be used for a rough and ready differentiation 
of main habit types with definite genetic significance, as depicted in fig. 1 for 

crystals of brookite, which has space group Pcah, with a 5-45, b 9. 18, c 5. 15 A. 
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the ratio 2b,(a+c) being 1.79. It belongs, therefore, to the planar Pb-type, and 
this is in good agreement with the frequent tabular habit on {010} shown by 
its crystals, which are usually rich in forms. Also well known, however, are the 
arkansite type of crystals, devoid of or with narrow {0 10} faces; these are less 
modified, as shown by statistical analysis on brookite crystals from di!Terent 
occurrences. The two tendencies of development, perpendicu lar to and along 
the axis of modification, which in this case is b, can conveniently be denoted as 
P~ and P~, the subscripts here represent a tendency to development in two 
dimensions and in one dimension respectively. 

Often crystals are of intermediate or pseudo-isometric habits; especially 
those of the tetragonal and hexagonal systems, such habits are denoted with the 
subscript 'i'. Whether we deal with crystals of higher symmetry (excluding cubic) 
or lower symmetry, the major va riations of habit for the basic A, P, and 
(T)-type can be designated: A 1 ..=== Ai..=== A2, P2 ..=== Pi ..=== P., and (1)1 ? (T)i ? (I)2 • 

.Supersotvrotion 

' Fies. 1 and 2: Frc. 1 (left). Evolulion of the main habit lypes of brookite by using forms 
cited in Goldschmidt's Alias ( 1913- 23). Fro. 2 (righl). Main habit lypes of phenakite 
as dependent on temperature and supersaturation. 

The tendency of variation can run either way depending on whether we 
start from higher or lower supersaturations. Crysta ls of tourmaline, which are 
of a typical axial A-type (c 'a 0.45) can be either acicular A1 or strongly flattened 
(platy) perpendicular to the c-axis, i.e. A2-type. In pegmatitic veins tourmaline 
crystals of a pseudo-isometric or short-prismatic A1-type are sometime over
grown by later acicular crystals. The latter apparently fo rmed at lower tempera
ture and higher supersaturation, the former at higher temperature and lower 
supersaturation. Crystals of phenakite behave simi larly (fig. 2). The sequence 
here is therefore A2 -+- At - ,. A,. At the end of crystallization of the A1-typc 
the supersaturation can naturally be lowered, so the final forms can appear 
more highly modified than even the A2-type, which is normally richer in form 
than the A1-type. 

Crystals of lower symmetry display further variations in habit. fn addition 
to variation along the axis of major modification , variations are also discernablc 
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along other crystallographic directions. A structural N-type for instance can 
be A~, Af, and A~ if the habit varies along the c-axis only; but if variation goes 
in other directions, for instance along the b-axis, then we have A~b and A~b 
types, or along the a-axis A~a and A~a types. Minor variations can be detai led 
when " two-dimensional" habits vary along one or other of the two directions. 
This is indicated by enclosing the additional subscript in brackets, e.g. A~<a> 
and A~<bi for crystals of the structural N-type, which are flattened perpendicular 
to the c-axis, but elongated in the first case along the a-direction, and in the 
second along the b-direction. Similarly we have A~b<• > and A~b(c) for crystals 
flattened perpendicular to the b-axis, and A~a<b> and A~a<cl for crystals flattened 
a long the a-axis. All possible variations of the habits of low symmetry crystals 
are schematically depicted in fig. 3 for crystals with a predominent prismatic 
development. To denote pinacoidal or pyramidal development a bar or circum
flex respectively is used. 

c 

tJ E;] a b +-A~b~ a 

c Ac ' A~ b I ii• 
c 

A1 a1c1 1albl A1 b1c1 

F IG . 3. Schematic representa tion of prismatic habit types of low symmetry crystals. For 
pinacoida l habits, a bar is placed over the subscript figures, and for pyramidal habits, 
a circumflex. 

Such a notation is not overburdened and logically unites basic structural 
features with variation of habit of minerals. The capita l letter together with the 
superscript in the habit symbol has a structural significance, whereas the 
subscript underlines morphological modification. 
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Three main symbols are used for crystals of the cubic system, fr• Ir1, and II). 
for habits in which the principal forms have indices {100}, {hko}, or {hk/} 
respectively. The variation Jc ~ I,, ~ I,, depends first of all on the type of space 
lattice (primitive, body-centred, or face-centred) and then on conditions of 
crystallization. Magnetite, for instance, possesses an F-Jattice, and is usually 
octahedral in habit, but can also be rhombododecahedral or cubic. The sequence 
of variation is 10 ~ Ir1 ~ Ic, possibly due to lowering of supersaturation , as 
inferred from observations on natural occurrences (fig. 4). 

{£7 . -)t)\ \, 
. , riJ ~ . - ~ \ 

' '::t:/ 

limp / TPmj)PrOturp ) -

DJ lfil @ 
Sw,- ----

- - - --Si 

Frcs. 4 and 5 : F1G. 4 (left). Habit variation of franklinite (and magnetite). 
FrG. 5 (right). Principal habit modifications of cubic crystals. 

Fig. 5 illustrates the seq uence of appearance of the basic habit types in the 
cubic system, in accordance with the type of space lattice (P, ! , F) and increasing 
supersaturation. More highly modified crystals are obtained under intermediate 
supersaturations, as is demonstrated by experimental work and by statistical 
analysis. This should be taken into account when deductions of habit types and 
their conditions of formation are sought. Intermediate supersaturations also 
seem to favour the development of twin crystals. Other factors that play a 
definite role in certain cases, apart from supersaturation, are impurities, tempera
ture, pressure, pH, etc. Impurities have proved to be a major habit modifying 
factor for a considerable number of minerals, therefore a good knowledge of 
the exact composition of the minerals is a condition sine qua non for a proper 
interpretation of their habit variation. 

Crystal habit and bond type. The type of bonds between constituent atoms in 
the crystal structure plays an important part in the development of crystal habit 
in addition to the external factors. This becomes clear when crystals of the same 
crystallochemical type are considered. An example is provided by pyrite and 
hauerite, both possessing an A X2 pyrite type of structure with a 5-42 and 6. IO A 
respectively. The electronegativity differences IX_, - X 1J I are o. 7 and I.O. 
accentuating the more ionic character of hauerite, which accounts apparently 
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for its perfect cleavage a long { 1 oo }, whereas pyrite is practically devoid of 
cleavage. Although occurring as octahedra, pyrite is found predominantly as 
cubes or pentagonal dodecahedra, the latter being obviously the ' structure
image' form . Hauerite is commonly octahedral in habit (fig. 6). 

Crystals of the AX type possessing the true NaCl structure provide an addi
tional example. The oxides (periclase, manganosite, bunsenite, monteponite, 
and lime) have a high electronegativity difference and small cell dimensions, 
the halides (halite and sylvine) also have a high electronegativity difference 
but larger cell dimensions, whereas the sulphide and similar compounds (galena, 
cla usthalite, and altaite) have a low electronegativity difference and la rge cell 
dimensions. Their predominant habits are correspondingly octahedra l, cubic , 
and cubo-octahedral (fig. 7). 

1.0 

0,1 

{.1qqj 

5,42 . 
a0 {A} 

MnS1 

Hauerite / 

6,tO 

-.., .... 
' 

l,O 

1,0 

NaCl 
+ 

+KCl 

CTI oNiO 
• CdO 

CTJ 
· POS 

. PtJSe 

•PbTe 

5P 6,0 

a. r.41 

F1os. 6 and 7: F10 . 6 (left). Influence of electronegativity d ifference and cell dimension on 
the habit of crystals with the pyrite structure. F1G. 7 (right). Influence of electronegativity 
difference and cell dimension on the habit of crystals with the NaCl structure. 

Influence of bond type on habit can also be traced in crystals of other than 
cubic symmetry, as in crystals of the A X2 type having a rutile type of structure 
(sellaite, rutile, cassiterite, p lattneri te, and paratellurite). The first of these has 
an electronegativity difference of 2.8, the last of T -4· The cleavage of this series 
varies as follows: sellaite perfect {010} and {1 IO}, rutile distinct {110} only, 
cassiterite indistinct {o IO} and { 1 IO}, and paratellurite and plattnerite none. 
Crystals of paratellurite, which have a structure of distorted rutile type, are as 
a rule equant or short-prismatic, whereas those of rutile are often long-prismatic 
to acicuf3r along the c-axis. 

From these examples, which are not the only ones, it appears that the degree 
of ionic and covalent character of the bonds should be taken into account 
when strong bonds in the structure of minerals are used to explain predominant 
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forms and habit types. The effect of bonds, which are an internal factor, should 
be considered together with the principal external factors. The most important 
o f these for genetic mineralogy seem to be concentration of constituents and 
supersaturation , temperature, and impurities. The inclusion of impurities by 
isomorphous subst itution, on the other hand, depends to a great extent on the 
first mentioned facto rs, which can be successfully applied for tackling morpho
genetic problems. 

Significance of genetic habit types. lf we consider the genesis of the principal 
habit types in the way mentioned, it is but logical to assume that ro ugh and 
ready conclusions can be drawn about the conditions of crystallization of 
minerals on the basis of their habit variations. The following examples show 
the validity of applying the s tudy of crystal habits of minerals derived statistically 
a nd by using their structural anisometricity to the elucidation of their genesis. 

The first exa mple concerns certain observa tions made by Va rlamoff (1949) 
o n the crystal habit of cassiterite from the Kalima tin deposit in the Congo. 
Bipyramidal crystals (A2-type) a re found in the deeper levels within a granit ic 
intrusion, sho rt-prismatic crystals (Ai-type), as a rule more modified and often 
twinned, at intermediate levels, whereas at higher levels and away from the 
intrusion the crystals tend to be prismatic (A 1-type). The trend of crystallization 
can be interpreted in terms of falling temperature a nd rising supersa turations. 
Fina lly, impurit ies (Fe, Nb, Ta) ca n also play a ro le in shortening the habit of 
the higher temperature types (fig. 8). 

t• ~ - Twinning -

~® .. 
F 1G. 8. Variation of habit in cassiterite from the Kalima tin deposit, Congo. 

T he second exa mple is quoted from Babkin ( 1962), but in the light of what 
was a lready said. Cinnabar crystals from a deposit in the north-eastern part 
of the U.S.S. R . occur with a prismatic habit in the deeper levels with a rhombo
hedral habit at intermedia te depths, and as tabu lar crystals nea r the surface. 
The ratio cf a of ci nnabar is 2.29, the mineral is therefore of the planar P-type, 
a lthough the screw axes in its structure may play a role for corresponding 
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cha nge in a nisometnc1ty. The varia tion o f its ha bit is P1 -+ Pi -> P2 . As the 
tabular habit is found at the intersections o f minera l veins, it is presumed that 
it is formed by quick crysta Uization under higher supersaturations. 

Quartz has the same space group as cinnaba r (P312 1, or P3221), but is pseudo
isometric with c/a r. 1 o. The electronegativily difference of quartz I XA - X 11 I is 
1.7, against o.6 for cinna ba r, and its habit va ries from bipyramidal and sho rt
prismatic to long-prismatic and acicula r. The tendency of varia tio n is thus 
(1)2 -+ (£); -+ (1)1• Prismatic qua rtz of the common va rieties is o ften capped by 
water-clear or a methystine qua rtz, which is usua lly sho rt-prisma tic o r equant. 
Judging by quartz habits in pegmatitic veins and hydrothermal deposits, it 
seems logical to assume tha t the latter fo rmed under higher supersaturations 
so that the norma l seq uence of the habit development should be as given above. 
Diminished supersatura ti on a t some final stages o f crystallization might ca use 
a reverse trend towards shortening of the habit a long the c-axis. 

Jn conclusion it is suggested that the proposed ma nner of deriving a nd 
denoting the genetic ha bit types of minera ls seems to supply a better founda tio n 
for unified interpreta tion o f their variability. T he method ca n also indicate 
a pproximately the conditio ns under which crysta ls were fo rmed. 
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Crystal growth of galena 

By Dr. J. BANFIELD 1 and Dr. A. F. SEAGER 

Department of Geology, Birkbeck College, London , W.C.1. 

Summary. The lineage structure of galena was s tudied by optical and X-ray methods. Elements 
of the structure are rotated about [100) and [110) axes, which themselves have a small angular 
dispersion. Growth spirals were observed on a specimen from Trepca, Yugoslavia. Galena 
near a fault plane in the Sherburn Hill colliery, Co. Durham, had suffered mechanical 
deformation, which produced lamellar twinn ing and a parting on {441 }. Other twin Jaws are 
discussed. Translation Jamellae and etching were a lso observed. 

T HE primary object of the work to be described was to make a further study 
of the lineage structure of galena, which has been previously investigated by 
M. J. Buerger. 2 In the course of the work observations were also made on the 
growth, deformation , twinning, and etching of galena. 

Fig. 1 shows a cubo-octahedron of galena from Alston , Cumberland, England, 
in which misalignment of both large and small elements of the structure is 
immediately apparent. Qualitative and quantitative observations of the nature 
of such structures have been made by serial grinding of the crystal in fig. 1, 

by studying the external growth surfaces and cleavage surfaces of crystals in 
reflected light, and by X-ray back reflections from cleavages. An extensive study 
was made of specimens in the British Museum (Mineral D epartment) a nd two 
very fine specimens were lent by the Univers ity of Durham. Some specimens 
were collected in situ by one of the authors (J. B.). 

A visual examination of the cleavage surfaces of galena shows that very few 
specimens have plane surfaces, and those exceeding an area of half a square inch 
are exceptional. The commonest type of deforma tion appears like a series of 
small folds, with their length (fold axes) in [ 11 o) directions. The word "fold'' 
will be used as a convenient descriptive term , without any genetic significance. 
Folds may extend from the nucleus of the crystal to its surface, or they may be 
present only in the peripheral part of the crystal. Observation of the folds by 
incident light shows that the axes are not all strictly in [r 10) directions, but have 
a dispersion of up to 10 ° about these directions. Some of the folds are seen to 
be discontinuous and others have curved axes. Tn the British Museum specimen 
173 (BM 1968, 62, which probably comes from Alston, Cumberland), the average 
width of the folds is t mm , but they may exceed 1 mm, and their length seems 
to vary from ~ mm to about 20 mm, although microscopic examination showed 

1 This paper forms part of a thesis approved for the degree of Ph.D. by the University of 
London. 

2 Buerger (M. J.), Amer. Min. , 1932, 17, 177. 
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5 6 

i-IGS. 1 to 6: FrG. 1. Cubo-octahcdral crystal of galena from Alston, Cumberland. x 2. 
Fro. 2. X-ray back renection photograph of cubic cleavage surface of galena, with [110] 
fold axes set vertical. Dispersion of the fold axes and rotation about them approxi
mately 2 . FIG. 3. Similar to fig. 2, but showing a more strongly folded region. Optical 
examination suggests dispersion of the [I 10] fold axes up to IO . The [I 10] axes lie 
NE. SW. FIG. 4. X-ray back reflection photograph of cubic cleavage of galena, with 
[Ioo) folds set vertical. Elements of the structure arc rotated some 2 - 3 about these 
axes. F1G. 5. Ground surface of the cube of galena shO\\ n in fig. 1. This surface is approxi
mately half way bet\\een the original crystal face and the centre of the crystal. x 1.5. 
FrG. 6. Similar to fig. 5, but this plane passes almost through the centre of the crystal. 
The development of folds with [100] and [110) axes is clearly seen in the upper and right 
hand parts of the figure. x 1 .2. 
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that in the longer folds a distinct change of orientation usually takes place 
within 2 mm. 

X-ray back reflection photographs were taken (with unfiltered Cu radiation) 
in an attempt to ga in more precise information about the nature of the deforma
tion in the region of the folds. A cubic cleavage surface was set normal to the 
X-ray beam and one of the [110] fold axes placed vertical. The photograph of 
fig. 2 was taken with the crystal stationary, but there is some resemblance to 
a rotation photograph, owing to the rotation of elements of the structure in 
the region of the fold. In this crystal there appear lo be a rotation of up to 2 

about the {110] fold axi . and the axis itself has a di per ion of about 2 from 
it mean direction. 

The estimate of the amount of rotation was made by taking a fragment of 
galena that appeared to be macroscopically perfect and photographing it under 
the same conditions as fig. 2. The crystal was then rotated 1 ° about its vertical 
[110] axis and a second exposure made on the same plate; finally the crysta l was 
rotated a further 1 ° and a third exposure made on the plate. A stationary X-ray 
back reflection photograph was then taken of a crysta l that appeared to have 
more intense curvature about the [110] fold axe (Birkbeck College, SD 15); 

thi i hown in fig. 3 with the fold axes running NE.- SW. There is obviously 
a grea ter degree of mi orientation , which is difficu lt to imerpret. Optical exami
nation suggests that the [ 1 10] axes may suffer a di persion of up to 1 o . For 
les distorted parts of specimen SD 15 it was proved that rotation about the 
[ 1 1 o] axes. and the di per ion of these axes about their mean position , was less 
than 5 . T his was done by taking back reflection photographs of a macro
scopically "good" portion of the crystal after successive rota tions of 1 °. It was 
found that the K.x reflections disappea red from each side of the photographic 
film within 5 ° of rotation in either direction. 

In addition to the folds about [110] axes there are often present very similar 
folds that have their axe normal to cube faces. These [ 1 oo] folds may extend 
from the nucleus to the urface accompanied by [ 11 0] folds. or both ct of 
folds may be present only in the peripheral region, or the [100] folds may begin 
further from the nucleu than the [110] folds. T he [1 00] fold look like branches 
at 45 to the {110] fold . The [110] folds have been observed to exist alone, or 
with the [100] folds, but the latter have not so far been observed without the 
[ 1 1 o] folds. Fig. 4 shows an X-ray back reflection photograph of a region with 
[100] fold axes set vertica l and a cubic cleavage plane normal to the X-ray beam, 
for the specimen BM 173. There is a rotation of clements of the structure about 
the [ 1 oo] axes, amounting to some 2 to 3 °. 

The distortion produced by angular dispersion of the [ 1 1 o] and [ 1 oo] axe , 
and by rotation about them. can be detected by looking at the surface feature 
of crystals of galena. Tho e from Alston are particularly rugged and show a 
fairly extreme degree of mi orientation. ln marked contrast were some crysta l 
from the Stari Trg mine. Trepca, Yugoslavia (which were kindly lent by the 
University of Durham); these had exceptiona lly plane faces for galena. One 
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pecimen had transla tion Jamellae. which indicated the directions of traces of 
cube planes and made it possible to detect small rotations in the plane of the 
face, the measured value ranging from 2 ° to 5 °. The latter produced a gra in 
with marked discontinuitie at its boundary. These crystal s are described and 
figured later. 

The orientation of the two sets of folds axes agrees with the known translation 
properties of galena. All the fold axes/ lie in transla tion planes T [100] and 
are normal to one or other of the translation directions t [ 1 oo] or[ 1 1o] 1• Thus a 
fo ld ax is [100] might be formed by translation on (00 1) in the direction [OIO]. 

An attempt was made to obtain deta iled information about the lineage 
tructure by grinding serial sections. These were u ua lly made at intervab of 

1 mm. but when change in the structure were taking place at short interva l . 
onl y 0. 1 or 0.2 mm wa removed by grinding. A crystal from Alston. Cumber
land , England , was cho en that had marked signs of misorientation on the 
surface (fig. 1 ). The ground . urfaces were photographed ; fig. 5 shows a section 
practica lly half-way from the surface to the centre and fig. 6 is a section almost 
passing through the centre of the crystal. The linear elements clearly show the 
presence of [100] fold s directed towards adjacent cube faces, and of [110) fo lds 
at approximately 45 to the other folds. A map howing the domain of each 

L.__l 

0.1 inch 

Fies. 7 and 8 : F1G. 7. M ap of the ground section of fig. 6, showing the position of constituent 
grains. The arrows give the direction of dip of the cubic cleavage and the amount is 
indicated in degrees. ote the very large angular discordance between some o f the grains, 
particularly in the left hand half of the crystal. F1G. 8. Crystals of galena from Trepca, 
Yugoslavia (University of Durham o. 1 147 1 ). These crystals have except ionally plane 
cube faces, which are steeply terraced. x 1.3. 

' Buerger (M. J.) Amer. Min. , 1930, 15, 45. 

9 
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grain was prepared , to which was added the directio n and amount of dip for 
every grain of appreciable s ize, determined with a two-axis stage. Some of the 
grains had sharp boundaries, with a marked a ngula r discorda nce between the 
grain and its neighbours, but in o ther cases deformation often made it difficult 
to decide what constitu ted a grain. Fig. 7 is a map of the section shown in fig. 6. 
Arrows indicate the direction of dip of the cleavage a nd the inclination is g iven 
in degrees, with + signs on horizontal cleavages. Black dots in fig. 6 ma rk the 
points at which measurements were taken. Fig. 7 shows some very large angles 
between adjacent grains, in one case amounting to 42 °, much la rger than the 
8 ° maxim um quoted by D. P. Grigor'ev 1 fo r galena from the Berezovsk gold 
deposit in the Urals. 

The serial sections were used in an a ttempt to trace lineage structures through 
the crystal. The textural features of the ground sectio ns were so complex that 
this could not be done in detail , but some of the larger gra ins could be traced. 

The fo lds and misorientated grains described above all seem to have arisen 
during growth . This conclusion is suggested by two kinds of evidence : Firstly. 
the growth surface of many crystals shows indi vidual grains or elements that 
a re differently oriented to their neighbo urs and may project above them. 
Secondly, it may sometimes be observed that the central region of a cleavage 
surface is free , or almost entirely free, from folds a nd visible misorientation , 
but that these features start ,more or less a bruptly along lines para llel to the 
edges of the crysta l (presumably traces of former faces) and continue from there 
to the surface of the crystal. Th is seems to suggest that the early growth of the 
crysta l was free from these macroscopic defects, the o nset of which began at a 
particular moment and continued until the end of growth . This in no way 
denies that folding, block structure, a nd simila r defects are a lso caused by 
mecha nica l deformation after growth. 

Galena fi'om Trepea, Yugoslavia 

T wo specimens of galena from the Stari Trg mine, Trepca, Yugoslavia were 
lent by the University of Durham. They had except ionally well preserved 
surfaces, which are rarely seen in a mineral a s soft as galena . These specimens 
gave evidence of growth spirals, of translation lamellae, a nd o f etching. 

The general appearance of the crysta ls is seen in fig. 8. The cu bes have very 
pla ne faces, which a re interrupted by steep terraces up to T.5 mm high . The 
best spirals are found at the foot o f terraces where they have been protected 
fro m physical da mage and the more severe effects of etching. The position of the 
spirals made it necessary to take photomicrographs with low-power objectives 
of long working distance a nd to magnify photographically, with consequent loss 
of definition. Away from the terraces similar growth pyramids are present, but 
it is not possible to prove the presence of spiral growths on them. The best spiral 
is shown in fig. 9. Precise measurement of the step heights of the spirals was not 

1 Grigor'ev (D. P.) [.Ll. ff rp1-1rOpbeB] Ontogeny of minerals. p. 125. English translation 
1965. 
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r1GS. 9 to 12: FtG. 9. Cube face of galena from Trepea, showing a growth spiral, translation 
lamellae, and growth layer-. (at 45 to lamellae). x 165. I rG. 10. Galena from Trepea. 
Growth pyramids on a cube face are centred on a grain boundary. Steep growth terraces 
and translation lamellae arc also seen. x 55. F1G. 1 1. Galena from Trepea. Cube face 
has translation lamcllac, which show that two coplanar grains have a relative rotation 
of 5° about [100) axes. x 55. F1G. 12. Octahedral face of galena from Trepca. The nat 
base of a large etch pit bears a six-rayed star. x 6o. 

possible, but estimates made by measuring the height microscopically and 
counting the number of turns indicated heights of the order of 1 ooo A to 
2 500 A. Fig. 10 shows the general relationship of growth pyramids or spirals: 
these are often connected by curved discontinuities, which form notches on the 
thick terraced growth layers. 

Fig. 10 also gives a good view of the translation lamellae. At high magnifica
tion it can be seen that they vary in width in an irregular manner, and have 
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every appearance of being etched. When the lamellae traverse unetched portions 
of the surface they become invisible in ordinary incident light, but can still be 
traced with phase contrast illumination. The translation lamellae in fig. 1 1 show 
the presence of two grains with coplanar surfaces, which are rotated 5 ° relative 
to each other about a [100] axis. Growth layers can be seen at approximately 
45 ° to the lamellae. Elsewhere grains can be seen that have relative rotati on 
about a [ 1 oo] axis but do not have coplanar surfaces. Translation lamellac arc 
al o present on the octahedral faces, but the general prevalence of etching 
makes the lamellae less clear than those on cube faces. 

Both of the specimen from Trepca showed natural etching. On the cube 
faces of D U 11469, the square pits had arcuatc sides, the tangents to which 
are set at 45 ° to the edges of the cube, as observed by Ichikawa.• The larger 
pits had diameters of 0.2 mm and a depth of 0.0 1 mm, and the smaller pits 
were typically about o. 1 mm in diameter and approx imately 0.005 mm in 
depth. These pits were situated near the edges of cube faces and had very steep 
sides. Towards the centre of the faces the average diameter of the pits was only 
0.075 mm. 

On the octahedral face the (rounded) triangular growth layers have the 
ame orientation as the edges of the face. which truncates the cube corner . 

On DU 1 f47 L there arc triangular pits, with straight or arcuate sides meeting 
in a point at the base of tl\e pit, and having a width of 0.005 to 0.01 mm. The 
pecimen DU 11469 has deeper and larger pits than DU 11471. The average 

diameter of the pits is 0.25 mm and their depths vary from 0.005 to 0.025 mm. 
These pits have a !lat base, which may be minutely etched or may have a 
complex pattern such as the six-rayed star in fig. 12. 

Since the translation lamellae have been subjected to natural etching, they 
cou ld have been formed during growth as Buerger has suggested ( 1932). 2 

The misorientation that the component parts of a crystal can suffer and the 
continuous deformation of single grains make it particu larly difficult to deter
mine twin Jaws in many specimens, owing to the difliculty of goniometry. 
Some laws seem to be well established. such as growth twinning on ( 1 11 } and 
f44 1}. A specimen wa obtained by one of the authors, (J.B.) from a fault 
plane in the Five-quarter seam in the Sherburn Hill colliery (Co. Durham). 
This showed lamellar mechanical twinning on (441 } and it had also developed 
a parting parallel to faces of this form, which appears to be a new feature for 
galena. 

Ack1101t"/edgeme11ts. The authors gratefully acknowledge the loan of two specimens from 1he 
University of Durham, and permission to examine specimens in the Department of Mineralogy, 
Bri1ish Museum ( atural History). They are greatly indebted to members of the Museum 
staff for assistance, especially Mr. J. Fuller and Mr. R . F. Symes. 

1 Ichikawa (S.) Amer. Jo11m. Sci., 1916, ser. 4, 42, 11 1. 
2 Buerger (M. J .) Amer. Min ., 1932, 17, 177. 



Inclusions of gases in minerals 

By H. ARMI G und A. PREISINGER 

Minera logisches Jnstitut, Univ. Wien 
Vienna, Austria 

Summary. The method of decrepitation by heating crystals in ultra-high vacuum is used in 

combination with a mass-spectrometer for the qualitative and quantitative determination of 

minute inclusions of gases in minerals. T he method is suited for the determination of amounts 

of gases up to 0. 1 mm3 quantitatively in very small crysta ls. The determination of H20 and 
C02 in the feldspars and quartz of granites shows that we can differentiate between epigenetic 

and syngenet ic inclusions. T he difference in amount of H;O and CO~ in a zoned plagioclase 

is discussed and some conclusions are drawn about condit ions of formation. 

SINCE the beginning of the 19th century scien tists have investigated inclusions 
of gases and liquids in minerals, as they rightly supposed that these inclusions 
were formed at the time of crystallization of these minerals, and could therefore 
yield information about the composition of gases and liquids at the time of 
formation. In order to draw conclusions about the formation of crystals and 
their change in the course of time, it appear nece sa ry to differentiate between 
syngenecic and epigenetic inclu ions. According to Yermakov (1965) syngenetic 
inclusions are considered co be those ttlat are formed during crystallization while 
epigenetic inclusions are those formed after crystallization is complete. 

Experimemal 111etliods. In genera l the analysis of the inclusions shows primary 
H20 and CO:i. and in addition H 2, N2, H2S, HCI etc. (an historical review is 
given by Wahler, 1956). The size of the inclusions vary greatly. Starting from the 
size of the order of a cm they reach into the submicroscopic region. Deter
minations have been made: 

Mechanical ly, by drilling or puncturing into the inclusions under a sealing 
solution (Davy, 1822), or by crushing or grinding of the crystals in vacuo 
(Suess, 1952; Khitarov and Renga rteo, 1956 ; Roedder, 1958; Goguel , 1963): 
chemically, by dissolving the crystals in vacuo (Ramsay, 1895; Chamberlin. 
1908; Karlik. 1939), or by dissolving the crystals, the solvent serving as sealing 
solution (Tam man and Seidel, 1932); and thermally. by melting the crystals in 
vacuo (Shepard, 1938), by decrepitation of crysta ls by heating in vacuo (Ross 
and Smith, 1955; Wa hler, 1956; Chaigneau and Debru ne, 1961 ; Preisinger and 
Huber, 1963), or by decrepitation of crystals by freezing in vacuo (Taber, 1950). 

11 7 
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fn carrying out qualitative and quantitative gas analyses the sizes of the inclu
sio ns and the chemical composition of the minera l will determine the method 
of decomposition and analysis. 

We were interested in inclusions in silicate minera ls, especially in the minera ls 
o f granites. Inclusions in these minerals lie within the micron range and below 
(Deicha, 1961; Goguel, 1963). We therefore decided to use the method of 
decrepitation by heating the crystals in ultra-high vacuum in combination with 
a mass-spectrometer for accurate gas analysis (Preisi nger and Huber, 1963; 
Arming, 1966). 

The principal of the method lies in the fact that at a sufficiently high tempera
ture the gas pressure within inclusions in the crysta l increases until the crystal 
bursts and the gases a rc set free. These can be directly measured by means of the 
mass-spectrometer. 

The advantages of this method are that one can proceed without adding 
foreign material, that by ultra-high vacuum clean and denned environmental 
conditions are provided, and that by means of the mass-spectrometer even very 
small amounts of gas can be rapidly analysed. 

The apparatus for decrepitation (fig. 1) consists o f a pyrex tube connected 
on one side by a valve to a ultra-high vacuum (U HV) pump a nd on the other 
side to a mass-spectro meter. The U HV-pump used and the double-focusing 
Cycloid mass-spectrometer were products of Ba ltzers AG. 
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The decrepitation furnace itself consists of a quartz crucible filled up to a 
third with gold, which is placed in U HV in the pyrex tube and is heated by 
mea ns of a high-freq uency generator ( 12 KW) up to 930 °C. The crystals lie 
in the attached socket of the pyrex tube in U HV and ca n be thrown into the 
decrepitation furnace by means of a simple magnetic slot mechanism. The 
whole apparatus can be heated to 500 °C. 
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The procedure was as follows: 1 o to I 5 samples of crystals of o. 15-0.30 mm 
diameter, selected microscopically, were wrapped in gold foil and put into the 
socket attached to the pyrex tube. A single sample amounted to 0.1- 1.0 mg. 
fn order to clean up the internal surface of the system and the surface of the 
samples the whole system was brought to a vacuum of 10- 7 mm. Hg. and heated 
for 12 hours up to I oo, 200, or 300 °C. After examining the residual gases by 
means of the mass-spectrometer individual samples could be thrown into the 
decrepitation furnace , which was heated up to 930 °C, and the gases set free 
could be analysed in the mass-spectrometer. 

By this method even o. 1 mm 3 of included gas can be investigated quantita
tively and qualitatively. 

The calibration was done with solids under the same conditions as described 
above; muscovite was used for calibrating H20 , and calcite crystals for calibrat
ing C02 (Arming, 1966). 

Results and discussion. Putting alkali feldspars from granites in the decrepitation 
furnace and heating them gradually in the UHV in a temperature range of o 0 

to 1 000°C, two H 20 maxima result, one being at about 150°C and another at 
about 700°C (fig. 2). 

For accurate quantitative analyses the samples had been heated before in 
the apparatus for decrepitation in U HY up to temperatures of 100, 200, 300, 
400, or 500 °C. Afterwards they were brought into the decrepitation furnace at 
930°C. The dependence on temperature of H20 and C02 was determined by 
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the difference in the amounts obtained. Fig. 3 shows the H20 and C02 released 
by the alkali feldspar (3a) from a granite (Albtal, Scharzwald , Germany) and 
by a quartz crystal (3b) (Ankogel, Salzburg, Austria). The alkali feldspar shows 
two maxima, the quartz crystal only one. 

In the case of the quartz crystal, which was of hydrothermal origin , the 
inclusions of H 20 and C02 are syngenetic. The temperature of the maxima 
of H 20 and C02 corresponds to the temperature of formation . 

In the case of the alkali feldspar there are two different kinds of inclusions. 
Considering the conditions of formation of granites (Makart and Preisinger, 
1965) the inclusions of H 20 and C02 of the second maximum ( ~100 °C) are 
probably syngenetic, those of the first maximum ( ~ 150 °C) surely epigenetic. 
Tt appears probable that the H20 of the first maximum originates from the 
phase boundaries of the finely Iamellated unmixed albite in the microcline
perthite. 

Tn order to be able to compare gas inclusions in feldspars of granites and to 

T ARL E I. The contents of 1-120 and C02 of fe ldspars (Kr), 
quartzes (Qu), and plagioclase (Pl). 

H,0 STP/g C02 STP/g 
Rock Mineral mm." mm. " 

Granite, K r 235 44 (14) 
Albtal, Schwarzwald, ' 
Germany 

Weinsberger granite, (Kr 970 940 (314) 
Kollmitzberg, Qu 446 117 
Austria (Kurat, 1965) 

Weinsberger granite, /Kr 213 245 (47) 
Naarntal, Perg, \Ou 107 17 
Austria (Kurat, 1965) 

Mauthausner granite, {Kr 2030 72 
Naarntal, Perg. Austria Qu 507 56 
(Makart and Preisinger, 
1965; Richter, 1965) 

Mauthausner granite, {Kr 1770 65 
Weitersfelden, Qu 257 27 
Austria 

Eisgarner granite, {Kr 3120 95 
Gro13-Eibenstein, Qu 528 25 
Austria 
(Scharbert, 1966) 

Seebacher granite, K r 2370 62 
Wernberg, Villach, 
Austria 

Granodiorite, {Kr 712 19 
St. Oswald, Freistadt, Ou 173 17 
Austria 

Weinsberger granite, (rim 146 17 
Pulgarn, Pl lcore 115 57 
Austria 
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draw conclusions on the conditions of formation , only those inclusions can be 
considered that are set free at temperatures above 300°C. 

No relationship between amounts and composition of gases and the formation 
of feldspars has been detected from the gas analyses of feldspars of granites 
carried out up to the present. 

Table I shows the H 20 and C02 contents of feldspars and quartzes, which 
were pre-heated to 300°C in vacuo. Tn three a lka li feldspars, (Albtal gran ite, 
Weinsberger granites) the origin of the C02 content, whether from gaseous 
inclusions or from finely intergrown carbonates, was investigated . For this 
purpose the samples were treated with NJ 10 HCl04 before heating. Thus the 
carbonate fine ly intergrown with the feldspar is destroyed. The C02 values 
determined by means of decrepitation then originate from the inclusions only. 
The values obtained are quoted in brackets with the respective samples. 

oc 
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F1G. 4. Influence of a second gaseous phase besides water vapour 
on the melting temperature of ' 'granite' ·. 

As shown by Wyllie and Tuttle, 1960, a second gaseous phase besides water 
vapou r influences the melting temperature of " granite'' . Fig. 4 shows two 
extreme possibilities of influencing the melting temperature: addition of a 
second gaseous phase may increase o r decrease the melting point. For example, 
the former applies for C02, the latter for HF. lf the total pressure during the 
formation of crystals remains constant the C02 content of the first crystallization 
must exceed that of the final crystallization. We investigated a zoned plagioclase 
from a Weinsberger granite (Pulgarn, Austria) with an An-content of the core 
of 34 % and of the rim of 26 % (Kurat, 1965). With a nearly constant total gas 
amount the core plagioclase, in accordance with the curves of Wyllie and Tuttle 
(fig. 4), showed a higher C02 content than the marginal plagioclase (Table J) . 

Ack11owledgeme11ts. We wish to express our thanks to Dr. W. Kaltenegger for his valuable 
critical discussions and to Ing. W . Bochskanl for technical assistance. We would also like to 
thank Prof. Dr. F. Machatschki and the Osterreichischen Forschungsrat for lending us 
apparatus. 
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An investigation of natural and synthetic quartz by the 
Hilger-Chance refractometer 

By v. B. TATARSKY and v. F. CHERNYSHOVA 

(B. 6 . TaTapcrni1 tt B. <I>. YepHb1wosa) 

Department of Geology, The Leningrad State University, Leningrad , USSR 

Summary. A Hilger- Chance precision refractometer equipped with a vertical slit diaphragm 
(0.1 mm in w idth) mounted immed iately behind the refractometer prism was used, a rack
and-pinion furnished w ith scale and vernier was added to move the crysta l under investigation. 
These devices permitted measurements to be made of the refractive indices of a single crystal 
in separate narrow zones at desired intervals. One crystal of natural quartz and the growth 
zones of 13 synthetic crystals were studied. 

THE refractive indices of colourless natural quartz, at room temperature, 
accordi ng to the most reliable data available, lie in the range of (1J 1.54411 to 
1.54441 ; e 1.55325 to r.55363. T hese indicate that the fluctuations in the refrac
tive indices of natural quartz do not exceed 3 to 4 x JO-~ . Sosman (1927), who 
made a comprehensive review of the optical properties of quartz, considers 
the most probable values for (1J and e of quartz at 18 ° to be i.544246 and 1.553355 
(unless specifically stated, optic constants quote<!i here refer to Nan illumination, 
a nd to the same room temperature, 18 °C). Shubnikov (r940) gives similar 
values, as do A. N. Winchell and H. Winchell ( 195 1), quoting the va lues to 
1 x 10- <>. The birefringence of quartz, calculated as the difference e- (v shows 
but little fluctuation, probably not exceeding the measurement erro rs. Most 
measurements give e- (v = 0.0091 1. Direct measurements of birefringence (see 
Sosman, 1927, p . 642) showed it to be 0.009129 at o °C and 0.009109 at 18 °C; 
the latter being in accord with the di ffe rence e- (J.J. The temperature coefficient 
of refractivity for quartz, dn/dt, like that of most substances, is negative. Fizeau 
(1864, quoted by Le Chatelier, 1913), gives d<v fdt = - 5.37 x 10- 6

, dc!dt = 
-6.28 x I0- 6 ; Gifford (r902) gives - 5.19 x 10- 6 and -6.35x I0- 6 ; Micheli 
(1902, quoted by Sosman, 1927) gives - 5.39 x 10- 6 and -6-42 x I0- 6. If 
refractive indices measu red at various room temperatures a re compa red, one 
may take d <l)fdt = -5.3 to 5-4 X 10- 6, dr::fdt= - 6.3 to 6-4 x 10- 6. 

We have hardly any data on the variation in the refractive indices of quartz 
within a single crystal. Buisson ( 1906) used the interference method to measure 
the refractive indices of two cubic blocks cut from an optically ho mogeneous 
q uartz crystal, the block edges being 5 cm and 4 cm long. The difference in 
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the values obtained on the opposite sides of the larger block was 5 x J0- 0, and 
that in the values between the two blocks 1 x 10 '· The authors assume the 
error in their measurements not to exceed 2 to 3 x 10 7 . 

The pre ent investigations were carried out with a Hilger- Chance precision 
refractometer, designed for measuring the refractive index of optical glasses. 
Light in thi refractometer passes through a complex glass pri m (V-block), 
its parallel planes facing the collimator and the opt ic tube. 

The sample to be investiga ted must have two mutually perpendicular polished 
faces (the qua li ty of polishing is not important). lt is placed inside the right 
angle fo rmed by the middle part of the Y-block, the faces of the sample being 
first moistened with a con tact liquid of a similar refracti ve index. The signa l in 
the form of a fine line is placed symmetrically in relation to the two shorter 
lines seen in the observa tion tube. 

The readings were made accurately to 0.01 ' of arc, which corresponds with 
a variation of about 1.5 x 10 6 in the refractive index. With quartz of high optic 
homogeneity and correspondingly distinct signa ls, a series of repeated deter
minations of the signal gave a cattering of readings in the range of o.05'- 0.08'. 
the value of refractive index calculated as an average of 5 or 6 such readings 
being reproduced in repeated measurements with a precision of 2 to 3 x 10 6 . 

The accu racy of the results obtained with good signals, and the correspond
ingly small scatter in the readings depends on the closeness of approach of the 
prism angle to 90° and of the refractive index of the contact liquid to that of 
the substance under investigat ion. If the deviation from a right angle does not 
exceed 0.5', the accuracy of the results obtained i ± 1 x 10 ;;, provided that the 
indices of the ample and of the contact liquid do not differ by more than 0.02. 
B. Y. Tofte ( 1960. p. 127) showed that an accuracy of ± 1 x 1 o ;; may be a ttained 
even with a prism angle deviating by one degree from a right angle 
provided that the indices of the sample and of the contact liquid coincide 
within ± 1 x 10- 1• 

The deviation from a right angle in our specimens lay in the range of I to 3'. 
The contact liquid was a mixture of .:z-monochlornaphthalene and a high
boi ling fraction of kerosene. 11i:' = 1.545. The clo eness of this refracti ve index 
to "' of quartz permits us to di regard the error of the prism angle. 

The position of the appa ratus limb was determined by two independent 
methods: by passing the light beam from the col li mator directly into the observa
tion tube (with the V-block removed); and by means of a standard prism of 
optica l glass wit h a known refractive index, this being near to that of the quartz. 1 

The zero po ition located by both these methods coincided at o 2.52' . 
A vertical slit diaphragm (o. 1 mm in width) was mounted immediately 

behind the V-block in order to transmit only the narrow central part of the 
light-beam. The sample was moved by mean of a rack-and-pinion, furnished 
with a sca le and vernier. These devices2 permitted measurements to be made of 

1 We arc deeply grateful to r. F. Tomofeeva for placing the prisms at ou r disposal. 
2 This idea and its application was first suggested by T. G. Petrov. 
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the refractive indices in separate narrow zones at the desired intervals, these 
usually being 1 mm. 

The samples investigated were prisms cut from crystals of synthetic quartz 
with their right-angle edges perpendicular to the seed plate, which in many 
cases was near to [ooo 1]. The seed plate was in the middle part of the crystal. 
This permitted measurements to be made of the refractive indices of the seed 
p late and of the growth-zones on both sides of it. At each point 5 or 6 readings 
were taken for the indices; some samples were measured repeatedly. 

The natural quartz studied was a transparent colourless and visually homo
geneous rock crystal from the Po lar Urals, a lmost devoid of impurity. lts unit 
cell parameters (at 18 °C) are: a 4.9 1265 A; c 5-40441 A {Afanas'eva et al., 
1959). A prism of the same orientation as that of most synthetic crystals was 
made from this crystal, the prism edge being parallel [0001]. lt was measured 
several times by different scientists at long intervals (up to six months), the 
points of measurement being spaced at intervals of 0.5 mm, 1 mm, and 2 mm, 
the temperatu re variation being kept with in 1 °, a nd 0. 1 ° in one case. 

T ABLE l. Refractive indices ( 110) of Polar Urals quartz in plates cut parallel to [0001]. 

20 C; interval 1 mm. 18 C: interval 0.5 mm. 14-4 C; interval 2 mm. 

Points (J) e Points CJ) e Points (') F 

I I .54419 I .55330 I I .54421 I .55331 I .54421 I· 55333 
2 21 3L 2 23 34 2 24 33 
3 19 31 3 20 34 3 25 34 
4 20 30 4 21 33 4 24 35 
5 19 31 5 22 33 5 22 35 
6 20 30 6 21 32 6 23 35 
7 20 3 1 7 20 32 7 23 34 

~ 

8 20 32 8 21 32 8 22 34 
9 20 34 9 22 32 Means I .54423 1.55334 

10 20 31 IO 22 33 e- <•1= o.00911 
I I 18 31 II 20 33 
12 21 32 12 20 32 
13 21 32 13 20 33 

Means I .54420 I .55331 14 21 32 

t-"J=0.0091 I 15 20 32 
16 20 33 

19°C; interval 2 mm. 17 20 33 
18 20 33 18 C; interval 2 mm. 

Points w f 19 21 33 
I 1.54419 I· 5533 I 20 21 31 Points w t' 

2 19 33 21 22 33 I I .54420 I· 55332 

3 19 33 22 20 33 2 21 31 

4 19 31 23 22 32 3 21 32 

5 20 31 24 20 32 4 22 33 
6 23 3 1 25 23 32 5 20 32 

7 21 34 26 23 31 6 19 32 

Means I .54420 I -55332 Means 1.5442 1 I · 553325 Means I .54420, I · 55332 
t-w =o.00912 t - w=o .009115 t'-W =0.0091 15 
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The results of measurement (Table I) are of interest not only in determining 

the homogeneity of the sample in question, but a lso in enabling the precision 
a nd reproducibility of the results obtained to be assessed. The table shows that 

most series of measurements give a difference between the greatest and smallest 

values as low as 2 to 3 x 10- s. The mean indices obtained in each series coincided 

within ± 0.5 x JO- ;; (if an a llowance for temperature differences was taken into 

account). 
The refractive indices of the Po lar Ura ls quartz lie in the middle range of 

the values listed for na tura l quartz in the litera ture and a re very close to the 

values quoted above, which are taken as being the most probable ones. 
T he crystals of synthetic quartz investigated may be divided into two groups : 

experimental crystals, grown in small autoclaves, and industrial ones, grown 

in large autoclaves. The former show, as a rule, much la rger fluctuations in 

refractive ind ices, asymmetry of thickness, and in the optical properties of the 

substance grown on both sides of the seed plate. This can probably be explained 

as the resu lt of lower heat inertia and of larger fluctuation s in the growth 

regime in small autoclaves compared with large ones. 

TABLE 11. Refractive indices (110) of sample 353- 9 

I measurement 11 l'(1easurement J measurement 11 measurement 
Points i8oc 18- 19°C Po ints 18°C 18- 19°C 

(I) :.' , w y' (I) 
, 

I' w ., , , 

1.54451 1.55176 1.54456 1.55172 16 
2 48 71 49 69 17 50 70 49 69 
3 53 74 48 72 18 75 93 72 91 
4 54 71 S2 72 19 53 68 53 69 
5 53 71 SS 74 20 41 S7 40 60 
6 52 71 S3 73 21 49 68 48 66 
7 52 74 52 73 22 36 54 33 53 
8 52 74 54 74 23 32 50 30 50 
9 55 75 53 73 24 36 56 34 55 

10 51 69 57 75 25 39 59 39 59 
11 (06) (40) 51 67 26 42 61 40 6o 
12 (17) (53) (04) (40) 27 45 65 43 62 
13 57 75 ( 16) (42) Means 
14 50 70 5S 74 (without) 
15 49 66 41 61 seed 

plate) 1.54449 1.55168 1.54448 1.55167 

Refractive ind ices given below are typical of the crystals of both groups. 

The "experimental" sample 353- 9 was measured twice, the measurements 
agreeing with each other (see table II and fig. 1 ). The seed plate of this sample 

made a n a ngle of about 27 ° with the plane {0001} and, instead of e the inter

mediate index y' was measured , its values being of interest only in that they 

change in strict accordance with the value of M. This is clearly seen in fig. 1. 
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F1G. 1. Refractive indices in zones of growth of crystal 353- 359: 
A, 1st measurement; B, 2nd measurement. 

Points 11 and 12 (first measurement) and 12 and 13 (second measurement) 
refer to the seed plate cut from quartz of lower refractive indices than the 
quartz grO\\.n on it (these being in brackets in the tables). 

The layers of quartz grown on either side of the seed plate differ in thickness 
in the ratio r : 1.5, the thicker one having zones exhibiting a sharp difference 
in refractive indices, exceeding 40 x 10- 5. The signals deteriorated acutely in 
some places; this was the cause of the absence of measurements at point 16. 
The thinner layer on the opposite side of the seed plate is more homogeneous. 
its index fluctuations lying in the range 5 to 9 x 10 5, and those of the middle 
zone, 6 to 7 mm thick, (points 3 to 8), only 2 to 3 x 10 5, like those of the natural 
Polar Urals quartz described above. 

In the "industrial" sample C-95-p points 14 and 15 (table TH and fig. 2) 
refer to the seed plate. The thickness of the layers grown on either side of it 
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TABLE ll 1. 

Refractive indices (11 D) of sample Refractive indices (nn) of sample 
C-95-P (at 2 I °C) C-85 (at 18.5 0C) 

Points w Points "' Points (t) Points "' 
1.s4419 1.s5326 14 ( 17) ( 23) l.S4419 1.55324 18 zo ZS 

20 25 15 ( 13) ( 16) 2 18 29 19 l<J 2S 

3 21 24 16 20 23 3 zo 28 2 0 18 24 
4 22 ZS 17 19 24 4 19 2 5 21 19 Z3 

5 l2 25 18 19 24 5 19 24 2 2 18 25 
6 21 26 19 IQ 23 6 2 1 25 23 19 24 
7 20 27 20 18 23 7 22 27 Z4 18 24 
8 20 26 ZI 19 25 8 2 0 26 2 5 19 23 
9 2 1 26 22 19 24 9 zo z6 z6 18 2 2 

10 2 1 zs 23 20 23 10 18 24 27 17 Z3 
II 2 1 25 24 19 23 II zo Z4 z8 I Q 24 
12 Z I 26 25 18 24 12 19 23 29 20 Z3 
13 20 26 Means 13 18 25 30 20 22 

(wit hout 14 19 24 31 20 23 
seed •5 ( 17) (2 1) 3 2 18 23 
p la1e) 1.54420 1.55324 , 16 ( 15) ( 19) 33 ZI 23 

17 ( 18) (24) Me-ans 
(witho ut 

~eed 
p la1c) 1.s4419 1.55324 

differ here also, but the material, unlike the former sample, is very uniform, 
the scattering of indices being only 4 x 10- 0 • The thicker and the th inner layers, 
taken separately, however, show a scattering of 3 x 1 o- 5 and 2 x 1 o- 5 respectively, 
as in natural quartz. 

ft should be pointed out that there is an appreciable difference in the mean 
refractive indices in the quartz grown on either side of the seed plate, those for 
the thicker layer (points I to i 3) having w I.54420 ; e 1.553255 ; while for the 
thinner layer (points 16 to 25) the values a re 1.544190 and I.553237 respectively, 
the difference being about 2 x 10- 5. Crystal 353- 9 has mean refractive ind ices 
on either side of the seed plate that differ by up to 7 x 10- 5

, this probably being 
the result of unequal amounts of solid solution of minor components in d ifferent 
layers grown on the two sides of the seed plate if the condition of their growth 
was slightly different. 

T he crystals C-85 (table HI and fig. 3) and G-95-p were, apparently, grown 
under constant conditions that were the same on either side of the plate; this 

T ABLE IV. Mean refract ive indices (11n) of synthetic quartz 

Samples (J) i; e-w 

I 342- 2 i8oc I . 54401 
2 190- 6 18 01 1.55306 0.00905 
3 014- 1- 7 19 01 08 907 
4 383- 3 19 .6 14 26 91 2 
5 C-95-2 21 15 
6 201 - 1 18 17 1.55327 0.00910 
7 309- 3 19.5 18 30 912 
8 C-85 19.5 19 24 905 
9 C-75 18.5 19 28 909 

10 C-95-NP 21 20 25 905 
II 385- 3 19.6 23 33 910 
12 353- 9 18 48 
13 339-9 19 52 
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F1Gs. 2 and 3: FIG. 2 (top) Refractive indices in zones of gro\\ th of cry~tal C-95-p. 
ftG. 3 (bottom) Refracti\'e indices in zones of gro\\ th of crystal C-85. 

is shown by the nearly equal thicknesses of the layers formed on either side of 
the seed plate (points T 5 to 17) and their similar refractive indices. 

Table IV shows mean values of refractive index of a series of synthetic 
crystals of quartz (the values for seed plates being excluded). Sample 343- 2 
had a rhombohedron seed plate, the others had pinacoid plates, with deviations 
in some cases, such as samples 339 9 and ~53 9, as high as 25 to 27 . Where the 
apparent value of e- (•J is less than 0.009, e and <· <1J arc not cited; these incon
sistencies between w and <» <1J suggest that the nuctuations in the latter are 
accidental and are due to faulty orientation of the samples, not to variations 
in their composition. 

TABLI V. Refractive indice~ (0>n), parameters of the unit cell at 18 ± 2 c, 
and impuritie:. (weight 0 

0 ) in samples of synthetic quartz 
o. Sample (I) I a c Fe203 Al20 3 

l 342 2 1.54401 18 c 4.91346, A 5.40499s A 0.00031 0.08 
4 383 3 I .54414 19.6 4.91260 5.40417, 0.02 0.01 
7 309 3 I .54418 19.5 4.912535 5.40416 0.0003 0.0033 

12 353 9 I .54448 18 4. 912986 5 .404998 0.002 0.03 
13 339 9 I .54452 19 4.91318, 5.40469 0.0006 0.025 

No. MgO Mn304 cao TiO~ Na20 CuO PbO Ge02 
0.0001 0.00004 0.0001 0.0005 0.0001 0.0005 0.00007 0.03 

4 0.001 0.001 0.002 0.02 0.0002 
7 0.00025 0.0003 0.00015 0.0078 

12 0.0002 0.0006 0.0002 0.018 0.43 
13 0.0003 0.00075 0.0002 0.013 0.52 

IO 
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Quantitative spectrographic and unit cell data for five samples are given in 
ta ble V. Of the five samples studied, N 7 (309- 3) contains the least amount of 
other components, its refractive indices and unit cell parameters are the nearest 
those of the standard Polar Urals quartz. The much lower refractive indices of 
342- 2 are probably due to the relatively la rge alumina content (0.08 %). Its 
parameters are much larger than those of the other samples, which confirms 
the presence of aluminium in the structure. 

Samples N 12 (353-9) and N 13 (339-9) are unique among the synthetic and 
natural samples in their high refractive indices; this is attributed to isomorphous 
substitution of germanium (about 0.5 %). The scarcity of material, however, 
prevented us from ascertaining to what extent the increase in the parameters is 
due to the germanium content, because they also contain about 0.03 % alumina; 
the latter, even in small quantities, is responsible for a marked increase in the 
unit cell of quartz (Afansieva et al. , 1959; Frank-Ka menetskii, 1964). 
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Substitutional and interstitial impurities in quartz and their 
mineralogical significance 

By V. A. fRANK-KAM ENETSKY and T. E. KAMENTSEV 
(B. A . ct>paHK- K aMeHeurni1 1-1 VI . E. K aMettues) 

Department of Crystallography, The Leningrad State University, USSR 

Swnmary. T he paper presents the results of precision X -ray investigations of synthetic and 
natural quartzes. The correlation of quantitative spectroscopic ana lyses and X -ray data 
indicates that aluminium replaces si licon and changes the parameter t of the quartz lattice 
(0.0035 % aluminium increases t by 0.0001 A). The impurities (Na, Ca, Fe, Mg) are distributed 
in the voids of the quartz structure and increase the parameter a. ln synthetic quartz crystals 
an increase in the rate of growth causes a decrease in c and an increase in a. Natural quartz 
from various types of rocks shows minimal values of the lattice parameters, the amount of 
substitution being negligible. An increase of the parameters accompanies the lowering of the 
temperature of crystallization. Quartz from hydrothermal veins has a greater parameter c 
than quartz from pegmatites and magmatic rocks. 

QUARTZ is considered to be a comparatively pure substance, with but small 
fluctuations of chemical composition and properties. Nevertheless, precise 
determinations of the refractive indices, lattice parameters, chemical composi
tion , .x ~ (J transition temperature, specific gravity, etc. show that different 
specimens of natural and synthetic quartz have, slight fluctuations in their 
properties, mostly due to the presence of other elements in the structure of the 
mineral (Sosman, J 927; Keith and Tuttle, 1952; Cohen and Sumner, 1958; 
Semenov, 1958). 

Precision determination of the unit cell parameters a and c of various natural 
and synthetic quartzes shows appreciable fluctuations (table 1), depending on 
the elements present (Keith, 1950; Keith and Tuttle, 1952; Cohen and Sumner, 
1958). 

Fluctuations in the composition of quartzes formed under different conditions, 

TABLE I. Lattice parameters of quartz at 18°C obtained by different authors 

Author 

Nawrali/ll(lr/: 
Bradley and Jay, 1933 
Cohen, 1935 
Miller '"'d Du Mond, 1940 
Wilson and L ipson. 1941 
Keith and Tuttle. 1952 
Frondcl and Hurlbut, 1<)55 
Cohen and Sumner. 1958 
Afanas·eva, Kamentsev. and 

Frank-Kamcnetsky, 1959 
(from the Polar Ura ls) 

Cooper, 1962 
Belkovsky, 1964 

(I 

4 .90288 kx 5. 39327 kx 
4.90287 5 . 39314 
4. 90228 5 . 39334 
4 .90320 5.39371 

4.9033- 4.9074 5 .3928- 5.3961 
4.903 11 5 . 39382 

4.9032-4.9042 5. 3938- 5.3943 

4.90275 5. 39350 

4.90276 5. 3936o 
4.9022-4.9025 5 . 3930- 5 . 3940 

Autho r 

S.nultr1ic q11ar1: 
Keith, 1950, grown at: 

{

190°C 
380°C 
390°C 

Sabat ier and Wyart, 1954, 

{
pure quarlz 
quart z '''ith Na+ 

Cohen and Stul'Hler, 1958 
Fr~mk·Kamenctsky and 

Kamerusev, 1961 
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(/ 

4.90322 kx 
4.90284 
4.90273 

5.39382 kx 
5. 39353 
5. 39350 

4.9040 5.3932 
4.9025 5.3932 

4 .9033-4 .9040 5 . 3940- 5 . 3943 

4 .9026-4 .9038 5 . 3933- 5 . 3945 
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and the presence of variou s contaminants in them, throw light on some pecu
lia rities of the crystal growth and the conditions of their formation; X-ray 
a nalyses of na tural qua rtzes of different parageneses and of synthetic quartzes 
(where we can control the experiments a nd obtain crysta ls with o nly the desired 
impurities) are of great interest in this connection. 

This paper deals with the results of X-ray investiga ti ons of some specimens 
of synthetic quartz obtained by the temperature drop method (Butuzov, 1962) 
a nd of natura l quartzes from many deposi ts. The parameters of 47 sa mples of 
synthetic quartz are correlated with precision spectroscopic a nalyses (the latter 
carried out at the Resea rch lnstitute o f Glass in Moscow by N. N. Scmenov's 
method, 1958). 

Structural va ria tions observed in quartz are connected with the inclusion of 
small amounts (not exceeding 0 .1 %) of impurities, which requires precision 
measurements of the unit cell parameters. X-ray exa minatio ns were made in 
the focusing camera (designed by S. S. Kvitka a nd M. M. Uma nsky, 1951), 
with copper radiation , quartz being used as the sta ndard. The parameters we re 
determined with a precision of ± o.ooo 1 A from measurements of the .7. 1 diffrac
tions 2354(20 153.6°) and 2136(20157.2 °). 

Transparent crysta ls of quartz from the Pola r Urals were taken as s tandard, 
impurities being very small in them (Al20 3, 0.0085 % ; FeO, 0 .0008 % ; MgO, 
0.002 % ; Na20 , 0.0001 6 % ; a~cording to Afanas'eva, K amentsev, a nd Frank
K a menetsky, 1959); their parameters at r8 °C a re: a 4.91 265 ± 0.00007 A: 
c 5-40441 ± 0.00005 A. These va lues a re near to the data given in li teratu re fo r 
quartz conta ining only sma ll amounts of impurities (table T). 

Measurements of the lattice parameters of J06 samples of synthetic quartz 
a llowed us to determine their deviations as falling into in the range : a = 4.9r210 
to 4.91390 A, c= 5-40377 to 5.40550 A, the a mount o f Al20 3 in these specimens 
being in the range 0.002- 0.1 %, and that o f Na20 in the range 0.00003- 0. 1 % -

The causes of the parameter fluctuations emerge when we correlate the va lues 
for a, c, or V of the unit cell with the amount o f impurities (G e; Al ; R ' = Na; 
R2

• = Ca, Mg, Fe) (Fra nk-Kamenetsky, 1964 ; Frank-Kamenetsky and Kament
sev, 1961 ). The diagra m (fig. 1) shows the cha nges of the parameters of the 
47 specimens o f synthetic quartz studied to be in direct relation to the amount 
of impurity, mainly of aluminium. ln most cases, however, there is a large 
scattering of the points, which ma kes it difficult to find out the precise correla
tions in each individual case. 

Quantitative correlations were established by correlation analysis (Kamentsev, 
1965b), single and genera l correlation coefficients being determined and regres
sion equations solved . The data obtained reveal a direct dependence of the 
parameter c (r =o.520) upon the aluminium content and of a on the presence 
of uni- and divalent cations (r = 0-497). The data suggest that Al replacing Si 
in the tetrahedra generally effects an increase of c, while ions of alkali (Na) 
o r of Ca, Mg, or Fe, occupying channels along [0001] in the quartz structure, 
slightly increase the parameter a (fig. 2). 
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FIG . 1. Dependence of the volume of a unit cell ( V ) on the content of Al 20 3. 

It is established (Kamentsev, 1965b) that 0.0035 % of Al20 3 increases the 
parameter c by o.ooo 1 A, while 0.002 % of Na20 does the same to the parameter 
a. The parameters of the unit cell of pure quartz are : a= 4.91242 A, c = 5-40395 A, 
and the amount of aluminium included in the quartz structure may be calculated 
by the formula: %Al20 3 = (c - 5-40395) x 35.36, where c is the parameter of the 
unit cell of the quartz under investigation (in A). 

Simultaneous changes in the a and c parameters of the samples of synthetic 
and natural quartz studied show the microisomorphic replacement as occuring 
according to the following scheme: Si4+ ~ AP++ Na+. The second row of 
microisomorphism 2Si 4+ ~ 2Af3++R2+, where R H = Ca, Mg, Fe, is probably 

' D. JI 
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F!GS. 2 and 3: F10 . 2 (left). Projection of the structure of quartz on (0001). Large circles are 
oxygen, smaller silicon. 1, ion of an impurity in one of the canals of quartz; 2 , ion of 
aluminium replacing silicon in a Si04 tetrahedron. F1G. 3. Dependence of the parameters 
a, and c on the rate of crystallization of synthetic quartz, V (mm/day). 
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of less importance because of the small quantity of divalent cations in quartz. 
The absence of an eq uiva lent change in the parameters a and c, however, suggests 
the presence of al uminium and of uni- and divalent ions in non-equ ivalent 
quantities. In such cases a compensation of valency is possible due to some 
deficiencies, the intrusion of hydrogen , of hydroxyl ions, or oxygen vacancies 
(Kamentsev, 1965b; Tsinober, Khadzh i, G ordienko, and Samoi lovich, 1965). 

The crystals of synthetic quartz studied in our laboratory were grown under 
fixed experimental conditions, with the exception of the charge (the content of 
impurities) and the temperature drop, which determines the speed of crystal 
growth . Experiments show that quartz grown in a medium with a high content 
of aluminium contains much Al in its lattice (Tsinober, 1960), as is shown both 
by the spectroscopic analyses and by an increase in the parameter c of the unit 
cell. We further note that the pyramid of growth of the rhombohedron usually 
contains more aluminium than that of the basal plane (Frank-Kamenetsky and 
Kamentsev, 1961; Tsinober, 1960), its maximum, accord ing to our data, 
approach ing 0.04 % in the synthetic quartz structure. 

To observe the rate of growth four crysta ls of synthetic quartz were grown 
under identical conditions on seed plates parallel to the rhombohedron, but 
with various temperature drops and consequently with various speeds of 
growth (Tsinober and Kamentsev, 1964). The investigation showed a decrease 
of the parameter c of the quartz, lattice with increase of the speed of growth, 
this being also confirmed by a regular decrease in the intensity of colour of 
these samples under X-ray irradiation. On the other hand, increased speed of 
growth results in an increase of the parameter a of the quartz lattice, which 
points to an increased amount of impurity entering the canals of the quartz 
structure (fig. 3). 

An increase of the speed of crystallization from 0.06 mm. to 0.26 mm. a day 
resulted in a threefold increase of the a luminium included in the structu re of 
the crystal , from 0.008 % to 0.025 %, though its amount in the medium in which 
the crystal was growing remained unchanged. Thi s shows the speed of growth 
to be an important factor affecting the quantity of im pu rity included in the 
structure of quartz. It a lso affects its properties, e.g. a lu minium results in the 
appearance of dot-like defects and in a smoky colo ur under X-irradiation 
(Zilbershtein, Joffe, and Fedorov, 1965; Tsinober, 1960). 

In some cases an irregular absorption of impurities into the quartz structure 
is connected with some defects involving fracturing and curvature in some parts 
of the crysta l (11etero111etry) , X-ray investigation of such crysta ls showing the 
mechanism of the appearance of macrodefects of such a kind. (Frank- Kamenet
sky and Kamentsev, 1961; Sheftal, 1961; Shternberg, 1962). 

Quartz is a major rock-forming mineral , occurring in rocks of widely differing 
parageneses. This led us to study specimens of quartz from magmatic rocks of 
various origins (Kamentsev and Priyatkin, 1963). The parameters were measured 
on q uartz from the granites of various instrusive facies , from q uartz porphyries, 
quartz diorites, quartz syenites, greisens, aplites, pegmat ites, and from quartz 
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veins (14 specimens), these showing insignificant but easily detectable variations 
in their lattice parameters (~a = 0.00036 A, ~c = 0.00057 A). 

Correlating petrological data on the conditions of formation of various rock 
types of the Bolshoi Khingan complex (chemical composition of the medium, 
speed of growth , temperature of crystallization, pressure) with changes in the 
parameters of quartz, we find a definite connection between the temperature 
of crystallization of the rocks and the parameters of quartz. For instance, in 
the quartz samples from rocks of various intrusive facies, whose temperature 
decreased from the earlier facies to the later ones, a regular increase of the 
parameter c of the quartz lattice is observed, which indicates an increase of 
structural alumin ium in the quartz crystallizing during the period of falling 
temperature. 

But the part played by the medium in which the quartz crystallization was 
taking place still remains undetermined. Quartzes were also examined from 
various quartz veins of the Pamir granites : from conformable sheet veins, from 
intersecting veins, and from veins of complicated form with mineralized cavities. 
Their geological characteristics and conditions of formation were stud ied by 
T. Zakharchenko (1955). T he data obtained by the method of homogenization 
of inclusions with bubbles and that of fracturing were used to calculate the most 
probable temperatures; these are not the true temperatures of crystallization 
but their comparative differences, which, though slightly erroneous, are suffi
ciently clear. The correlation (coefficient 0.80) obtained in this way between the 
temperature of crystallization and the changes in the parameter c (affected 
by the amount of structural aluminium, see fig. 4) is given by the relation 
(Kamentsev, i 963): log (c - c0) = 256/T- 5.7477, where c is the parameter of 
the quartz under investigation, c0 is the parameter of pure quartz, and Tis the 
absolute temperature of crystallization . 

• 400 x • 300 zso 200 1)0 T' c 
!30 11,0 150 160 170 180 190 ZOO ZlO Z20 Z30 2~0 1/T' 1o·S 

F1G. 4. Dependence of log (c - c0) on 1 /T for the quartz from the veins of the Pamir. Crosses 
mark the specimens from the quartz veins of K ounrad and Karoba. T he straight line 
covers the data for the specimens of quartz of the Pamir. 
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Of course, such a correlation holds good only for the specific conditions 
that held during the formation of the quartz veins of the Pamir. Analogous 
regularities were found in the quartz from hydrothermal veins of the quartz
tungsten and quartz- molybdenum stage of mineralization of the K.ounrad and 
Karoba deposits and from pegmatite bodies and granites of these areas. Thus 
the study of various samples of quartz differing in their genesis shows that the 
amount of structural aluminium in them is primarily connected with the 
temperature of crystallization. 

To determine the microisomorphic compounds in natural quartz of various 
parageneses, it would be interesting to correlate the mean values of the param
eters of the unit cell of natural quartz of magmatic and hydrothermal origin 
and synthetic quartzes (Kamentsev, 1965a). Mean values (at 95 % sign ificance) 
according to the criterion of 'Student' (Rumshinsky, 1966) are given in fig. 5. 

" a It 

t Om • 4 91299 

4 9128 

4 912 5 

,!c 9124 i- - -------------
C, R 
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54045 
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54041 ~-------~-------

Fie . 5. Mean values for the parameters a and c for the quartz from rocks (type I), hydro
thermal veins (type 11) , and synthetic quartz (type JII) . The length of the line shows the 
precision of determination of the mean value of a parameter. 

These data were obtained in precision determinations of the parameters of 14 
samples of quartz from magmatic rocks (type I), 3 r samples of quartz from 
hydrothermal veins (type II), and 106 samples of synthetic quartz (type Ill). 
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quartzes of various parageneses, described above, clearly, show the widespread 
occurence replacement and its connection with the conditions of quartz forma
tion. Detailed X-ray analysis of natural quartzes gives valuable information 
about their structura l characteristics and may assist in solving a number of 
mineralogenetic problems, such as the mode of formation of zonal deposits 
and the conditions of crystal growth in them. X-ray methods may be useful in 
determining the substitutions in natural and synthetic quartz crystals. 

Ack1101dedgeme111s. T he authors express their heartfelt gratitude to E. E. Kostileva, A. A. 
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The geochemical significance of dendritic-skeletal 
crystallization in polymetallic ore deposition processes 

By R. 0. RADKEVIC ll 

(P. 0 . Pa,.aKeB11t1) 

Vernadsky Institute of Geochemistry, Academy of Sciences, 
Moscow, U.S.S .R . 

S11111mary. The problem of dendritic-skeletal crysta l growth is known to be o f great interest 
for geochemists in connection with the fact that the morphology of these crystals is a sensitive 
indicator of the kinetics of changes in the physico-chemical conditions of ore-deposition 
processes. 

The polymetallic ore deposit under investigation is that of Tators (North Caucasus) and 
has been formed near the surface under complex tectonic conditions. The principal ore 
minerals of the Tators ores are often observed in a dendritic-skeletal form. Dendritic-skeletal 
galena crystals are found included in ~otryoida l sphalerite format ions. These may be classified 
as follows: dendritic needles, chrysanthemum-like, tree-like, vermicular, box-like, and latt iced 
forms. Some of them resemble the ga lena crystals described by H. Rouvier ( 1962) from the 
Bellericq mines (France). The dendritic-skeletal sphalerite forms in the Tators ores are not 
as wide-spread and varied as the galena forms. The morphology of the dendritic-skeletal 
galena from Tators displays a fairly obvious dependence on the concentration of admixed 
elements in sphaleriie. T he conclusions drawn are in good agreement with Ti lmans' experi
ments ( 1952). 

T HE dendritic crystallization problem has a century-old history. It has to be 
noted here that the foundations of modern dendritic-skeletal crystallization 
theory, being developed successfully in the U.S.S.R. at present by D. D . Sara
tovkin , had been laid in the last century by the famous Russian metallurgist 
D. K . Chernov. 

Tn studying dendritic-skeletal forms, a mineralogist can distinctly see the 
dependence of crystal morphology on the crystal structure and the physico
chemical conditions. Thus it should be possible to attempt a reconstruction of the 
geochemical conditions in being during the ore deposition process. In this 
respect the most interesting ore deposits are those where dendritic-skeletal 
crystallization is strongly pronounced not only in minor minerals but also in the 
main ore minerals. 

Among the North Caucasian polymetallic vein deposits, one of the most 
interesting for studying the dendritic and skeletal forms of galena and sphalerite 
crystals is the Tators deposit. This is localized in the rocks of the Palaeozoic 
crysta ll ine basement close to the Upper Jurassic (Callovian) carbonaceous 
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format ion that overlaps them. The basa l level of Upper Jurassic ca rbonaceous 
rocks marks the upper age limit of the polymetallic mineralization in the region. 
T he ores of the deposit are of a comparatively simple composit ion: sphalerite, 
galena , pyrite, chalcopyrite, tetrahedrite, quartz, calcite. The main minerals 
a re sphalerite, galena, and quartz. Colloforrn structures are widespread in the 
ores. 

A rnong the various forms of dendritic-skeletal crysta ls the fo ll owing groups 
may be noted the forms of minerals deposited together, and the forms of intra
ore and post-ore replacement of minerals (figs. 1 and 2). The most interesting 
from the point of view of the present paper are the dendritic-skeletal forms of 
galena and sphalerite that have been deposited together. The dendritic-skeletal 
crystals are produced, as a rule, by minerals present in relative ly sma ll amounts 
in the ore. Sphalerite was observed in the ore mainly as irregular and botryoidal 
masses, more ra re ly as dendritic needles (fig. 2) and dendrites among the galena. 
The dendritic-skeletal fo rms of galena arc more varied, this variety being 
conditioned by the fact that the corners, edges, and faces not only of the cube 
but a lso of the cubo-octahcdron a re realized by growing crystals. The fo llowing 
rnorphogenetic types were observed: dendritic needles, chrysanthemum-like, 
arboresccnt verrnicular, box-like, and latt iced forms (figs. 2 to 5). The crystals 
of these types a re met both in a pure form and in regular intergrowths. Some 
of them resemble the crystals studied and reported by H. Rouvier (1962) from 
the ores of the Bellericq mine (France). The skeletons and dendrites of ga lena 
from the Ta tors deposit are enclosed as a rule in the colloform sphalerite masses 
(fig. 6). The botryoidal masses often have a concentric zonal structure con
ditioned by an alternation of differently coloured botryoidal layers of rnicro
crystalline sphalerite. Sometimes elements of a radiate-fibrous structure are 
observed in these masses. At the intersection of differently coloured layers with 
dendritic axes it can be seen distinctly that the most favourable conditions for 
the crystallization of ga lena existed during the deposition of brown sphalerite 
zones . In the yellowish-brown and colourless zones there was appa rently a 
marked decrease in the degree of oversaturation of the hydrothermal solutions 
and , in these zones, a decrease, or cessation, of crystallization of ga lena is 
observed. According to our spectral ana lysis the sphalerite of Tators in the 
brownish-black zones is, like a ll dark spha lerites, the richest in foreign elements. 
r n these zones, the growth of galena dendrites ceases, and the mineral fo rms 
crystal s of cubic and .'or octahedral habit. The suppression of dendritic-skeletal 
crystallization by other minerals, deposited synchronously and at the same 
place, is distinctly seen in cases where there a re "lines'' of microscopic sphalerite 
inclusions in galena. The sphalerite " lines" are parallel both to one another and 
to the growing galena crysta l face. f n each separate "line" the size of sphalerite 
inclusions is uniform. As the galena crysta l face grows, the size of the inclusions 
regula rly increases in each of the "lines" until they become so large that the 
crystallization of galena ceases. Such " lines" are obviously a sufficiently reliable 
criterion of dendritic-skeleta l crystallization character. 
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FIGS. r to 6: FIG. r (top left). Galena (white) is replaced along cleavage directions by micro
crystalline quartz (grey); galena pseudoskeletons are formed. Reflected light, x 3. Flo. 2 
(top right). Chrysanthemum-like forms of synchronously crystallized galena (white) 
and sphalerite (dark-grey); sphalerite dendritic needles in the galena; the galena is 
replaced by quartz (black) more intensively than sphalerite ; rnetacrystals of pyrite 
(brightly white, relief) in the quartz. Reflected light, x 30. Fro. 3 (middle left). A complex 
dendritic-skeletal crystal form of galena (white) in sphalerite (dark-grey). Reflected 
light, x 30. FIG. 4 (middle right). The character of the dendritic-skeletal galena forma
tions (white) in sphalerite (dark-grey). The spaces between the botryoidal sphalerite 
masses and veins are filled by quartz (black). Reflected light, x 30. FIG. 5 (bottom left). 
Dendritic needles and dendritic-skeletal forms of galena (white) in sphalerite (dark-grey). 
Reflected light, x 30. Fro. 6 (bottom right). A galena dendritic-skeletal crystal (white to 
grey) is in the central part of the concentric-zoned sphalerite botryoidat mass. The 
external sphalerite zone is enriched in microscopic chalcopyrite emulsion. On the 
periphery of this zone the galena is not dendritic and skeletal. Combined light, x 25. 
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All the a bove observa tions a re in good agreement with Yu. Ya . Tilma ns ' 
experiments ( 1952) o n the m odifying of dendritic crystals of some salts by 
different fo reign substa nces. Our o bservatio ns also co rro borate the dendritic 
crysta lliza tio n theory developed by D. D. Saratovkin ( 1950, 1957). According 
to this, the comm on ca use o f both the dendritic a nd skele ta l crystalliza tion types 
is the d ifferent rate a t which growth is sto pped in different parts o f the crysta l 
by the interfering foreign substa nces and even by the solvent itself. fndeed the 
studied ga lena crysta ls are surrounded on a ll sides by microscopic sphalerite 
pa rticles and admixtures extra neous fo r galena, both hinderi ng the lead diffusion. 
This is why the galena crysta ls can crysta llize in the botryoida l sphaler ite masses 
mainly in radia l directio ns in the form of dendritic needles, which react sens itive ly 
upo n the concentra tio n of the surro unding admixtures in the solutio n. N aturally 
the energetically most profita ble directi on of the dendritic crysta l growth is 
towards the corners o r edges o f the crystal, where, a s is known, there ex ists 
the maximum possib ility o f fo rming new growth cent res. If the concentra tio n 
o f interfe ring substa nces increases somewhat, the crystalliza ti on o f galena will 
be di ffic ult even in these directi ons. Jf the concentra tio n o f the interfering 
substances increases, due to a tota l oversatura ti on of the solution , a nd exceed s 
a cer tain lim it, the dendritic growth will be suppressed. Hence under favoura ble 
condi tio ns a ga lena crysta l may fo rm with only s lowly growing eq uilibrium 
faces, i.e. cube faces . The regular cha nge of the dendritic o rientatio n of some 
crysta ls with the N aC l-type structure from 1 111 ) through 1 110) a nd to 100 
depending o n the degree o f oversaturat io n of the solutio n has been studied by 
J . Schlipf ( 1960). 

In itself the presence o f fo reign substances in the soluti on is appa rently not 
the o nl y reason fo r dendritic-skele tal crysta llization. The kinetics of the process 
has a decisive s ignifica nce, and the ratio o f t11e precipitat io n rate to the crysta l
liza tio n rate is most im porta nt fo r dendritic-skele ta l crystallizatio n. Such 
sudden a nd repeated oversaturati on o f the hyd rotherma l solut ion is in good 
agreement with the near-surface conditi o ns a nd the geotecton ic hi story of 
the Ta tors deposit. Fro m the point o f view of the G ibbs- C urie- Wou lf's 
prin ciple the crysta l fo rms described a re not equi ponderous upon the 
whole. However we may spea k a bout a discontinuo us-continuo us eq ui librium 
o nl y in rela ti o n to the to ps of trunks a nd bra nches of a dendrite, which actua ll y 
could be in equilibrium with the solution. After the completion o f such a 
botryoidal mass with the dendritic-skeleta l ga lena crysta ls buried in it the 
surro unding microscopic spha lerite crysta ls and other interfering substa nces 
h indered the recrysta lli zati on of the galena into the equilibrium crysta l form. 
In the subsequent processes o f collective recrysta llizatio n some signs o f dendrite 
disintegratio n a re revealed. The completely recrystallized spha lerite no lo nger 
contains ga lena inclusions. An interesting aspect of a subsequent study o f 
dendritic-skele ta l crystals is the possibility of estimat ing the t ime required fo r 
dendrite transforma tio n. T he first encouraging results a long these lines have 
been obtained by M. 0. Kliya a nd A. A . Chernov (1956) . 
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Finally, in conclusion, we will dwell on the question of terminology: what 
difference is there between a dendrite and a skeletal crystal? There are more 
than six different answers to this question in the literature. Hence there is at 
present no sufficiently sharp distinction between them. Undoubtedly the Inter
national Mineralogical Association will take steps to put an end to this termino
logical confusion. Taking into account the data from the literature and the 
results of the above investigations, the following possible formulations are 
proposed: Dendritic crystals are crystals which grow mainly along the crystal
lographic symmetry axes of a lower order. Skeletal crystals are crystals which 
grow mainly along the crystall ographic symmetry axes of a higher order. The 
order of the dendrite or skeleton must be singled out according to the order 
of the crystallographic symmetry axes. It would be expedient to work out 
quantitative criteria for their classification because dendrites and skeletal 
crystals are mutually interdependent and almost always co-existing. 
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Vergleichende Untersuchungen der Farb- und 
Lumineszenzeigenschaften naturlicher und geztichteter, 

definiert dotierter Fluorite 

K. R ECKER , A. NEUHAUS, und R. L ECKEBUSCH 

(Mineralogisch-Petrologisches Cnstitut und Museum, Bonn) 

S11111111ary. Green nalllra l fluorites show the absorption spectrum of Sm2 " , and some, in 
addition, show the luminescence spectrum of Sm3' . Yellow fluorites show an electron-band 
spectrum that suggests the presence of a yet unknown incorporated complex. Blue, red, 
and violet fluorites have absorption spectra that can be related to the spectra of synthetic 
CaF2 crystals doped with non-colouring impurities (l ike KF, NaF, and YF3) and then treated 
wi th X-rays. No colouring due to uranium ions (ua-, u•- or LJ6- ) was found in distinctly 
uranium bearing fluori tes. atural fluorites with violet fluorescence show the absorpt ion 
and luminescence spectra of Eu~- . 

ALS zentrale Ursache der Farb- und Lumineszenzeigenschaften homogener 
nati.irlicher Fluorite werden, sehen wir von Sonderfallen wie Kolloidfarbung 
und organischen Einlagerungen ab, eingebaute Fremdionen (fonenfarbung) 
und Farbzentren (Strahlungsverfarbung) angenommen. Uber die zugehorigen 
Farbvarianten und -Mechan ismen ist vielfaltig gearbeitet worden , i.allg. jedoch 
ohne zu befriedigenden Deutungen zu gelangen (Przibram, 1953 ; Feofilov, 
1958 ; Adler, 1959; Recker, 1961, 1962; Schu lman u. Compton , 1962; Montoriol 
et al. , 1962). Aile bisherigen U ntersuchungen zeigen Llberdies, da l3 das Problem 
Farbe und Lumineszenz der nati.irlichen FJuf.lspiite wegen der Yie lfalt an Fremd
ioneneinlagerungen und der Komplexheit der Anregungsmechanismen auf 
rein analytischem Wege Llberhaupt nicht zu fosen ist. Seit Jahren Jaufende neue 
U ntersuchungen zu diesem mineralogisch , kristallchemisch und kristall
physikalisch gleich wichtigen Problem sind daher von vornherein analyt isch 
und synthetisch angelegt worden. H ierzu wurden folgende Untersuchungs
programme durchgefl.ihrt: 

Qualitative und quantitative Spektralanalyse farbverschiedener und lumines
zierender Naturfluorite auf Spurenverunreinigungen, Bestimmung der Absorp
tions- und Emissionsspektren dieser Fluorite mit leistungsfahigen Geraten 
(Beckman DK 2 , Cary 14 Rund Leitz lR-Geriit) und thermische Ausbleichungs
versuche. 

ZLlchtung reinster CaF2-Einkristalle als Wirtkristalle for Dotierungen. 
Dotierungen mit Fluoriden .. und Oxiden von l·, 2-, 3-, 4- und 6-wertigen 
Kationen, insbesondere der Ubergangselemente, Seltenen Erden und Aktiniden. 
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Qualitative und quantitative Kontrolle der Dotierungszusatze und Studium der 
Absorptions- und Lumineszenzspektren der definiert dotierten Ca F 2-Einkristalle. 
Defi nierte Rontgenbestrahlung der dotierten CaF~-Zuchtkrista lle und erneutes 
Studium ihrer Absorptions- und Lumineszenzspektren. 

Synopsis der Absorptions- und Lumineszenzspektren der natiirlichen Fluorite 
mit den Spektren der definiert dotierten, unbestrahlten und bestrahlten Zucht
fluorite. 

Uber e inige Ergebnisse dieses Arbeitsprogramms wird bier beri chtet. 

Natiir!iche F!ujJspiile 

Zur Untersuchung gelangtcn bisher ca. 80 visuell homogene natUrliche 
Fluorite verschiedener Farbe, Lumineszenz und Fundorte. Etwa 80 % dieser 
Krista lle zeigten bei UV-Bestrahlung blaue Lumineszenz. 

Spektrochemische U111ersuc!1u11ge11. Zur Aussonderullg aller Fluf3sp~ile, deren 
flirbung bzw. Lumincszenz auf Gehalte an Fremdionell zuri.ickgefohrt werden 
konnen, wurden s~imtliche Fluorite mit Hilfe e ines 1.5 m-ARL-Gitterspek
trographen + Projection Comparator Densitometer qualitativ und halbquan
titativ spektrochemisch geprUft. 

Die Sellenen Erden wurden allgemein nach einem von Hegemalln und Wilk 
(1964) allgegebenell Verfahren angereichert. Zum Nachweis VOil Sm, Eu und U 
wurde lleben der Ublichen Spektralallalyse auch die empfilldlichere Lumilles
zenzanalyse benutzt. Hierzu wurden die Fluoritproben zerkleinert und die 
Pulver 10 min bei 950°C an Luft getempert. Oxidierend erhitztes Caf2(Sm) 
besitzt nach eigenen Untersuchungen Hauptmaxima der Lumineszenz bei 571 
und 605 m;1, CaF2(Eu) solche bei 575 und 612 m;1 und Caf 2(U) ein solches 
bei 529 m;1. Die Lumineszenzintensitat dieser Maxima wurde mit einem 
Beckman DK2-Spektralphotometer gemessen und mit der Lumineszenz
intensit~it VOil Eichproben verglichen. Der Uran-Gehalt der Fluorite interessierte 
besonders, da Uran einmal als Strahlungsquelle fi.ir die Erzeugung von 
Farbzentren , zum andern als eigenfarbendes und lumineszierendes Ion wirkt. 
Uran wurde deshalb quantitativ bestirnmt <lurch Vergleich der Lumineszellz
intensitat der erhitzten nati.irlichen Fluorite rnit der von CaF2(U)-Eichserien 
bekannten U-Gehaltes. 

Tab. r enthalt die Ergebnisse der spektrochemischen Untersuchungen fi.ir 
einige ausgesuchte Fluoritfarbvarianten. Tab. I verzeichnet auf3er Sm, Eu und 
Yb keine Seltenen Erden , da ihre Konzentration trotz der benutzten 
Anreicherungsrnethode (s.oben) fi.ir einen sicheren Nachweis nicht ausreichte. 
Seltene Erden sind somit, ausgenommen Sm und Eu, als Ursache fi.ir eine 
ionogene Farbung fi.ir al le untersuchten Beispiele auszuschlie13en. Das gilt 
nattirlich nicht fi.ir die Lurnineszenz der Fluorite. Hierzu: Sehr viele Fluorite 
enthalten Eu. Besonders hoch ist der Eu-Gehalt der visuell blau ftuoreszierenden 
Fluorite, sodal3 wahrscheinlich Eu Ursache der blauen Fluoreszenz ist. Nur 
in gri.inen Fluoriten lief3 sich Sm nachweisen. Dies Jaf3t vermuten, da13 Sm 
Ursache der gri.inen Farbe ist. Uran fand sich einerseits in rot- bis rotviolett 
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TAB. I. Fremdelemente in natUrlichen F luoriten. Spalte I e nthiilt eine 
Aufstellung siimtlicher in den 80 Fluoriten gefundenen Fremdionen 

Minas 
Kongsberg Wolsendorf Hesselbach Kongsberg de! 

Pinneo 
farblos violett hellblau grun gelb 

Ag < 10 p.p.111. < 10 p.p.m. < 10 p.p.m. 
Al < IO < 10 p.p.m. < IO < IO p.p.111. < JO 
Ba + + 
Be < 10 < IO < IO ') < 10 
Cr < JO 
Cu < IO I0- 50 10 - 50 < IO < 10 
Fe 10 - 50 I0- 50 < IO < IO < 10 
La 
Mg 10 - 50 I00- 200 < IO I0-50 10- 50 
Mn < IO 
Na 10 - 50 10- 50 10-50 50- 100 I0- 50 
Ni I0- 50 
Pb 
Si + 
Sr 10- 50 < 10 < 10 Io- 50 < IO 
Sn + 
Ti < IO I0- 50 
y < 10 I0 - 50 Io- 50 100- 200 < IO 
Yb + 
u 
Eu ? 
Sm + 

+ = nur qualitativ in Spure n nachgewiesen. 

gefarbten, andererseits in farblosen Fluoriten. Den hochsten U-Gehalt ("'JO 
p.p.m.) besitzen die rot gefarbten Fluorite vorf Goschenen, dann fo lgen ein 
farbloser Fluorit von M Unstertal ("' 5 p.p. m.) und der Stinkspat von Wolsendorf 
( < 5 p.p.m.). Alie Uranmengen sind so gering, daf3 auch sie als Ursache ionogener 
flirbung hier a uszuschlief3en sind. 

Absorptions- und Lwnineszenzspektren natur/icher Fluorite. Es wurden die 
Absorptionsspektren im Bereich von 200- 2700 m,u und die Lumineszenz
spektren im Bereich von 400- 800 m;i aufgenommen und miteinander verglichen . 
Abb. I zeigt als Beispiel einige Absorptionsspektren verschieden gefarbter 
Naturftuorite. 

Der Vergleich der Absorptionsspektren ergab, daf3 die Spektren visuell 
gleichgefarbter Kristalle verschiedener Herkunft weitgehend nach Anzahl und 
Lage der Absorptionsmaxima tibereinstimmen. Es gleichen sich also d ie Spektren 
a ller grlinen Fluorite, aller gelben Fluorite, aller roten Fluorite etc. Fluorite 
einer bestimmten Farbe besitzen also wesentlich die gleiche Farbungsursache. 
Im einzelnen: 

Etwa 80 % der Fluorite zeigen ein Fluoreszenzspektrum mit einem Maximum 
bei 422.5 m,u. Dieses Maximum wird <lurch Eu++-Ionen im Gitter der Fluorite 
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hervorgerufen (Adler u. K vela, 1958). Das bedeutet, dal3 mit der verwendeten 
UV-Quelle (Osram-Quecksil berdampflampe Hg 3) nur ein , verm utlich das 
domin ierende Element zur Lumineszenz angeregt wurde. Fiir die Fluoreszenz
anregung der in vielen Fluoriten sicherl ich noch vorhandenen weiteren Seltenen 
Erden bedarf es off en bar starkerer Lichtquellen. 

I 
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ARR. 1. Absorptionsspekt ren naturlicher Fluorite. Kurve 1, Huallapon, farb los: Kurvc 2, 

Minas dcl Pinneo, gelb: Kurve 3, Wolsendorf, violet\: Kurve 4, Todtnau. blau. 

Ther111isc/1e A11sbleicl11111g. Langsames Erhitzen der natiirlichen Fluorite bis 
ca. 300°C ergab: Fluorite mit grUner Farbe lassen sich nicht cntfarben; blau 
fluoresziercndc Fluorite bcwalct ren ihre Fluoreszenz. Gelbe, blauc. vio lette und 
rote Fluorite h ingegen entni rben sich. Aus diesem verschiedcna rtigen ther
mischen Verhalten der Fluorite lal3t sich schlieBen, dal3 die Farbe der gelben, 
blauen, violetten und roten Fluorite wesentlich auf Bestrahlungsanregung 
(Farbzentrcn) beruhen diirfte. wa hrend die Farbe der grii nen Fluorite und die 
Fluoreszenz der blau fluoreszierenden Fluorite auf Fremdionen beruhen muf3. 

Ziic/11u11g 1111d Un1ersuc/n111g l'On reinen uncl dotierren CaF2-£i11kristalle11 

Ziichtung /Joc/1rei11er, undotierter CaF2-£inkrista//e. Um die Auswirkungen von 
Fremdkationen, insbesondere der in den natiirlichen Flul3 piitcn analytisch 
nachgewiesenen, und von Bestrah lungseinfli.i en auf das Absorptions- und 
Lumineszenzspektrum des CaF2 studieren zu konnen, wurden homogen 
gewachsene, undotierte und definiert mit Fluoride.r: und Oxiden von 1-, 2 - , 3-, 
4- und 6-wertigen Kat ionen, insbesondere der Ubergangselemente, Seltenen 
Erden und Aktin iden, dotierte Caf2-Einkristalle geziichtet. 

Die undotierten CaF2-Einkristalle wurden hergestellt durch zweimalige 
Einkrista llzUchtu ng in Graphittiegel und Feinvakuum nach einem modifizierten 
Stockbargcr- Bridgman-Verfahren (Neuhaus, 195 1; Recker u. Liebertz, 1962). 
Ausgangsmaterial fiir die ErstzUchtung war CaF2-Pulver vom Reinheitsgrad 
''flir optische Zwecke", dem als Fluorierungsmittel 3 Gew.- % PbF2 und 2 

Gew.- % Cd F2 zugesetzt wurden. Der erhaltene Einkrista ll wurde wieder 
zerkleinert und nochmals unter Zusatz von Fluorierungsmittel zum Einkristall 
gezUchtet. Nach dieser Zweitziichtung erfUllten die CaF2-Ein krista lle die 
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fo lgenden vier Reinheitskriterien: UY-Durchlassigkeit an der Mer.lgrenze (bei 
200 m;c) ca. 80- 90 % ; keine selektive Absorption im Spektralbereich von 200 m;1 
bis 9 11 (IR-Absorptionskante), also OH-frei; Verfarbbarkeit <lurch Rontgen
strahlung auch bei stundenlanger Bestrahlung sehr gering; spektralanalytisch 
nachweisbare Fremdkationen nur Sr-Spuren ( < 10 p.p.m.). 

Ziichtung dotierter CaF2-Einkrista//e. Die Ziichtung der dotierten CaF2-

Einkristalle wurde nach dem Stockbarger-Yerfahren im Hochvakuum durch
gefiihrt. Als CaF2-Ausgangsmaterial dienten die durch zweimalige Yorziichtung 
gewonnenen Einkristalle. Die Dotierungssubstanzen besaf3en mindestens den 
Reinheitsgrad "p.a." oder wurden aus p.a.-Substanzen hergestellt. Tab. 11 
enthalt eine Auswahl der 200 bisher dotiert geziichteten CaF2-Einkristalle mit 
Angabe ihrer Farbe, visueller Lumineszenz und Durchsichtigkeit. 

TAB. I I. Zusammenstellung einiger gezlichteter, dotierter CaF2-Einkris1alle mit Angabe 
ihrer Farbe, visuellen Lumineszenz und Durchsichtigkeit. Dotierungen in Mol. ~ ... 

Kris1:1 ll Farhc Durchsichtigkcit 

CaF:.: -· 0 .2"" i''aF forblos wasserklar 
CaF, · I <> ,~ M p. F: farblos wasscrklar 
CaF, 10 '' •• CrF:i (s. S<.:hw. rotvio l .) wasserklar 
C:iF, , I "u M nF! farblos wasscrk lar 
C:iF, · I "., NiF,: l'arblos ,,·asserkla1· 
c~1F!! I 0 . 1 ,, 4) YFa farblos wasserklar 
C:iF, o.• "u Y:Oa forblos Jcid11 gell·O b 1 
CaF, - 0.1 ••• LaF, forblos wasscrkl ar 
CaF, o.1 ··u La::O:, forblos leic:tu getrUbt 
CaF'! - 0 .1 " (l Ct.:Fs farblos wasscrklar 
CaF, 0. 1 " .. Nd:0 :1 s. sch" . rot viol. leicht g.ell'iibt 

•Sta rk blauc 'isucllc Lumincszcru bci UV·B~st rahlung. 
y Blauc \ isuelle l umines1,en4 bei uv.0eslrahlu 11g . 
! G d bgrli nc 'isucllc Lu111incSLcn1 bc i lJV. Bcstra hlung. 

Kristall Farbe D urchsic htigkcit 

CaF:: - o.r ".., Srn:O!'I srark grkn lcicht gctrObt 
CaF:.' - 0.1 ° 0 SmF:i grtin wassel'k 1;1 r 
CaF, 0.1 ' '" Eu ~03 farblos• kic h1 gctrUbt 
Ca Ft · 0. 1 vu Eu F2 fo rblos·> wasserk lar 
CaF, 0.1 "'1) Mo-:0 :. schw. gclblich lcid11 yctrtlbt 
Ca Ft · 0 , 1 "' 0 Er F3 schw, rOtlich wasserk lar 
CaF, · I .. " ThF1 forblos " asscrk la r 
CaF, · 0.1 ''·• U F~ rot \\ \\SSCJ'k la I' 
C:iF, 0.1 (•" UF 1 griin wasscrk l:l r 
Ca F, 0 .1 v,. CaUO, brau ngcJb: 1.T. leicl'u getrObt 

Yon den geziichteten Ca F2-Einkristallen sind nur die mit Cr-, Nd-, Sm-, Er-. 
Ho- und U-Salzen dotierten visuell gefarbt, und'zwar sind die Cr-dotierten sehr 
schwach rotviolett , die Nd-dotierten violett, die Sm-dotierten griin, die Er
dotierten rotlich, die H o-dotierten gelblich, die U F:i-dotierten rot, die U02-

dotierten rotviolett, die UF~-dotierten gri.in und die CaUO.cdotierten braungelb. 
Yisuelle Lumineszenz zeigen bei UV-Bestrahlung (Hg-Lampe) nur die mit 

Eu-, Tb- und U(Y l)-Salzen dotierten CaF2-Einkristalle. Samtliche mit Oxiden 
dotierten Ca F2-K ristalle weisen geringe Tri.ibung auf, deren Starke von der 
Dotierungsmenge abh~ingt, wahrend alle mit Fluoriden dotierten CaF2-Kristallc 
klar durch sichtig sind. 

Absorptions- und Lu111inesze11::.spektren dotierter CaF2-£inkrista//e. Yon den 
dotierten CaF2-Einkristallen wurden mit dem Beckman DK2-Spektralphoto
meter im Bereich von 200- 2700 m;1 Absorptionsspektren und im Bereich von 
400- 800 m/I Lumineszenzspektren aufgenommen. H ierbei wiesen die (und nur 
die) mit Seltenen Erden oder U-Salzen dotierten Kristalle selektive Absorption 
auf. Die mit Nd-, Dy-, Ho- und Er-Salzen dotierten CaF2-Einkristalle zeigen 
zahlreiche schwache, scharfe Linien. Letztere sind nach Weybourne (1965) 
charakteristisch fiir dreiwertige Seltene Erden , sodaf3 Nd, Dy, Ho und Er im 
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3-wertigen Valenzzustand im CaF2 vorliegen mUssen. Die mit Eu-, Yb-, Ce
und Tb-Salzen dotierten Caf 2-Einkristalle hingegen besitzen Absorptions
spektren mit starken breiten Maxima teils im Sichtbaren , teil s im UY, sodaB 
fUr diese Dotierungselemente im Caf 2 die 2-wertige Yalenzstufe a nzunehmen 
ist. Die mit Pr- und Sm-Salzen dotierten Caf 2-Einkristalle besitzen Absorptions
spektren, die sowohl sta rke breite Maxima a ls auch schwachere scha rfe Linien 
aufweisen. Bei ihnen liegen somit 2- und 3-wertige Valenzzustande der ent
sprechenden Seltenen Erden vor. Die mit Yerbindungen des 3-. 4- oder 6-
wertigen Urans dotierten Caf2-Einkristalle besitzen sehr komplexe Spektren 
mit zahlreichen teils sehr scharfen, teils breiten Maxima im UV, Sichtbaren 
und TR, die s ich in Abhangigkeit von Dotierungssubstanz und Zuchtbedingungen 
in Anzahl , Lage und Tntensitaten unterscheiden. 

Lumineszenzspektren Jieferten die mit Ce-, Eu-, Tb-, Dy-, Er- und U(Vl )
Salzen dotierten CaF2-Einkristalle. 

Absorptionsspek tren rontgenbestrahlter reiner und dOlierter CaF2-Einkristal/e. 
Die gezUchteten reinen und dotierten CaF2-Einkristalle wurden zur Erzeugung 
von Farbzentren nacheinander erst 2, dann IO, dann 30 und sch lief31ich 500 min 
mit Rontgenlicht durchstrahlt (Cu-Strahlung, 45 kV, 15 mA). Nach jeder 
Bestrahlung wurde das Absorptionsspektrum im Bereich von 200-2700 m;r 
aufgenommen . Abb. 2 zejgt als Beispiel einige Absorptionsspektren dieser 
bestrahlten CaF2-Kristalle im Bereich von 200-700 m11, und zwar CaF2 oh ne 
Zusatz, Ca f 2(Na), Caf2(Mg), CaFl Y). 

Die aufgenommenen Absorptionsspektren wurden miteinander verglichen . 
Einige Ergebnisse : 

ln Abhangigkeit von Dotierungssubsta nz und Bestrahlungsdosis entstehen 
die versch iedenartigsten Absorptionsspektren mit Maxima im UY. Sichtbaren 
und nahen IR. Entsprechend treten auch zahlreiche verschiedene visuelle 
Farbungen auf. Diese Spektren lief3en sich bisher j edoch noch nicht syste-
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ABB. 2 u. 3: ABB. 2 (links). Absorptionsspektren synthetischer, rontgenbestrah lter CaF2-
Einkristalle. Kurve 1, CaF2 ohne Zusatz (Bestr. 64 h.); Kurve 2, CaF~ mit 0 . 2 °" NaF 
(Bestr. 10 m.) ; Kurve 3, CaF2 mit 1 % MgF2 (Bestr. 500 m.); Kurve 4, CaF2 mit 0. 1 % 
Yf3 (Bestr. 10 m.). Ana. 3 (rechts). Absorptionsspektren von CaF2-Einkristallen. 
Kurve 1, CaF2, synth ., + 0.1 % Sm20~; Kurve 2, Naturfluorit, Dalcoath mine, g rlin. 
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mat1s1eren , was wiederum auf die ungewohnliche Komplexitat der Farb- und 
Lum ineszenzphanomene dotierter CaF2-Kristalle hinweist. Im einzelnen: 

Alie mit Oxiden dotierten Caf 2-Kristalle zeigen nach der Bestrahlung 
Absorptionsspektren, die s ich in ihrer Struktur weitgehend gleichen. Diesen 
Spektrentyp mochten wir deshalb Sauerstoffionen im CaF2-Gitter zuordnen. 
Adler und Kveta (1957) erhielten ahnliche Spektren von farblosen natl.irlichen 
Fluoriten , die sie im Sauerstoffstrom erhitzt hatten. Die Bestrahlungsspektren 
der mit Alkalifluoriden dotierten CaF2-Kristalle zeigen vor allem zwei Absorp
tionsmaxima; die Bestrahlungsspektren der mit MgF2 und Srf 2 dotierten CaF2-

Kristalle besitzen ein Maximum bei ca. 380 m11 ; die Bestrah lungsspektren der 
mit dreiwertigen Selten-Erd-Fluoriden dotierten CaF 2-Kristalle weisen die 
Maxima der zweiwertigen Valenzstufe dieser Seltenen Erden auf. D ie Seltenen 
Erden wurden hiernach also durch die Bestrahlung reduziert. 

Synopsis der Absorptions- und Lumineszenzspektren der 
natiirlichen und synthetischen C alciumfluoride 

Die Absorptions- und Lumineszenzspektren der untersuchten nati.irlichen 
und synthetischen, undotierten und dotierten , unbestrahlten und rontgen
bestrahlten Fiul3spate wurden miteinander verglichen. Einige der verglichenen 
Spektren s ind in den Abb. 3- 5 wiedergegeben. 

Ergebnisse dieser Spektrenvergleiche : 
Die Absorptionsspektren der gri.in gefarbten Naturfl uorite sind identisch 

mit den Absorptionsspektren der gezi.ichten Sm 2+-haltigen CaF2-Einkristalle. 
Die gri.ine Farbe der Naturfluorite di.irfte also durch zweiwertiges Sm im CaF2 
hervorgerufen werden (Abb. 3). 

Der UV-Teil des Absorptionsspektrums der roten Naturfl uorite ist identisch 
rnit den Absorptionsspektren der gezi.ichteten Yb2+-haltigen CaF2-Einkri stalle 
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ARB. 4 u. 5: Ass. 4 (l inks). Absorptionsspektren von CaF2-Einkristallen. Kurve 1, CaF2 

synth. + 0 . 1 % Yb20 3; Kurve 2, Naturfluorit, Goschenen, rot. ARR. 5 (rechts). Absorp
tions- und Lumineszenzspektren von CaF2-Einkristallen. Kurve 1, Absorptionsspektrum 
von CaF2 synth. +0.1 % Eu20 3: Kurve 2 , Absorptionsspektrum von Naturtluorit, 
Weardale, farblos; Kurve 3, Lumineszenzspektrum von Naturfluorit, Weardale, farblos : 
Kurve 4, Lumineszenzspektrum von CaF2 synth. + 0.1 % Eu203. 
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(Abb. 4). Die UV-Maxima in den Spektren der roten Naturfluorite konnen 
somit auf einem diadochen Einbau von zweiwertigem Yb beruhen. Das Yb2+ ist 
jedoch nicht fUr die roteFarbeverantwortlich ! Diese ist eine Strahlungsverfarbung. 
deren Farbzentrenart noch nicht geklart ist. Die gleichen UV-Maxima treten 
auch in den Absorptionsspektren vieler farbloser und verschieden gefarbter 
Naturfluorite auf, sodal3 auch in diesen Fluoriten Yb2+ vorliegen dUrfte. 

Die blau fluoreszierenden Naturfluorite besitzen Absorptions- und Lumines
zenzspektren, die denen der gezi.ichteten Eu 2+-haltigen CaF 2-Einkristalle sehr 
gleichen (Abb. 5). Die blaue Fluoreszenz dieser Fluorite und ihre UV-Absorption 
kann somit auf zweiwertiges Eu zuri.ickgefUhrt werden. 

Die Farbe der gelben Naturfluorite wird, obwohl thermisch ausbleichbar, 
wahrscheinlich nicht durch "Farbzentren'" verursacht, da die Struktur der 
zugehorigen Absorptionsbande (Elektronenbandenspektrum) das Vorliegen 
eines noch nicht bekannten Komplexes nahelegt. 

Auch deutlich Uran-haltige Naturflul3spate weisen kein Absorptions- oder 
Lumineszenzspektrum auf, das denen der geziichteten U 3+-, U 1+- oder U 6 -t 

haltigen CaFrEinkristalle wesentlich gleicht. Uran-lonen spielen als direkte 
Farb- oder Lumineszenzursache der Naturfluorite somit offenbar keine R olle. 

Wie bei den roten, so ist auch bei den hellblauen und violetten Naturfluoriten 
die Art der farbgebenden Bestrahlungszentren nocht nicht bekannt. Einige 
Maxima in den Absorption~spektren dieser Kristalle entsprechen jedoch in 
der Lage den Maxima von Absorptionsspektren synthetischer, rontgenbestrahlter 
Fluorite mit Gehalten an nicht farbgebenden Fremdionen. 

Der Deutschen Forschungsgemeinschaft mochten wir an dieser Stelle flir die Bereitstellung 
cler Spektralphotometer (Beckman DK 2 und Cary 14 R) herzlich danken. 
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Thermodynamique et cinetique de formation d'une texture 
par nucleation dans un champ de tension 

M . BIE FAIT et R. K ERN 

La bora toi re de Mi neralogie-Crista llographie. 
Universite de Marsei lle, F rance 

S1111111wr_r. The authors have studied the mechanisms of the format ion of a crystalline 1cx1ure 
through the nucleation of a new phase. When a tension fie ld is applied to material 1ha1 i ~ 
in the process of phase-transformation or o f chemical reaction, the equilibrium form of 1he 
new-forming crystals is very sensitive to the o rientation o f the crystal relative to the fie ld. 
M oreover, the act ivat ion energy of germination, which is con tro lled by the kinetics of the 
formation of the new phase, is itself very sensitive 10 this form. Thus the germs of the ne\\ 
phase that appear in such a field suffer a selection according 10 their crystal orientation relative 
10 that o f the fie ld: from this there can result a texture through nucleation. 

The values that enter into such a process are essentially: the magnitude and the sign of 
the varia tion of the molar volume ..l V during the reaction or the change of phase: the ~ign 
and the anisotropy of the principal axes of the field. The elastic energy contained in the ne\' 
phase is of negl igible magnitude within the elastic limit. 

One can take it as a rule that for a negative tension field (i.e. positive pressure). the equi
librium fo rm of the crysta l has its faces normal to the field when ..l V < o; during the nucleation 
crystals are favoured in growth when they have their largest surface normal 10 the fie ld. 
When ..l V> o, or when the tension field is positive, the opposi te takes place. 

Res11111l'. Les auieurs s"interessent aux mecanismes de formation d\1ne texture crista lli ne par 
nucleation d"une nouvelle phase. L orsqu'un champ de tension est applique <'1 une matricc 
qui est le siege d°L1ne transformation de phase OU d"une reaction chimique, Ja forme d"equiJibre 
des cris1aux qui naissent est trcs sensible a J"orientation relative du crista l par rapport au 
champ de tension. Par ai lleurs, J"energie d"ac1iva1ion de germination, qui dicte la cinetique 
de formation de la nouvelle phase. est elle-meme trcs sensible a ce11c forme. Ainsi lcs gcrmc~ 
de la nouvelle phase qui apparait dans un champ de tension. subissent-ils une selection suivant 
J"orien1a1ion relative des crisiaux dans le champ. I I peut en resulter une texture par nucleation. 

Les grandeurs qui intcrviennent dans un tel processus som e sen1iellcment , la valcur et le 
signe de la variation du volume molaire ..l V durant la reaction ou le changemenl de phase, 
le signe Cl ranisotropie des tensions principales. L"energie elastique emmagasinee par la 
nouvelle phase est une grandeur negligea ble dans le domaine de limite elastique. 

On peut retenir comme rcgle quc pour une tension negat ive (surpression positive) la formc 
d"equilibre du crista l voi l ses faces norma les a la tension sc devclopper si ~ V < o. Durant la 
nucleation sont favor ises Jes cr istaux qui presentent leur plus grande surface a la tension. 
II sc produit J" invcrse. si ..lV> O, ou si la tension est posit ive. 

UN E texture. c"est a dire r orientation privilegiee de cristaux da ns une matrice. 
pc ut avoir plusieurs o rigines. Elle peut etre ca usee par une sedimentatio n. un 
ecoulement plastiquc. une epitaxie, un champ de tension elastique, etc. Da n 
cette elude, nous nous interessons seulement a cc dern ier cas, c'est a dire 
!'o rientati on qu'un Crista l peut acq uerir ~t la suite d'une deformation elastiquc 
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lorsq u'une tensio n (pression a nisotrope) agit sur lui par l'intermediaire d ' u ne 
ma trice. 

La form ulation thermodyna mique du probleme remonte a Gibbs ( 1875- 1878) 
et e lle a ete repri se par MacDona ld (1957; 1960 ; 1961) et Ka mb (1959; 196ia, b). 
D\111e maniere generale un crista l place da ns un champ de tension voir son 
potentiel chimique modifie par ''l'energie elastique" emmagasinee. Ce potentiel 
chimiq ue depend, d'une part de J'orientation du cristal dans le champ, d 'autre 
part, pour une orientation donnee du cristal, de la face cristalline consideree. 

MacDonald et Ka mb adoptent a u depa rt deux points de vue differents. 1 

Le premier considere un systeme sur lequel agit une tension constante et le 
second choisit le cas d 'une deformation constante. Les eq uilibres q ui e n resultent 
sont de ce fa it complementai res les uns des a utres; c'est a dire da ns le premier 
cas, l'equilibre est realise pour le maximum de renergie elastique et dans le 
second pour le minimum (Nye 196 1). Ces cas correspondent a deux problemes 
p hysiq ues differents. La tension constante decrit, par exemple, le cas d'un 
cristal sur leq uel repose librement un poids. La deformation constante est 
realisee, pa r exem ple, lorsque ce cristal est serre d ' une maniere definiti ve en tre 
les machoires d ' un eta u. II est evident que dans la nature ces deux cas pourraient 
exister. 

Ka mb applique ses eq uat ions a plusieurs mineraux dont le q ua rtz. Les 
resultats q u' il obtient sont en accord. avec certaines textures observees dans la 
nature. Les calculs de Kam b o nt ete repris par Ha rtma n et den Tex ( 1966) et 
appl iques a !'olivine. La encore, Jes resulta ts permettent d'expliq uer certaines 
tex tures naturelles de !'olivine. Les resultats de MacDo na ld ont ete appliques 
par Brace ( 1960) a l'etude theorique des textures du quartz, de la calcite, e t 
de la glace. 

Cependa nt l'anisotropie de 'Tenergie elastique" est faib le lorsque change 
I' o rientation du cristal. La difference d'energie pour deux o rienta ti o ns differentes 
du cristal par rapport aux tensions est inferieure a 1 cal. m ole- 1 si une surpres
sion uniaxia le de 10a Kg. cni-2 agit su r le Cristal. Cette valeur tres faible semble 
difficilement pouvoir assurer une orientation du Cristal. 

Cest pourquoi nous avons completement reform ule le probleme thermo
dynamique de la formation d'un cristal dans un cha mp de tension . Nous nous 
posons la question sui vante: Peut-il y avoir une selection en orientation des 
ger111es pendant la nucleation dans une matrice solide supportant une tension 
anisotrope constante? 

Thermod1·110mique 

Formulation. Lo rsq u'une tension anisotrope constante agit sur un cristal qui 
modi fie sa taille et sa forme, la va riatio n d'en thalpie libre s'ecrit :2 

dG = -Vt,11.d(11 ,. + V dP +f1 dn + o-ds a Tete (1) 
1 MacDonald, par ai lleurs, omet de tenir compte de la variation de volume molaire avec 

la direction des tensions. 
"Nous uti lisons <\ quelques variantes pres(/;,,. au lieu de rr,, v pour le tenseur des tensions) 

les notat ions de Nye ( 1961). 
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ou V, s, 11 sont le volume, la surface, le nombrc de particules ; e,,,.,/,,, sont le 
tenseurs des deformations et des tensions; /< , P, o- sont le potentiel chimique. 
la pression, l'enthalpie fibre specifiq ue de surface. 

La relation (1) etant une differentielle totale exacte o n a: 

(2) 

(if' ' cP),,, ·'· ,,. = (CV/ f•n)1, .. . ·' · ,,. = U = 0 0( I + € 11 v) (3) 

ou Q est le volume d'une part icule du cristal subissant la tension, n0 le volume 
de la meme particule sans tension. 

Lo rsque le cristal echange un seul constituant avec une matrice solide 
homogene qui l'entoure, la variation d 'enthalpie libre comprend deux contribu
tions, rune volumique, rautre de su rface: 

dG = ~ ~ fl] dnJ + 2.: o-i dsi (4) 
" j j 

La phase a est soit le cristal (c), soit la matrice (m). L'indice j caracterise les 
proprietes des faces j du crista I. 

A l'aide de (2) et (3) nous explicitons (4), en admettant que la loi de Hooke 
est verifiee, soit eu1· = S11rk1.h1 avec Suvkt Jes coefficients d'elasticite, et que 
_fj = - Pi est la tension (surpression au dessus de 1 atmosphere) clans la direction 
j, perpendiculaire a la face j: 

dG = 2.: [ W:,- W;t -fj( nr - n "') - il11] d11j + ~ <Ti dsi (5) 
j i 

OU J'energie elastique par particule du Cristal w,:; vaut - ~S1ivk1J,1. vklnc ct 0 
w;r est l'energie elastique clans la matrice. Clf1 = 11"' - 11'· est la difference de 
potentiel chimique en !'absence de tension entre la matrice et un cristal semi
infini , c'est a dire, un crista l ne presentant pas de variation de surface lorsqu'il 
a ugmente son volume; 6.11 est alors le depassement ou la sursaturation thermo
dynamique. L'equation (5) decrit toutes Jes proprietes de notre systeme. On 
voit que J'action d 'un champ de tension modifie le depassement ou la sursatura
tion d'une quant ite w;,- W:;'-_/j(Ur - 0 111

). 

£quilibres. On peut decomposer la condition d'equilibre en deux conditions 
partielles, l'une donnant un equi libre relatif pour une orientation quelconque 
du cristal: 

(fG/ ea11 111 ),;<, _,
1 
= O, (6) 

ou a 11111 sont les cosinus directeurs du repere des tensions, l'autre donnant un 
equilibre relatif pour une orientation donnee, 

(7) 

Cette derniere condition donne la forme d'equilibre du cristal. 
Pour un polyedre convexe dont les faces ont des distances centrales hi, on a 

dnj = (hi dsi)/2Qc (8) 
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La relation (5) peut etre transformee et la condition (7) donne avec (8) selon 
une methode analogue a celle de Volmer (r939): 

<Tj/hj = 6.p/2Q.c + /J6.D./2Q.<' - 6. W ei/ D. 1
' = h1 (9) 

avec M1=D.c- nm; 6.Wei= W~1 - w;; 
La relation (9) indique que pour une orientation donnee du cristal, l'equilibre 

est realise lorsque !es energies interfaciales compensent sur chaque face le 
potentiel chimique que cette face subit sous l'effet de la tension. La forme 
d 'equilibre du cristal ne depend plus seulement des energies interfaciales, mais 
aussi du champ de tension. 

La forme d'equilibre du cristal peut etre construite de la maniere suivante. 
Selon (9) on porte suivant les normales a toutes Jes faces imaginables j du 
cristal des vecteurs de module o) bi; on mene Jes plans perpendiculaires a ces 
vecteurs, ce qui donne un ensemble de polyedres concentriques. Le plus petit 
polyedre est la forme d'equilibre.1 

Ejfet du champ de tension sur la forme d'equilibre. Considerons un cristal se 
formant clans une matrice solide homogene par changement de phase ou 
reaction chimique. A titre d'exemple, etudions la modification de facies sous 

6 /A 
cal. mole -l 

60 

0,6 

y---0---~ 
0 

I 
I 

~ 
10 

t>Sl < 0 

FIG. 1. Influence de la tension sur la forme 
d'equilibre d'un cristal: tension - dirigee 
suivant l'abscisse, ordonnee sursaturation. 

!'influence d'une tension uniaxiale 
d'un cristal cubique, compose d'une 
forme {10} et d'une forme {11 } (on 
pose 0"10.'<T11 ~1-fig. 1 en (a)). Nous 
prenons une valeur usuelle de 
6.V= N6.n= - 3cm3 (N nombre 
d'Avogadt'o). Nous faisons d'abord 
le calcul quand la tension est fixe 
(fj <o; Pi > o) dirigee suivant l'ab
scisse de la fig. 1 et quand 6./1 varie: 
le cristal s'allonge aux faibles 
sursaturations 6.;1 , perpendiculaire
ment a la tension uniaxiale. Ensuite, 
le calcul est etabli quand 6.;1 = Ct e 

et Pi varie en intensite (fig. 1). II y 
a encore allongement pour les fortes 
tensions, dans une direction normale 
a l'axe de la tension uniaxiale. 

Notons que pour les memes tensions J'allongement du cristal est inverse si le 
changement de phase ou la reaction a lieu avec 6.i2 > O. 

Le calcul numerique permet de montrer aussi que pour les sursaturations et 
les tensions utilisees 6.p et f j6.Q sont du meme ordre de grandeur. Par contre, 

1 La relation (9) et la construction invoquee se simplifient en a;/'1;= ~1t/2flt lorsqu'il n'y a 
pas de tension. Cette relation est appelee theoreme de Wulff (Wulff, 1901: Volmer, 1939: 
Herring, 1951 ). 
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le terme fl Wez est toujours negligeable sauf au voisinage de la Ji mite d'elasticite 
du cristal (usuellement.fj~ io4 K g. cm- 2) . 

Cinetique de Nucleation 

Considerons un milieu ferme homogene subissant une tension anisotrope 
et contenant 110 part icules d 'un constituant a partir duquel se forme le cristal. 
La sursaturntion initiate D..p 0 est definie, si !es phases sont parfaites, par la 
relation: 

~/lo = kTLn(n0/n""), (10) 

ou n"" est la concentration dans le systeme a saturation du constituant qui 
forme le cristal (k est la constante de Boltzmann, T la temperature). 

Lorsque le cristal a atteint une taille nc, la sursaturation du systeme vaut 
seulement: 

( 11) 

Cerme critique. Nous cherchons a expliciter dC en fonction de la seule variable 
nr. C'est pourquoi nous introduisons (11) dans (5). Mais ii reste a t rouver une 
relatio n Iiant Sj a nc et une autre relation Jiant nj a nc. Nous utilisons pour cela 
deux facteurs geometriques cj et cj qui sont definis, pour une forme donnee 
du cristal, par les relations 

( 12) 

e t 
cj = dnj/dnc. (13) 

On obtient a l ors a l'aide de (5), ( I J ) , ( I 2), (I 3) la valeur dC(nC)jdnC 

dC(n'')/dn(' = fl Wez - "L.fj<M2 - kTLn(q0 - nc)/nr- + *(nc)- 1 /3 ~ <J'jCj (5') 
j j 

On peut, apres avoir integre (5') tracer Ja variation d'enthalpie libre 
lorsque se forme le crista l (voir Bienfait et Kern, 1964; Bienfait, 1966). 

flC(n'') 

Cette equation est representee fig. 2. Elle montre 
qu' il existe un equilibre stable de taille n8 et un 
equilibre instable qui correspond au germe critique 
de taille n*. Pour Jes deux equilibres (n* et nE) 
l'equation (9) donnant la forme d 'equilibre du 
cristal est verifiee. Les valeurs den* et de np; sont 
derivees dans un appendice. 

Frequence de germination. Le germe critique n* 
necessite pour se former une energie de germination 
flG* (fig. 2) qui est etablie a partir de (5') en 
introduisant dans cette equation la valeur de n* : 

flC* = 4 / 27("2., <J"1cJ3/(fl/t- fl Wei+ ~./jcjMJ.)2 (14) 
j j 

no nc 

FIG. 2. Varia tion de l'en
thalpie libre de formation 
d'un cristal. 11* et /1 Li 

dimensions du germe 
Crit ique et du Cristal a 
l'equilibre absolu. 
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Da ns cette equatio n la forme du Cristal inte rvient par les deux facteurs geo
metriques ('jet cj. 

Cette energie d 'act ivat io n de germinati on 6.C*, permet de calculer la frequence 
de germination J. Seton Turnbull ( 1949) on a dans un systeme condense : 

J = (nkT.'h) exp ( - U*/kT) exp ( - 6.C* 'kT) ( 15) 

ou n est le nombre de particules du constituant dans le milieu ferme, U* une 
energie d 'activation de diffusio n, h la consta nte de Planck et kT1h une constante 
quiestderordrede I0 1

:1 sec 1 • 

A !'a ide de (14) on peut calculer ( 15) c'est a dire la frequence de germination 
da ns la matrice. Nous avons vu en haut que 6.;1 est habituellement du meme 
ordre de gra ndeur quejj6.n et que 6.We1 est negligeable. fci , on a toujours 6.;r 
du meme ordre que ~fjc;M2. On peut done escompter un effet de la forme du 

) 

crista l, par J'intermediaire de ci et cj sur la frequence de germination. Ma is 
avant de developper cette question ii faut s 'assurer que l'ordre de grandeur de 
J est raisonnable. Si ce n 'est pas le cas, la phase nouvelle (le cristal) ne pourra 
apparai'tre da ns la matrice. E n prenant T = 3.10 2 °K, ~ <Jfi = 10 ia e rg (energie 

j 

inte rfaciale de la plupart des substances minerales), !1;1 + ~ .fjcj6.0 = 150 ca l. 
j 

(sursaturation usuelle po ur les phases so lides), U* = 40 K ca l mole- 1, on trouve 
q ue pour un milieu ferme contenant une mole du constitua nt qui fo rme les 
c rista ux, la frequence de germination est de l'o rdre de J ~ 10- 2 germes sec- 1 . 

Puisq ue la germina tion ex iste da ns la matrice qui subit la tension , ii reste a 
preciser les effets de la forme du cristal sur la frequence de germina tio n. Cette 
forme, comme nous le verrons par la suite, est responsable de !'orientation 
privilegiee des germes. 

Exemples 

Rappelons que l'anisotropie des proprietes elastiques (energie e lastique w;;, 
volume m olaire NfY) est excessivement faible. E lle est toujours inferieure ~1 
une calorie par mole; ce qui est negligeable devant Jes sursaturations habituelles, 
de l'ordre d ' une centaine de calories, qui conduisent effectivement a une 
germination. 

Par contre, l'effet de la forme qui est appreciable est la cause de la selection 
des germes pendant la nucleation. Considerons d 'abord l'exemple simple d'un 
cristal tabulaire, le cas d'un cristal aciculaire s'en deduisant immediatement. 

Crista! tabu/aire. Un cristal tabulaire est place dans deux positions differentes 
par rapport a une tension uniaxiale fo. Dans la premiere position, la face 
principale est normale a la tension. Puisque cj est selon ( 13) le nombre relatif 
de particules sur la face j , on a I. ./jcj ~Jo. Da ns la seconde orientation la face 

j 

principale est paralle le a la tension; on a dans ce cas fjcj ~ o. L'effect de r 
orientation n'est alors plus negligeable ca r on a vu quefj6.Q est du meme ordre 
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de grandeur que j,,11. Calculons le rapport des frequences de germination dan 
le 1c• et le 2"mc cas. Suivant ( 15) on a 

J1 'J2 = exp-(6cr-~c~) 1kT (16) 
Nous developpons les ca lculs grace a (14). On prend a nouveau T = 3.I02 °K. 
~Ofj = 1 0- 1 3 erg, Ntli2=- 3cm 3, .fo= - 1o~Kg cm 2• Si on pose clans un 
premier calcul N 611 = 60 cal. mo le 1

, puis dans un second N 611 = 300 cal. mole 1
• 

on trouve respectivement J 1
1J2 = I06 et 102• Suivant Ja valcur de 6-11, la frequence 

de germination des cristaux qui ont leur face principale normale e:l. la pression 
uniaxiale est 106 ou 102 fois plus grande que celle de ceux dont la face principale 
est parallele a raxe de pre sion. On voit que, pour une tension donnee. reffet 
tres sensible a la sursaturation. 

On con~oit que de cette maniere, ii puisse y avoir orientation privilegiee de 
germes dans la matrice. II faut noter que l'orienlalion est due a la forme des 
germes et non aux proprietes elastiq ues des cristaux. 

Cristal hexagonal. On recherche maintenant rorientation sous tension uniaxiale 
d'un cristal prismatique hexagonal {112o} Ii mite par une bipyramide ( 11 21 : 
(fig. 3a, b). Ce modele ressemble grossierement a un cristal de quartz. On 
determine la frequence relative de germinat ion selon ( 14), (15), et (16) pour le. 
deux zones ( IOTo] el (ooo 1] qui sont dessinees fig. 3a, b; la direction de la 
pression principale est donnee dans chaque cas par rangle M (fig. 3a) ou ~~ 
(fig. 3b). (On admet pour simplifier les calculs numeriques que dans la direction 
perpendiculaire au dessin , les faces sont infiniment developpees). 

On procede comme suit. La forme d'equilibre sa ns cha mp est indiquee sur 
les fig. 3a, b. On determine pour chaque orientation la modification de cettc 

<l)' 
f3 =1,5 

10 20 30 

L ;t('t') 
og a (o) 

0 

-10 

- 20 

w 

f3 =1,5 

30 60 90 
F1G. 3a, 3b. Frequence de germination d'un cristal prismatique hexagonal surmonte d'une 

pyramide hexagonale en fonction de !"orientation du champ de tension uniaxiale. 
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formc d·equilibre sous raction de la pression uniaxiale a raide de la construction 
geometrique indiquee en haut (p. 156). Cela permet d·evaluer Jes coefficient cj 

et cj . Les valeurs numeriqucs utilisees pour developper le calcul sont les sui vantes: 
pression principale f 0= 10:1 Kg. cm- 2, er de la face du prisme = 100 erg. cm :.!. rr 
de la bipyramide = 2ooerg. cm 2, T=3.102 °K, NL.H2 = -3 cm:3• On trace !cs 
frequences relatives .J(<•J) '.J(o) pour diverses orientations du cristal par rapport 
a la pression principale et pour differentsdepassement in itiaux ~;10 = kTL11(110 '11 , ) 

= kTL11/i avec /J = I . I ; 1.3; 1.5. Les resultats sont re umes fig. 3a, b. 
La fig. 3a montre que pour la zone [ooo 1 ], unc orientation privilegiee exi te 

de maniere ace que la face du prisme soit perpendiculairc a la pression principale 
ou. dans une moindrc me ure. fasse un angle de 30 avec clle; ces orientation 
ne . ont pas strictes; ii ya une certaine latitude autour des directions precitee. 
Si // > 1,5, ii n ·ya plus d·effet du a la tension. (Les germes critiques ont d'aillcur . . 
pour cette sursaturation. des dimensions atomiqucs). 

La figure 3b montrc les memes courbes que precedemment mais pour la 
zone [1Too]. II existe une frequence de germination maximum lorsque la 
pression principale a une direction voisine (a ± 20°) de la normale a la face du 
pnsme. 

Done, si de tels cristaux SC ferment a partir d·une matrice solide subis ant 
une tension uniaxiale, la frequence de germination de cristaux ayant une face 
de pri me normale (ou voisi ne de Ja normale) a la pression principale sera bicn 
plus elevee que celle des cri taux a·yant une position differente. II s·ensuivra quc, 
macro copiquement, lor que le cristaux auront pousse, ii existera une texture 
uniaxiale due a une selection pendant la germination. L·approximation faite 
en considerant pour chaque zone un developpemenl infini des faces dans la 
direction para llele a r axe de zone, ne porte pas a conseq uence et ne change pas 
le sens du resultat. 

Si on ava it appliquc une tension principale (P < o) au lieu d'une pression, 
rorientation se serait ctablie de maniere a ce que l'axe d'ordre 6 soit parallelc 
i1 cette tension. Le meme resultat aura it ete obtenu avec P > o si ..lU etait 
positif. 

Dans le cas general d·une tension triaxiale. ii exi le des effets analogues mai 
plu compliques. Le calcul des frequences relative de germination devient 
alors laborieux. 

Do1110i11e de Va!idite de la Tltl!orie 

Peut-on appliquer ces rcsultats aux textures naturellcs observees? Mal
heureusement, le corps le plus etudie, le quartz, ne possede pas de textures 
uniaxiales (Turner, 1960). Elles ont, soit une symetrie monoclinique qui est 
due a un ecoulement OU a une Surimpression de diverses textures. SOit une 
·ymetrie orthorhombique qui est causee par unc tension triaxiale. Nous nc 
pouvons done pas interpreter ces textures puisque le modeles que nous avon~ 
utilises conduisent a une orientation ayant une symetrie uniaxiale. 

Par contre, les mineraux aciculaires (a mphiboles) ct lamellaires (micas) 



FORMATI01 o·u. E TEXTURE D A s u CHAMP OE TE SIO 

possedent tres souvent une texture uniaxiale. Les premiers sont toujour 
a llonges parallelement a l'axe de pression la plus faible, les seconds se forment 
en plaquettes perpendicula ires a l'axe de pression la plus fo rte. Ceci correspond 
a ux resultats deduits de la cinetique de germination. 

Dans le cas particulier d'un systeme monominera l, la variation de volume 
molaire NM~ est tres faiblc. Elle n'est due qu '<\ la va riatio n de celui-ci avec 
!'orientation. Le terme ~f1cjj.il est done negligcable. L'effet de la forme du 

j 

cri tal n'intervient plus quc par le facteur C;. Le calcul fait da ns le cas du crista l 
hexagona l (en haut. p. 159) montre que les resultats obtenus pour r orientation 
des germes ne sont pas modifies ma is que les maximum des frequences de 
germ ination sont moin prononces. 

La theorie precedente doit trouver son domaine d'application lo rsq ue 
l'espece cristalline apparait comme une nouvelle phase (nucleation), et Jorsq ue 
le systeme est deforme elastiquement. 

Si ces conditions sont rcalisees, !'orientatio n des cristaux formes, n'est pas 
due, comme le pensent Ka mb ( 1959) et MacDo na ld (1960), a ux proprietes 
elastiq ues des solides. Bien que !'a pplication des theories des deux auteurs 
precedents rende compte de quelques faits experimcntaux nous pensons que 
r o rigine des textures doit etre cherchee aussi dans unc selection pendant la 
germi na tio n. Cette selection serait due a l'anisotropie de la forme des cristaux 
qui elle meme est tres sensible au champ de tension . 

ous remercions M . P. Hartman ( Leiden) pour Jes discussions quc nous avons eues avec Jui. 
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Appe11dice. O n aanule (5) pour trouver Jes extremes. L a recherche des valeurs de 11* et de 
11 r. n ·est cependant possible qu ·a I' aide de certaines a pproximations. 

Pour un milieu ambiant de dimensions lineaires superieures a IO- s cm on peut poser dans 
ious Jes cas n* ~no. On obt ient al ors 

n* = 8/27(L. u,c;)3/ ( - a Wei+ ~It+ ~f;c1D.0.)3 

12 
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La tailJe du germe critique 11* peut etre augmentee OU diminuee par rapport a la forme 
classique (Wei=Ji= o) suivant les signes des tensions principales et de .Ml. 

La taille d'equilibre llE s'obtient egalement en faisant une approximation. Lorsque, pour 
une direction j, on a I.Iii > 100 Kg cm- 2, le terme ·H11<) - 1/s :E a1c1 est negligeable devant les 
autres termes de !'equation d'equilibre. II vient alors 1 

11e = 110 - 1100 exp (AW,,- L c';fiMJ.)/kT. 

Le terme en exponentielle est une mesure de !'influence de la tension sur Ia solubilite a 
saturation; c'est le rapport suivant: solubilite a saturation avec tension/solubilite a saturation 
sans tension. 



The relative orientation of solid mineral inclusions in diamond 

By J. W. HARRIS, M.Sc. 

Dept. of Chemistry, University College, London W.C. 1 

S11111111a1-y. The observed parallel alignment of certain directions in olivine inclusions ancl 
the diamond matrix has been explained in terms of the Si04 ancl carbon tetrahedra of the 
two structures, and a number of sugge.stions have been offered in connection with other 
observations made on d iamonds that contain inclusions. It is hoped that by improving 
the experimental technique certa in anomalies mentioned may be explained. 

A study of the solid mineral inclusions that occur in diamonds is being made in 
order to define more precisely the pressure and temperature conditions present 
during the genesis of natural diamonds, and to obtain greater understanding 
of the mineralogy of the Earth's Upper Mantle. As part of this work the relative 
crystallographic orientations of the various types of inclusion and the host 
diamonds have been studied using X-ray diffraction techniques. 

The first X-ray identification of inclusions in diamonds was made by Mitchell 
and Giardini (1953) who found that at least one of the olivine inclusions was 
preferentially oriented with respect to the diamond structure. More recently, 
Futergendler and Frank-Kamenetsky (1961) have found that several of the 
silicates show preferential orientation. Jn both cases the periodic bond chain 
vector theory of Hartman (1953, 1954) has explained the orientation observed. 
So far, thirteen crystals of olivine, two of garnet, and two of enstatite have 
been found in thirteen diamonds, a ll of African origin and varying in size from 
1.0 to 2.5 mm. 

Experimental procedure. Usually a preliminary optical study is made of the 
diamond in order to determine where possible the type of inclusion present. 
Complete identification is established by random-rotation photographs, and 
then the inclusion is oriented about some major crystallographic axis using 
Laue photographs. A e, <I> chart (International Tables for X-ray Crystal
lography, Vol 2 , p. 174) is then used to obtain the co-ordinates of a major zone 
of the diamond, usually [110], which is plotted on a 5" stereographic net, and 
the positions of the three principal axes of the diamond are determined. A 
computer programme has been devised which, using this information, relates 
the orientation of the inclusion structure relative to the diamond structure 
in such a way that one can, by inspection, see if any poles of faces of either the 
diamond or the inclusion lie parallel to one another. The programme gives all 
possible poles from (hid) planes, where the maximum value of h, k , or I is 3, 
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but this ca n be varied. T he spacings of the pla nes are a lso recorded. T he com

puter programme has been tested using a known orientation o f an ol ivine 

inclusion in a diamond. However, in view of the two graphical methods employed 

to obtain the above information, a maximum error of about 2 may result and 

this point is discussed later. 
The u e of accurate scale models of diamond and the silicate minerals found 

as inclusions has proved to be of considerable value in determining possible 

ep itaxial relationships, once the common zones have been fou nd. 

Resu!rs 
Epitaxial orie11tatio11. Of the seventeen inclusions studied only one. an olivine. 

showed a good epitaxial relationship with its diamond host. Two of the parallel 

zones can clearly be seen from the Laue photograph (fig. 1 ). but these and 

further in formation , such as interfacial angles between zones and the percentage 
misfit of the relevant spacings, a re tabulated in Table I, which shows that the 

percentage misfits of the spaci ngs obey the conditions suggested by Ha rtman 

(1953) for o riented overgrowth. 
Paralleli m of the (0 10) and (1I1) poles of olivine and diamond respectively 

was first observed by Mitchell and G iardini ( 1953) and a lso by Futergendler 

and Frank-Kamenetsky ( 1961 ). Fig. 8 of the latter paper contain a stereogram 1 

of olivine; the position of the pole ( 101 ) at 38 ° from the pole (100) shows that 

the axia l lengths used were a = 4.76 A, h = 10.28 A, a nd c= 6.oo A. Fig. 9, on 
the other hand, shows c= 10.28 A and b = 6.oo A and this does not correspond 

to the stereogram. nor to the associated Laue photograph, which closely 

resembles fig. 1 and corresponds to the orientation defined in table I. 

T ABLE I. 

Para llel zones lnterfacial angles Parameters Misfi t 
olivine diamond olivine diamond o livine d iamond 

[001) [01 1) [001 ] A [010) = 90 > [011) A [111) = 90 5.981 A 2.522 x~ A 5. 14 ° 0 

[010) [11 1) [01o)A (100) = 90 (1 11) A (211) = 90 10. 195 2.059 x 5 1.0° 0 

[100] [2I1] (1oo)A [001) = 90 [211] A [011] = 90 4.756 I .456 x ~ 6 .67 ° .. 

However, the suggestion made by .Futergendler and Frank-Kamenetsky 

(1961), that it is the similarity of the Si0.1 a nd ca rbon tet ra hedra of these 

st ructures that governs epitaxial overgrowth, is still valid , for if the respective 
parallel planes of the zones in table I are considered, with reference to fig. 2, 

some features of interest emerge, based on the tetrahedral units of both struc

tures: 
There is identical geometrical orientation of the SiO~ and carbon tetrahedra 

on the planes (oo r) of olivine and (011) of dia mond, when other zones in the 

crystal are parallel. 

1 In a book by Y. A. Frank-Kamenetsky ( 1964), the same stereogram appears, but the 
associated projection has been corrected. (Pages 167 and 168.) 
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F1Gs . 1 and 2: F1G. 1 ( left). A Laue photograph of an o livine inclusion in a diamond, showing 
the exact parallelism of certain zones in both crystals on the centre line of the photograph . 
Sec also table I. F1G. 2 (righl). Projections of the silica tetrahedra of olivine o n the 
planes ( 1 oo), (001 ), and (010), and the carbon tetrahedra of diamond on the planes (211 ). 

(0 1 1). and ( 111). 

On co rrectly re lating the planes (100) of olivine to (21 1) of d iamond. an 
exact fit betwee n the tet rahedra is on ly obtained if a relative t ilt of the tetrahedra 
of 20 takes place eit he r in the (00 1) plane of olivine or the ( 11 0) pla ne o f 
d iamond. 

A s imilar rela tive amount of movement is also fo und to be necessa ry before 
the two types of tet rahedra in the planes (010) of o liv ine and ( 111) of diamond 
can be related exact ly, and the p la nes involved in the tilt are the same as in the 
p revious case. 
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A further consideration of fig. 2 shows that if the [2 11 ] and [ 111 ] projections 
of diamond were interchanged, there wou ld be idea l geometrica l orientations 
of the tetrahedra for all three sets of paralle l 7ones. Since thi is not found 
from our experiment . it ugge. t that. in thi case, the oriented overgrowth is 
nuclea ted in one plane onl). and in the other directions adju~tment bet\\ecn 
the structures have to be made. 

The exact geomet rical orientation of the carbon and SiO 1 tetrahedra on the 
planes (00 1) of olivine and (0 11) of dia mond doc not imply tha t such a pe rfec t 
fit will be obtained on other planes that arc observed to be pa rallel. It is. however, 
likely that forces exist aero s the c plane. and in order for a nc" face to grow. 
dislocations in or di tortion of the structure must occur in the ini tial layer!> 
of the O\Crgrowth. It i obscned tha t the diamond immediately surrounding 
the inclusion is always in a state of strai n. and thi. strain may be pa rtly the 
result of' the above type of phenomenon. 

Othl'r types o(orie11tatio11. Of the remaining orientations. six specimens ·bowed 
mall mi!>alignmcnts of inclusion and diamond major zone axes. as obscn cd 

from X-ra) photographs. the angular de' iation ' arying from 3 - 7.5 . For 
example. th e [001] of one of the en tatitc is 3 from the diamond (110] (fig. 3): 

the [11 0] ofa ga rnet is 5 from the diamond [110]: and the [1 00] of an o livi ne is 
3 from the diamond [11 0J. 

The near parallelism of the above direct ion. co uld indicate that e lsewhere in 
the t\\'O structures there is another pair of common direction~. but from the 
experimental re ult it docs not appea r that any other major direction . arc 
exactly parallel. 

These obscr\'a tions, therefore. may ind ica te another form of cpitax) in \\'hich 
there is an angula r deviation between planes before epitaxy can occur. Equally, 
however. these ob e rva tions could indicate a pu rely rando m orienta tion of the 
two structures. It i hoped that by devising a better expe rimen ta l tech nique 
that \\'ill reduce the error of 2 mentioned ea rlier. and possibly by increasing 
the number of zones to be con~idcred by the compu ter, this present anomal) 
may be e-;plained. 

Fie;. 3. !\ Laue photograph or enstatite in diamond showing the near, but not cxac.:t, 
parallelism of the [oo t] 1onc or enstat i te and the [110] 1one of diamond on the centre 

line of the photograph. 



INCLUSIONS IN DIAMOND 

Fro. 4. Three Laue photographs of three olivine inclusions in one diamond. Note, in each 
case, the close parallelism between the poles of faces of the olivines and a (1 11) pole of 
the diamond. 

Orientations of multiple inclusions. From one transparent octahedral diamond, 
it was possible to determine the orientation of three out of four olivine inclusions 
relative to the diamond. The olivines were not elongated in any specific direction, 
and no particular orientation was observed under the microscope, but this was 
due to a series of disc fractures surrounding three of the inclusions. The (in) 
pole of the diamond was observed in each case to be nearly parallel to certain 
faces in the olivine. Two of the olivines were similarly (though not exactly) 
oriented relative to the diamond, but the third was differently oriented, except 
for the relationship in the diamond (111) plane. The close parallelism of the 
respective poles can be seen from the Laue photographs of fig. 4. 

These observations have not yet been explained. They may be due to some 
form of epitaxy, or they may result from a random orientation of the two 
structures. 
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Summaries of other papers presented in Symposium I 

The possible bonding between aluminium atoms in rhodizite and other crystals. B~ 
M. J. BUERGER and W. A. DOLLASE, Dept. of Geology and Geophysics. Ma sa
chusc11s Institute of Technology. Cambridge. Ma achu ctt . 

The structure of rhodizi te has been recently solved. This isometric crystal has symmetr~ 
P;j3111 \\ ith a= 7.32 A and one formula unit of CsB1~Be 1AI 10~~ per cell. The non-alkali pan 
i~ a net\\ Ork in which oxygen atoms in close packing arc held together by Be and Bin tetra
hedra l co-ordinat ion, and A l in octahedral co-ordination. A void in the network. due to 
omission of 4 oxygen atoms, provides a hole for the alkali. The network itself appears to be 
neutral. I f so this presents a curious anomaly because the clathra te Cs atoms would be 
required to be neut ral, yet ii is most easi ly ionized. A possible explanation is that ii may 
contribu te its electron to a bond between the four Al atoms. thus permitt ing the network to 
have a charge of - 1. The four Al atoms occur together. occupying 4 o f the 8 corners of a 
cube so that their mutua l distances are all 2.95 A, which is only about 0. 1 A larger than the 
Al- A l distances in the metallic state. This same cluster occurs in the pharmacosiderite 
structural type (in which there is also an abnormal valence situation) as well as in the spinel 
-;tructures. 

The crystal structure of olivine with reference to inclusions in diamond. By R. 
HEN RIQUES, Dept. of Chemistry, University College, London W.C.1. 

The crystal structure o f the synthetic end-member of the o livine series (Fo100) has been 
relined by least squares, using X-ray diffraction data that was recorded photographically. 
There are no significant differences from the published results for natura lly occurring f'or
sterite. Olivine has been identified as a minera l inclusion in diamond. T he crystal structure 
of one of these inclusions has been determined and compared with those of the synthetic 
and naturally occurring olivines mentioned above. 

Vectorial growth rates, s tatistical morphology, and the internal structure of 
crystals. By C. J . SCH EER and R. SI LVA, Dept. of Geology and Geograph). 
Uni versi ty of New Hampshire, Durham, New Hampshire, U.S.A. 

Time-lapse photography of oriented cubes of Rochelle sa lt growing in saturated solution 
yields vectorial growth rates along the crystal axes of the order of 0-4 x 10 :i in./hr. and 
3.0 x to :i in ./hr. at o C and 35 C. If the ratio o f the growth ra tes (R1j) along two axes i 
and j is determined by the difference in specific surface energies .;,e1j. R;; = exp ( - .;,e1; fkT). 
then the difference in surface energies for differen t pinacoids of Rochelle salt crystals is of 
the order of 10 2 cal./mol. With increase in temperature, the empirical R ;; approach unity. 

I f each of the forms making up a crystal habit is characterized by a definite surface energy, 
the assemblage of forms may be taken as a set of points of the reciprocal lattice of the crystal. 
Each point may be characterized by a definite weight. Using the frequency of occurrence of 
forrm in nature ( iggli) for weight, Fourier syntheses may be prepared that locate. \\ ith 
poor definition. the periodically distributed concentrations of the sources of energy for 
growth. T hese Fourier maps agree closely with Fourier maps using the corresponding 
intensity space given by X-ray diffraction. 



Crystal-field phenomena and iron enrichments in pyroxenes 
and amphiboles 

By R OGER G. BURNS, 

Department of Mineralogy and Petrology, 
University of Camb ridge, England 

S11111mary. Thermodynamic data estimated from measurements of electronic absorption 
spectra are summarized for suites of minerals of the fo llowing ferromagnesian silicate series: 
orthopyroxene, pigeonite, diopside- hedenbergite, anthophyllite, cummingtonite- grunerite 
and tremolite- actinolite. The energies of the absorption bands have been used to estimate 
crystal-field stabi lization energies of the Fe2"· ion in various co-ordination sites in each 
mineral. The relat ive stabilization energies for each site correlate with preferred occupation 
by iron measured experimentally by X-ray diffraction, infrared spectroscopy, and the 
Mossbauer effect. 

The compositional variations of crystal -field stabilization energies for each series, together 
with observed cation ordering, show that few ferromagnesian si licate series are ideal sol id
solutions of magnesium and iron si licate components. The order of decreasing crystal -field 
stabilization energies between series correlates w ith decreasing relat ive iron enrichments in 
coexisting pyroxenes and amph ibo les. 

CONSIDERABLE data have been obtained recently on ordering of Fe 2+ 
ions in crysta l structures and relative iron en richments in co-ex isting silicate 
m inerals. These results may be explained sem i-q uantitatively by crystal-field 
theory (Orgel , 1960; Burns, Clark, and Fyfe. 1964; Burns and Fyfe, 1967) 
using data derived from measurements of electron ic absorpt ion spectra of 
ferromagnesian silicate minerals (Burns, r 965; White and Keester, 1966). 

The presen t paper summarizes results of spectral measurements on over one 
hundred minerals of the following series : orthopyroxene (49); p igeonite (4); 
diopside- hedenbergite (16); cummingtonite- grunerite (29); anthophyJlite (2); 
and tremolite- actinolite (10). Estimated relative crysta l-field stabilization 
energies of the Fe2 '" ion are used to interpret ordering of iron in crystal struc
tures, and iron- magnesium ratios in co-existing pyroxenes and amphiboles. 

Theory. Absorption bands in the visible (4 ooo to 7 ooo A) and short-wave 
infrared (7 ooo to 30 ooo A) regions in the spectra of transiti on-metal compounds 
usua lly represent electron transitions between the five 3d orbital energy levels 

1 Present Address: Department of Geology and Mineralogy, Oxford. 
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of the transition-metal ion. These transitions in the visible region lead to coloured 
transmitted light in many minerals. The five 3d orbitals have identical energies 
(i .e. are degenerate) when a transition-metal ion is in a spherically symmetric 
electrostatic field. ln octa hedral co-ordination in oxide structures three orbitals, 
designated t2g, are stabilized relative to the other two orbitals, designated eg 
(fig. 1). This resolution is caused by differential repulsion of electrons in the 
orbitals by the negatively charged, co-ordinating oxyanions or dipolar H20 
molecules. The energy separation between the 12~ and eg groups is designated 
by tl0 and, according to crystal-field theory, the t 2g set is stabilized by ~ ~0 and 
the eg set de-stabilized by ~~ tl0 relative to the energy levels in a spherical electro
static field. Electron transfer between the t 2g and e g energy levels results in 
absorption of radiation. Measurements of absorption spectra enable tl0 to be 
estimated. Techniques for measuring the spectra of minerals have been described 
by Clark (1957), Burns (1965, 1966), and White and Keester (1966). 

d,2 d)(2-y2 

t t e9: 

l 
1 Ysllo 

l &; Fe2 + (3d~/ Llo ,_ 
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>H i c ., 
~Llo 

t2~ 
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Oh D4h C2v 

Fies. 1 and 2: Fie. 1 (left). Energy-level diagram for the 3d orbitals of the Fe2+ ion in an 
octahedral crystal-field. Fie. 2 (right). Relative energy levels of the Fe2 ; ion in octa
hedral, tetragonal and monoclinic crystal-fields. Possible electron transit ions are shown 
for each co-ordination. 

The Fe2+ ion has six 3delectrons. When iron occurs in octahedral co-ordination 
in oxides, five of the 3d electrons occupy singly each of the 3d orbitals, and the 
sixth fills one of the low-energy t 2g orbitals. This sixth electron induces a crystal
fie ld stabilization energy (CFSE) of ·5 tl0 on the Fe 2+ ion relative to random 
filling of the degenerate orbitals in a spherically symmetric electrostatic field. 
The four unpaired electrons lead to paramagnetism in ferro us compounds. 
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Co-ordination sites in structures of ferromagnesian silicates frequently 
have symmetries lower than octahedral. This leads to further resol ution of the 
energy levels for 3d orbitals. For exa mple, one of the t 2g orbitals is s tabilized 
and one of the ei! orbitals de-stabilized in a tetragonally distorted octahedron 
compressed along one of the tetrad axes (fig. 2) . l n co-ordination s ites of lower 
symmetries, the y/ orbitals are separated into five energy levels (fig. 2). 

Two important conseq uences of iron in distorted co-ordina tion sites a re: 
first, additional electron transiti ons are possible between the resolved 3c/ o rbital 
energy levels. These transitions are polarization-dependent (Burns, Clark, and 
Stone, 1966) and lead to pleochroism, which may occur both inside and outside 
the visible region ; measurements of absorption spectra enable the energy 
separations to be estimated. Second, increased stabilization of o ne orbital 
occurs with increased distortion of a site from octahedral symmetry (fig. 2); 
the sixth 3c/ electron of the FeH ion fill s thi s most sta ble orbital, a nd induces 
additiona l C FSE. Relative stabilities of iron in two o r more co-o rdina tion s ites 
in a crystal structure may be deduced from the geometries of the co-ordination 
s ites. 

Ordering of iron in ferromagnesian silicate crystal structures. The energy level 
diagrams for iron in co-ordination sites of octahedra l, tetragonal and monoclinic 
symmetries (fig. 2) suggest that FeH ions will favour the most distorted site in 
a crystal structure. 1 Co-ordination s ite symmetries and distortions may be 
obtained from crysta l-structure ana lyses. Two designations of s ite symmetry 
need to be distinguished , however. The point symmetry gives the overa ll 
symmetry of a position with respect to a ll a toms in the structure. The molecula r 
symmetry or co-ordination si te symmetry refers to the symmetry of the next
nearest neighbour environment about a given atom. For the purposes of the 
present discussion , the approximate molecular symmetries of the oxygen 
co-ordination polyhedra about iron in the va rious ferromagnesian s ilicate 
structures will be considered, and no account taken of next-nearest neighbour 
interactions. 

Approximate configurations and symmetries of co-ordination sites in ferro
magnesia n silicates are summarized in table I. These descriptions are based on 
geometries and metal- oxygen distances obtained from crystal structure measure
men ts of the following silicates: enstatite (Bystrom, 1943), hypersthene (Ghose. 
1965), orthoferrosilite (Burnham, 1968); pigeonite (Morimoto, Appleman , and 
Evans, 1960); diopside (Wa rren and Bragg, 1928); cummingtonite (Ghose. 
1961), grunerite (Ghose a nd Hellner, 1959) ; anthophyllite (Warren and Model!. 
1930 ; lto, 1950) ; actinolite (Zussman, 1955); olivine (Hanke, 1965 ; Gibbs. 
Moore, and Smith 1963). 

On the basis of site distortion alone, inspection of table I leads to the predic
tion that iron will be enriched in the following positions : orthopyroxene M 2, 

1 This correlation holds provided the bond-type of the oxygens are ident ica l and average 
metal- oxygen distances are approximately equa l in the various co-ord ination sites. 
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TABLE I. Approximate configurations of co-ordination sites occupied by iron 

in ferromagnesian silicate crystal structures 

Structure 

Ort hopyroxene 

Pigeonite 

Diopside 

Cummingtonite 
(anthophyllite) 

Act inolite 

Olivine 

Position 
occupied 
by Fe2'· 

{M1 
Mz 

{M' M2 

1\1 1 

(M1 
j Mz 
1 /Vh 
LM~ 

(" M i 
~ M~ 
LM:i 

JM1 

l Mz 
l 

Configuration of 
co-ordination site Reference 

approx. octahedral Bystrom, 1943; 
very distorted Ghose, 1965: 

polyhedron, six Burnham, 1968 
co-ordinate 

approx. octahedral Morimoto, Appleman and 
very distorted Evans, 1960 

polyhedron, six or 
seven co-ordinate 

distorted Warren and Bragg, 1928 
octahedron 

approx. octahedral Ghose, 1961; 
distorted octahedron G hose and Hellner, 1959; 
approx. octahedral (Warren and Modell, 1930: 
very distorted Ito, 1950) 

polyhedron, six 
co-ordinate 

approx. octahedral Zussman, 1955 
distorted octahedron 
approx. octahedral 

tetrag. distorted Hanke, 1965; 
octahedron 

trigon. distorted Gibbs, Moore and Smith, 
octahedron 1963 

pigeonite M 2, cu mmingtonite M 4, anthophyllite M ,1, actinolite M 2 and olivine 
M 1 • In general, there is excellent agreement between predicted iron enrichments 
and observed ordering of fe h ions in crystal structures determined experi
mentally by X-ray diffraction , infrared spectroscopy, and the Mossbauer effect. 
These correlations are shown in table IL 

Some inco nsistencies may be noted, however. The actinolite M 2 a nd cumming
tonite M 2 sites show simila r distortions, and each site is more distorted than the 
corresponding M1 and M:3 sites. Tron favours the actinolite M 2 site, as predicted 
by crystal-field theory, but iron is depleted in the cummingtonite M 2 site relative 
to the M 1 and M 3 sites, which is contrary to expectation . A similar distribution 
occurs between the anthophyllite M 2 and M 1, M 3 sites. These results indicate 
that next-nearest neighbour interactions, such as those between cations in the 
adjacent M 4 and M 2 positions in amphiboles, must also be considered. Thus, 
the different influences of iron and calcium in the M 4 position have been used 
to explain the large variation in Mossbauer spectra of iron in the acti nolite 
M 2 and cummingtonite M 2 positions (Bancroft, Burns, and Maddock, 1967). 

Implicit in the correlations in table lC is the assumption that oxygen bond
types are identical in each co-ordination site. In the amphibole s tructure, 
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TABLE IL Predicted and observed ordering of fe2..- ions in 
ferromagnesian silicate crystal structures 

Ferromagnesian 
silicate series 

Orthopyroxene 

Pigeonite 

Cummingtonite 

Anthophyllite 

Actinolite 

Diopside 

Olivine 

Predicted 
(crystal-field 

theory) 

M2 > 1\!fi 

Mz > M1 

M4> Mz > Mi, M~ 

Observed 

Mz > M 1 

M2 > M1 

M4> M 1, M3 > M 2 

Reference 

Ghose (1965)- X-ray; 
Bancroft and Burns (1967, 

1968)- Messbauer 
Morimoto, Appleman, and 

Evans (1960)- X-ray 

Ghose (1961 )- X-ray; 
Ghose and Hellner (1959) 

- X-ray; 
Fischer (1966)- X-ray ; 
Bancroft, Burns, and 

Maddock (1967)
Mossbauer + infrared 

(M<1, M2) > (M1, M 3) Burns and Strens (1966) 

M1= M2= M 3 

- infrared 

Bancroft, Burns, Maddock, 
and Strens (1966)
infrared + Mossbauer 

Burns and Strens (1966) 
- infrared ; 

Bancroft, unpublished
Mossbauer; 

Gibbs (pers. comm.)
X-ray 

Zussman ( 1955) 

Mi only Mi only 

Mi > Mz no ordering 
detected 

Hanke (1965)- X-ray; 
Gibbs, Moore, and Smith 

(r 963)- X-ray; 
Bancroft and Burns (1968) 

- Mossbauer 

however, three types of oxygen ligand may be distinguished: "ionic" oxygens 
constituting OH- and Si-O- groups, and "neutral" or bridging oxygens of 
Si- 0 - Si linkages. Similarly, two oxygen atoms, "ionic" Si-O- and "neutral" 
Si-0- Si, may be differentiated in the pyroxene structure. Differences in oxygen 
bond-type may also influence the iron distribution between co-ordination sites. 
Thus, increased covalent bonding with "neutral" oxygens of the pyroxene M 2 

and arnphibole M 4 sites probably contribute to the iron enrichments in these 
sites (table II). 

Crystal-field stabilization energies of iron in pyroxene and amphibole structures. 
The enrichment of iron in certain structural positions of pyroxenes and arnphi
boles may be explained quantitatively by the relative CFSE's attained by the 
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Fch ion in each co-ordination site. These stabilization energies are calculated 
from the 3d orbital energy levels of iron in the appropriate sites, which arc 
determined from measurements of absorption spectra. 

The procedure for evaluating CFSE's is illustrated by results for ortho
ferrosilite . The polarized spectra of an orthoferrosilite, Fs86 •4 , are shown in 
fig. 3. Absorption bands arc located in four regions of the spectrum between 
4 ooo A and 24 ooo A at the following positions: 6 900 A (14 500 cm.- 1

) , 

9 340 A (10 710 cm.- 1
), 10 680 A (8 570 cm.- 1

) , a nd 20 400 A (4 910 cm.- 1
). 
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F1G. 3. Polarized absorption spectra of an orthoferrosi lite, Fsso.4. Measurements were made 
with a Cary model 14 spectrophotometer, using a po la rizing microscope with universa l 
stage attachment (Burns, 1966). 

A fifth band at 32 200 A (3 100 cm.- 1) was observed in enstatite by White and 
Keester (1966). The corresponding band is estimated to lie at 2 830 cm. 1 in 
orthoferrosilite. The spectra of orthoferrosilite (fig. 3) represent electron transi
tions within Fe2+ ions in the M 1 and M 2 positions of the orthopyroxenestructure. 
The bands at 14 500 cm.- 1 (y spectrum), 10 710 cm.- • (a spectrum), 4 9 10 cm.- • 
(/J spectrum), and 2 830 cm. - 1 are due to iron in the M 2 position, and the bands 
a t 10 740 cm.- 1 (/3 spectrum) and 8 570 cm.- 1 (/3 spectrum) to iron in the M 1 

position. From the positions of these absorption bands, the energy level dia-



R. G. BURNS 

grams shown in fig. 4 may be constructed for iron in each site (Bancroft and 
Burns, 1967a ; White and Keester, 1967). The values of ~0 for the Fe 2+ ion in 
the M1 and M 2 sites are estimated as 9 600 cm.- 1 and 10 025 cm.- 1, respectively, 
and the CFSE's as 1 r. r k. cal. and 18.8 k. cal., respectively. Similarly, CFSE's 
may be estimated for other orthopyroxenes of the enstatite- orthoferrosilite 
series from absorption spectra. Thus, iron in hypersthene Fs50 receives CFSE's 
of I 1.2 and 20.1 k. cal. in the M 1 and M 2 sites, respectively. The values obtained 
by extrapolation for orthoferrosilite Fs100 are 1 r.o and 18.2 k. cal. for the M 1 

and M 2 sites, respectively, and for enstatite Fs1 the CFSE's are I I A and 
22.0 k. cal. for the M1 and M 2 sites. The higher stabilization energies for the 
M~ site account for the observed enrichment of iron in the M 2 position of the 
orthopyroxene structure (Ghose, 1965; Bancroft and Burns, 1968, 1967b). 
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FIG. 4. Energy level diagrams for Fe2+ in the Mi and M2 co-ordination sites of orthoferrosilite. 
Energy separations are estimated from the spectra (fig. 3). The crystal-field stabilization 
energies calculated for Fe2 " in each site are shown. Transitions between the lowest 
energy levels of iron in the Mi site have not been observed, and the maximum separation 
is estimated to be 100 cm- 1• 

ln principle, the CFS E's of iron in each co-ordination site of all ferromagnesian 
silicate structures may be calculated from energies of absorption bands in the 
spectra. In practice, however, it is often impossible to resolve individual absorp
tion bands originating from iron in two or more sites having small structural, 
and hence energetic, differences. Thus, broad composite absorption bands are 
observed in the spectra of actinolites and grunerites (Burns, 1965). In addition, 
group theoretical selection rules (Cotton, 1963) show that certain transitions 
between the resolved 3d orbital energy levels are forbidden. In these cases, 



CRYSTA L-FIELD PHENOMENA 177 

certain absorption bands are absent from the spectra, and some energy separa
tions cannot be determined . Nevertheless, estimates of the CFSE's may be made 
(Burns, 1965; to be published). Ranges of approximate CFSE's for iron in 
pyroxene and amphibole structures are shown in fig. 5. The values vary with 
composition in most ferromagnesian silicate series. In the orthopyroxenc, 
pigeonite, and cummingtonitc series, CFSE's decrease with increasing iron 
content of all positions. A similar trend is shown in the actinolite series for 
iron in the M1, M 3 sites, but values for the M 2 site increase with rising iron 
concentration. The diopside- hedenbergite series shows little compositional 
variation. 1 

- 10 -12 -14 -16 -18 -20 -22 

orthopyroxene M2 
(86.4 • 8.1 °lo Fe2') 

__. cumm i ngton i te M4 
(98.0 • 37.8 °lo Fe2' J 

.......... pigeonite M2 
(57.0 - 34.3 °lo Fe2• ) 

- octinolite M2 
(13.3 • 47.9 •/o Fe2' J 

....... d iops ide Mi 
(15.9 • 88.6°1oFe2• ) 

H orthopyroxene Mi 
(86 .4 • 40.8 °lo Fe2• l 

a c tinolite Mi.M3 
(13.3 • 47.9 °lo Fe2' ) 

..... cummingtonite M1,M2,M3 
(98.0 - 37.8 °1oFe2 • } 

-10 -12 -14 -16 -18 -20 -22 

crysta I- field s tab i I 1 zot ion energy, (k .col . per Fe 2 ' ) 

F1G. 5. Crystal-field stabi lization energies of the Fe2+ ion in pyroxene and amphibole struc
tures. Composition ranges (mole % Fe2 + component) measured for each series are 
shown. 

The ranges of CFSE shown in fig. 5 indicate that the Fe2+ ion receives highest 
stabilization in the orthopyroxene M 2 , pigeonite M 2 and cummingtonite M 4 

sites. This may be correlated with the observed iron enrichments in these 
positions (table TT). 

' Spectral measurements of augites (Bums, 1965) show that positions of absorption bands 
depend on Ca and Al contents. With increasing A'20a and decreasing CaO concentrations, 
band maxima move to shorter wavelengths. 

13 
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Ideal solution behaviour. One consequence of the compositional variations of 
CFSE's shown by pyroxenes and amphiboles (fig. 5) is that few ferromagnesian 
silicate series conform with criteria for ideal solid-solution behaviour. A similar 
conclusion may be drawn from the ordering of iron in crystal structures (table 
II ) and from the non-linearity of unit cell volumes. 

The criteria for ideal solution behaviour (Guggenheim, 1959; Den beigh, 
1957; Lewis and Randall, i961 ) are: First, a1= x 1 · a; 0

, for all values of x; 
(o < x; < 1), where a;, a 1 ° are the activities of component i in soluti on and 
pure substance, respectively, and x ; is the mole fraction of component i in 
solution; secondly, ;1; = p; 0 + RT. ln x;, where ;1 1, ;11 ° are the chemical potentials 
of component i in solution and pure phase, respectively; thirdly, the free energy 
of mixing is given by ~mG = RT.~ (x; . In .rt); and fourthly , the entropy of 
mixing or configurational entropy, which is given by ~mS = - R. ~ (x1 . In x ;), 
must have the maximum value. 

From these relationships arise the necessary criteria that both the heat of 
mixing, ~mH , and volume of mixing, ~mV. must be zero. 

Heat of mixing criterion. Variation of CFSE within a particular ferromagnesian 
silicate series implies a heat of mixing term. For example, consider the formation 
of hypersthene Fs50 , in which 75 % of the M 2 positions and 25 % of the M 1 

positions are occupied by iron (Bancroft and Burns, 1967), and CFSE's a re 
20.1 and l 1 .2 k. ca l. for the M 2 and M 1 positions, respecti vely. The process 
is represented as follows: 

·}Mg~S i 206 
enstatite 
CFSE: o 

+ ·1 Fe2Si20 6 
orthoferrosilite 
M1: 1(- I 1.0) 

= -5.5 k. ca l. 
Mz: t(- 18.2) 

=- 9.1 k.ca l. 
to tal: - 14.6 k. ca l. 

MgFeSi~O<; 
hypersthene 
M 1: 0. 25( - 11.2) 

= - 2.8 k. cal. 
M~: 0 .75( - 20. 1) 

= - 15.1 k. cal. 
total: - 17.9 k. ca l. 

Therefore, according to this calculation, there is an excess CFSE of mixing of 
about - 3.3 k. cal. in the formation of hypersthene FS;;o from enstatite and ortho
ferrosilite. Similarly, the formation of a ll orthopyroxenes of intermediate 
compositions results in an excess CFSE or heat of mixing term, indicating that 
the orthopyroxene series is not an ideal solid solution of Mg2Si20 6 and Fe2Si20 6 . 

Similarly, the formation of intermedia te members of the pigeonite, cumming
tonite- grunerite, actinolite, and forsterite-fayalite series by mixing of iron and 
magnesium components produces an excess CFSE or heat of mixing term. 
The diopside- hedenbergite series was the only one studied where little or no 
compositional variation of CFSE is observed and no excess CFSE term appears. 

Note that in a multi-site substitution where cation ordering occurs, a heat of 
mixing term could arise without compositional variation of CFSE (Whittaker, 
personal communication). Thus, if the CFSE's of Fe 2+ in the orthopyroxene 
M1 and M 2 positions were constant (for example, M1 position = 1 r .o k. cal., 
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orthopyroxene series is not an ideal solid solutio n of Mg2Si20 6 a nd Fe2Si20 6 
components. 

Iron- magnesium ratios in coexisting pyroxenes and amphibo/es. T he variation of 
C FSE of the Fe2+ ion between ferromagnesia n silicate series (fig. 5) may be 
used to explain iron- magnesium ra tios in coexisting pyroxenes and amphiboles. 
Jf it is assumed that Fe2 ~ ions a re en riched in the phase giving highest CFSE 
and that equilibrium distribution of iron takes place during mineral formation, 
the following order of decreasing relative Fe 2" enrichment is p red icted in 
magnesium-rich phases from the data in fig. 5: o rthopyroxene > pigeonite > 
cummingtonite > diopsidc = actinolite. In iron-rich phases variations in this 

TABLE ll I. Relationships between iron- magnesium ratios in 
coexist ing ferromagnesian silicate minerals 

A ssemblage Type Order of decreasing Reference 
Fe2+/M g2- ratio 

Orthopyroxene- volcanic orthopyroxene::::: Kuno and Nagashima, 1952 
pigeonite pigeonite 

Orthopyroxene- iron orthopyroxene > Kranck, 1962 
cummingtonite formation cummingtonite I motamo,ph;o orthopyroxene > Eskola, 1952; Howie, 1955: 

clinopyroxene Clavan et al. , 1954, 1959: 
Muir and Tilley, 1958: 
Wilson, 1960; 

Ort hopyroxene- Kranck, 1961; D avidson, 1965 
clinopyroxene 1 ;gooou• orthopyroxene > Hess, 1949, 1960; 

clinopyroxene B rown, 1957, 1960 ; 
ultramafic orthopyroxene < Ross eta/. , 1954; 

clinopyroxene Kranck, 1962; 

l White, 1965 
Pigeonite- igneous pigeonite> Muir and Burns, 1968 

clinopyroxene clinopyroxene 

Anthophyllite- metamorphic anthophyllite > Tilley, 1957 
hornblende hornblende 

Cummingtonite- iron cummingtonite > Mueller, 196o; 
actinolite formation actinolite Kranck, 1961 

Cummingtonite- iron cummingtonite > Mueller, 1960 ; 
clinopyroxene formation clinopyroxene Kranck, 1961 

Actinolite- iron actinolite > M euller, 1960; 
cl i no pyroxene formation clinopyroxene Kranck, 1961 

Ort ho pyroxene- iron orthopyroxene > Kranck, 1961 
cummingtonite- formation cummingtonite > 
clinopyroxene clinopyroxene 

Cummingtonite- iron cummingtonite > M ueller, 196o 
actinolite- format ion actinolite > 
cl inopyroxene clinopyroxene 
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order are to be expected as a result of different crystal field stabilization energies 
of the s ites in each phase. Alth ough several assumptions are invo lved , there is 
good agreement between the iron en richments predicted by crystal-field theory 
and those observed in coexisting minerals. Some of these correlacions are 
shown in table 111. 

The predicced order of Fe 2 1 ion enrichmenc is valid strict ly fo r mineral 
formation at 25 °C and I atmosphere, the conditions under which the absorption 
spectra measurements were made. In order to apply the data of fi g. 5 to igneous 
and metamorphic assemblages, it must be assumed that all phases show the 
same varia ti on of CFSE with temperature and pressure. 

Co11clusio11. Arguments based on crystal-field theory suggest that Fe2~ ion 
should be enriched in the most distorted co-ordination site in a crystal structure. 
Measurements of iron distributio n in ferromagnesian silicates by X-ray difTrac
tion , infrared spectroscopy, and Mossbauer techniques show that Fe2+ ions 
strongly favour the disto rted amphibo le M~ and pyroxene M 2 sites. The enrich
ments arc explained quantitat ively by the relative C FSE's o f the Fe 2 1 ion in 
each site. which are estimated from the positions of absorpt ion bands in the 
electronic spectra. 

The values of the CFSE's show compositiona l variatio ns for each ferro
magnesian s ilicate series. This variation, together with the observed Fe2 · 

ordering in crysta l structures, indicates that few ferromagnesia n s ilicate series 
conform with criteria for ideal solutio n behaviour: varia tion of C FSE within 
a series implies a heat of mixing term, and cation ordering reduces the con
figurational entropy from the ideal, maximum value. 

T he crystal-field stabilization energies for each series have been used to 
interpret iron magnesium ratios in coexisting pyroxenes and a mphibo les. 
Increasing rela tive Fe 2+ enrichment can be correlated with increasing CFSE 
in coexisting phases. 
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Etude magnetique de pyroxenes et d'amphiboles 

par MM. J. BABKI E, J. BOLFA, J. c. R EITHLER, et C. ZELLER 

Laboratoire de M ineralogie et de Cristallographie de la Faculte 
des Sciences de Nancy 

Summary. Magnetic measurements have been made on some pyroxenes and amphiboles 
separated from rocks using a magnetic balance constructed by one of us (J. C. R.). By finding 
for each specimen the law of magnetization, values o f magnetic suscept ibi li ty have been 
determined. Jn addition full and precise analyses of these pyroxenes and amphiboles have 
shown that the only magnetic ions present are Fe2- , Fe:l •, and Mn2 " . Assuming that these 
ions are free and without interaction, it is possible by using their known magnetic moments, 
derived from the Langevin relation for paramagnetics (;: = C/T). to calculate the suscepti
bi lit ies of these amphibole and pyroxenes at 20 C. Comparison with the measured suscepti
bilities shows good agreement for substances with a small proportion of magnetic ions. 
Measurements at low temperatures down to 95 ~K have shown that in general the e materials 
obey the Curie-Weiss law, ;: - C(T- 0). An attempt is made to relate the value and the sign 
of 0 to the concentration of magnetic ions and to the mineral structure. 

LES pyroxenes et amphiboles qui font l'objet de cettc etude ont ete extraits par 
Nicolas (1966) d'unc quarantaine de roches difTerentes provenant des Alpes 
internes (Val de Suiza, ltalie). Cet auteur se propose de mieux connaftre !es 
modalites du metamorphisme dans Jes rochcs vertes de cette region, puis de 
mettre en evidence !'unite eventuelle de cettc seric ct dans ce cas de precise r 
!es transformations primaires a l'interieur de eel ensemble. 

L·analyse chimique complete des echantillons a ete effectuee au Centre de 
Recherches Petrographiques et Geochimiques du CN RS de Nancy-Vandoeuvre 
(France). 

II nous a paru particu lierement interessant d'etudier sur ces echantillons !es 
relations qui existent entrc !es proprietes magnetiques et leurs constitutions. 

Trarnux anterieurs. Depuis 1957 plusieurs auteurs ont essaye de re lier !cs 
proprietes magnetiques des silicates ferro-magnesiens a leur chimisme. Nous 
rappellerons les etudes de Nagata et ses collaborateurs ( 1957) sur !es olivines. 
Chevallier et Mathieu ( 1958) sur les pyroxenes monocliniques du Skaergaard. 
Akimoto et ses collaborateurs ( 1958) sur de orthopyroxenes, Syono ( 1960) 
sur des cordierites, biotites, amphiboles. et grenats, Petruk ( 1965) sur de 
ch lorites. 

Dans la plupart de ces travaux, !es experiences ont ete effectuees a 20 "'C. 
Les mesures de susceptibilites a cette temperature ont montre qu'elJes etaient 
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pratiquement 1es memes que celles calculees a partir de la concentration en 
ions magnetogenes en admettant la loi de Curie. 

Composition chimique des amphiboles er des pyroxenes. Les analyses chimiques, 
en ce qui concerne les ions magnetogenes, de nos echantillons sont donnees 
dans tableau r. Les teneurs en ions magnetogenes Fe2+, Fe3+, et Mn 2"'" de ces 
substances presentent une assez grande variete. 

Pyroxenes 

Fe20:1 
FeO 
MnO 

Amphiboles 

Fc2Q 3 

FeO 
MnO 

TABLEAU I. Analyses chimiques des pyroxenes et des amphiboles 
(Teneurs en Fe2 - , fe3- , et Mn2- ) 

52 53 54 55 56 57 58 164 165 168 

2.01 2.87 1.77 1,06 0,75 1,79 0,55 1,05 0.38 0,00 
7.34 7.21 4.85 3.30 8.73 4,70 3.76 10,39 6.87 4.63 
0.36 0.31 0. 15 0,09 0.11 0 ,12 0, 10 0. 14 0,15 0,13 

75 76 78 80 84 86 88 89 90 169 

1,00 1.82 2.52 7,13 5.29 0,00 1.93 1,95 1.62 10,50 
4,90 8.93 3,14 8,13 8,47 4,24 7,79 5-45 2,78 2.26 
0 .1 4 0, 16 0 , 12 0 ,14 0, 19 0.08 0, 16 0,16 0 ,03 0 ,17 

179 183 

1.35 1.70 
1.30 2.60 

0.19 0.07 

177 186 

6 ,27 1.26 
9,27 10.46 
0.09 0.02 

Suscepribilite magnhique thr!orique. Si les trois ions magnetogenes Fe2 ~ . Fe3 - , 

et Mn 2' sont consideres com me independants dans la structure, hypothese 
qui a ete formulee par la plupart des chercheurs, le calcul de la susceptibilite 
magnetique theorique est immediat d'apres la Joi de Curie Langevin. Rappelons 
ce calcul (Chevallier, 1958) . 

L'aimantation d' un ion gramme a la temperature T est O"t= MhJ7;H 3RT 
(M 11 est la valeur du magneton gramme de Bohr, p 11 le nombre de magnetons 
de Bohr relatif a I' ion , R la constante des gaz parfaits, T la temperature absolue. 
et H le champ applique). Si nous designons respectivement par x, y , z les nombres 
d'ions grammes de Fe2 • , Fe31 , et Mn 2+ contenus clans un gramme de si licate. 
l'aimantation d'un gramme de cette substance s'ecrira O" = M f:H(.Yp71 + _1 ·p~f + 
::p_~~) . 3RT(p11, p~1 et p;1 sont respectivement les moments magnetiques des ions 
Fe2 • , Fe3+ , et Mn 2-'- ex primes en magnetons grammes de Bohr) . 

Si les trois ions magnetogenes Fe 2,-, Fe3+, et Mn 2"' ne peuvent pas etre 
consideres comme independants dans la structure, ii convient de reprendre le 
calcul en faisant intervenir leur interaction par le champ moleculaire de Weiss. 
Nous admettons alors que les ions magnetiques sont soumis a un champ vra i 
H = H' +nO", le champ H' etant augmente d'un champ moleculaire proportionnel 
a l'aimentation specifique du silicate (n est le coefficient de champ moleculaire). 

Nous avons O"= CH/T = C(H' + nO")fT oi1 C est la constante de Curie Weiss 
rapportee a un gramme de silicate. Si nous posons x = O"/ H' (susceptibilite 
specifique du silicate que fournit la mesure) et nC=O (0 etant la temperature 
de Curie paramagnetique), Ia Joi d'aimantation prend la forme x(T- 0) = C 
(Joi de Curie-Weiss), ou C = MXx:p71+ yp;f +zp';/)J3R. 

Les valeurs de la constante de Curie donnees dans le tableau I I ont ete 
calculees en prenant pour les moments magnetiques des ions, respectivement 
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les nombres suivants: pour Fe 2+ Pu = 5,20 (Chevallier, 1958), pour Fea+ et 
Mn 2+ p~1 = p~1 = 5,92 (moments theoriques). 

Les mesures magnetiques. 1 Pour effectuer nos experiences nous avons uti lise une 
balance de mesures magnetiques realisee par J'un d'entre nous (Reithler, 1965) 
basee sur un principe du a Weiss et Foex (1921) et comportant un certain 
nombre de perfectionnements. Cette balance a ete completee par l'adjonction 
d'un cryostat (Reithler, 1966) qui nous permet d'effectuer des mesures iso
thermes de susceptibilite magnetique a basse temperature. 

Les resultats de nos mesures a 95 °K et a 290 °K sont donnes dans le tableau 
11. 

TA BLEAU I I. Constante de Curie calculee d'apres !'analyse ch imique, et 
susceptibilites magnetiques mesurees a 290 °K et a 95 ° K 

Pyro.w•nes 52 53 54 55 56 57 58 164 165 168 179 183 

10·1C 47,81 51,6o 33,47 2 1,91 45,91 32,69 2 1 ,34 55,55 35,37 22,6 1 14,69 21,99 
I Of;X:?uo l) l\ I 2,9 14,5 8,5 4,4 11 ,3 8,1 5,5 16,0 9,2 6,o 3.4 5,5 
IO.-.X9;,"I\ 36,2 37,2 23,5 15,7 29,2 22,4 15,6 50,7 29,1 20,2 10,9 18,7 

Amphibofes 75 76 78 80 84 86 88 89 90 169 177 186 

10 ·1c 29,42 49,94 29,34 78,23 70,06 20,46 48,25 37,34 22,16 69,23 77,45 56,29 
I Or.X290° I\ 10,6 18,4 9 ,1 28,3 24,2 7, 1 I 6,4 13,3 5,6 21 .I 28,7 20,4 

1 Ot1X9s0 I\ 29, 1 44,2 29,2 81 ,8 70,6 23,6 43,3 35,0 17,6 61 ,8 69,0 62,8 

Essais ctinterpretation des resultars. Sur les figures 1 et 2 nous avons porte les 
susceptibilites magnetiques mesurees en fonction de la constante de Curie 
calculee d'apres !'analyse chimique. On constate que la susceptibilite magnetique 
mesuree varie lineairement avec la constante de Curie. En appliquant la methode 
des moindres carres aux points experimentaux, nous avons determine Jes 
relations suivantes: 

Pyroxenes: x115°" = Cf 127 -0.7 x 10- 6 ; x290 " = Cf335- 1.3 x 10- 6 . 

Amphiboles : X95 I<= C/105 - o.9x 10- 6 ; ,y290~"= C/273+ 1.5x 10- 6. 

Des mesures a une temperature de 210°K ont donne pour les amphiboles la 
relation: x210°" = C/222-0.7 x 10- H. 

L'exploitation des mesures a la temperature ambiante et a basse temperature 
permet de calculer Jes constantes C et 0 de la loi de Curie-Weiss. Les valeurs 
de C determinees par Jes proprietes magnetiques sont sensiblement !es memes 
que celles calculees d'apres !'analyse chimique ce qui tend a prouver que l'ion 
ferreux present dans ces pyroxenes et amphiboles a le meme moment magnetique 
que celui trouve par Chevallier (1959) dans des pyroxenes monocliniques. 
En ce qui concerne 0, cette grandeur semble independante de la constante de 

1 Ces mesures ont ete effectuees avec la collaboration de Monsieur Pierre Menaert , collabo
rateur technique au (CNRS) Centre National de la Recherche Scientifique. 
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FIGS. I et 2: FIG. I (haut). Susceptibilites magnetiques mesurees a 95 °K et a 290 °K en 
fonction de la constante de Curie calculee d'apres la teneur en ions magnetogenes. Cas 
des Pyroxenes. FIG. 2 (bas). Susceptibilites magnetiques mesurees a 95 °K et a 290°K 
en fonction de la constante de Curie calculee d'apres la teneur en ions magnetogenes. 
Cas des Amphiboles. 

Curie, done de la concentration en ions magnetogenes; pour Jes pyroxenes 
cette grandeur est de l'ordre de - 40°K et pour les amphiboles elle varie de 
+ 20 °K (temperature determinee a l'aide des mesures effectuees a la temperature 
ambiante) a - I0°K pour 95 °K. 

Ces resultats preliminaires, en ce qui concerne Jes points de Curie, sont 
assez surprenants. Nous nous proposons de poursuivre ces recherches sur un 
plus grand nombre d'echantillons pour voir s'ils sont generalisables. Cette 
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etude montre, en outre, la possibilite de determiner, a partir des mesures 
magnetiques, l'ordre de grandeur des teneurs en ions magnetogenes. 
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The use of amphiboles to illustrate trends in contact 
metamorphism 

BRENDA J. CAHILL (nee MACARA) 

School of Applied Geology, University of N.S.W., 
Sydney, Australia 

Summary. This paper describes the paragenesis of the amphiboles of a basic igneous intrusion 
during its contact metamorphism. There are two remarkable features about the metamorphism 
of this intrusion, which make it well suited to a study of the detai led changes in amphibole 
mineralogy: 

Metamorphism has been nearly isochemica l, a feature that is rather unusual in contact 
metamorphism, where metasomatism often plays such a large part. 

Although one unmetamorphosed phase and three distinct metamorphic grades can be 
recognised wi thin the rocks studied, the structure of the essential mineralogy remains 
unchanged; i.e. in the unmetamorphosed rock, representatives of two primary mineral 
groups make up over 95 % of the total volume,- an amphibole and a plagioclase fe ldspar. 
M embers of these two series remain as the two principal stable phases at all stages of meta
morphism, the plagioclase vary ing widely in composition, tw inning, and zoning and the 
amphibole in colour, habit, and opt ica l properties. 

The above features allow a correlation of amphibole changes depending directly upon 
metamorphic grade to be made w ithout worry about variation in the chemical components. 
Here, too, the amphiboles appear to have been particularly sensit ive index minerals during 
the contact metamorphism. 

They may all be regarded as ··normal" calcium-rich amphiboles. Representatives from 
each metamorphic grade have been chemically ana lysed and a detailed examination of their 
optical properties made. The latter, including refractive indices, 2 V " ' and density, were 
determined as accurately as possible. Correlation of these results, both with each o ther and 
with selected chemical ratios, was also made. 

T HE Bathurst Batholith of southern New South Wales is a large high-level 
igneous complex of supposed Middle Carboniferous age, dominated by acid 
rock types. However, at its most easterly extension, known as the Hartley 
Granite, a number of smal l, apparently unconnected basic igneous bodies of 
varying sizes occur. 

One of these, the Budthingeroo Metadiabase, has been intruded prior to, 
and near the SE margins of the granitic rocks in the area of the Jenolan Caves 
and Kanangra Plateau , about 130 miles west of Sydney (see fig. 1 ). This is a 
sheet- or dyke-like body of basaltic composition , some six miles in length and 
up to a half a mile in width. It is a homogeneous rock of fine to medium grain size 
( r .o to 1 .5 mm), which has a fine-grained marginal phase (0.5 mm) ranging 
from a few feet to over 20 yards in width. The marginal rocks often show 
evidence of flow, and contain lenticular, calcite-filled vesicles and veins. 
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Fie;. 1. Geographic location of the Budthingeroo 
Mctadiabase. 

The intrusio n invades Upper 
Devonian ediments (quartzites 
and siltstones). but contact meta
morphism by the later Hartley 
Granite has affected a lmost its 
entire length. 

A detailed chemica l and mineral
ogical study has been made of the 
progressive trends shown by the 
amphiboles o f thi s intrusio n, in 
response to increasing grade of 
contact metamorphism. 

The Budthingeroo Metadiabase 
has severa l features that provide 

a n a lmost unique opportunity for an eva lua tion of the factors influencing 

the cha nges in the constituen t a mphibo les during the contact meta mor

phi m: 
Chemical analyses show that the introduction of chemically active fluids from 

the surrounding granitic rocks into the Metadiabase during the metamorph ism 

was seve rel y restricted. Consequently, the formation of metasoma tic mineral 

assemblages is very limited, a nd thus it is possible to rega rd a major port io n of 

the eries of changes as taking place under i ochemica l conditions, to a first 

approximation. for the purpo e of considering the individual mineral s involved. 

Thi i a very important factor in the interpretation of results as it allows o ne 

to make a direct correlation of amphibole compositio n with metamorphic 

grade under the sa me chem ica l conditions, with o ut having to worry about the 

continuously changing chemical concentrations of various ions. 

The basic rock outside the contact a ureole. although chemica lly a basalt. 

contains an unu ually large amount (39.8 %) of primary amphibole- common 

ho rnblende- for a rock of this compositio n. There is evidence, too, to indicate 

that this hornblende has crysta llized directly from the basic magma, a nd has 

not resulted from the la ter a lteration of clinopyroxenes o r o li vine in the solid 

state (Macara, in press). T here is thus a good opportunity to observe the trans

formation of igneous hornblende to a low-grade metamorphic amphibole a t 

the edge of the contact aureole. 
Although one no n-metamorphic a nd three distinct metamorphic zones can 

be distinguished, corresponding to progressive stages in the recrysta llization of 

basa ltic to metabasaltic rocks, representatives of on ly two main m ineral groups. 

an amphibole and a plagioclase, are the principal stable phases in all stages. 

ma king up over 90 % of the tota l rock volume. Depending upon the meta

morphic grade of the rock, however, the cha racter of these two minerals does 

cha nge considera bly- the amphibole in colo ur, form, a nd optical pro perties, 

and the plagiocla e in composition and structure, including zoning and 

twinning. 



AMPHIBOLES IN CONTACT METAMORPHISM 

Petrography of the rocks 

The Budthingeroo Metadiabase may be subdivided into four main groups, 
according to the type of amphibole and the composition of the p lagioclase 
feldspar present: Hornblende diabase- the parent rock outside the contact 
aureole, tremolite hornfelses, low-grade amphibolite hornfelses, and high-grade 
amphibolite hornfolses. Average modal and optical data for each zone are given 
in table 1. 

TABLE I. Average modal and optical data for the Budthingeroo Metadiabase 

Mode (volume %): 
2 3 4 

Amphibole 39.8 45.5 50.6 53.6 
Plagioclase 44.9 39 .3 37 ·I 32.2 
Clinopyroxene 4 .5 2.6 
Olivine 2.6 
Biotite I. I 4.1 6.4 3. 2 
Epidote 2.8 0.9 
Chlorite 1.4 
Garnet I .8 
Magnetite 4.9 3.9 2.8 4.5 
Apatite I. 2 
Others 1.0 3.0 2.2 2. I 

A l'erage optical data: 

Amphibole { Y [ ] 
1.675 I .662 I .669 I .675 

y : 001 23 ° 17° 24° 26 
Plagioclase fJ I .559 n.d. I .552 I .565 

1. Hornblende diabase. 
2 . Tremolite hornfels. 
3. Low-grade amphibolite hornfels. 
4. High-grade amphibolite hornfels. 

Hornblende diabase. This subdivision represents those portions of the igneous 
intrusion outside the contact aureole. The rocks are homogeneous and fine
grained and have the chemical composition of a high-alumina basalt (as defined 
by Yoder and T illey, 1962). There is, however, a rather high water content 
(H20 = 4.06 %). The rocks are composed principally of amphibole (common 
hornblende), 39.8 %, and plagioclase (sodic labradorite, An 54- 57 %), 44.9 %. 
These two minerals show typical diabasic textural relations. T he plagioclase 
is mostly clear and unaltered, though rather fractured. 

The hornblende is prismatic, though the prisms are quite short and stumpy. 
rt is typically subhedral and appears to have crystallized somewhat later than 
the plagioclase. lt is strongly pleochroic from pale yellow to a deep green-brown. 
a <ft <y , and is nearly always fresh , with no signs of any alteration. 

Olivine and clinopyroxene are present only in small discrete grains (total 
vol. 7.1 %) ; where they are fresh , they are invariably euhedral. However, they 
are much more commonly altered to chlorite with some iron oxides. 
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At the edge of the contact aureole, quite distinctive mineralogical and textural 
changes have taken place. 

Tremolite horn/elses. This group of rocks represents the lowest grades of contact 
metamorphism of the Metadiabase. The assemblages are typical of the Albite
Epidote Hornfels Facies (as defi ned by Fyfe, Turner, and Yerhoogen , 1958, 
p. 203). The principal minerals are amphibole (Al-bea ring tremolite), 45.5 %, 
and plagioclase (al bite, An 9- 13 %), 39.3 %. ln some specimens, relicts of 
calcic plagioclase phenocrysts are preserved, but more commonly, all traces of 
the original mineral have been obliterated and all that remains is a fine xeno
blastic mosa ic of albitic material , containing clouds of tiny amphiboJe needles. 
The amphibole is a fine, fibrous variety, which has grown in a prismatic habit, 
forming the typical criss-cross or decussate texture, common in low-grade 
thermally metamorphosed rocks. lt appears to be a true tremolite, as defined 
by Phillips and Layton ( 1964), though some of its optical properties are more 
consistent with those of a common hornblende. The tremolite is colourless 
to a pale green , with distinct ly lower birefringence and extinction angles than 
in the Hornblende Diabase. 

A characteristic feature of this zone is the universal occurrence of clouds of 
tiny amphibole needles, having the same optical properties as the tremolite. 
These almost obscure the other mineral phases. Fine granular ep idote and 
ca lcite are constant minor accessories in these rocks ; also, a fine Ca-bearing 
zeolite is commonly present, which is probably the breakdown product of the 
calcic plagioclase. Accessory magnetite, while abundant in some specimens, 
has almost disappeared in others. The latter contain a fine brown micaceous 
mineral. 

Between the Hornblende Diabase and the Tremolite Hornfelscs there is an 
a brupt optical transition between the two kinds of amphibole. No crystals with 
intermediate properties were observed. At the very outer limits of the contact 
aureole there are some rocks where both amphiboles are present, each showing 
the distinctive properties of its respective zone. 

With increase in the grade of contact metamorphism, the rocks very closely 
resemble regionally developed amphibolites. Thus, the higher-tempera ture 
rock s are termed "amphibolite hornfelses". 

The low-grade amphibolite hon?fe!ses. Here the major mineral phases are 
amphibole (common hornblende), 50.6 %, and plagioclase (andesine, An = 
37- 43 %), 37.1 %. The amphibole is a true hornblende. Tt is well formed and 
shows a complete Jack of preferred orientation. Fibrous edgings are present on 
most crystals. The tiny acicular amphibole needles are again present, but to a 
lesser extent than in the lower-grade rocks. Optical properties of the hornblende 
vary somewhat within this zone, with a pale green, (Jandy green , y : (001] 22 ° 
on the lower temperature portions, and a and (J green , y green to bluish green, 
y : [001] 26 ° near the higher-temperature regions. 
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PJagiocJase is not well formed and is only poorly twinned. There are few 
accessory minerals. A little brown biotite and some rather ragged magnetite 
are the only common minor constituents. 

The rocks of this zone are considered to have developed under conditions 
similar to the lower temperature regions of the Hornblende Hornfels Facies. 

The high-grade amphibolite hon1felses. The two principal mineral phases remain 
stable once more in this group of rocks. The composition is amphibole (par
gasite), 53.6 % and plagioclase (calcic labradorite, An 61 - 68 %), 32.2 %. The 
amphibole is again a true hornblende. 1t has deepened in colour in they direc
tion , which now shows a distinct blue-green . Chemical analyses and refractive 
index work reveal the hornblende to be a member of the pargasite- ferrohasting
site series (Deer, Howie, and Zussmann, 1963, p. 264). The amphibole is optically 
homogeneous and has a prismatic to tabular habit, having completely Jost its 
fibrous edgings. The tiny amphibole needles, so common in the lower grade 
rocks, are only of rare occurrence. 

The plagioclase is well crystallized, but still almost untwinned. Textures are 
the typical granoblastic ones of high-grade contact hornfelses. Accessories in 
this zone are magnetite, diopsidic pyroxene, and a little Ca- Al bearing garnet. 

The rocks in this zone are representative of the upper temperature portions 
of the Hornblende Hornfels Facies and probably their conditions of format ion 
actua lly overlap into the P- T field of the Pyroxene Hornfels Facies (Macara, 
in press). 

Optical variation in the amphibo/es 

Optically, the most striking variation shown by the amphiboles in response to 
increasing grade of contact metamorphism is the change in colour and habit. 
The correlation of the colour of the y optical direction in amphiboles with grade 
of regional metamorphism has been noticed by several researchers (e.g. Shido , 
1958 ; Layton, 1963). Table I.I shows the relation between amphibole colour and 
habit and grade of contact metamorphism. 

At the onset of metamorphism, a rather stumpy green-brown amphibole is 
transformed into a prismatic, almost acicular, pale-green variety, which gradually 
deepens in colour and becomes Jess attenuated with increasing temperature, 

T ABLE 11 . R elation of amphibole colour and habit to grade of contact metamorphism 

Rock type 

Hornblende Diabase 

Tremolite Hornfelses 

Low-grade Amphibolite 
Hornfelses 

High-grade Amphibolite 
Hornfelses 

14 

Amphibole /' colour 

Deep brown-green 

Very pale green to 
pale green 

Green to light blue
green 

Blue-green to very 
deep blue-green 

Habit 

Fairly equant to 
tabular crystals 

Long fibrous crystals, 
often acicu lar 

Long prismatic crystals, 
fibrous edgings 

Prismatic or tabular 
crystals. Not fibrous 
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until at the highest levels o f metamo rphism it is again in ta bular crystals, but 
of a deep blue-green colour. 

As might be ex pected , these results are not identica l with those observed in 
regio nal terrains, where the more common tendency is toward a brown-green 
amphibole with increasing grade of regional metamo rphism. 

Also, the observa tio ns a rc similar to, but no t identical with th ose made by 
Binns o n the hornblendes in basic ho rnfelses o f the N ew Engla nd regio n (Binns. 
1965). T ho ugh he has fo und that the first indications of meta morphism a re the 
crysta llizatio n of an amphibole with a "ragged or fibro us actino litic habit'" 
that with increase of grade becomes less ragged and fina lly gran ula r, as ha 
happened here, the colour changes he has observed d iffer qu ite considerably 
from those no ted in the Bud th ingeroo Metadiabase. 

Jn the New Engla nd basic ho rnfelses a pale bluish green "actin olite" gradua lly 
deepens to deep bluish green, then deep green a nd fina lly brown with ri sing 
metamorphic grade. In the Metadiabase there is no tendency at all to wa rd 
greeny-brown tints. Instead it is a deep bluish colo uring that indicates the highest 
meta morphic grades in the a mphiboles. 

Moda l and op tica l data a lso reveal tha t a di tinct correlatio n between the 
modal volume of plagioclase, its composition, and it meta mo rphic grade, doe 
exist (see ta ble I). The p lagioclase becomes ma rkedly more calcic with increasing 
grade. This is, in fact, one o f the most stri king fea tures of the rocks. T he pro
port ion of p lagioclase decreases however, with rising temperature, while that 
of horn blende increases. 

The last observatio n aga in differs from that made by Binns for the N ew 
Engla nd basic ho rnfelses. However, the di!Tercncc is most probably due to the 
initial dissimilarity in the mineral compositio n o f the basic rocks outside the 

contact a ureole. Jn New Engla nd 
a clinopyroxcne a nd plagioclase 

90 

80 

70 

4 Trend obto1ntd by 

" Wilcox ond Pol dt rvoort (1958 ) 

" 

I 

1.66 

" " .. 

1.67 

~· .. 

1.68 

F1G. 2. Optical data for the amphiboles: 
O , from the Hornblende Diabase; x, from 
the Actinolite Hornfels; +, from the low
grade Amphibolite Hornfels : e , from the 
high-grade Amphibolite Hornfels. 

reaction occurred a t the edge o f the 
contact aureole to form the act ino
lite, thus decreasing by half the 
proportion of plagioclase, which 
grad ua lly reconstituted with r ising 
temperatures. Here, a la rge a mo unt 
o f ho rn blende was already present 
in the unmcta rnorphosed rock, a nd 
clino pyroxc ne wa s only a very mino r 
constituent. T hus the forma tio n of 
tremo lite was mainly a result o f a 
d irect conversion of igneous ho rn
blende. 

The results o f a comparison of 
o ptical measurements of axial 
angle (2 V ")and refractive index (y) 
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of the amphibolcs are given in fig . 2. These do not reveal any single linear 
trend, such as that obtained on calciferous amphiboles by Wilcox and 
Poldervaart ( 1958), which is al so given in fig. 2. The main optical va riation here 
has been the change in y. Optic ax ial angle is obviously not a diagnostic 
property; there is a range of 2 V .x va lues for each different group, but no 
difference between groups. 

The progressive changes in both optical and density measurements will be 
considered in detail later, in conjunction with the results of chemica l work . 

A 111pliibo!e c/1e111is1 r,r 

Chemica l analyses, structural formulae (calculated after Phillips, 1963). 

and chief optica l properties of the different amphiboles are given in table JI I. 
All of the e amphiboles may be considered as calcium-rich amphiboles having 
the general fo rmula of A X2 Y.;Z80 22(0H)2, where A = Na, K; X = Ca, Na, K ; 
Y = Mg, Fe2 ' , Mn, Fe:n., Ti, Al'\ etc. ; and Z = Si, Ali'·. 

It has been found satisfactory to ex press all the compositions in terms of one 
or the other of two simple ionic substitutions into an initial " tremolite" formula 
of "ACa2 Mg',;Si1,02lOH)2" where A is a vacant la ttice position and Mg' i 
eq uiva lent to (Mg + Fe2++ Mn). This form of ystematization wa derived by 
Sundius ( 1946) for calcium-bearing amphiboles in general. 

The two types of ionic substitution used arc the filling of the vaca nt A site 
in the lattice with Na, the electrical neutrality of the formula being maintained 
by the substitution of Ali " for Si (i.e. Si ~ Na , Ali ") and a substitution of the 
type Mg, Si > Alvi, Ali " leaving the A space vacant. 

These principles of ionic substitution wi ll now be used to eva luate the chemical 
changes taking place in the amphiboles of the Budthingeroo Metadiabase in 
response to increasing grade of contact metamorphism. For the sake of simpli
city, the fo llowing ions are grouped together, 1 Na, K ; Mg, Fc 2 , Mn ; and 
Fe:H, Ti, Al "1. Using Table 111 the chemica l formu la for the amphibole from 
the Hornblende Diabase (no. 1 A) may be written as follows: 

A Na0 . 12Ca 1 .3 l Mg:l . .;1Al1 .41)(Si6 ,90AI 1.10)0 2lOH )2• 

The formula of this amphibolc can be considered as an almost straightforward 
va riation of the pure " tremolite" formula, following the substitution MgSi -"
AIAI to a va lue of I. TO atoms/fo rmula unit (atoms/f.u.). A portion of the sites 
usually occupied by Ca are, however, also vacant. Their place is taken by Na, 
but as it requires 2 Na to balance the charge of each Ca there remains a deficiency 
of 0.3 charges 'f.u. in the X site . Now it wi ll be noticed that there is an excess of 
Al in the Y po it ions to an amount of 0.3 atoms.'f.u. This balances the deficiency 
of the X va lencies. The main va riation from an initial theoretical tremolite 
formula is thus the substitution MgSi ~ AlAl to an amount just over 1 atom f.u. 

1 The grouping of Ti ·•.,. with A l means that the charge balances referred to do not appear 

to be exact. 
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TABLE III. Chemical analyses, structural formulae, and optical data of the amphiboles 

Analyses: No. of ions 011 a basis of 24(0 , OH): 
iA 2A 3A 4A 

Si02 48.20 52.40 47.50 43.50 z Si 6.90} 8 .00 7.47}8 .00 6.79}8 .00 6.27} 8 .00 
Al 20 3 11 .51 5.95 10 .69 13.02 AILV 1.10 0.53 1. 21 1. 73 
Ti02 2.22 0 .89 0 .56 0.63 
Fe20 a 3.03 4.35 3.73 4.76 y AIVI 0.841 0.47} 059} 0.48") 
FeO 10. 10 7.57 8. 12 8.45 Ti 0.24 0. 10 0.06 001} MnO 0.22 0.16 0. 17 0.32 Fe3 • 0.33 }4·9' 0.47 5.0• 0.40 0.51 
MgO 10.65 14 .33 14.43 14.01 Mg 2.27 3.05 3.07 5· 11 J.02 5 . 14 

eao 9.08 10.20 I I .OJ 11 .04 Fe~ ~ 1.21 0.90 0.97 1.02 
Na20 2.48 1.40 1.76 2.89 Mn 0.03 0.02 0.02 0.04 !':I 
KzO 0. 18 0 .16 0.45 0.84 :-
H20 2.21 I.98 2 .06 2.03 x Ca I .39 j 1.56") 1.691 1.72} ~ Totals: 99.88 99 .39 100.50 101 .49 Na 0.69 J2.ll 0.39 J I .98 0.49 j2.26 0.81 2.68 
Analyst: B. J . Macara K 0 .03 0.03 0.08 0. 16 

(") 

> 

Optical data: 
~ 

D 3.18 3. 12 3. 16 3.20 (OH) 2. II r.88 1.96 1.96 
C( 1.656 1.634 1.642 I . .655 0 21.89 22. 12 22.04 22.04 
y 1.679 I .657 1.665 1. 678 mg• 59 ·I 68.7 68 .8 65.7 
y : [001) 25 0 190 22 ° 27 0 
2 Va. 77 0 79° 82° 80° Specimens: 1 A Hornblende from the Hornblende Diabase 
ex yellow colourless pale green yellow-green 2A Tremolite from the Tremolite Hnflses 

fl yellow- pale green yellow- green 3A Hornblende from Low grade Amphib. Huflses 
brown green 4A Pargasite from High grade Amphib. Hnflses 

y deep green pale green green deep blue-
-brown green 

•mg= 100 Mg/(Mg+ Fe2++ Fe3 • + Mn). 
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The amphibole is a member of the common hornblende series (as defi ned by 
Deer, Howie, and Zussman, J 963). 

The formula for the amphibole in the Tremolite Hornfelses (no. 2A) is 
ANao.41Cal.56(Mg:1 .97Al u1.1)(Si1A1Al0.5::)02l OH)2. The main variation from a 
pure "tremolite'' formula is once again the substitution MgSi -+ AlAl. However, 
this time it is only to the amount of 0.53 atoms/f.u. The deficiency of charge in 
the X sites is compensated by the substitution of Al'i in Y. The amphibole may 
be considered as chemically intermediate between the tremolites and the common 
hornblendes. Taking both optical and chemical factors into consideration, it is 
placed in the tremolite series, and may be classified as an Al-bearing tremolite. 

The amphibole in the Low-grade Amphibolite Hornfelses (no. 3A) has a 
formula Na0 .5 7Ca •. 6 iiCM~ 06Ali.09)(Siu 11A1 1 .21)02iOH)2. Once again, the main 
varia ti on from an original " tremolite" formula is of the type MgSi -+ AIAI to 
an amount of 1 .09 atoms,'f.u ., leaving an excess Afi v of 0.12 atoms,'f. u. This is 
balanced by the net effect of a deficiency of 0.31 charges.Tu. in the X sites and 
0.26 alkal i atoms f.u. in the A site. The actual amounts of both Ca and Na have 
increased and this amphibole may be considered as a member of the co111111011 
hornblende series. 

Jn the High-grade Amphibolite Hornfelses the amphibole (no. 4A) has the 
formula Na0 .nCa1. 72(Mg~ _09Al 1.o<;)(Si6 _27Al1.7:1)0zi0Hh To derive this formula 
from pure "tremolite" req uires both types of ionic subst itution recogn ised by 
Sundius (1946). The substitution MgSi -+ AIAI has occurred to an amount of 
1 .06 a toms 'f.u . Substitution of the type NaAI - >Si has also taken place. 
After filling the vacant X sites caused by a deficiency in Ca, an amount of Na 
eq ual to 0.69 atoms 'f. u. is left over to fil l the vacan t A site. This balances the 
Afi' of 0.67 atoms 'f.u. left in excess after the other substitution. The amphibole 
may thus be considered as lying within the chemica l boundaries of the pargasite 
series as defined by Deer, Howie, and Zussman (1963). 

To illustrate the relations between end-member series of the calcium-rich 
am phi boles the above authors have expressed the two types of chemical va riation 
in the form of two graphs. These graphs are reprod uced in figs . 3 and 4 and plot 
the va riation as numbers of (Na + K)and (Al v i + Fe~+ Ti) versus AP v respect ively 
The four analyses from the Metadiabase a re plotted onto these two figures. 
Analyses 1 A and 3A fall clearly into the field of the common hornblendes. 
neither showing any especial tendency towa rd either eden itic or tschennakitic 
types. Analysis 4A lies in the pargasite fie ld, while analysis 2A falls close to 
what must be the boundary between the tremolites and the common horn
blendes with respect to the amount of Ali" in the lattice and to both the amounts 
of total a lkalies and number of trivalent Y ions. 

Lt is felt that the composition of thi s Al-bearing type of amphibole was 
probably influenced by the initial high alumina content of the igneous rock and 
the absence of any other possible Al-bearing mineral phases. The amphibole is 
thus considered to be a tremolite rather than a true hornblende. 

Fig. 3 illustrates how the tota l number of trivalent ions in Y decreases quite 
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FrGs. 3 and 4: The chemical variation of the amphiboles in the Budthingeroo Metadiabase. 
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unit. F1G. 4 (righl). Expressed as the numbers of Na + K and A li '' atoms per formu la 
unit. 

markedly at the commencement of metamorphism, till at the highest levels it 
regains approximately its initial content. 

From fig. 4 it can be seen that the changes in the total amount of alkalies 
within the amphibole structure have been much greater, even when taking 
into account the fact that the abscissa scale in fig. 4 is twice that in fig. 3. 

To appreciate the full significance of these changes it is necessary to look at 
them in more deta il than this, however. Observati ons have th us been made, 
not only of the sums of various groups of ions, but also of the various ions 
themselves. This is done in Table JV. 

It should perhaps be stressed once more, that, as the metamorphism is 
considered to be mainly isochemical, changes in amphibole composition are 
due entirely to direct response of the mineral to metamorphism and that they 
are not just a reflection of changes in total rock composition. There is one 
possible exception to this rule: 

The greatest differences occur at the edge of the contact aureole in the con
version of the igneous hornblende to a tremolite. There are sharp changes in 
elements of all three structural groups of the amphibolc formu la. The drop in 
Al content in both four- and six-fold co-ordinate positions is quite large, 
totalling 1 atom /f.u. There has also been a high percen tage decrease in the 
amount of tota l alka lies, amounting to 0.3 atoms/f.u. In the Y positions a 
large increase in Mg content has occurred (o.8 atoms 'f.u.). However, this may 
be partly due to the 2 % MgO increase in the whole rock and it is possible that 
this is the one case where a change in amphibole composit ion reflects a change 
in bulk composition. 

In the conversion of tremolite into the metamorphic hornblende the Si + AP'' 
change is abrupt once more (o. 7 atoms.'f.u.), Ali" conten t increasing to just over 
the original amount. The A1,·1 gain is much lower (0. 1 atoms,'f.u.) and, in fact , 
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TABLE JV. Quantitative changes in amphibole chemistry during metamorphism 

Atom groups 
in amphibole 

structure 

z 
y 

x 

Net change in 
cations per 

change 

Na= total alkalies; 
Fe2' includes Mn ; 
Fe3+ includes Ti. 

Element 

Si 
Ali'' 
Al'·; 
Fe3 • 

Mg 
Fe" ' 
Ca 
Na 

tA --+ 2A 2A--+ 3A 

Gain Loss Gain Loss 

+ + 
o.6 0.7 

o.6 0.7 
0.4 0.1 

0.1 
o.8 

0.3 0.1 
0.2 0.15 

0.3 0. 15 

+0.4 

Conversions are: 1 A _, 2A = igneous hornblende to tremolite; 
2A _, 3A = tremolite to metamorphic hornblende; 
3A --> 4A =met. hornblende to pargasite. 

3A --+ 4A 

Gain Loss 

+ 
0.5 

0.5 

0.1 
0.1 

0.1 

0.4 

+0 .5 

all the changes in the Y positions are small. There is a smaJl increase of both 
Ca and alkalies in the X positions. 

The conversion of metamorphic hornblende to pargasite in the higher grades 
of metamorphism of the Metadiabase has, once more, brought about a number 
of changes in amphibole composition. The Si -+ AI iv substitution has increased 
by an amount of 0.5 atoms/f.u. The other major change is a sharp increase in 
the amount of total alkali by 0-4 atoms/f.u. Elements in the Y positions 
remain virtually unchanged, though this conclusion could be disturbed if the 
rather large analytical error in 4A were concentrated in one of the Y or Z 
elements. 

Working on the regionally metamorphosed epidiorites of the South-west 
Highlands in Scotland, Wiseman (1934) found that with increasing metamorphic 
grade, there is a progressive increase in the amount of Al in the Z position. 
He thus postulated a continuous series of Si -+ All" substitution up to 2 atoms/ 
f.u. (as in the pargasites). A number of writers disagree with this idea. 

Shido (1958) and Shido and Miyashiro (1959), working on the regionally 
metamorphosed basic rocks of the Abukuma Plateau in Japan, showed that a 
progressive relationship between metamorphic grade and Si -+ A}iv replacement 
was not evident in that locality. However, they did demonstrate that the maximum 
possible content of alkali ions, of a particular metamorphic grade, increases 
with increasing grade. 

Layton (1963) has indicated that "the conversion of actinolite to ferro
hastingsite is not a simple matter of aluminium entering the molecule in response 
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to increasing metamorphic grade, but that there must be a concomitant increase 
in the Fe content". 

There is a large increase in AJi v content in the Metadiabase with increasing 
meta morphic grade, as predicted by Wiseman ( 1934). However, the changes 
are abrupt and owing to the lack of information on any intermediate types, 
results neither prove nor disprove the existence of continuous Si -+ Al;,. 
replacement to the amounts present in the pargasite series. 

Total alkalies increase in amount as predicted by Shido and Miyashiro (1959). 
Evidence for a progressive increase in Fe content with increasing grade (Layton, 
1963) is marginal. 

Trace element variations in the amphiboles 

The trace element content of the four analysed amphiboles was also deter
mined (see table V). Amounts are given in parts per million of the relevant 
oxides. When metamorphism occurred, the trace element content of the igneous 
hornblendes altered markedly. The percentage of the elements Ba, Co, Cu. 
Mn, Sc, Sr, Y, and Zr all decreased, while Ni and Cr increased. 

TABLE V. Trace element content of the amphiboles, in parts per million 

IA 2A 3A 4A IA 2A 3A 4A 

Bao 600 150 250 300 N iO 110 270 240 180 
Coo 70 45 55 50 Sc"O:i 85 60 100 So 
Cr~O:i 300 800 I 000 400 SrO 500 250 200 350 
CuO 200 75 200 90 v~o .• 500 450 550 400 
MnO 2 200 I 600 I 700 3 200 ZrO~ 350 85 90 150 

BaO, SrO, and Zr02 all show a sharp decrease on the transition from an 
igneous to a metamorphic amphibole. BaO goes from 600 to 150 p.p.m., SrO 
from 500 to 250 p.p.m., and Zr02 from 350 to 85 p.p.m. With increasing 
metamorphic grade this amount gradually rises again , BaO reaching 300 p.p.m., 
SrO 350 p.p.m. , and Zr02 150 p.p.m. In each case the last amount is about half 
of the original content. 

MnO shows an initial sharp decrease, from 2 200 to 1 600 p.p.m., followed 
by an increase, until in the High-grade Amphibolite Hornfelses the Mn content 
is 3 200 p.p.m. , or about half as great again as the original amount. Ni and Cr 
contents have both increased with metamorphism, NiO from 110 to 270 p.p.m. 
and Cr20a from 300 to 800 p.p.m. Engel ( 1959) and Howie (1955) have found 
that these two elements tend to be concentrated in the more Mg-rich hornblendes. 
T he MgO content of the igneous hornblende here is 10.65 % and this rises to 
over 14 % in all of the metamorphic amphiboles. The results thus are in accord
ance with both Engel and Howie's observations. 

Howie ( 1955) has furthermore found that Co shows a small decrease in the 
Mg-rich amphiboles and this, too, is in agreement with the results here, Co 
content dropping from 70 to 50 p.p.m. with increase in Mg content. The elements 
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Cu, Sc, and V do not show any apparent trend, but form a "zig-zag" pattern, 
with an initial decrease, followed by a rise, then another decrease. 

Optical versus chemical data 

The amphibole variation with increasing grade of contact metamorphism 
may also be represented by comparing the optical measurements with the 
chemical composition. The relationship can be expressed in numerous ways. 
However, the complex chemistry makes a simple correlation impossible, as the 
presence or absence of so many individual ions can affect the optical results. 

Thus, graphical means, although the most common form of expressing the 
relationship, are not really precise. To obtain maximum accuracy the optical 
results are generally plotted against a chemical ratio rather than a separate ion. 
Us;ng the ratio 1 oo Mg/(Mg + Fe2+ + Fe3+ +Mn), Deer, Howie, and Zussmann 
( r963) have constructed separate charts relating this to the optical properties 
for each end-member series of the amphiboles. The correlation appears to be 
quite good. 

Jn fig. 5 the optical data for the amphiboles in the Metadiabase are plotted 
onto these graphs. As only one chemical analysis was obtained from each zone, 
there is only one chemical ratio per group. Thus, the optical results fall into 
vertical columns, the abscissa value pertaining to the relative chemical analysis. 
Instead of plotting the charts of Deer, Howie, and Zussmann in full , each 
containing only one line of results, small portions were taken and all results are 
presented together. 

For analyses of amphiboles 1 A and 3A the standard curves are taken from 
the chart for the common hornblende series (op. cit. fig. 76). Analysis 2A uses 
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the tremolite-actinolite series chart (op. cit. fig. 66) and analysis 4A the pargasite
ferrohastingsite chart (op. cit. fig. 78). Results of the amphibole specimens tha t 
were actually chemically analysed are given in small circles. 

Refractive index results show the widest scatter from the plotted lines. In 
the Tremolite Horn felses (2A) all indices are greater than the standard curves, 
yet fall well below the curves for the common hornblende series. (Plotted for 
1 A and 3A). This is another indication of their chemically intermediate position. 
2 V results agree well with the standard curves. They are, however, not 
diagnostic. Density values have the closest correspondence of all. 

Conclusio11s 
This paper has attempted to illustrate both mineralogica l and chemical trends 

in the amphiboles of a basic igneous rock during its progressive contact meta
morphism. The metamorphism has resulted in the formation of three different 
and distinct zones of amphibole-bea ring basic hornfelses. 

Changes have been quite distinct, both optically and chemicall y. Marked 
variation in colour and habit and a progressive a lteration in both refractive 
index and density are the most striking physical changes. 

Chemically, there have been distinct increases in the percentages of total 
alkalies and Al20 3, in both cases following an equa lly sharp initial decrea e at 
the edge of the contact aureole. MgO increases sharply at the commencement 
of metamorphism, then remains fairly constant. The percentage of Si02 decreases 
progressively with rising temperatures. 

The trace element content of the constituent amphiboles a lso underwent some 
distinct changes. Mn increased markedly, while Ba, Sr, and Zr only gained 
slightly. The amount of Co remained fairly constant and Ni tended to decrease. 

A fairly good correlation has been obtained for the optical results with their 
corresponding chemical compositions. Jt is sufficient to show that the am phi boles 
may be regarded as belonging to three separate solid-solution series, which are 
end-members of the calcium rich amphiboles. 
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Nature des hornblendes et types de metamorphisme 

Par J . FABRIES 

Laboratoire de Gfologie et de Mineralogie, Faculte des Sciences, ALGER 

Summary. Although comparison of chem ica l analyses of amphiboles from different labora
tories is unreliable, and there are few systematic studies of basic metamorphic rocks, it is 
possible to discern some crystallochemical trends as a function of some types of metamor
phism, as defined by Miyashiro (1951). 

Whatever the type of metamorphism, the hornblende compositions change more or less 
in the sense tschermak ite -+ edenite w ith the degree of metamorphism. The amount of 
Ali '° shows no definite change ; the decrease in the substitution AJi ''Al"i-+ MgSi with increasing 
metamorphism is compensated by the reciprocal substitut ion of NaAAl1" -+ Si. Hornblendes 
of the types disthene (kyanite)- sill imanite (OS) and andalusite- sillimanite (AS) are essentially 
distinguished by the relative quantities of A l' 'i and Na·1, which are more important in amphi
boles of the first type at the same metamorphic intensity (same temperature of formation): 
the tota l amount of Na does not, however, show any d ifference. 

The chem ica l composition of the rock clearly influences that of the amph ibole, and can 
sometimes mask certain of the crystallochemical characterist ics of th is mineral. Comparison 
of the ratio mg = M g/(Mg + Fe'+), which reflects the overall composition of the rock and 
which does not vary w ith the degree of metamorphism, and al = A l"i/(AJ''i + Fe 3- + Ti) shows 
that hornblendes of the type DS are characterised statistically by the relation mg< al + o. 1 ; 
an inverse relat ion exists for the AS type. 

Crystal lographic parameters are often different : hornblendes of the type AS have rather 
high values of band V; this phenomenon is due to the smal ler quantity of AJd ( + Fe 3 " + Ti) 
in the amphibole molecu le. 

DEPU IS quelques annees, les petrographes etudiant Jes series metamorphiques 
s'interessent de plus en plus a la nature chimique des mineraux constituants. 
Cest ainsi qu 'ont ete publiees recemment plusieurs etudes sur la composition 
des arnphiboles provenant de roches metamorphiques basiques. Devant ces 
donnees nouvelles, nous sommes amenes tout naturellement a poser le probleme 
des relations susceptibles d'exister entre Jes caracteres cristallochimiques des 
hornblendes et les types de metamorphisme, tels que les a definis Miyashiro 
( 1961 ). 

Evidemment un tel essa i souleve la question de la compara ison des donnees 
chimiques provenant de differents Jaboratoires d'analyses. D'autre part, comme 
l'ont deja soul igne Engel et Engel (1962) et Leake (1965), nous disposons 
actuellement de peu d'etudes systematiques sur les amphiboles des series 
metamorphiques et a partir desquelles des comparaisons valables peuvent 
etre etablies. Aussi ces remarques preliminaires sont-elles necessaires pour 
mettre !'accent sur le caractere d'essai que nous entendons donner simplement 
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aux considerations qui vont suivre, et auxquelles nous fumes amenes apres 
l'etude des roches metamorphiques basiques de la Province de Seville (Espagne 
du Sud) (Fabries, 1963). 

Les Hornblendes des Amphiboles du NE de la Province de Seville (Espagne) 

La partie sevillane de la Sierra Morena est caracterisee par !'existence d\1n 
complexe cristallophyllien d 'age hercynien (massif de Lora del Rio), dans 
lequel trois zones d'isometamorphisme peuvent etre identifiees dans le facies 
"amphibolite" a partir des roches pelitiques: zone l a grenat, zone 11 a anda
lousite, et zone lll a sillimanite. Les nombreuses lentilles d'orthoamphibolites, 
contenues dans ces format ions gneissiques, permettent egalement d'etablir une 
zoneographie qui concorde bien avec la precedente et qui est basee sur rhabitus 
et la couleur des hornblendes : 

Zones 

Zone I 
Zone II 
Zone Ill 

Habitus des ampliiboles 

cristaux aciculaires en feutrage 
cristaux acicula ires et prismatiq ues 
cristaux prismatiques et trapus 

C 011/eur de y 

bleu verdatre 
vert 
brun verdii tre 

Cette serie metamorphique constitue un exemple du type andalousite- sillimanite. 
decrit par Miyashiro ( 1958) dans le platea u d 'Abukuma (Japon). 

Un certain nombre de ces amphiboles ont ete separees et ana lysees: les 
compositions chimiques et les constantes physiques sont indiquees dans le 
tableau I. Toutes ces amphiboles ont une forte teneur en alumine, meme dans 
les roches de degre metamorphique peu eleve. Leurs compositions chimiques 
varient avec le metamorphisme croissant de la fa9on suivante: le rapport 
Mg,'(Mg + Fe2+) reste sensiblement constant; le rapport Fe3+/(fe 2-r + Fe 3 · ) 

diminue ; Ja quantile de Al "; et Ja somme Al";+ Fe3+ diminuent nettement ; 
et la quantile de Na+ augmente dans les sites vacants A de la structure. 

Ainsi les principales variations chimiques en fonction de l'intensite du 
metamorphisme correspondent a une diminution de la substitution isomorphique 
Al'·iAf1" ""* MgSi, en liaison avec une augmentation de Na" dans Jes sites 
structuraux vacants. Cette evolution cristallochimique apparalt clairement 
dans le diagramme (fig. 1) de Boyd (1959), inspire de celui de Hallimond (1943), 
et qui est le mieux adapte pour decrire Jes hornblendes (Ca > 1 ,5) (Fabries, 
1966). 

La Nature des Hornblendes dans !es Types Anda/ousite- Sillimanite 
et Disthene- Sillimanite 

La tendance mis en evidence dans le cas precedent semble genera te et carac
terise tres souvent !'evolution cristallochimique des hornblendes, qui constituent 
les orthoamphibolites de differentes series metamorphiques, du type andalousite
sillimanite (type A- S) comme du type disthene-sillimanite (type D - S). Comme 



T ABLEAU I. Compositions chimiques et proprietes physiques des hornblendes de la Province de Seville (Espagne) 

Zones Zone I Zone I I Zone 111 et migmatites D iorite 
IV 
0 

..----"------ ~-- 0\ 

2 3 4 5 6 7 8 9 10 II 12 

SiO, 45,44 43.43 44,26 44,30 43,30 3S,91 45,6S 44,12 44,35 44,40 47,2 1 39,6o 
Al,0 3 12,49 12,30 11 ,25 10,30 I t,6o 11,S5 10,71 10,5S 10,oS 8,36 9,7S 10,71 
Fe,03 4,09 6,25 4,97 5,48 4,02 6,02 3,37 3,22 4,14 5,61 3,07 7,25 
FeO 10,50 8,87 9,05 11 ,70 11,19 11 ,00 10,55 I 1,9 1 11 ,09 10,30 10,45 12, 15 
MnO 0,30 0,43 0,35 0,12 0,35 0,20 0,16 0,33 0,23 0,27 0,34 0,34 
MgO 11 ,04 12,07 13,2 1 11,20 11,94 12,07 13,33 I 1,43 12,70 13,5S 12,S2 9,00 
cao 10,47 11,03 11 ,22 10,90 10,29 12,34 11,78 11,97 12,72 13,00 I 1,22 11 ,59 
Na20 1,72 1,6 1 1,17 1,90 1,4S 1,24 1,50 1,57 1,39 1,75 1,30 1,12 
K 20 0,58 0,30 o,S5 0,45 0,7 1 0,50 0,45 0,50 0,75 0,65 0,95 1,33 
TiO, 2,00 2,6o 2, 14 2,30 2,90 4,S4 I ,58 3,27 1,97 1,02 1,85 3,64 
P,O. 0,09 0,05 0,07 0, 19 0,08 0,22 0,09 0,07 0,05 0,06 0,08 0,32 
H,O 0,92 0,92 1,24 0,35 1,5S 0,64 o,4S o,S8 0,76 0,32 0,64 2,6o 
F Ir. 0,03 0,24 0,20 0,40 Ir. 0,25 0,15 0,37 0,07 0,07 0,20 

99,64 99,S9 100,02 99.41 99,84 99,83 99.93 100,00 I00,6o 99,39 99,78 99,85 
Q ; F - 0,01 0,10 o,oS 0, 17 - 0,11 0,06 0,16 0,03 0,03 0,08 
Total 99,64 99,88 99.92 99,33 99,67 99,83 99,82 99,94 100,44 99,36 99,75 99.77 
Nombre d'io11s pour 23 o•- : :-
Si 6,66 6,28 6,42 6,49 6,35 5,66 6,65 6,44 6,45 6,55 6,89 6,07 "1 

> Afiv 1,34 1,72 1,5S 1,51 1,65 2,34 1,35 1,56 1,55 1,3S 1, 11 1,93 o:i 
AJv i 0,58 0,38 0,34 0,26 0,36 0,01 0,33 0,26 0, IS - 0,33 0,01 ::0 
Fe'+ 0,45 o,6S 0,54 o,6o 0,44 0,65 0,36 0,35 0,45 0,62 0,34 0,83 ffi~ 
Ti 0,22 o,2S 0,23 0,25 0,32 0,52 0,17 0,36 0,22 0,11 0,20 0,41 
Fe tr I ,28 1,07 1,10 1.43 1,38 1,33 1,28 1,46 1,35 1,26 1,27 1,56 
Mn 0,04 0,05 0,04 0,01 0,04 0,02 0,02 0.03 0,02 0,03 0,04 0.04 
Mg 2,41 2,6o 2,84 2,46 2,61 2,61 2,SS 2.49 2,75 2,98 2,78 2,05 
Ca 1,63 1,70 1,74 1,7 1 1,62 1,92 1,S3 1,87 1,97 2,05 1,75 1,91 
Na 0,48 0,45 0,33 0,54 0,42 0,35 0,42 0,44 0,39 0,49 0.37 0,33 
K 0,1 1 0,05 0,15 0,08 0,13 0,09 o,os 0,09 0, 14 0, 12 0, 17 0,26 
Mg/(Mg + Fe) 0,65 0,7 1 0,72 0,63 0,65 o,66 0,69 0,63 0,67 0,70 o,6S 0,56 
Fe3 +/(FeH+ FcH) 0,26 0,39 0,33 0,30 0,24 0,33 0,22 0,19 0,25 0,33 0,21 0,34 
Ale. in (A) 0,22 0,26 0,3 1 0,33 0,32 0,37 0,44 0,40 0,50 0,61 0,29 0,50 
')' 1,668 1,662 1,665 1,675 1,674 1,676 1,670 1,6S3 1,675 1,666 1,667x 1,676 
{J - 1,654 1,656 1,666 1,664 1,666 1,66o 1,675 1,666 1,657 1,657 1,666 
a - 1,640 1.645 1,654 1,650 1,652 1,647 1,66o 1,653 1,645 1,643 1,652 
')' : [001] 17 ° 16° 20° 20° 190-20 0 16° 15 0 18 ' 17° 18°-19 18 15 <> 
2 Ya 78° so• 76° 79°- 80° S2° S2 ° 85 ° 71 80° 90° So 0 76° 
a (A) 9,897 9,S9S 9,896 9,934 9,9 16 9,893 9,914 9,922 9,933 nd. nd. nd. 
b (A) 1S,129 18,100 1S, 162 1S,170 1 S, 173 18,100 18,139 18, 160 18,175 nd. nd. nd. 
c(A) 5,328 5,331 5,331 5,316 5,324 5,333 5,331 5,337 5,331 nd. nd. nd. 
{J 104 °,826 104 °,883 104°,700 104 °,858 104°,830 104 °,933 104 °,823 104 °,858 104 °,966 nd. nd. nd. 
a sin {J (A) 9,568 9,566 9,573 9,6o3 9,586 9,559 9,584 9,59 1 9,597 nd. nd. nd. 
V(A3) 924.2 923.0 926.8 927,6 927,4 922.7 926,7 929,4 929.8 nd. nd. nd. 
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F1Gs. 1 et 2. Diagrammes d'evolution cristallochimique, apres Boyd (1959). 

le montre le diagramme fig. 2 , ii existe generalement en fonction du metamor
phisme croissant une compensation entre la diminution de la substitution 
Alv1A11v - > MgSi (ou substitution tschermakitique) et !'augmentation reciproque 
de la substitution NaAAfiv ~ Si (ou substitution edenitique). Cette compensa
tion explique d'ailleurs pourquoi la quantite d 'ions APv ne presente en general 
aucune variation bien definie avec le degre metamorphique, contrairement aux 
idees de Harry (1950). II est done possible d 'affirmer que !'evolution cristallo
chimique des hornblendes se fait plus ou moins dans le sens tschermakite ~ 
edenite quand l'intensite du metamorphisme crolt. 

Ce phenomene s'explique par le fait que les hornblendes contenant des ions 
Na+ dans les sites vacants soot plus stables a temperatures elevees que celles 
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qui en sont depourvues. Zussman (1955) a montre en particulier que !'introduc
tion d'atomes alcalins dans les Jacunes A, dont les dimen sions sont plus grandes 
que celles de ces ions, augmente l'entropie du systeme. La comparaison des 
domaines de stabilite de la pargasite et de la tremolite (Boyd , 1959) en est une 
preuve supplementaire . En outre dans les degres faibles de metamorphisme, les 
gradients de presion sont relativement plus importants que les gradients de 
temperature, favorisant ainsi la co-ordination vi de !'aluminium. 

Cette evolution cristallochimique des hornblendes varie-t-elle en fonction 
du type de metamorphisme? Quel que soit ce type, andalousite- sillimanite ou 
disthene- sillimanite, la quantite totale de Na ne montre pratiquement aucune 
difference, contrairement a !'affi rmation de Shido et Miyashiro (1959). Mais 
les quantites d'ions Al"; sont plus fortes dans les amphiboles du type disthene
sillimanite que dans celles de l'autre type, pour un meme degre metamorphique, 
c'est a dire pour une temperature identique de cristallisation, qui est representee 
approximativement par la teneur en ions NaA. La figure 3 montre en effet que 
pour une valeur donnee de NaA, la quantite de AJvi est plus grande dans !es 
hornblendes du type disthene- sillimanite. Remarquo ns aussi que les hornblendes 
du type andalousite- sillimanite sont a ssez comparables du point de vue chimique 
a celles des diorites et des tonalites. La co-ordination vi de !'aluminium etant 
favorisee par de fortes pressions, ii est done normal de trouver davantage d'ions 
Al"i dans les amphiboles du type disthene- sillimanite qui est caracterise par 
des pressions superieures a celles qui conditionnent rautre type. 

'·~1Ed <t I 
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z . . 
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F1G. 3. Diagramme d'evolution: x, hornblende du type disthene- si llimanite; e , 
hornblende du type andalousite- sillimanite ; /::, , hornblende des diorites et tonalites. 

Cependant la composition des roches basiques influe sur celle des horn
blendes et peut souvent masquer quelques unes de leurs caracteristiques 
cristallochimiques. Or comme nous l'avons indique dans le cas de la Province 
de Seville, le rapport mg= Mg/(Mg + Fe 2+) ne varie generalement pas en fonction 
du degre de metamorphisme. II reflete au contraire la composition globale de 
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la roche. Le diagram me mg 'a l (fig. 4) qui permet de comparer les rapports 
mg et al= Al vi 

1(Af d + Fe3; + Ti) montre alors que les points representatifs des 
hornblendes du type disthene-sillimanite se situent dans un domaine de l'espace 
cartesien caracterise par la relation mg~ al+ o, 1. U ne relation inverse existe 
pour les amphiboles du type andalousite- sillimanite. 

" 
IC 

·~ 

• x 

o.., al - •tO\ •to iaJ~ b<Al 

F1os. 4 et 5: F10. 4 (gauche). Memes symbols que dans la fig. 3. 
Fro. 5 (droit). Memes symboles que dans la fig. 3. 

En fin les hornblendes de ces deux types metamorphiques semblent se distinguer 
par les valeurs de leu rs parametres cristallographiques, bien que les informations 
sur cette question soient encore en nombre restreint. Ainsi dans les hornblendes 
du type andalousite- sillimanite, le parametre b ct le volume de la maille-unite 
ont des valeurs plus elcvees que dans celles du type disthene-sillimanite (fig. 5 
et 6). Probablement ce phenomene traduit Je fait que de faibles quantites 
d'ions A} vi (+ Fe"'+ Ti) remplacent !es ions Mg2 1 ct Fe2+. En effet ces para
metres cristallins sont trcs comparables a ceux des hornblendes de diorites 
et de tonalites, observation qui souligne encore l'analogie cristallochimique, 
signalee plus haut. 

La Nature des Hornblendes dans le Metamorphisme 
du Type G/aucophane- Jadeite 

Dans une recente note (Fabries, 1966), nous avons montre que, dans le type 
glaucophane- jadeite ou le type intermediaire de haute pression, les amphiboles 
bleu-vert qui accompagnent le glaucophane dans certaines roches basiques sont 
souvent des hornblendes subcalciques (Ca ~ 1,5). Leur composition chimiquc 
est voisine de la formule ideate NaCaR~+R~+AISi;022(0Hh, (R2-'- = Mg + Fe2~ ; 
R3 .- = Al'·;+ Feh), dans laquelle une certaine proportion de R3- serait remplacee 
par (Na A+ RH) (fig. 7). 

Deux evolutions cristallochimiques peuvent etre mises en evidence, suivant 
que l'on a affaire a une variation du degre metamorphique dans J'espace OU 

dans le temps: 

15 
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Dans respace. S. Ba n no ( 1964) a decrit une sequence spatiale correspondant 
a rapparition successive de glaucophane, de hornblende subcalcique, et 
d 'hastingsite tschermakitiquc. Cette evolution se traduit pa r les remplacements 
isomorphiques suivants: a ugmentation des ions a lcalins dans Jes sites vacants. 
de Ca 2-r- dans Jes positions structurales M . ., et diminu tion progressive de R:1 • 

dans Ies Jacunes octaedriques. Ces variations refletent une a ugmentation progres
sive du gradient tempera ture/pression. 

Dans le temps. Un deuxieme type d 'evolution se rencontre dans les roches 
plurifacielles (de Roever et Nijhuis, 1964), avec la succession dans le temps de 
paragenese a glaucophane, a hornblende subcalcique, et a actinote. Elle se 
traduit par une diminution progressive des ions R3 1 hexacoordonnees et une 
augmentation de Ca 2' a la place de Na- , de sorte quc !es sites vacan ts A ne 
sont pratiquement jamais occupes par des alcalins tout au long de cette sequence 
plurifacielle. On peut en deduire que la temperature est restee a peu pres 
constante !ors de la cristallisation de ces trois types d'amphiboles; une diminution 
de la pression a temperature constante serait a lo rs responsable de !'apparition 
de ces parageneses successives. 

Conclusion. Les considerations precedentes ne constituent qu'un essa i pour 
distinguer !es hornblendes provenant de roches basiques incluses dans des 
series de differents types de metamorphisme. De nom breux travaux sont encore 
necessaires pour confirmer ou non ces observations, mais des a present nous 
pensons que l'etude paragenetiq ue des amphiboles peut rendre de grands 
services dans !es recherches sur Jes terrains metamorphiques, en particulier 
da ns les regions OU font defaut des mineraux indicateurs classiques tels q ue Jes 
silicates d 'alumine. 
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An attempt to rationalize the classification of natural 
pyroxenes of space group C2 / c 

By I. Y. GINZBURG 

(111 . 8. f HH36ypr) 

Mineralogical Museum, U.S.S. R. Academy of Sciences, 
Leninskii Prospect 14/ 16, Moscow V-71 

S1111111wry. Mineral species of the natural pyroxenes of space group C2/c, excluding spodumenc 
and cosmochlore (ureyite), form four assemblages : augite, diopside-hedenbergite, fassaite ; 
johannsenite, diopside, hedenbergite: aegir ine, diopside, hedenbergite: augite + diopside, 
omphacite, jadeite, aegirine. In each of these assemblages, each of the species named has more 
or less defin ite boundaries, which are discussed. The conclusions are based on considerations 
of chemical composit ion, X-ray powder patterns, optical properties, and paragenes is. 

THE clinopyroxenes of space group C2/c cover a wide range of composition. 
They are commonly divided into several mineral species. Some of these species 
themselves show considerable variation in composition , but with others the 
variation is insignificant. The number of species, the lim its of their compositions, 
and the characteristics of the breaks between them have not been established . 
and some of the species names are not universally accepted. 

In order to rationalize the classification of these pyroxenes, published data 
have been surveyed. Jn addition , some ninety X-ray powder patterns of chemi
cally analysed pyroxenes were obtained, and occurrence and paragenesis were 
taken into account. Special attention was paid to the establishment of species 
boundaries, for which the following four criteria were used: m iscibility gaps, 
i.e. , absence or rareness of natural representatives within a certain range of 
composition; specific features in the change of optical properties; general 
differences in X-ray powder patterns or the occurrence of diagnostic lines, 
following the principles described by Ginzburg and Sidoren ko ( 1964); and 
difference in mode of occurrence or physico-chemical conditions of formation. 

The results are summarized in crystal-chemical formulae fo r the species, 
which are written in such a way as to show the most probable distributions of 
ions among the various sites. The results are also illustrated by triangular 
diagrams, which show the compositional ranges of the species and the gaps 
between them. Priority and variety names, synonyms, and superfluous names 
are discussed where necessary. Structurally disordered varieties are not con
sidered. 

212 
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The s.1 ·stem clinoenst at it e- clinoferrosilite- diopside- hedenbergi t e 

Clinoenstatite- ferrosilite (fig. 1, field 1) and pigeonite (field 2) have primitive 
lattices and thus lie outside the field of this paper. Augite and other calcic 
pyroxenes of this system occur widely in igneous and metamorphic rocks, a nd 
their classification is particularly important. 

Fie. 1. The system clinoenstatite-clinoferrosilite- diopside- hedenbergite. Field 1: clinoensta
tite- ferrosilite. Field 2: pigeonite. Field 3: subcalcic augite. Field 4: augite. Field 5: 
Ca-rich augite. Field 6: diopside- hedenbergite. Field 7: fassa ite. Shaded areas denote 
boundary fields. Full circles represent chemically analysed pyroxenes (Veselovskaya, 
1950 ; Deer, Howie, and Zussman, 1963; and other authors, 1950-1965). Open circles 
represent pyroxenes analysed chem ically and studied by X-ray powder diffraction 
(Ginzburg and Sidorenko, 1964). 

Augires. Subcalcic augites (field 3) with 9.56- 11.10 % CaO give X-ray powder 
patterns resembling those of augites with 14.3- 20.8 % CaO, but differing from 
those of pigeonites with 3.14- 5.5 % CaO (Ku no, 1955; Ginzburg and Sidorenko, 
1964). They therefore probably have the space group C2/c assumed for augite, 
and not that of pigeonite (P2 dc). This structural difference gives rise to a narrow 
miscibility gap, pigeonites having up to 6 to 7 % CaO and subcalcic augites 
8 to 9 % CaO or above. Cell parameters and optical properties (especially 2 V) 
vary smoothly over the whole range of pigeonites and subcalcic augites. 

The boundary between subcalcic augite and common augite (field 4) is 
arbitrary (Deer, Howie, and Zussman, 1963), neither optical properties, nor 
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X-ray powder pa tterns. nor any change in densi ty of points on the composi tion 
diagram (fig. 1) showing any distinction. Modes of occurrence also show no 
clear difference, though K un o ( 1955) considered tha t subcalcic augites may 
crystallize under specific, high-temperature conditions. Subcalcic augites ca n 
thus be considered a chemical, and perhaps a lso a structural subspecie. or 
augite. The possibility i , however. not excluded tha t this compositional range 
is one in which metastable structures can ex ist, whose crysta l chemica l fea tures 
can correspond to tho e of either of the neighbouring species. On thi hypo
thesi , it is an ex ten ion of the miscibi lity gap. which. however. contain some 
representatives formed under pecific condition . 

Pyroxenes with 42.5- 45.0 moles percent CaSiOa (field 5) will be termed Ca
rich augi tes. They arc di tinguished from tho e or lower CaO conten t by a 
diagnostic X-ray powder line near to the 260 reflection (G inzburg and Sidorcnko. 
1964). These authors assigned them to their structu ra l type VI I. as opposed to 
common augites, which they assigned to type V l. 

The Ca-rich augit es can be rega rded either as a subspecies of augite or as 
occupying a boundary zone between augite and di opside- hedenbergite (field 6). 
This can perhaps be regarded as a zone of truct ural instability. in which 
pyroxenes of a lmost identica l composition can belong to different structura l 
type (V I and VII ). 

The X-ray evidence might be taken a indicating a mi cibi lity gap. bu t thi!> 
docs not seem to exi t. Optical propert ies va ry moot hly across the bo undary. 
there is no change in the density of points on the composition diagram, and 
modes of occurrence arc similar. Some points of distinction can, nevertheless. 
be noted. Ca-rich augitcs often occur in rapidly cooled zones of igneous rocks 
in which common a ugite is sca rce . The Al20 :1 contents a re more variable, and 
the R20 :1 a nd Ti02 content s higher. than fo r common augites. Dispersion i 
often high. perhaps due to Fe3 · and Ti. Abnormal va lues of 2 V occur in both 
common and Ca-rich augites. due to pecul iari tic of thermal history or to 
presence of Ti . 

The arbitra ry upper limit of 45 mol % CaSi0 :1 for the augi tes fo llow the 
proposals of Hess ( 1949) and Deer, Howie, and Zussman ( 1963). It may con
veniently be reta ined ; if the boundary between augitcs and diopside- heden
bergites were to be placed a t 42.5 mol % CaSi0:1, many minerals fo rmerl y 
called augites (about one-third of those listed by Deer, Howie, and Zussman. 
1963). would have to be re-named diopside- hcdenbergites . This would be 
confusing. Sometimes, however. minerals tha t a re rea lly diopside- hedenbergites 
have been called augites only because they occurred in igneous rocks. Thi is 
incorrect. 

The main conclusions about augites may now be summarized. Augites have 
CaO 8 to 2 2 %, Al20 :1 o to 6 %. and Fe20 :1 o to 5 % by weight. The crysta l
chemica l formula of augite and its subspecies (ignoring Na, T i and other minor 
constituents) is 
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with Ca 0.35 to 0.90 and Ali" o to 0.2 (Al"i + feH = Ali"); the subspecies have 
the ranges: 

subca lcic augite, Ca 0.35 10 0-47, Ali'" o 10 0.05: 
common augite, 0-45 to 0.82 o to o. l 7: 
Ca-rich augite, 0.80 to 0.90 o 10 o. 14. 

The following varietal names are self-explanatory: subcalcic ferroaugite; 
magnesian augite (enstatite- diopside); ferroaugite; ferroan hedenbergite. The 
following varieties, named after substituent ions, cause sharp changes in optical 
properties : nonaluminian augite, titanian augite, titanian ferroaugite, and 
ferrian augite. 

Diopside- heclenbergi1e and fassaite. Fassaites (fig. 1, field 7) are characteri zed 
by high contents, not only of CaO, but also of R20:3 (up to 15 % Al20:1 and 
7 % Fe20:i Troger, 195 r; Deer, Howie, and Zussman , i 963). The boundary 
between diopside- hedenbergites (field 6) and fassaites is arbitrary. Usually, 
pyroxenes with over 6.5 % Al20 3 are called fassaites; this corresponds to 
replacement of over ~ of the Si by AL The maximum Al 20 :i content co:Tesponds 
to replacement of± of the Si. Like hornblendes and gedrites, which also have 
~-t of the Si replaced by Al, fassaites can be regarded as aluminosilicates. 

T he only evidence of a miscibility gap between diopside- hedenbergites and 
fassaites is supplied by the dependence of cell parameters on the content of Al 
in the Z -s ites in synthetic pyroxenes of this series (Sakata, 1957); the s lope of the 
curve representing thi s aependence in the range Al0 _00- Alo .to (diopside) differs 
from that in the range Al0 _25_ 0 _50 (fassaite). 

Powder patterns of natural fassaites and diopside- hedenbergites are identical; 
both species are of structural type VI I. Optical properties of varieties of Ca-rich 
augites, diopsides, sahlites, and ferrosalites are s imilar to those of corre
sponding varieties of fassaites. In metamorphic and metasomatic rocks, diop
sides, sa hlites, and fassaites often form isomorphous series. These minerals 
occur in contact and regional metamorphic rocks, and also in igneous formations. 
Despite the absence of any sharp division between diopside- hedenbergites and 
fassaites , it is justifiable to regard the latter as a distinct species, because they 
are the only representatives of aluminosilicates among the pyroxenes. Fassaites 
occur above diopside on fig. 1 because AP" occupies some of the octahedral 
sites and hence causes an increase in the ratio of Ca to the remaining octahedral 
cations. 

The crystal-chemical formulae of diopside-hedenbergite and fassaite, ignoring 
minor constituents, are : 

with the ranges: 

diopside- hedenbergite, Ca l .oo to 0.85, Ali'·= (A l'·; + Fea- ) o to 0.24: 
fassaite, l .Oo to 0.80 0.25 to 0.50. 
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The following varietal names may also be used: diopside, sahlite. heden

bergite. chrome-diopside, lavrovite (Cr, V). Fassaites especially high in Al may 

be called aluminian fassaites : titanian fassa ites also exist. 

Tiie .s)·stem joha1111senite- diopside- hedenbergite 

Within this system (fig. 2), there are no reliable analyses of uncontaminated 

pyroxenes with 30 to 40 mol % CaMnSi20 6 . This points to the existence of a 

miscibility gap between diopside- hedenbcrgite and johannsenite, a lthough 

© 

Ca Mn (! Zn) 
IOD 

optica Ida ta (Zhari kov and V lasova, 

1955) have been considered to 
provide evidence against any such 
gap. I ron-rich minerals in this 
ystem with 15 to 20 mo! % 

CaMnSi20 0 may be called mangan
hedenbergites (fig. 2, fie ld 5). a nd 
Mg-rich minerals with 20 to 30 

mol % CaMnSi20 6 may be called 
manganoan diopsides or schefferi
tes (field 4). Minerals with 40 to 
70 mol % CaMnSi 20 6 may be called 
ferrojohannsenites (field 2) or mag-

10 10 31 40 so 18 10 ,. ,
0 100 

nesian or zincian johannsenites 

C•F•
1

• coM~ (field 3). Two old analyses of 

Fie. 2. The system johannscnite- diopside
hedenbergite. Field 1 : johannscnite. Field 
2: ferrojohannsenite. Field 3: magnesia n 
(zincian) johannsenite. Field 4: schefferite 
(manganoan diopside). Field 5 : mangan
hedenbergite. Field 6: diopsidc- hedenber
gite. Full circles represent chemically 
ana lysed pyroxenes (Palache, 1935; Zharikov 
and Vlasova, 1955; Padera et al., 1964; 
other authors, 1950-1965); shaded areas and 
open circles have same meaning as in fig. 1. 

jcffersonites show M nO + ZnO 

contents around r 5 to 20 %. 
Johannsenite proper (field 1) are 
defined as having at least 70 mol % 
CaMnSi20 6 . 

Substitution of Mn for Mg in 
diopside causes the same changes 
in X-ray pattern as does that of 
Fe; the pattern of a johannsenite 
from Bulgaria (Padera, Mincheva
Stefanova, and Kirov, 1964 ; 

Ginzburg and Sidorenko, 1964) was the same as those of Mn-hedenbergites 

from the U.S.S.R. This is readily explained by the sim ilarity in io nic radii of 

Mn2"' and Fe 2 • . 

The paragenesi of johannsenite differs from those of manganhedenbergite 

and manganoan diopside; johannsenite forms only at a high manganese poten

tial , and this usually occurs on ly in the latest stages of deposit formation. The 

pronounced isolation of johannsenite in composition and occurrence 

makes it possible to regard this mineral as a separate species, despite the 

similarity between its X-ray pattern and those of diopside- hedenbergite. 
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The crystal chemical formula (ignoring Zn and other minor constituents) is: 

:Ca1.o o.v, (Fe2 , Mg)o o.1].{Mn1.o o.s(Mg, Fe2- )o o.8(Fc:1 , Al)o o. t!(Si2.o u1Alo o.1)20r. 

Mn-rich pyroxenes a lso occur in which the Ca conten t is under 0.85 per 
fo rmula unit, and much Al is present in both octahedral and tetrahedral posi
tions. These may be rega rded as augites or Ca-rich augites. 

The system aegirine-diopside- hedenbergite 

Within this system (fig. 3), there are no reliable ana lyses for minerals with 
40 to 50 mol % Na FeSi20 6 and few for ones with 50 to 70 mol % (Iwasaki. 
1960: Kostiuk, 1964). This suggests that a miscibility gap exists becween 
acgirine and diopside- hedenbergite. This conclusion is supported by X-ray 
and optical evidence. Minera ls containing over 50 mol % NafeSi20 6 give 
powder patterns typical of aegirines, even though some contain 7 to 8 % CaO 
(specimens from the Urals and Kola peninsula) . Minera ls containing under 
40 mol % NaFeSi20 6 give patterns typical of diopside hedenbergite; these may 
conta in up to 5 % Na20 (specimen from the Enisei hills, Tuva). Synthetic 
preparations in the diopsidc- aegirine series show a gradual change in pattern 
(Nolan and Edgar, 1963). 

The break at 40 to 50 mol % is also marked by a change in optic sign, which 
is negative for aegirine and positive for diopside- hedenbergite; this may be 
u ed diagnostically (Sabine, 1950). Minerals whose compositions are well 

/\°>I •"(•Al ) (CaMgJ(_h1g ,f<1
•) 
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. . 
@;:;:> : • •• 

• . 0 • • 0 
·-r.-$(.k .. • 
\.V ••• • 

~0 · .. 
10 10 lO •O 10 !O 70 10 90 100 10 ID l D 0 10 60 10 10 !O 100 

( ,1Mt: <.:1ft•I• N;t ·\I Na f•·'· 

r 1GS. 3 a nd 4: F1G. 3. The system aegirine- diopside- hedenbergite. Field 1 : aegirine. Field 2: Ca
rich aegirine. Field 3: acgirine- diopside. Field 4: aegirine- hedcnbergite. Field 5: diopside
hedenbergite. Closed circles represent chemically analysed pyroxenes (Kostyuk. 1964: 
other authors, 1950- 1965): shaded areas and open circles have same meaning as in 
fig. 1. F1G. 4. The system jadeite- aegirine-diopside. Field 1 : jadeite. Field 2: omphacite. 
Field 3: Ca-rich omphacite. Field 4: diopside- hedenbergitc and augite. Field 5: aegirine. 
Closed circles represent chemically analysed pyroxenes ( Iwasaki, 1964: Oobretsov and 
Ponomareva, 1964: Coleman et al., 1965): shaded areas and open circles have same 
meaning as in fig. 1. 
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removed from the boundary zone occur under different conditions, but those 
with compositions neighbouring on this zone can be found under similar 
conditions. 

It is proposed to include among the aegirines, aegirine proper (70 to 100 
mol % NaFeSi20 1;; field 1), and Ca-rich aegirine (50 to 70 mol % NaFeSi20"; 
fie ld 2). It is proposed to redefine the terms aegirine-diopside (Bragger. 1898) 
and aegirine-hedenbergite (Wolff, 1904) to comprise minerals with 10 to 40 
mol % NaFeSi20 6 and giving diopside- hedenbergite powder patterns (fields 3 
and 4); these are separated by an arbitrary boundary at a Mg : Fe2 

r ratio of 1, 

and both are separa ted from the diopside- hedenbergites (field 5) by a further 
arbitrary boundary at 1 o mol % Na FeSi20 1, ( 1.5 ± o. 1 % Na20). 

The uncertain term aegirine-augite is superfluous. The crystal-chemical 
formula of aegirine (including the manganiferous variety blanfordite). aegirine
diopside, and aegirine-hedenbergite is : 

(Na, Ca, Fe 2
' , Mg)(Fea , Al , Mg, Fe 2

- , Mn)Si 20<;· 
with the ranges: 
acgil'inc, 
aegirinc-diopsidc. 
acgi rine-hedenbergilc. 

a 1.0 to o. 6. Ca o to 0.3. Fe" 1.0 lO o.6. Al'°' o to 0 .1 ; 
0.4 to 0.1 s o.6 10 o .<1 0. 4 to 0.2 o to 0.2. 
0.4 to 0. 1;; o. c. 10 0.9 0 .4 to 0. 2 o 10 0. 2 

The system jadeire- aegirine- diopside 

o to 0. 1. Mg · Fe ' : 
0 10 0.1 .Fc' · Mg. 

Aegirines with more than 20 mol % NaAISi20 6 and jadeites with more than 
10 mol % NaFeSi20 6 are not known. Dobretsov and Ponomarcva ( 1964) 
confirmed the existence of a miscibility gap by a statistical analysis. The X-ray 
patterns, optical properties, and conditions of formation of the two phases are 
quite distinct. There can be no doubt that a miscibility gap occurs between 
aegirine and jadeite. Two pyroxenes from Japan nevertheless fall near the middle 
of the zone of immiscibility; one had a powder pattern of intermediate character 
(Kanehira and Banno, 1960; Iwasak i, 1960). Both were found in unusual 
environments. The existence of even a wide zone of immiscibility, such as this, 
can under certain conditions favour the formation (probably metastable) of 
pyroxenes of unusual composition and intermediate structure. 

A miscibility gap between aegirine (field 5) and omphacite (field 2) is visible 
in fig. 4 only as a slight decrease in the density of points; it occurs at composi
tions similar to those in the aegirine- diopside- hedenbergite system. Better 
evidence for a break is suppl ied by X-ray powder data; the pattern of omphacite 
differs from that of aegirine, and the two minerals belong to different structural 
types (Ginzburg and Sidorenko, 1964). They are also found in quite different 
environments, omphacites occurring in the eclogite facies, and aegirines (or 
aegirine-diopsides) in alkaline rocks. The compositions of omphacites may 
nevertheless approach closely those of aegirine- diopsides, and, within the ill
defined boundary zone, a typical aegirine- diopside (from the Urals) has been 
described whose powder pattern is of the omphacite type. This illustrates the 
structural instability of the pyroxenes of the boundary zone. 
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There is a clearly marked miscibility gap at 60 to 80 mo! % NaAISi20 6 between 
jadeite (field 1) and omphacite (field 2), which was demonstrated both by the 
absence of intermediate compositions and differences in optical properties 
(Dobretsov and Ponomareva, 1964) and by differences in X-ray patterns 
(Ginzburg and Sidorenko, 1964). The differences in occurrence of omphacite 
and jadeite have been widely discussed. The only analyses fa lling with in the gap 
are old ones, undoubtedly made on impure material. Omphacites approaching 
jadeite in composition are sometimes called diopside-jadeites; this term is not 
apt and should not be used. This also applies to the uncertain term, chloro
melanite, which has been applied to many of these minerals. The crystal chemical 
formula of jadeite is: 

(Na1.o o.s5Cao o.1(Fe2·, Mg)o o.o5J (Al1.0 o. sFe;~ o.1(Fe 2· , Mg)o o. 1 }Si 201> 
Between omphacite (field 2) and the diopsides and augites (field 4). py roxenes 

of intermediate composit ion are known (field 3). These will be called Ca-rich 
omphacites and can be regarded as a subspecies of omphacite. In general. 
omphacites occur under different conditions from diopsides and augites, but 
eclogites and similar rocks may conta in. besides omphacites, pure diopside, 
chrome-diopside, or diopside approaching Ca-rich augite in composition, while 
augite has been found in kimberlites. Ginzburg and Sidorenko (1964) found the 
diffraction patterns of two omphacites (from the Urals and Yakutia) poor in 
Na(A I, Fe)Si20 6 to be intermediate between those of omphacites and augites. 
Statistical treatment of chemical analyses (Dobretsov and Ponomareva. 1964) 
places the boundary zone at 75 to 85 mol % (Mg, Fe2 1 )Si 20 6• while X-ray 
evidence places it at 65 to 75 mol %-Optical properties do not always distingui sh 
the pyroxenes of eclogites from each other. 

Omphacites and fassaites differ in conditions of occurrence, and the misci
bility gap between them must be regarded as absolute. Sobolev and Kuznetsova 
( 1965) found a pyroxene in an eclogite whose composition fell in the broad gap 
between them, though it more nearly approached the omphacites. 

The crysta l chemical formula of omphacite (including Ca-rich omphacite) is: 

(Nao.n o . ~Cao.~ o.; (Fe2· , Mg)o o.1){Alo.6 o.:1Fe~~2 0(Mg, Fe2 ' )0.2 1u;( Si~.o uAlu o.1 )0 c; 

Spodwnene and ureyite (cosmoch!ore) 

Spodumene is separated from jadeite, the other pyroxene with octahedral Al, 
by both a very broad miscibility gap and also an utterly different diffraction 
pattern. The minerals form under entirely different conditions. The crystal 
chemical formula of spodumene is: 

tLi1.0- o. 8Na0_ 0 _1(Mg, Fe2 • )0_0 _ 1 }{Al1.o-o.11 F~; 0. 1(Mn, Mg)0_ 0 1}Si20 1; 

Ureyite (NaCrSi20 1;), recently described by Frondel and Klein ( 1965) from 
meteorites, resembles aegirine and is separated from aegirine and jadeite by a 
complete absence of pyroxenes of intermediate composition, in spite of simi
larity in diffraction patterns. 



220 I. V. GI ZBURG 

Co11clusio11 

The boundaries bet ween the mineral species discussed a re of varying character. 
Miscibility gaps of varying width are usually accompanied by differences in 
X-ray pattern (the johannscnite- diopside or hedenbcrg itc gap is an exception). 
Within these " forbidden" fi elds, minerals a re sometimes, but rarely, fo und , 
which a re metasta ble a nd o f intermediate structure. 

So me species bo unda ries a re zones in which there is no decrease in d ensity 
o f points o n the com po it ion diagram ; the dist inct ion between species is in 
such cases based o n d ifferences in X-ray powder patterns, o r. as with the 
bounda ry between fassa ite a nd d iopside o r hedenbergite, completely a rb itrarily. 

Based o n these differing types o f species bo undary, va rying degrees of isolatio n 
o f the species may be esta blished : 

Pyroxenes of extreme compositions are the most isolated. They are separated 
from other pyroxenes by a miscibi li ty gap. If spodumene and ureyite arc 
excluded, the most isola ted is jadeite, followed by aegirine and then johannsenite. 

Pyroxenes of intermed ia te compositio ns with o ne distinct boundary. Thus 
a ugite is separa ted from pigeonite by a miscibility gap, but merges into dio pside
hedenbergite thro ugh the subspecies o r bou nda ry zone o f Ca-rich a ug ites. 
Similarly. omphacite is distinguished sharply from jadeite. but merges into 
a ugite a nd diopside- hedenberg ite. 

Pyroxenes of intermediate compositions with less distinct bo unda ries. Thus 
di opside- hedenbergite merges into augite in a zone o f tra nsitional compositio ns 
a nd metastable structure, while it is separated from fassaite by an arbitrary 
boundary. Diopside- hedenbergite and fassaite are not isolated , but continuo us 
minera l species. 

Ack110 1dedge111en1s. The author thanks Dr. P. Gay for his kind help wi th the English text, 
and Professor G . P. Barsanov for his constant interest in the investigation. 
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The a- '3-LiAISi20 6 (spodumene) transition from 
5 ooo to 45 ooo lb/ in2 

P tt20 

By A. D. EDGAR 

Dept. of G eology 
University of Western Ontario 

London. Canada 

S11111111aiy. The compound LiAISi20G exists as a low-temperature, or :x-form (the naturally 
occurring mineral spodumene), and a high-temperature, or fl- form, whose structures and 
densities are radically different , the former having a dense pyroxene-type structure, the latter 
a much less dense keatite-typc struct ure. 

The :x- {J transition has been determined in the range 5 ooo to 45 ooo lb.f in. 2 • Pt1 2 o using 
three ana lysed natural spodumcncs of high purity. l'n this range transition temperatures 
are between 555 and 630 C with dt/dp being positive. T he transition is monotropic. There is 
some evidence to suggest that the determined curves represent equilibrium conditions. 

Careful measurement of cell sizes of the /$-form indicate that {J-LiAISi 20 6 contains SiO, 
in solid solution. and therefore that the .:x-{J-LiAISi~O, transformation cannot be regarded 
as strictly dimorphic. The transition can be approximately repre ented by the equation: 
:x-Li0 •3,1Al0•33Si0•660 2 + H,O (gas) -+ {J-L i,Al,Si, ,.0 2 + Li-Al-rich aqueous gas, where x < 0.33. 

Comparison between the :x- fl transition for natural material and limited determinations 
for the transition using synthetic material indicates that the presence of very minor amounts 
of Na · and Fe3 • in the natural spodumenes may increase the stabi lity range of the ct-form. 
Using the Clapeyron eq uation, values of j.H for the transformat ion have been determined 
as 12 ooo ± 3 ooo cal./mole as obtained from densities and unit-cell constants. 

The crystallographic and pctrologic implications of this transformation are discussed. 

T HE mineral spodumcne (LiAISi20 6) occurs in nature as the low-temperature 
or a -form, crystallizing in the monoclinic system with probable space group 
Ci c. Warren and Biscoe ( 1931) showed that its structure was s imilar to that 
of diopside although its axia l ratios are different from those of other pyroxenes; 
it has a smaller cell volume and more closely packed chains of SiO~ tetrahedra. 
Natural spodumenc can readily be converted monotropically to the high
lemperature or fl-form, by hea ting at temperatures above 900 °C at atmospheric 
pressure or at 700 °C by fine grinding and prolo nged heating (Roy and Osborn , 
1949). Although Roy e1 al. ( 1950) suggest a maximum transformation tempera
ture of 500 °C at 1 o ooo lb.fin. 2 Ptt2o, da ta on the effect of pressure on this 
transforma tion are sca nty. Skinner and Evans (1960) have shown that /1-
spodumene1 (space group P432 1) is isostructural with the tetragonal silica 
polymorph, keatite, and is thus one of the "stuffed si lica structures .. of Buerger 

1 #-LiAISi,06 is a more appropriate name for this form since it does not have a pyroxene 
structure. However to conform wi th the terminology of previous workers the term {t-spodu
mene is retained in this paper. 

222 
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( 1954). fn /f-spodumene, this structure consists of channels through which the 
lithium atoms can readily move under a suitable potential gradient and thus 
forms the basis for the cation exchange properties of this mineral used in the 
extracti on of lithium by acid leaching. 

The structures of the two polymorphs of LiAISi20 6 a re radica lly different, 
the a -form being a dense pyroxene-type structure (sp.gr. 3.2), the /1-form a 
much less dense silica-type structure (sp.gr. 2-4). Beca use such transitions 
between major silicate structure types are not common, it was considered 
desirable to know the pressure- temperature dependence of these transitions 
and, using the Clapeyron equation , to attempt to ca lculate 6.H transformation 
values from ca lcula ted 6. V values obtained from specific gravities and cell 
constants. 

Unfortunately reproducible sy nthesis of a -spodumene is difficult. fsaacs and 
Roy ( 1958) attempted to determine the effects of pressure on the a - /f-spodumene 
transition but were unable to synthesize ;x-spodumene at pressures up to 4 ooo 
atmospheres, obtaining instead mixtures of a -eucryptite (LiAISi0.1) and petalite 
(LiAISi~010), and they suggest (p. 21 7) that failure to synthesize a -spodumene 
may be due either to the a bsence of ions such as Na+, Fe:i, , or F- , or because 
a -spodumene is metastable under the condit ions of synthesis. Stewart (1960) 
reported the synthesis of a -spodumene and albite from a synthetic eucryptite
albite glass at pressures of 14 960 to 17 i 20 bars. Synthesis of a -spodumene has 
also been achieved by Eppler et al. (1962). 

Jn order to determine the P- T conditions of the ;x- fi transformation, the most 
suitable method is to use natural spodumenes. Fortunately, spodumenes show 
very little va riation in chemical composit ion from the ideal formula LiAlSi 20 6, 

there being no replacement of Si by Al and only minor replacement of Al by 
Fe~-· (Deer, Howie, and Zussman, 1963, p . 93). Accordingly, three spodumene 
sa mples from the collections of the University of Western Ontario were selected 
largel y on the basis of lack of alteration or inclusion or of variability in physical 
appearance. It was hoped that colour differences etc. might reflect variation in 
chemical properties, which, in turn , might affect the transformation temperatures. 
These sa mples, described below, were chemically analysed and their transforma
tion temperatures determined in the pressure range 5 ooo to 45 ooo lb. 'in. 2 PH 2 o. 

Under conditions of water-vapour pressure, the a- ft spodumene transition 
cannot be considered as strictly dimorphic. Comparisons of cl spacings and cell 
para meters of the fi-spodumenes produced in this study with those given by 
Skinner and Evans (1960) indicate that the /J-spodumenes are solid solutions 
containing about 4 wt. % Si02 in excess of the stoichiometric formula LiA1Si20 6. 

T hus the calculated 6.H values are not exact 6.H1ransrormauon values but rather 
.6.H values for the reaction: ;x-L i0 .3~Al0 _3:1Si0 .6602 + gas (H20) -+ /i- Li xAlxSi 1_x0 2 

+ gas (Li- Al rich) where x < 0.33. T hese findings do not agree with those of 
Stewart ( 1963, 1964) who has shown that at 2 K bar PH2o the gaseous H20-rich 
phase coexisting with lithium a luminium silicates is siliceous. This is more fully 
considered in a later section of this paper. 
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Description of samples. Of the three samples selected for this study, two were 
spodumenes (nos. 684 and 1 200) 1 and the third (No. 97) a gem variety, kunzite. 
Brief descriptions of these specimens are: 

684- Spodumene, from near Keystone, South Dakota in the Black Hills pegmatite 
district. Light grey cleavage fragment. 

1 200-Spodumene, Seymour, Connecticut. Mauve cleavage fragment. 
97-K unzite, Pala. San Diego, California. Almost transparent crystal but showing 

very faint lilac tinges. 

Prior to chemical and X-ray analyses the samples were crushed to approxi
mately 100 mesh size and impurities removed by passing through a Franz 
isodynamic separator and by hand picking. Chemical analysis, optical data, 
a nd number of ions recalculated to six oxygens for these samples are given 
in table f. Comparison of these analyses with those listed in Deer, H owie. and 

TABLE I. Spodumene analyses. All const ituents determined on 
powders dried at 11 0°C. Analyst: J. Esson 

Sample Sample 
no. 97 684 I 200 no. 97 684 I 200 

Numbers of ions 011 the basis of 6 oxygens: 

Si02 64.03 63.90 63.60 Si I .984 1.984 1.982 
Al:!03* 27.69 27.55 27.48 Al ~:~~ {1.032 1.008{ '.002 i o.on I .012 
Fc:!03 0.02 0.22 0.04 Fe3 - 0.004 0.000 
FeO n.d. <0.05 n.d. Li 0.980 0.982 0.978 
MnO 0.02 0. 13 0. 14 Fe:! t 

0 =} s 

0.000 l 
MgO < 0.02 < 0.02 < 0.02 Mn 0.004 0.997 

0 004 J ' Cao 0.04 < 0.02 < 0.02 Na 0.007 0.9 9 0.01 I ( o.015 o.9n 
Na:!O 0. I I 0. 18 0.22 Ca 0.002 0.000 J 0.000 
K:!O < 0.02 <0.02 n.d. K 0.000 0.000 
Li 20* 7.87 7.85 7.79 ,;.: I . 658 I . 661 I .660 
Ti02 n.d. n.d. n.d. tJ I .667 I .668 I .665 
P:Os n.d. n.d . n.d. ., , I .678 I .677 1.678 
H:!O · 0.17 0.14 0. 17 ;': [001] 24 , 26 26 
Total 99.95 99.97 99-44 D 3.109 3.156 3. 123 

* - average of duplicate determinations. 

Zussman (1963, p . 93) indicates that the spod umencs used in this study a re 
very pure varieties. In all samples, the Li 20 contents arc higher than those listed 
in Deer, Howie, and Zussman and in most of the samples Fe20a, Na20 , a nd 
K20 are lower. Sample 97 is exceptionally pure, conta ining 7.87 % Li 20 (in 
comparison with the theoretical value of 8.05 % for pure LiAJSi20 6) . The 
principal secondary constituents are Fe20 3 in sample 684, Na20 and MnO in 
sa mples 684 and 1 200. Density measurements on these samples were deter
mined on a Berman balance. Because of insufficient material, accurate density 
measurements could not be made on the /3-spodumene solid solutions. 

1 Numbers are those of the departmental collections at the University of Western Ontario. 
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Table rr gives the d spacings of a -spodumene obtained on a Philips high-angle 

diffractometer with filtered Cu radiation using smear mounts and a n interna l 

silicon sta ndard. Included in this table are the d spacings a nd hkl values from 

the A.S.T .M. index for spodumene. Table TI f lists the d spacings of ,8-spodumene 

so lid solutions produced in this study. For comparison, the values determined 

by Skinner and Evans (1960) are included. 

Experimental methods. All experiments were carried out in cold-seal pressure 

vessels (Tuttle, 1949) using the sealed tube technique of Goranson (193 1). 

For each experiment, 30 to 40 mg. of the powdered natural spodumene, together 

with a constant ratio of distilled water, were placed in a sealed gold capsule. 

A constant powder : water ratio is required in this study because of the pre

ferential solubility of certai n components in the gas phase. At the completion 

T ABLE II . d Spacings for natural spodumenes. Internal Si standard, Cu-Ka, smear mount 

Sample no. 97 684 I 200 A.S.T.M . 
(9- 468) 

Ilk/ cl ,. d ,. d ,. d ,. 
110 6.08 JO 6.08 8 6. 12 JO 6.12 3 
111 4-43 3 4.42 JO 4-42 8 4 .38 5 
020 4. 19 JO 4.20 5 4.20 9 4.2 1 6 

111 3.439 2 3.437 3.444 2 3-45 4 

021 3. 187 2 3. 188 2 3.19 4 
220 3.050 4 3.049 I 3.05 1 2 3.04 I 

221 2.914 4 2.912 6 2.917 6 2.93 10 

211 2.862 2.87 I 

310 2.793 10 2.793 8 2.794 9 2.80 8 

130 2.670 4 2.667 2 2.669 6 2.67 I 

002- IJ I 2.447 3 2.445 2 2.445 I 2.45 6 

22 1- 401 2.353 2.348 2 2.352 2 2.35 2 

400-3 13 2.2 18 2.217 2 2.2 1 

]3 1- 42 1 2.060 2.060 2.059 I 2.05 2 

330 2.034 3 2.032 2.034 2 2.02 
1.929 I .928 2 1.928 2 

I .865 3 I .828 2 I .862 4 
I .837 1.824 

-0 I . 739 I· 737 
0 x 1.647 I .647 
0 
-0 I .524 6 I .524 I .526 4 I .523 3 c 

0 I .460 3 I ,460 4 

z I .398 3 I .397 2 

I ·330 3 I .331 4 
I .2 12 

a 9.478A. 9-470 A. 9.482 A. 
b 8.391 8.384 8.391 
c 5.240 5.245 5.249 
(J 11 0.41° 110. 38° I I0.41 ° 

* -visually estimated intensities. 

16 
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T ABLE II r. <I-Spacings for P-spodumenes. External Si standard. Cu-Ket, smear mount 

Sample no. 97 684 I 200 LiAISi20 6 "f 
hk/ d I* d I* d I* d I 

IOI 5.76 3 5.821 3 
11 I 4 .570 3 4.592 2 4.579 4 4.6IO 5 
102 3.887 8 3.897 3 3.898 8 3.920 6 
201 3.470 10 3.473 IO 3.471 10 3.487 IO 
210 3.360 3 3.360 2 3.359 2 3.369 
21 I 3 . 149 3 3. 152 3. I48 4 3. 167 5 
103 2.797 2.858 
212 2.736 2.733 2.713 
I I 3 2.639 2.639 2 2.628 3 
222 2.290 2.295 2.304 4 
213 2.251 2.256 2.255 2 2.264 4 
104 2 . I85 2. 191 2 
3I2 2. 100 I 2. 106 2. 106 2. I 13 4 
303 I .933 2 I .935 I I .934 2 I .938 5 
400 I .875 3 I .877 2 I .877 3 l .882 6 
205 I .64I I .644 I . 645 2 I .646 4 
324 1.540 I .540 I .543 2 
(I 7.514. 7 · 5 I5o 7.5I2s 7.5332 
c 9. 138. 9. I47a 9 · I 332 9. 1540 
wt. ~" Si02 t 69 68 .5 68.8 64.6 

* - visually estimated intensities. 
t Skinner and Evans, 1960. 
t - average value of Si02 determined from graph of Skinner and Evans (196o, p. 319). 

of the run, water and gas were observed when the capsule was opened ind icating 
that the experiment had taken place under conditions of excess water. To 
ensure that runs had taken place in a closed system, all capsules showing a ny 
weight difference were discarded. 

Temperature measurements were made with chromel- alumel thermocouples, 
previously calibrated at the melting point of sodium chloride (801 °C), and 
pressure measurements were recorded on a Bourdon tube-type gauge and are 
believed to be accurate to within ± 4 %. The majority of runs were of approxi
mately one week's duration except those at high pressures, which were shorter, 
and those at low pressures, where the transition is sluggish, which were lo nger. 

The products were identified using a petrographic microscope and by X-ray 
diffraction methods. Optically a-spodumene can be readily distinguished from 
/1-spodumene by its prismatic habit, y : [001] extinction angle, and higher 
refractive indices. 

Cell parameters of spodumenes were determined on an I. B.M. 7040 computer 
using a programme written by Mozzi and Newall (1961) based on a least 
squares determination. Parameters of a -spodumene are given in table U, those 
o f /1-spodumene in table Hf. This table also lists the weight percent Si02 in 
the ft-spodumene solid solutions as determined from the graph (Skinner and 
Evans, 1960, p. 319) relating weight % Si02 and cell parameters. 
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Results 

Transition curves. Experimental results for the a-fl transitions are given in 
table IV and plotted as PH2o-T curves in figs. I to 3. The slopes of the transition 
curves for 97 and l 200 are similar but differ from that of 684. For sampJes 97, 
684, and 1 200, dT/dP values are 0.028, 0.034, and 0.025 °C Kg- 1 cm. 2 respec-
tively. The extrapolated values for transition temperatures at atmospheric 
pressure are 545 °C (sample 97), 530°C (sample 684), and 550°C (sample 1 200). 

Jn all samples, it was found that the a -spodumene did not transform to 
/J-spodumene sharply but that over an interval of 5 to 25 °C both a and fl-
spodumene could be detected. For Samples 97 and l 200, this interval was 

TABLE lV. Experimental data 

Run T P(lb./ in. 2) Time Result Run T P(lb./ in. 2) Time Result 
(a) Sample no. 97: (b) Sample no. 684: 

49 630°C 15 x 103 164 hr. fl 52 630 °C 15 x 103 164 hr. p 
50 550 5 480 cc 6o 630 25 188 fJ 
57 510 I 1 240 Cl 59 510 II 240 Cl 
58 630 25 188 fJ 61 625 30 90 p 
62 6oo 30 146 Cl 64 600 30 164 Cl 
63 620 27 168 fl +cc 65 620 27 196 fl 
70 600 15 171 p +Cl 68 570 10 216 /] +cc(?) 
75 600 23 150 fl+a 71 600 15 158 fJ 
84 560 5 240 a+ fJ 74 610 20 155 fJ 
88 565 15 164 Cl 82 560 5 240 fJ +Cl 
89 585 24 140 Cl 83 555 IO 216 P+a 
90 590 20 162 Cl 86 565 15 164 Cl 
95 570 20 563 Ol 87 585 24 140 Cl + fl 
97 615 35 120 a+ fJ 91 590 20 162 fJ 

100 610 34 96 <X 105 615 33 120 P+cc 
115 625 40 72 a+f3 114 630 45 75 Cl 
116 580 15 168 {J +a 126 535 5 300 a 
117 570 JO 168 fJ +Cl 
118 625 45 72 Cl 

(c) Sample no. 1 200 : 
2 6oo °C 15 x 103 112 hr. fJ 36 580 10 336 fJ 
3 725 15 112 p 37 575 15 168 ()( 

7 650 20 142 fJ 39 595 20 168 fJ +Cl 
19 675 JO 138 fJ 41 610 30 112 cc+ fJ 
17 700 * 138 a+ fJ 42 625 40 48 cc+ fJ 
20 660 15 94 fJ 54 510 11 240 Ol 

22 590 15 120 oc+ f3 66 570 JO 256 fJ 
27 600 25 96 cc+ fJ 72 605 20 155 P+oc 
28 580 15 117 cc+ f3 80 56o 5 480 cc 
32 550 16 244 Ol 120 620 40 72 Cl+ fJ 
33 580 21 281 Ol 121 605 35 115 Cl 
34 600 30 95 cc+ fJ 125 620 45 96 Cl 

* run at 1 atm. 
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about 25 °C and for sample 684 considerably less. The curves have been drawn 
on the basis of the first appearance of ,B-spodumene. The most likely explanation 
for this lack of sharp transition is that the kinetics of the transition are sluggish. 
In this connection, the average length of run was about one week, but although 
several samples were run for much longer durations this increase did not affect 
the transition curves. 

The monotropic nature of this transition and the partitioning of silica, 
lithium, and possibly aluminum between the solid and gaseous phases on either 
side of the transition curve do not make this transition readily amenable to 
experimental determination of reversibility. Until the necessary thermodynamic 
data are available, these curves cannot be regarded as equilibrium curves with 
any degree of certainty, although the close correlation between the present 
curves and results of Stewart (1963) (see below) suggests that equilibrium is a 
strong likelihood. 

Calculation of t:..H. Values of t:..H 1rans rormation (table V) were calculated from the 
Clapeyron equation: dTfdP=Tt:..V/ t:.. H, whence t:..H=Tt:..VdP/dT, where 
T =absolute temperature (°K) of transition, t:.. V =difference in molar volu mes 
of /l-spodumene solid solution and a -spodumene in cm 3, and dTfdP = experi
mentally determined slope of transition curve in °K Kg.- 1 cm. 2 . 

rn the calculation it has been assumed that the differences in molar volumes 
of the gaseous phases (of slightly different composition) are negligible. Molar 
volumes of a-spodumenes have been calcula ted from their measured cell 
dimensions, assuming Z =4 'molecules' per unit cell , and also from densities 
measured at room temperature; corrections for the thermal expansion of a
spodumene have been determined from Skinner (1966). 

For /i-spodumene solid solutions, molar volumes have only been determined 
from their cell dimensions and a Z-value of 4, as insufficient material was 
available for accurate density measurements. Transition temperatures, molar 
volumes, and dT/dP va lues, are included in table Y. 

T ABLE V. Summary of data for x and fl spodumenes 

No. T-rrans* dTldP"j" M olar vol. t calc. .J.H•· 
,----'------
x fl 

,----"-----, ----~--1§ 2l I § 21 

97 818°K 0 .028 60 . 33 59.27 77.71 11 .891 X IO:l 12.616 x 10" 
684 803 0.034 59. 40 59 . 21 77 .93 10 .249 10.354 

I 200 823 0.025 60 .05 59.39 77 .81 13.692 14.201 
*at 1 atm. 
t °K .Kg 1• cm z. 
:; M olar volumes of o:-spodumenes corrected for thermal expansion using data of Sk inner 

(1966). 
§calculated from density. 
1 calculated from unit cell. 
'. .J.H for the transition in cal./mole. 



THE a - /i-LiAISi20 6 TRANSITION 229 

The ~/-/ values must be regarded as only very approximate due to the various 
errors involved in this calculation. There are three principal sources of error. 
in determination of cell parameters, of density measurements, and of dTdP 
values involving temperature and pressure errors. Examination of the Clapeyron 
equation shows that the third of these factors is by far the most important. 
Based on a temperature error of ± 5 °C, the value of 6.H is only accurate to 
± 3 ooo cals. 'mole. However, the crude ~H obtained by this method indicates 
that these values are very large in comparison to other silicate transformations. 
as can be predicted from the structural changes involved. 

Discussion. T he results of this study have important crystallographic and 
petrologic implications. 

Crystallographically, the a - f/-spodumene tr~nsition represents a "reconstruc
tive" transformation (Buerger, 1951) involving two major s ilicate structures of 
radically different types that can be conveniently studied experimentally and 
thermodynamic values obtained from the results. Petrologically, a-spodumene 
is the most important lithium-bearing mineral and the determination of the 
limits of its stability is important in the genesis of lithium pegmatites. 

The spodumenes used in the present work are exceptionally pure varieties 
when compared with the analyses given in Deer, Howie, and Zussman (1963, 
p. 93). Very little data is available on cell s izes of spodumenes; the dimension s 
of the present samples (table 11 ) are very similar to those given by Deer, Howie. 
and Zussman (1963 , p. 92) although the b dimension is slightly larger in all 
cases, possibly as a result of the substitution of Na for Li in the structure. 
Stewart ( 1964) showed that regular variations in the cell parameters of spodu
menes accompany this substitution. The cell sizes of the samples used in this 
s tudy are much smaller then those reported by Scavnicar and Sabatier (1957) 
for a synthetic iron-bearing a -spodumene obtained by heating albite with LiCI 
in an iron autoclave. In addition to iron , this sample may have possibly contained 
considerable Na replacing Li. 

Samples 97 and 1 200 have very similar transformation curves (figs. 1 and 3) 
but are different from the transformation curve obtained for sample 684 (fig. 2). 
Chemically, 684 has a much higher Fe3+ content than the other samples (ta ble I) 
suggesting that increased Fe3·· may increase the stability field of a -spodumene 
at higher pressures. 

The transformation temperatures for the natural spodumenes are slightly 
higher than the maximum of 500 °C at 10 ooo lb.lin. 2 suggested by Roy el al. 
(1950) for the a- ft transformation. D . B. Stewart (personal communication) 
suggests that the presence of alkalies and other ions in the structure may 
increase the stability range of the a -form. ln the presence of quartz, spodumene 
will react to produce petalite at temperatures greater than 550°C at 2 Kb. 
P 11. 2 <>, but above 680 °C petalite becomes unstable and the reaction a-spodumene 
+ 2 quartz produces //-spodumene solid solutions+ quartz (Stewart, 1963). 
Assuming that the reaction a-spodumene + 2 quartz = petalite varies linearly 
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FIGS. 1 to 3: Pi~ 2o-T diagrams for the transformation of a-spodumene; 0 , a-spodumene; 
et, a-spodumene + P-spodumene solid solutions ; e , fJ-spodumene solid solut ions. F1G. 1 

(left), sample no. 97, kunzite, Pala, California. F1G. 2 (middle), sample no. 684, Keystone, 
South Dakota. FtG. 3 (right), sample no. 1 200, Seymour, Connecticut. 

with pressure, petalite will become unstable at 680 °C at a pressure slightly in 
excess of 5 Kb. Extrapolation of the a- (J transition temperatures of the present 
study to this pressure passes within 10°C of Stewart's upper temperature limit 
of the stability of petalite. This suggests that at high pressures the addition of 
quartz has little effect on the a-/J spodumene transition , and also suggests that 
the transition curves may represent a reasonable approximation to equilibrium 
conditions. 

As might have been predicted from the large differences in molar volumes of 
the two forms of spodumene, the D..H values are very large in comparison to 
those of other silicates undergoing reconstructive transformations. T uttle and 
Bowen (1958), usi ng the same method as the present study, obtained a 6.H 
value of 560 cal/mole for the quartz ~ tridymite inversion. lsaacs and R oy 
( 1958) give a value of 3 750 ± 750 cal/ mole for the LiAISiO~ (willemite-type 
structure) - > LiA1Si04 (high-quartz-type structure). 

One surprising result of this study is the formation of silica-rich /1-spodumene 
solid solutions. This suggests, but does not necessarily prove, that the coexisting 
gaseous phase is enriched in Li and possibly Al since the natural spodumenes 
a re very close to stoichiometric LiA1Si20 6. This is apparently contrary to the 
findings of Stewart ( 1964) who has shown that the gaseous phase coexisting 
with lithium aluminum silicates at 575 °C and 2 ooo bars contains 0.64 wt. % 
of dissolved solids, mainly Si02• Under these conditions the stable lithium 
a luminum silicate wou ld be a -spodumene (provided there was the correct 
available ratio of Lip : Al20a : Si02) , which has a tight pyroxene-type structure 
from which the cations cannot easily be removed. In contrast, Skinner and 
Evans (1960) have shown that (J-spodumene has channels through which the 
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cations can readily be moved. This is one possible explanation of the silica-rich 
gas phase found by Stewart within the stability field of a-spodumene and the Li 
(a nd Al) rich gas phase within the /i-spodumene solid-solution stabili ty field of 
the present study. 

The formation of silica-rich /1-spodumene solid solutions does not, of course, 
prove that the gas is necessarily enriched in Li and Al. The coexisting gas could 
still be enriched in si lica provided a second lithium aluminosilicate mineral, 
such as eucryptite (LiA\Si04), containing a lower percentage of silica than 
spodumene, also crystallized. T here is no evidence for such a mineral in the 
present investigation, but th\! possibilities that minute amounts of such a 
mineral are also present cannot be disregarded. 

Because /1-spodumene has never been reported in nature, the transition values 
suggest either that rocks containing spodumene have crystallized at lower 
temperatures than the a- /J transition, or that the presence of other elements 
raises this transition temperature to geologically improbable values. Deer, 
Howie, and Zussman ( 1963, p. 94) suggest that small amounts of Si present in 
spodumene ana lyses may represent small amounts of Si02 originally in solid 
solution in ft-spodumene. However, the monotropic nature of the a- /1 transition 
make this un likely. 
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Classification of the amphiboles 
By E. J. W . WHITTAKER 

Department of Geology & Mineralogy, Parks Road, Oxford 

S1m1111ary. It is shown that the systems of classification of the calciferous and alkali amphiboles 
proposed by Smith and by Phillips are both equivalent to a classification in terms of the 
cationic charge distribution in the chains. When this is made explicit, the diagrams of these 
authors can be modified into a symmetrical form, which is more conveniently visualized and 
which is related to orthogona l axes such that the co-ordinates of the point corresponding to 
any composition can be readily derived from the formula. The system is applicable not on ly 
to the classificat ion of idealized formulae of calciferous and alkali amphiboles, but to all 
amphiboles whether or not they correspond to the ideal classical substitut ions. The concept 
of end-members is not appropriate to the expression of general compositions involving 
charge balancing substitutions in the amphiboles, but cells can be defined in the charge 
distribution diagram that provide unambiguous definitions of the main recognized amphi
bole species and of some others. T he applicability of these definitions to real amphibole 
compositions has been tested against some two hundred published analyses covering a very 
wide range of composition. 

THE a ttainment of a completely satisfactory system of classifying the composi
tions of the amphiboles is a matter of considerable difficulty owing to the large 
number of parameters involved and the fact that some replacements are simple 
and direct (e.g. M g = Fe(t'l)), whereas others involve coupled substitutions to 
maintain charge balance (e.g. Na, Al = Ca, Mg). The matter is made even mo re 
difficult by the fact that some of the coupled substitutions involve add it ion of 
an ion into a vacant site in the structure as well as direct substitution. Limited 
parts of the system can of course be t reated by simple graphical methods. 

Tr 

Ca:1// 
__ ._,l 

. --:; 
Ca•2 / ___ ,./· 

Frc. 1. The amphibole composition diagram of Smith, extended beyond the GI-Ee- Pa- Ts 
rectangle to include all nine possible extreme compositions. 

232 
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F1G. 2 . (a) Amphibole composition space according 10 Phillips, with the solid figure outlined 

by j o ining 1he positions corresponding 10 his nine "end-members" . (b) Projection of the 

solid figure from (a), seen down the common normal to its two large faces. 

Sundius (1944) used triangu lar diagrams to represent some of the s impler 

substitutions, and in more complicated cases grouped classes of cations together 

at each vertex of the triangle. Winchell and Winchell (1951) used a square 

diagram to depict the coupled substitutions Mg = Fe(fl) and (Mg, Fe(JI )). 

Si = Al, Al in the anthophyllite- grunerite-gedritc range. Smith ( 1959) introduced 

a three dimensional diagram (fig. 1) to show the inter-relationships among the 

calc-alkali amphiboles, and Phillips (1966) has produced a system of three 

co-ordinates that is equivalent to another such 3-dimensional diagram (fig. 2). 1 

The latter is a development from the 2-dimensional diagram of Phillips and 

Layton ( 1964). Zussman (priv. comm.) has a lso suggested a 2-dimensional 

diagram which can be regarded as a superposition of two p lanes from another 

3-dimensional diagram (Fig. 3). 2 

At first sight the diagrams of Smith and Phillips appear very dissimilar, but 

in fact they are topologically equivalent to each other, and also to the 3-

dimensional version of Zussman ·s diagram. This suggests that all three corre

spond to the same fundamenta l concept, which makes it seem worthwhi le to 

seek a method of making this underlying unity explicit in the clearest possible 

way. The resulting diagram might then be rather more fundamental than just 

another variant among a large number of equally good (or bad) arrangements. 
1 The following abbreviations are used in Fig. 1 and elsewhere for mineral names or 

compositions: C.H .= common hornblende; Ec= eckermannite: Ed = edenite; Ek = eckrite: 

Gl = glaucophane; Ka = catophorite: M b= mboziite ; Pa = pargasite: R = richterite: Tr= 

tremolite: Ts= tschermakite ; ?= un-named. 
2 This 3-dimensional diagram is equivalent to the one proposed by Fabrics ( 1966), 10 

which the attention of the author has been drawn since the pre~entation of this paper. 
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(a) 

E. J. W. WHITIAKER 

A e1r1pty 

~!.uJ.•_ -
A t lllp<y 

·~---..:._~...:...._._;~::._~~..:::..,Ts 

>--~~~-~-+-~~-H~ 

Ed 
(b) 

F 1G. 3. (a) T wo-dimensiona l diagram to show the interrelations of the amphiboles according 
to Zussman. (b) Three-dimensional version of (a) in which the upper horizontal plane 
corresponds to "A empty .. and the lower one to .. A full ... 

Comparison of the 111e1!tods of P!tillips and Smit It 
Bo th au thors simplify the p roblem in the first instance by confining attention 

to a mphiboles containing only the ions N a, Ca, Mg, Al(6], Al(4], a nd Si. They 
assume tha t these a rc distributed in the A, X, Y, Z sites (per fo rmula unit) as 
A = 0- 1 Na ; X = 2(Na. Ca); Y = 3 Mg + 2( Mg. Al ); Z = 6 Si + 2(Si, Al). Philli ps 
then takes as co-ordina tes x = Na in X • .r = Al in Y (i.e. Al[6]). and : = Al in Z 
(i.e. Al(4]). If the extreme values of (x, y, :) a re joined to their ne ighbour this 
leads to the diagram shown in fi g. 2, which shows a solid figu re of high symmetry 
with nine vertices, disposed unsymmetrica lly with respect to the co-o rdina te 
axes. Phillips regards the nine vertices as end-members. Seven of them can be 
identified wit h well-known amphibole names, and Phillips and Layton gave 
hypothetica l "end-member names" to the other two. One of them is equiva lent 
to an Mg- A l equivalent of the high-iron a mphibo les taramite (Mo rozewiez, 
1923) and mboziite (Brock, Gellatly. and von K norring, 1964). but the o ther 
vertex does not seem 10 correspond to any known mineral. 

Smith sta rted from quite a different basis. He took the three charge-balancing 
substitutions A1(6], Al(4] = Mg, Si (which converts tremolite to tschermak ite), 
Na. Mg = Al(6] (which converts tschermakite to pargasite). a nd Si = Na. Al[4] 
(which converts edenite to tremolite) as the basis of a triangu la r diagra m, 
truncated at the edenite- pargasite join. Perpendicular to this he erected a n 
ax is giving the number o f Ca ato ms in the formula. The resulting so lid fi gure 
has seven vertices representing the seven well-known "end-member ,. of Phillips' 
diagram. but it can be extended, by introducing the appropriate substitutions, 
to include Phillips' two additio nal "end-members··. In this extended form it is 
shown in fig. 1. It has no symmetry. 

In the orien tations shown the two diagrams appear to have little in commo n, 
but in fact corresponding "end-members·· a re connected in the same way in 
both . Each figure has two large parallel faces, one triangular (Tr- Ts-GI) a nd 
the other hexagona l (Ec- R - Ed- Pa and the two extra vertices), though in 
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Phillips· diagram the.e are regular plane figures and in Smith·s they are not. 
The remaining six faces consi t of 3 trapezia and 3 triangles, which in Smith' 
diagram are of varied shapes. 

Zussman ·s figure (fig. 3a) is based on two orthogonal axes giving charge at 
the A + X sites, and the number of trivalent atoms in tetrahedral sites. Its three
dimcnsional development (fig. 3b) introduces a third orthogona l axis giving 
the number of atoms in the A site (o or 1 ). The solid figure. outlined by joining 
the established and hypothetical extreme compositions in this space. is again 
topologically equivalent to the diagrams of Phillips and Smith. but like Smith. 
figure it lacks symmetry. 

Derim1io11 of a s.r111111e1rical system 
In order to derive a symmetrical figure it is necessary to avoid the use of a 

mixture of dissimilar co-ordinate systems as in Sm ith 's meth od. and of co
ordinates which run between different limits, as has already been observed by 
Phill ips in his modificat ion of the co-ordinates used by Layton and Phillip . 

The use of wholly triangular co-ordinates might be expected to ir.crcasc the 
ymmetry. In addition to the three cha rge-balancing replacements used by 

Smith. there are three others which he could not u c in conjunction with Ca 
a an independent variable. because this element is in volved. 1 These are: 

a. Al[6] fo r Ca. Mg (which converts tremolite to glaucophane). 2Na for Ca 
(which converts tremolite to richterite), and Na , Si for Ca, Al[4) (which converts 
tscherrnakite to glaucophane). Use of a ll six of these makes the Tr- Ts- GI 
triangle equilateral and the para llel hexagonal face regular. as in Phillips' 
diagram, and it also makes the other three triangular faces equilateral. and 
conve rts the three trapezia into the truncated bases of eq uilatera l triangles 
(as one of them. Tr- Ts Pa Ed. was in Smith's diagram). The resulting figure 
(fig. 4) has trigona l symmetry with three mirror planes intersecting in the 
unique axis. The projection down the latter axis is iden tical with the corre
sponding projection of Phillips' diagram. 

The symmetry of th i form is very attractive. but by basing it on charge
balanced substitutions we have made it entirely rela tive. That is. we cannot 
express the composition of an amphibole directly but only by giving the ub
stitutions that would convert some arbitrarily chosen "end-member·· into it. 
We cannot express the composition uniquely in percentages of "end-member 
molecules" , because this would requ ire only four end-members in 3-dimcnsional 
space. and these would have to define a tetrahedron that contained all possible 
compositions (unless nega tive percentages of end-members were used). No 
set of four existing "end-members·· sati sfies this criterion. The fact that the 
figure is half an octahedron suggests the use of the orthogonal axes emerging 

' T he use of any other set o f three charge-balanced substitutions " ith a different independent 
variable would produce a diagram geometrically congruent with Smith·s though of course 
wi th the meaning of the vertices systematically displaced. one of them would be more 
useful than. or even as useful as, Smith 's diagram. 
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at Tr, Ts, and GI as a frame of reference, but unfortunately the co-ordinates 
of the vertices derived in this way are not simply related to the compositions. 
Furthermore, by basing the figure on the charge-balanced substitutions we have 
inevitably made it difficult to represent in the diagram compositions in which 
these are not strictly adhered to, as a result of changes in the number of protons 
in the st ructure for instance. 

Ed 

201 
- Ts (Ed) 

x 

I 
I 
I 

I 

210 
(Pa) 

Fies. 4 and 5: Fie. 4 (left). Amphibole compositions based entirely on triangular diagrams 
depicting the s ix possible charge-balancing substitutions. The figure is ha lf of an octa
hedron, cut by a plane through its centre, parallel to the GI- Tr- Ts face. F1G. 5 (right). 
Charge-distribution space for the amphiboles. The named species indicated have-com
positions corresponding to the co-ordinates against which they are placed, but are only 
representatives from among such species. 

For all these reasons it seems desirable to achieve the same degree of sym
metry, but to start from simple rectangular co-ordinates. This has already been 
ach ieved by Phillips insofar as the shape of his soJ id figure is concerned, but 
his system of co-ordinates has the drawback that the symmetry of the solid is 
not that of the axes, so that the symmetry is not reflected in the co-ordinates of 
symmetrically related points ; e.g. Tr, Ts, GI are represented as ooo, 022, and 
220. This is obviously due to the ingrained habit of mineralogists of regarding 
tremolite as in some sense the p rimary amphibole to which all others should 
be related. This "tremolite-centred'' viewpoint can be eliminated in four ways 
by modi fication of the co-ordinates: 

Tr, T s, and Gl are placed on the axes to have co-ordinates 200, 020, and 002, 

or some permutation of these, and with the triangular face of the figure closer 
to the origin than the hexagonal face. 
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Tr, Ts, and GI are placed at 200, 020, and 002. or some permutation of these. 
with the triangular face further from the origin than the hexagonal face: 
however, the other six "end-members" then no longer have simple co-ordinates 
rela ted to composition, so that this orientation is unsatisfactory. 

Tr, Ts, and GI are placed at 202, 220, and 022, or some permutation of these, 
with the triangu lar face closer to the origin than the hexagona l face; th is leads 
to the same result as the second alternative. 

Tr. Ts, and GI are placed a t 202, 220, and 022 with the triangular face remote 
from the origin . 

We obviously only need to consider the fi rst and last alternatives further. 
The first requires: x = number of Na atoms at X, y = 2- number of Al[6]. and 
: = number of Al[4]. It is obvious that only that permutation need be considered 
which associates the x, y, : co-ordinates with the X. Y, Z positions respectively. 
The way of defining .r is only apparently unsymmetrica l. If we consider the 
positions X, Y, and Z in their most highly charged conditions independently, 
then x, y, z correspond to the reductions in charge, from this starting point, 
that are required to give a particular composition. 

The only disadvantage of this alternative is that on ly = can be read directly 
from the fo rmula; the fourth is slightly better. Jt req uires: x = number of Ca 
atoms at X ( = 2 - number of Na at X), y = number of Al(6]. and= = 2- number 
of Al(4] i.e. number of Si in excess of 6. 

Here two variables can be read directly from the formula. This definition of 
x. when genera lized to mean the number of M( l I) ions at X, is also more 
appropria te to the description of other amphiboles like anthophyllite. Here 
therefore each variable is the increase in charge of the site above its minimum 
va lue. It fo llows that the total ca tion ic charge in the chain (i.e. apart from the 
A site) is 42 + x + y +:,and the additional charge required for electrical neutrality 
is therefore 4 -x-y - :. If positive this may be given by ions a t A or by protons 
giving O H in excess of 2 (ca lculated on 24 0 , OH . F). and if negative it may be 
given by 0 replacing OH . It is also possible for the fir t and second or fir. t 
and third of these effects to occur simultaneously. 

Fig. 5 shows the figure finally arrived at, in this orientation. 

Acfral/lages of rlie proposed sysrem of co-ordi11ares 
This system of co-ordinates shares the following adva ntages with that pro

posed by Phillips : 
It leads to a high ly symmetrical and easily remem bercd figure , which is 

easily represented by an orthogonal projection, so that fo r many purposes a 
3-dimensional diagram is not required. None of the vertices overlaps another in 
the projection, and none occurs in a position that is hidden by the upper plane. 

The co-ordinates of a point in the composition space are easily related to 
the composition. 

Although the system ha been developed under the simplifying assumption 
that Xis always preferentially filled by Ca rather than Na, and that the la tter 
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ra ther than the former goe preferentially to A when there is a choice. the 
procedure is not insepa rable from this. In fact it provides different co-ordinate 
descriptions for richterite formulated on this assumption as Na CaNaMg5Si ll 
and what may be described as the isomeric structure "iso-richterite"" 
Ca Na~Mg.-,SiR. Thus it provides a framework for expressing such differences 
when our structural knowledge makes such distinctions possible. 

In addition, the proposed system has the fo ll owing additional advantage. 
not possessed by Philli ps" proposals: 

The co-ordinates have the same symmetry as the i olated solid figure. 
Because it is ba ed on composition in a way that relates directly to the more 

fundamental factor of charge distribution. it can easily be extended to cover 
various possible charge-balancing mechanisms. and to deal with the presence of 
ions of different charge from those considered in the derivation (e.g. Li and 
Ti at Y). In doing this one does not need to use Phillips" concept of "equivalent 
aluminium"" as one is working directly with a defined physical parameter, 
charge. Lt can therefore be extended in principle to a ll amphiboles and does not 
merely apply to the idealized calc-alkali amphibole fo r which it was derived. 
Oxy-amphiboles for example lie further from the origin than the triangular face 
of the sliced cube in Ag. 5. 

The classijicatio11 derired fro111 the co-ordi11ate syste111 

The derivation of a uitable co-ordinate system is only the first step towards 
defining a method of clas if ying an amphibole composition. The second step 
involves the definition of boundaries between specie in terms of the chosen 
co-ordinates. Smith did not make any proposa ls in this respect, and Phillips" 
proposals are complicated. This complication a rises from his endeavour to 
confine named species to the nine vertices of his solid figure, and to regard these 
as end-members in some sense. Because of the ambiguity of representation of 
compositions in terms of such end-members he provides rules for the choice 
of sets of vertices in terms of which to describe any given composition repre-
ented within the composition space outlined by the nine vertices. These rules 

involve the application of a series of inequalities. because the boundaries of 
the corresponding regions in his composition space follow oblique planes. 
This is a sacrifice of the simplicity that should fo ll ow from adopting rectangular 
co-ordinates. Furtherm ore two of the idea l vertex compositions fall on a 
boundary plane, so that every member of such a species has to be further 
designated with a prefix alk- or calc-. 

Very much greater simplicity is achieved if each species is defined as having 
a composition corresponding to a point within the cubic cell extending to 
± 0.5 in each co-ordinate from the integral point which represents the ideal 
composition of the species. This permits the name to be assigned by simple 
inspection of the co-ordinates. 

This system requires the use of four more names if all parts of the outlined 
region of fig. 4 are represented in nature. corresponding to the three mid-points 
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of the s ides of the triangular face and the centre of the hexagonal face. Three 
of these are already occupied by named species. vi:, common hornblende (21 1 ). 

eek rite ( 1 12). and catophorite ( 1 1 1 ). Additional name would be required for 
cells whose centres lie o uts ide the bounds of the o utlined region. if and when 
such compositions appear to merit mineral names. 

Applicc11io11 of tlte method to real 111i11erals 

It is much easier to cla ify idealized formulae then to cla sify real minerals. 
The method has therefore been tested by applying it to the 209 amphibole 
formulae listed. with the analyses from which they were derived. by Deer. 
Howie. and Zussman ( 1963). Of these 166 are calc-alkali amphiboles, and thee 
are considered first. 

The detailed application of the system was as follows: 
The number of doubly charged atoms at X wa s taken to be the number of 

Ca atoms + any excess of Y-type atoms above 5. T hen x. y. : were derived as: 
x = number of doubly charged ions at X - number of vacancies at X; 
y = number of triply charged ions at Y + twice number of quadruply 

charged ions at Y (Ti) - number of si ngly charged ions at Y (Li) - twice 
number of vacancies al Y; 

: = number of Si atoms al Z + number of vacancies at Z (assumed to be 
filled by H~)- 6. 

If one accepts the idealized formulae given in table r a corresponding to the 
names used by Deer, Howie, and Zussman, then 1 oo out of the 166 fall into the 
expected cell of composition space centred on the co-ord inates shown in table I, 
the number of each being shown in brackets. 

Of the remaining 66, fifteen were so close to the border of the cell correspond
ing to the name given, that very small errors in analysis, or even changes in 
the method of calculating the formula could have displaced them into it. These 
are therefore also indicated , after the + sign, in table I. Three more were at 
least i omeric with the given name, and are similarly included. 

Twenty fall into nine cells without long established names (including one. 
the original taramite (Morozcwicz 1923), which goe into 120. a cell that a lso 
corresponds to mboziite (Brook, Gellatly, and von Knorring 1964) and may 
perhaps therefore be regarded as named), and most of the e ( 16) were named by 
Deer. Howie, and Zussman in accordance with the nea rest named cell in the 
present system. 

Nineteen appear to be wrongly named in accordance with the above ideal 
formulae, and are distributed as follows: 7 common hornblendes should be 
pargasite- hastingsite, 2 should be edenite, and one tschermakite; 3 edenites 
and one pargasite should be common hornblende; 2 tschermakites should be 
pargasite- hastingsice; 1 hastingsite should be tschermakite; 1 crossite should be 
catophorite; and 1 a rfvedsonite should be richterite. It is considered that the 
existence of a system such as that presented here would help to make more 
systematic the naming of such doubtful and intermediate compositions. 
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T ABLE I. Classification o f 100 analyses of calc-alkali amphiboles. 11, number of 
analyses falling into the cell whose co-ordinates are named . 

Coords. II Name F ormula 

202 ( II ) tremolite- Ca2(Mg, Fe2 · );Si802,(0H)2 
actinolite 

220 (20) tschermak ite Ca2(Mg, Fc2 ")3Al2Si6Al20 22(0H)2 

basaltic 
hornblende NaCa.lMg, Fe 2 -h(Fe 3

' , Al).,Si6Al.,023(0H) 
kaersutite NaCa2(Mg, FeH ),T iSi0A l20 22(0 H)2 

022 ( 13 + 5) glaucophane Na2Mg3Al2Sis0 22(0H)z 
crossite Na2(Mg, Fe2 • h(Fe3 ', Al)2Si ~022(0H), 

riebeckite Na2 Fe2 Fe~+Si 8022(0H)2 
magnesio-

riebeckite a 2 Mg3 Fe3 -Si80 ,,(0H )2 

(rhodusite) 
102 (4+ 3) richterite a,CaMg.;Si80 22(0H)2 

012 (4+ 3) eckermannite NaaMg ,A 1Si8022(0 H), 
a rfvedsonite Na3(Mg, Fe2 • ),(Fe3· , A l)Si ,.Od0H)2 

2 10 ( 17 + 6) pargasite NaCa2Mg.1AISi 6Al20 22(0H)2 

hastingsite aCa2(Mg, Fe2+),(Fe3~, Al)Si6Al20 d 0H )2 

20 1 (2 + 1) edenite aCa,Mg,Si,AIO,,(OH)2 

211 (26) common Ca2 Mg1AISi,AI0 22(0H)2 

hornblende 
111 (3) catophorite a2CaFe:; · (Fe 3~, Al)Si,Al0d 0H)2 

The remaining n ine were more difficult to classify: they included fo ur barke

vikites. which is a name tha t ca nnot be identified with a cell; applica tion of the 

method categorizes one as 211 (common hornblende) a nd two as 210 (pargasite 

hastingsite): the other is of very peculiar composition corresponding to 2I1. 

There are also three "arfvedsonites·· that do not correspond to o 12; they are 

of highly oxy-hornblende type and may be described as oxy-riebeckites. 022. 

Finally two were rejected from classificatio n because of poor analysis o r 

unba lanced charge in the formu la given. 
T he un-named cells that are found to be occupied have the following co

o rdinates: 121 (or its isomer 02 1), 112, 200, 0 11 , 230, 221 , 122, 2 12. None of 
these corresponds with certainty to any of the many names listed by Hey 

( 1950), but an a mphibole of composition correspond ing to 11 2 has been 

described under the name eck rite (Ra vier, 195 1 ). 

When the method is applied to the 43 minera ls of the anthophyllite- cum

mingtonite group with formulae given by Deer, Howie, and Zussman it serves 

to reveal o ur relative igno rance o f the structura l relations in this group. It is 

tempting to regard holmq uistite as 022, but in fact we do not know that Li is 
at X and A l at Y; both might be distributed randomly, leading to charge 

co-ordinatesl of 202. In anthophyllite, gedrite, and cu mmingtonite-grunerite we 

do not kn ow defi nitely where the small amount o f calcium lies in the structure. If 

1 Since the presentation of this paper the author has shown that holmquistite has Li at X 

and Al at Y (Whittaker, 1968. 
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TABLE 11. Classification of 43 analyses of amphiboles of the anthophyllite-cummingtonitc 
group, on the alternative assumptions that Ca lies at X and at A: 11, number of analyses falling 

in the cell with the co-ordinates named 

CaatX Ca at A Ca at X Ca at A 
Coords. JI Coords. II Coords. II Coords. II 

Anthophyll ite 202 7 202 5 Cummingtonitc- 202 10 202 5 
11 2 I 12 grunerite 
212 3 2 12 3 20 1 3 201 3 

102 2 2 11 2 12 I 
Gcdritc 220 3 220 2 212 102 6 

2 10 3 210 2 102 111 
211 3 211 3 
221 221 

110 
120 

we accept the formulae at face value it usually appears to be required to lie a l 
X. but on structural grounds this seems unli kely and il may be at A with some 
corresponding vacancies al X. Dependent on the assumption made the charge 
co-ordinates found arc as shown in table 11. Thus, a lthough the application of 
the method to these minerals does not suggest that any of them should have 
been named differently in terms of current nomenclature, it does show that there 
is a much greater variety of charge distribution included under the traditional 
names than is suggested by the usual idealized formulae, or than is tolerated 
within individual mineral names in the calc-alkali amphiboles. 

C 011c!usio11 

T he concept of end-members in isomorphous series is a fam iliar one that 
has much to recommend it, especially when only 2 or 3 end-members arc 
required to express a mineral composition, which can then be represented 
graphically along a line or on a triangular diagram. However when three 
independent variables arc involved, as in the cationic charge distribution in the 
amphibole chain. a tetrahedral arrangement of four end-members is required. 
which is more difficult to vi ualize. Moreover, there does not exist any one set 
of four named amphibole compositions in terms of which the others could be 
expressed without involving negative proportions; in geometrical term s this 
means that, in any proposed amphibole composition space, there is no set of 
four named compositions that forms a tetrahedron having a ll other named 
compositions represented by points within it. In a general sense therefore, 
Phillips· nine "end-members .. are not end-members at all in respect of the 
three-dimensional system required to represent the cation charge distributi on. 
They are only end-member of the fifteen two-component substitution systems 
considered separately. of the three-component system Tr- T s- GI, or of various 
other a mbiguously defined three- and four-component systems. Also. although 
the points 211 (common hornblende), 111 (catophorite), and the points 1 12 

and 12 1 in fig. 4 (and the corresponding points in Smith's and Phillips· diagrams) 

17 
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can be represented in terms of mixtures of vertex compos1t1ons, they are no 
less necessary tha n the vertex compositions in adequately representing other 
intermediates. Furthermore 111 cannot be uniquely represented in terms of 
vertex compositions; it is equally (2 10 +02 1) , (1 02 + 120) and (012 + 210). 

Also some real amphibole compositions lie outside the limits of the idealized 
diagrams. 

Since it has been shown that both Smith's and Phillips' classifications are 
equivalent to a classification of cationic charge in the chain, it is suggested that 
this should be recognized explicitly by the adoption of the present symmetrical 
system of classification , which has so many features in its favour for the classi
fication of present, and possible future, knowledge. End-member classification 
will of course still remain extremely useful for the expression of other features 
of a mphibo le compositions that do not affect the distribution of cationic charge 
in the cha in , for exa mple Mg = Fe2+ substitution as in the tremolite- actinolite 
series, AI = Fe:1+ substitution in the gla ucophane- riebeckite series, and many 
others. Because of these many other important features of amphibole com posi
tions it would not be possible to seek for a 1 : 1 correspondence between mineral 
names and cells in composition space (or rather charge-distribution space as 
it would be better called). Each cell may correspond to many names, but it is 
suggested that each name should be limited to a single cell , a nd delimited by 
the boundaries of that cell. Compositions corresponding to unnamed cells 
should not be referred to the nearest na med one, but may be indica ted by the 
cell co-ordinates, unless or until they are considered to merit an individual 
name. This should certainly always be done in discussions of theoreticaJJy 
possible but unrealized compositions, and would eliminate the tendency to 
introduce names for "hypothetical end-members' ' . 
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Hydrothermal investigations and stability relations of 
synthetic gedrites 
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Germany 

Summary. The stability relations of synthetic iron- magnesium mixed crystals of two gedrite 
series w ith different aluminium contents have been determined at a H 20 -pressure of 1 ooo 
bars. The oxygen fugacity in the charge was controlled by buffers. The synthesis of a stable 
amphibole phase was possible only by substituting a small proportion of the bivalent cations 
by sodium. T he minimum stability temperature of the amphibole phase is 580 ± 10°C in 
both mixed crystal series investigated. These two gedrites are the iron end-members of the 
series: they contain no magnesium. No pure magnesium gedrite could be synthesized in 
experiments up to 8oo0 C. The upper stability temperature of the iron-rich gedrites exceeds 
700 ± 10GC. At low temperatures chlorite and quartz coexist over the whole composition 
range. The maximum temperature of this assemblage is 570 °C in the aluminium-poor mixed 
crysta l series. Chlorite was found to be stable up to 690 ± 10°C. 

GREAT efforts have been made in recent years to clarify the stability relations 
of synthetic orthorhombic amphiboles. l n the system Mg0- Si02- H20 , Fyfe 
(r962), using natural seed crystals, showed that anthophyllite has a stability 
field in the presence of water. Greenwood ( 1963) succeeded in determining the 
stability field of magnesium anthophyllite. Investigations on the magnesium
iron mixed crystals of the anthophyllite series were started by Boyd ( 1959). 
Hellner, Hinrichsen, and Seifert (1965) determined the stability fields of the 
magnesi um- iron anthophyllites. 

Attempts to synthesize the magnesium end-member of the gedrite series 
failed (Fawcett and Yoder, 1966), but Hellner ( 1964) and Hellner, Hinrichsen, 
and Seifert ( 1965) showed that it is possible to synthesize iron containing 
gedrites in wh ich the magnesium and iron are partly substituted by sodium. 
Akella and Winkler (1966) succeeded in synthesizing gedrite from natural 
chlorite and quartz using a sodium-containing gedrite as seed crystal. 

l n this work magnesium- iron mixed crystals of two gedrites were investigated. 
I n the first of these 1 (Mg, Fe2+) + 1 Si are substituted by 2 Al, and in the second 
2(Mg, Fe2+) + 2 Si are substituted by 4 Al. 

Experimental. The sta rting materials were powder mixtures made from iron 
oxalate, magnesium oxalate, sodium carbonate, silica, and aluminium hydroxide. 
These powder mixtures were at first used directly in the hydrothermal runs for 

243 



244 T. J. HINRICHSEN 

synthetic or equilibrium studies. Later on the mixtures were subjected to a 
preliminary hydrothermal treatment at 500 °C and 1 ooo bars to remove C02 

and CO, and the products of this treatment were used in all experiments. The 
pressure was 1 ooo bars and the temperature 490°C to 8oo 0 C. Temperatures 
were controlled to ± JO 

0 C. The oxygen fugacity was controlled by buffers, 
using below 570 °C a magnetite- iron mixture and above 570 °C a magnetite
wi.istite mixture. All phase boundaries were checked by reverse reactions. The 
products of the runs were investigated with an X-ray diffractometer and with 
an optical microscope. 

Stability relations of aluminium-poor gedrite. The hydrothermal investiga
tions of the gedrites were sta rted with the mixed crystal series where 
(Mg, Fe2+)Si is substituted by 2 AL The general formula for the series is 
(Mg, Fe2+)6Al[AISi 10 22(0H)2]. Part of the magnesium and iron was substituted 
by I .o to 1.2 wt. 0~ sodium. Fig. I shows the results of about 200 hydrothermal 
runs projected on a pseudobinary t- x diagram. The lowest stability temperature 
of the amphibole phase was found to be 580 ± Io 0 C. The gedrite formed under 
these conditions contains no magnesium. The lower stabil ity temperature of 
the amphibole phase rises steeply with increasing magnesi um content. The 
gedrite with the highest magnesium content, synthesized at 700 ± IO 

0 C. had 
a Mg/(Mg+ Fe2+) ratio of 0.7. The pure magnesium gedrite could not be 
synthesized. Experiments at 800 ± IO °C yielded another amphibole phase of 
unknown composition coexisting with cordierite, enstatite and talc. This agrees 
with the results of Fawcett and Yoder (I962, I966), who also found that in 
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F1G. 1. T- x diagram for gedr ites poor in alumin ium. 
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the system Mg0- Al20 :i- Si02- H 20 amphiboles were formed metastably at 
700 to 850 °C. [n nature no pure magnesium gedrites have been found. 

At lower temperatures (500 to 570°C) a chlorite- quartz assemblage is stable 
over the whole composition range. The chlorites contain less aluminium tha n 
those of the clinochlore- daphnite series. The maximum stability temperature 
of the chlorite-qua rtz assemblage is 570 ± 10°C. This result suppo rts the view 
of Fawcett a nd Yoder ( 1966) that the maximum temperature of the chlorite
quartz assem blage in the system Mg0- Al20 :i- Si02- H 20 is not reduced by 
substituting MgO by FeO. 

At higher temperatures the magnesium-rich chlorite coexists stably with 
cordierite a nd talc up to 690 ± 10 °C. Above this temperature cordierite, talc, 
a nd olivine coexist. T he iron-rich chlorites decompose to give a chlorite richer 
in a luminium together with olivine. At even higher temperatures (a bove 570°C) 
the chlorite becomes unsta ble and cordierite is formed. Two transiti on fields 
exist at higher temperature, one with gedrite, cordierite, olivine, and qua rtz 
and another with gedrite, cordierite, olivine, and talc. Above the first of these 
fields lies the stability field of gedrite. 

Stability relations of aluminium-rich gedrites. In this mixed crystal series 
2(Mg, Fe 2• ) + 2 Si are replaced by 4 Al , and the bivalent cations a re partly 
substituted by o.8 to 1.0 wt. % sodium. The general formula for the series is 
(Mg, Fe 2- );;A l2[Al2Si60 22(0 H)2]. Fig. 2 shows the pseudobinary t- x diagram 
of the mixed crystal series, based on the results of about 250 hydrothermal 
runs. 

The minimum stability temperature of gedrite is again 580 ± 10°C for the 
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pure iron end-member. This phase can readily be distinguished optically from 
the ferroan gedrite poor in aluminium. At 700° ± 10°C the magnesium-rich 
gedrite has a Mg '(Mg + Fe 2~)-ratio of o.8. If the mixture is richer in magnesium 
and the temperature is raised to 800 ± 10°C an orthorhombic amphibole is 
formed, but cordierite, enstatite, and spinel form in addition. 

At low temperatures (500 to 550°C) chlorite and quartz coexist over the 
whole composition range. The chlorites contain more aluminium than those 
of the clinochlore- daphnite series. Chlorite and quartz are found to be stable 
up to 550 ± 10°C provided the Mg '(Mg + Fe 2

-'- ) ratio of the starting material 
is below 0.55. If the mixture is richer in magnesium the upper stability tempera
ture is reduced, and falls to 510 ± 10°C at the magnesium end of the diagram. 
At higher temperatures magnesium-rich mixtures yield cordierite in addition . 

The iron-rich chlorite- quartz assemblage is replaced at higher temperatures 
by chlorite, cordierite, and olivine. When the chlorite becomes unstable, spinel 
is formed in addition to cordierite and olivine. 

At the magnesium-rich end of the diagram the chlorite is stable together 
with cordierite and talc up to 690 ± 10 °C. At higher temperatures cordierite, 
talc, and spinel coexist. Cordierite, olivine, and spinel coexist on the iron-rich 
side of the diagram over a wide field of composition and temperature. A transi
tion field was found below the stability field of gedrite; in this field gedrite, 
cordierite. olivine, and spinet coexist. 

Application to narural assemblages . The variation in chemical compos1t1on of 
natural orthorhombic amphiboles is shown in fig. 3 (after Seki and Yamasaki , 
1957). The field shaded with full lines indicates the range of composition of 
natural anthophyllite and gedrite quoted by Rabbitt ( 1948). Seki and Yamasaki 
( 1957) proposed a wider field for this series, which is shaded with broken lines. 
The Mg 1(Mg + Fe2 1) ratio of natural anthophyllite varies from 1.0 to o.6. 
The Mg (Mg + Fe 2+) ratio of gedrites with maximum Al-substitution varies 
from o.8 to o. The field of composition of synthet ic orthohombic amphiboles 
is bounded by the double line. 

Anthophyllite and gedrite are typical minerals of the amphibole-hornfels 
facies. The first appearance of orthorhombic amphiboles characterizes the 
beginning of this facies. This temperature is a function of H 20 -pressure (which 
was not investigated) and of the bulk composition of the rock. The lower 
stabi lity temperature of the pure magnesio-anthophyllite was determined by 
Greenwood ( 1963) to be 667 ± 8 °C at 1 ooo bars H20-pressure. Hellner, 
Hinrichsen, and Seifert (1965) found a minimum stability temperature of 
520 ± 1o°C at r ooo bars H20-pressure for an anthophyllite with a Mg 1(Mg + Fe) 
ratio of 0-4. The minimum stability temperature of gedrites was found to be 
580 °C ± 10 °C for the iron end member. Akella and Winkler ( 1966) showed, 
using natural material, that the gedrite becomes stable at 548 ± 12 °C ( 1 ooo bars 
H20-pressure, (Fe 2.._ + Fe:l+)/(Fe 2 1 + FeH +Mg) ratio 0-4). lf one applies these 
data to the rocks found in nature, one can say that the lower temperature of 
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F1G . 3. Fields of composition of synthetic and natural orthorhombic amphiboles. Double 
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( 1957) extend their field to include the area shaded with broken lines. 

the amphibole-hornfels facies lies in the range from 520 °C to 580 °C at 1 ooo 
bars H 20-pressure. 

An interesting result of the hydrothermal experiments is that the chlorite
quartz assemblage was found to be stable over the whole composition range of 
the two mix-crystal series investigated. The chlorite-quartz assemblage is 
characteristic for the greenschist facies. Fawcett and Yoder ( 1966) found that 
this assemblage is stable up to 570 °C at 2 ooo bars H20-pressure in the system 
Mg0- Al20 3- Si02- H 20. 

The investigations on the Mg- Fe mixed crystals of gedrites show that at 
I ooo bars a fe2+-containing chlorite can coexist with quartz up to 570 ± 10 °C 
at a Mg/( Mg + Fe2+) ratio of 0-45· If the temperature is increased, cordierite is 
formed as a new phase. This mineral does not exist in the greenschist facies. 
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Studies on synthetic alkali amphiboles 

By R. PHILLIPS and G. ROWBOTHAM 

Department of Geology, University of Durham 

S11111111ary. Optica l and X-ray data are given for synthetic richterite and eckermannite. The 
various products formed from gels of sundiusite and miyashiroite compositions are described. 

PH I LUPS and Layton ( 1964), in attempting to systematize the nomenclature 
of the calciferous and alkali amphiboles, have considered for simplicity the 
possible range of substitution of sodium and aluminium in the tremolite structure. 
These two elements were chosen as typical of the various elements that may 
substitute in the A, X and Y, Z positions, taking the general formula as 
A X 2 Y~Zl'l022(0H)2 . Substitutions involving cations of similar charge and ionic 
radius- as for example Fe2-+ for Mg2 1- were disregarded in the first instance 
as being trivial for the purposes of fundamental classification. 

It was found that nine end-member compositions were theoreticaUy possible. 
two of which, miyashiroite and sundiusite, had not previously been described. 
To di stinguish these pure end-members of exact composition from naturally 
occurring minerals, it was suggested that a suffix K (from Greek KafJapos, pure) 
be used. Thus tremolite-K indicates the exact chemical composition 
Ca2Mg5Si 80 2l0Hh , to which the minerals called tremolite merely approximate. 

Phillips ( 1966) has shown how the relationships of these nine end-members 
may be represented on a simple diagram and has defined the alkali amphiboles 
as having at least 1 .oo sodium atoms in the X position in the above general 
formula. This means that five of the nine end-members are classed as alkali 
amphiboles, namely richterite, eckermannite, glaucophane, miyashiroite, and 
sundiusite. The next logical step was to see if these compositions could exist 
as stable amphiboles and if possible to determine their stability ranges with 
varying temperature and pressure. 

Glaucophane-K has been prepared by Ernst (1961) and the same author has 
shown that it has a pressure-dependent polymorphism. M ichel-Uvy ( 1957) 
hydrothermally synthesized an amphibole approximating in chemical formula 
to richterite, with a composition said to be Nai.;;Ca0 7Mg5.4Si 8022(0Hh.s· 
The mineral was synthesized from a mixture of MgC0:1, CaC03, Na2C0 :1, and 
Si02 at approximately 450 °C. At 580 °C he also noted the appearance of pyro
xene. Kohn and Comeforo ( 1955), Gibbs, Miller, and Shell ( 1962), and Saito 
and Ogasawara ( 1959) have all synthesized ftuor-richterites. Eckermannite, to 
our knowledge, has not been hydrothermally synthesized, but ftuor-eckerman-
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nite and fl uor-lithium eckerman nite have been prepared by Eitel ( 1954). The 
type eckerman ni te from Norra Karr in southern Sweden (Adamson. 1942; 
analysis by Sundius, 1946) contains 1.1 5 % lithium . 

Miyashiroite and sundiusite have not as yet been synthesized, nor arc they 
kn own as minerals, a lthough mboziite (Brock, Gell atly, and von Knorring, 
1964) approximates to the iron analogue of sundiusite. The chemical composition 
is (Na, K, Ca):1.o:1(Fe21 , Mn, Mg, Feh, Ti , Al)uia(Si6 •20Al i. 80)0~AOH)~, 
which gives a basic form ula (Ph ill ips and Layton. 1964) eq ui va lent 1 to Su!111 Rio, 
a lthough there is a 78 % replacement of MgH by Fc 2 ' and an 88 % replacement 
of Al 3 · ( Y) by Fe3 1 • No natural mi nera l with more than 48 % miyashiroitc in 
the basic fo rmula is yet known to us. This is a va lue given by an arfvedsonitc 
from Los Arch ipel, analysed by K uni tz ( 1930) and quoted by Sundi us ( 1946). 

Experi111e111a/ 
Gels of the compositions Ee, R, Su, and M were prepared using a modifica tion (0. L. 

Hamilton, personal communication) of the "organic silica-nit ra te method"" (Roy. 1956). 
The materials used were: for Na20 , Sodium carbonate of "Analar" grade: for CaO, 

Ca lcium carbonate of ··Analar" grade: for A l20 3 , Finely d ivided aluminium powder supplied 
by British A luminium Co. Ltd.: for MgO, pure magnesium metal supplied by M agnesium 
Elekt ron Ltd.: and for Si02 , tetraethylorthosilicate supplied by M onsanto Chemicals Ltd. 
T he sealed tube method of Goranson (193 1) was used in the experiments. T he gels \\ere 
loaded, together with 5 to 10° 0 of water by weight, into gold or platinum capsules. depending 
on the pressure and temperature of the experiments. T he gold capsules were not used above 

950 c. 
T he experiments were carr ied out in three types of hydrothermal apparatus. The first, a 

conventional " cold-seal" appa ratus designed by Tuule ( 1949), was used for experimen ts al 

700 to 900 °C and 1 k ilobar. The second, a molybclenum- 0.5" 11-titanium vessel described by 
Williams ( 1966), was used for experiments at 885 to 1 100 C and 1 k ilobar. A nimonic sheath 
(alloy No. 75) surrounds the vessel and is fi lled w ith argon to prevent oxidation . The pressure 
medium for these experiments is argon gas and the pressure is raised from cylinder pressure 
to the required pressure by a simple hand pump. The third type of apparatus used wa:. an 
internally heated hydrothermal vessel, which is a modification of that described by Yoder 
( 1950). T he pressure medium is argon and is raised to the required pressure by two intensifiers 
and the temperature of the experiment. This apparatus was used for experiments a1 700 10 
1 ooo C and 5 kilobars. 

The condensed products were examined under a Zeiss petrographic microscope using white 
light and refractive index oi ls 1.590 to 1.630, depending upon the composition or the material. 
X -ray examination of all the samples was carried out using a Philips diffractometer with 
Cu-Kt:1. radiation. Smear moun1s were used with quartz as an internal standard. T he specimens 
were scanned from 5 to 50 20 at 1 ° per minute for roui ine ident ification. 

Results 

Richterite-K (NaCaNa Mg5Si 80 22(0 Hh). Twelve runs, in which gels of composi
tion Na20. CaO . 5 MgO . 8 Si02 were treated with excess water for 18 to 192 
hours a t 750 to 1 ooo°C and 1 to 5 kilobars, gave a product that was iden tified 
as richterite-K. The mineral nucleated very quickly even at the lower tempera-

' Abbreviations, used here or subsequently: Ec = cckcrmannite. M = miyashiroi1e. R = 
richterite, Su = sundiusi te. 
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tures investigated, and appears to be formed stably over the whole of the above 
range of temperatures a nd pressures. At 1 075 °C and 1 kilo bar a pyroxene was 
formed. The richterite-K was holocrystalline. The crystals varied in size from 
50 x 20 /t to 200 x 70 ;1; they had a prismatic habit and were occasionally 
twinned. All had identical optical properties. Because of preferred orientation 
due to a p rismatic cleavage, only two refractive indices could be obtained: 
:x' = 1.602 ± 0 .003 a nd y' = 1.624 ± 0.003. T he extinction angle y' : [oo 1] was 
15 ± 2°, and the crystals were optically negative with a high 2 Y. T he refractive 
indices agree well with those of synthetic ftuor-richterite (Kohn and Comeforo, 
1955) which has a= 1.603, /1 = i.6 14, y= I. 622, and those of natural richterite 
from Langban, Sweden (Sundius. 1946), which has a = 1.605 a nd y= 1.627. 

Richterite-K has simi lar optical properties to tremolite-K. The distinguishing 
feat ures are the 2 V and extinctio n angle. If we assume a refractive index of 
1.614 (that offtuor-richterite, op. cit.) the 2 V" should be 70 °, whereas tremo lite-K 
has 2 V « = 86 °. T he extinction angle (y : [oo 1]) of trem olite-K is 21 ° and that of 
riehterite-K is 15 °. 

The X-ray pattern o f the synthet ic richterite was compa red with those of two 
specimens of natura l richterite from La ngba n, Sweden (table 1, cols. 1 a nd 2). 

TABLE I. X-ray powder data for (1) synthetic richterite- K, (2) natural richterite from Uingban, 
Sweden, (3) natural eckermannite from orra Karr, Sweden. (4) synthetic glaucophane-" 

(Ernst, 1961), and (5) synthetic eckcrmannite-" 
2 3 4 5 

,.---"----. ~ ..--~----- .---"-------. ...-----"----, 

d 1/10 d 1/10 d 1/10 d 1/10 d 1/ /0 

8.984 A 10 9.ooA 9 
8 -485 65 8.51 A 100 8.35 A 100 8.38 32 8 . 355 A 40 
4.861 10 4.888 2 4.818 12 4 .822 12 
4.802 15 4.804 20 4.480 3 4.48 1 36 4-479 40 
4.496 44 4 .50 40 4.054 2 4 .049 19 4.040 14 
3.865 28 3.858 20 3.852 2 3.885 35 3.835 38 
3.388 85 3.388 70 3.398 5 3.4 12 72 3.404 70 
3.282 90 3.281 6o 3.355 11 
3. 148 100 3. 146 70 3.225 9 3.257 65 3.246 70 
3.027 40 3.059 53 3. 120 91 3.097 100 
2.959 65 2 .962 6o 2.947 5 2.980 50 2.965 50 
2.823 45 2.823 40 2.920 2 2.9 13 34 2.910 25 
2.734 45 2.758 8 2.794 24 2.781 35 
2.707 100 2.707 80 2.702 13 2.7 14 100 2.708 80 
2.585 55 2.587 40 2.678 2 2.683 20 2.673 15 
2.527 30 2.532 60 2.581 3 2.58 1 32 2.57 1 35 
2.391 20 2.510 6 2.502 81 2.500 6o 
2.334 70 2.337 50 2.296 4 2.301 13 2.294 20 
2.288 30 2.278 50 2.265 25 2.276 20 
2.271 20 2. 154 4 2. 173 50 2.164 50 
2.202 10 2.067 2 2.081 15 
2.167 60 2.167 60 2.031 9 2.019 10 
2.055 IO 2.005 4 

I .887 16 1.878 12 
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The small differences in pattern may be a result of the manganese oxide content 
of the natural specimen, which may be as high as 9 %. 

We are grateful to P . J. Broomfield (University of Durham) for calculation 
of the cell parameters of this and other amphiboles described , using a least 
sq uares programme "Cohen'' on the Atlas computer at Didcot. Values for 
richterite-K are compared with synthetic tremolite-K (Colville, et al. , 1966), 
using the space-group notation C2/m: 

Rich1cri1c-K " 9.892 0.005 A. b 17.958 J 0.007 A. c 5.263 ' 0 .002 A. fl 1 04.282 ~0.oi9 °, o sin 1i 9 .586 A, V906.o 1.0 A• 
Tremoli1e-K 9.833 0.005 18.054 o.ooq 5.i68 · 0.004 10 4.;2 - 0.07 9.52 905.3 ._ 1.0 

The (J va lue for richterite-K would be expected to be less than that of tremolite
K , Whitta ker ( 1960), as Na replaces Ca in one of the M4 sites. Other cell param
eters do not appear to change systematically. 

Eckerma1111i1e-K (NaNa2Mg~A ISi 8022(0H)2). Ten runs, in which gels of composi
tion 3 Na20. 8 Mg0.Al20 :i · 16 Si02 were treated with excess water for 18 to 
92 hours at 770 to 1 000 °C a nd 1 to 5 kilobars, gave mixtures of an amphibole 
with a talc-li ke mineral. The crystals of the amphibole were extremely small, 
and of a fibrous habit. Their maximum size was 20 x 3 ;1 and their average length 
usually about 1 o ;1. None of the optical properties could be determi ned with 
any accuracy from such small crystals. The amphibole was considered to be 
a synthetic eckermannite. In table 1, cols. 3 to 5, its X-ray powder pattern is 
compared with those of natural eckermannite from Norra Karr in Sweden and 
synthetic glaucophane-K (Ernst, 1961). There is a close similarity between 
the patterns of the synthetic eckermannite and gJaucophane-K at high d values. 

T he cell parameters for the synthetic eckermannite-K are compared below 
with glaucophane I a nd ll (Ernst, 1961 and 1963). 

Eckcrrna nni1e-K '"1·762 0 .006 A, b 17.892 _ 0.01 1 A. c 5.284 _ 0.006 A. ii 103. 17_:.o .049 °. a sin fl 9. 505 A. V 898.6 - 0.8 A' 
Glauco1)hane-K(I) 9.7;. 17.9 1 5.27 102.8 9.50 897 
Glaucoph:111c·K( ll ) 9 .64 17.73 5.28 103.6 9.37 877 

These figures show the close similarity that would be expected from the close 
sim ilarity in chemical composition. 

The ta lc-like mineral had optical and X-ray properties very s imilar to those 
of ta lc. Because of its presence, the exact composition of the eckermannite is 
uncertain. lt must be very close to the eckermannite end of the eckermannite-K
glaucophane-K join (see fig. 3 of Phillips, 1966) because the mineral is stable at 
1 ooo °C and 1 kilobar pressure. Glaucophane breaks down to forsterite. 
enstatite, al bite, and vapour at 835 °C and 1 kilo bar (Ernst, 1961 ). The ecker
mannite was stable over the whole range of temperature and pressure investi
gated but was rather slow to nucleate below 750 °C. 

Miyashiroite-K and sundiusite-K. Alkali amphiboles were not among the products 
of runs using gels of miyashiroite-K composition (3 Na20. 6 MgO. 3 Al20 a. 
14 Si02) or sundiusite-K composition (Na20. CaO. 3 MgO. 2 Al20:i · 6 Si02). 

T he experiments covered a temperature range of 750 to 1 ooo °C at pressures 
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of T to 5 kilobars, with times of 18 to 192 hours. All runs in which the miya
shiroitc-K gel was used gave only one phase, a sodic montmorillonite. Sometimes 
the crystals of this clay minera l were 200 x 100 ;1 and possessed straight extinc
tion. The condensed products using a sundiusite-K gel were quite different; in 
all cases, anthop hyllite, the talc-like mineraL and a sodium- ca lcium mont
morillonite were formed. All these phases persist metastably above their upper 
stability limits. At 5 kilobars and 1 ooo C they were still formed, but possibly 
as q uench phases. Investigations with the miyashiroite-K and sundiusite-K 
compositions a rc cont inuing. In order to overcome the kinetic barrier for 
nucleation of these minerals, severa l methods are being attempted: seed ing of 
the start ing materia ls with natural subm icroscopic a lka li amphi bolc; seeding 
of the ge l with the syn thetic fluor ide analogues of the above hydroxy minera ls; 
and use of higher pressures. The results of these investigations will be reported 
later. 

Discussion 
Richtcritc-K and eckerman nite-K are stable over a wide range of temperatures 

and pressures but the natural minerals of these compositions arc relat ively 
rare. Richterite occ urs in metasomatic and thermal metamorphic environments 
that are rich in carbonates and often manganese minerals. It also occurs in 
some nephclinc sycnitcs (Larsen, 1942). It has recently been reported for the 
first time in a meteorite (Olsen, 1967). 

Eckcrmannitc is extremely rare: the type specimen was found in a foliated 
pecto litc- eckermannite- aegirine nepheline syenite at Norra Karr in southern 
Sweden (Adamson. 1942). Nayak and cuvoncn ( 1964) described an cckerman
nitc from a granite associated with manganese mineralization at Goldongri, 
India . lmerinite from Ambatoharina, Madagascar (Lacroix. 1921) is inter
mediate between richterite and eckermannite in composition . 

The most common chemical environment in nature in which alka li amphiboles 
are developed is that in wh ich high soda is accompanied by a high iron content. 
The environment required for the formation of richterite and eckermann ite is 
high soda accompanied by a high magnesium content. The rarity of these 
cond itions in nature explains the infreq uent occurrence of natural richtcritc 
and cckermannitc. It is worthy of note that natural richteritc and cckermann itc 
are often manganese- or lithium-bearing and that these minerals arc frequent ly 
associated with low-temperature manganese mineralization. 
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Synthesis and stability field of cummingtonite 

By KAY SCHURMA N 

Mineralog. lnstitut, Marburg 'Lahn. Germany 

S11111111w·y. Hydro thermal investigations at PH2o= 1 ooo bars and PnJ2 =8o bars in a reducing 
atmosphere controlled by buffers were made on the Mg- Fe mixed crystals of the monoclinic 
cummingtonite- grunerite series. Under these conditions cummingtonite was only obtained 
if a small amount of CaO (2.7 wt." 0 ) was added. This CaO content is in agreement with that 
o f natural cummingtonites that arc poor in Mn. 

The stability relations of the quas i-binary section of the Mg- Fe cummingtonites are shown 
by a T- .>: phase diagram. Cummingtonite with more Mg than Mg(,,\Fe3 r. has not been syn
thes ized: the pure iro n end-member g runerite was obtained over a wide temperature range 
from 450 C ± 10 C to 595 C ± 10 C. The lowest point of stability a t 450 °C is determined 
only for the pure iron end-member of the series. The low-temperature parageneses arc 
talc+olivine, talc +olivine + quartL. and at iron-rich compositions olivine+quartz. Without 
any iron the paragenesis talc+olivinc converts at 645 C ± 10 C to talc + pyroxene. 

THE members of the monoclinic cummingtonite- grunerite series with the 
theoretical formula Mg7Si 80 2z(OH)2- Fe,Si 80 22(0H)2 are typically found in 
both regionally and contact metamorphosed rocks. First attempts in synthesizing 
cummingtonites have been made by Boyd (1954, 1959). He obtained the mono
clinic cummingtonite phase only in a few runs at temperatures above 8oo°C 
(at PH2o= 1 ooo bars), and he stated that this phase was metastable. 

Flaschen and Osborne ( 1957) obtained grunerite only in short runs (14 hr.) 
at 700 °C and J 2 500 lb. 'in. 2 pressure together with fayalite and quartz. In 
longer runs the grunerite phase disappeared. 

Our first attempts failed to prepare synthetic cummingtonites in the system 
Mg0- Fe0-Si0 2 under various water vapour pressures up to 6 ooo bars and 
various water contents of the mixture. ln nature however cummingtonite has 
a small CaO content from 1 to 4 wt. %. Therefore we prepared our starting 
materials with 2.7 % CaO in addition. The presence of this CaO was sufficient 
to produce nuclei of cummingtonite, which continued to grow (Hellner, 
Hinrichsen, and Schiirmann, 1963). 

Experimental methods. The hydrothermal runs were made in closed pressure 
bombs (modified Morey-type) at 1 ooo bars water pressure and 80 bars C02 
pressure. The amount of water that has to be used for different temperatures 
was taken from papers by Kennedy (1950) and Holser and Kennedy (1959). 
The results were controlled by additional runs under hydrostatic pressure 
controlled by a manometer. The error in water pressure is ± 50 bars and the 
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error in C02 pressure between 450°C and 650°C is ± 10 bars. This range 
includes the increase of C02 pressure by increasing temperature. The error in 
temperature is ± 5 °C. 

The specimen and the iron- magnetite bulTer were separated by a ealed silver 
tube. but a hydrogen exchange was possible (Eugster and Wene . 1962). Both 
together were in sealed gold tubes. 

The runs lasted from 14 days to 4 months. After each run the used buffers 
were checked. The phases that appear in the hydrothermal runs were determined 
by X-ray methods using a Philips powder diffractometer and a Guinier X-ray 
powder camera. 

Successful attempts have been made to reverse the reaction; therefore it was 
possible to give our quasi-binary diagram. 

Experi111e11ral resu/1s. About 300 runs were made at various temperatures from 
400 °C to 680 °C at constant pressure P 112o = 1 000 ± 50 bars and P('o2 =8o ± 10 
bars. In fig. 1 more than 150 points in the T- x diagra m are indica ted by different 
symbols explaining the results of the phase examinations. 

The stability relations of the quasi-binary ection of the Mg- Fe cumming
tonite are shown by a sub olidus phase diagram (fig. 2). 

No cummingtonite ha been synthesized in the region Mg'°0 Fc0- Mg6., Fea;,· 
On the pure Mg-side of the diagram the paragencsis talc +olivine is stable up 
to 645 C ± 1 o C. Above this temperature talc + orthopyroxene (enstatite) 
becomes stable. 

The lowest point in the stability field lies near 450°C and at the composit ion 
of the pure iron cummingtonite. This grunerite is stable up to 595 C ± 10 C. 
Above thi temperature it decomposes into olivine and quartz. The low tempera
ture paragencscs are talc + olivine, talc + olivine + quartz, and at iron rich 
composition oli vi ne + quartL. It is remarkable that siderite has never been found 
alt hough the C02 partial pressure is relatively high. 

Disc11ssio11. Cummingtonitc is common in regional metamorphic amphibolitic 
rocks. Plagioclase and hornblende are the most associated mineral . Cumming
tonite and anthophyllitc have the same theoretical formula. Nevcrthele 
paragene es of these amphiboles are relatively rare in nature. Eskola and 
Kervincn ( 1936). Collins ( 1942), and Tilley ( 1936) described such occurrences. 
But there is a little chemica l difference between these two coexisting 
amphiboles: cummingtonite has more Ca and Mn and usuall y more Fe, 
whereas anthophyllite has more Al and Na and usually more Mg. If we compare 
the experimental stability fields of these two amphiboles (anthophyllite after 
Hellner. Hinrichsen. and Seifert. 1965), there is a rather large field of overlapping 
(fig. 3). This shows that the two phases can be stable together although they 
have sometimes nearly the same Mg- Fe ratio. This field of overlapping corre
sponds to the findi ngs of Kranck ( 196 1 ). He compared a number of analyses 
of anthophyllite and cummingtonite and found both phases for a rather large 
Mg- Fe region. 



A 
I 

0 
I 

D 

I 
D 

I 

D 
I 

D 
I 

D 

I 
D 

I 

D 
I 

D 
I 

0 
D 
I 

D 

0 
I 

0 
I 
0 

A 

~ 

0 

D 
D 
0 
D 

D 

A A • 
A 

~ A 

~ A • 
D 0 • 
D 0 
0 0 0 

0 
0 D D 

0 D 
D 

D D 

D D 
D D 

D D 

D 

CUMMI GTONITE 257 

<>-<>-<> 
• • • • <> <> 
• • I 650°C 

• • • • <> ~ 
• • • • • <> 
• • • • I 
• • • • <> 
• • ••• • <)600°C 

• • • • • • 0 • • • I 
0 • • • • • 0 • • • • I 
0 0 • • • • 
0 I sso 0 c 

0 • • • • 
D D 

0 
0 • 

D D 0 • • 500°C 

D D lZ1 e 

D D Dl2l lZ1 lZ1 • 450°C 

D () 

50 100 MOL 0/o 
FeO 

Fie;. 1. Characteristic re~ult s of hydrothermal runs as a function of composition and tempera

ture. • cummingtoni te: ::=; talc + olivine: . · talc + olivine + qunrt1: talc + cumming

ton itc + olivine: (~ ta l c + pyroxene I o livine; 6 talc + pyroxene: .A talc + pyroxene + 

cummingtonitc: + cummington itc + olivine ; quart;: () olivinc + quartz. 
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F1G. 2 . Subsolidus phase diagram of the cummingtonite- grunerite series 
in terms of composition and temperature. 

Grunerite is found in low metamorphosed zones as well as in highly meta
morphosed contact rocks together with fayalite and pyroxenes. This is in good 
agreement with the wide temperature range from 450°C to 6oo °C of the deter
mined stability field. 
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F1G. 3. Stability fields of synthetic anthophyllites and cummingtonites 
(anthophyllite after Hellner, Hinrichsen, and Seifert, 1965). 
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The variation in chemical composition of natural cummingtonites is in 

good agreement with our experiments. Eskola (1950) found more Ca in 
cummingtonites than in coexisting anthophyllites. But he stated that this fact 
has no relevance to the formation of the monoclinic amphibole phases. Layton 
and Phillips (1960) supposed that a partial occupation of the X-positio ns in 
the amphibole structure (general amphibole formu la W0_ 1X2 Y5Z 80 22(0H)2) by 
Ca, and substitution for Mg by Fe favors the monoclinic symmetry. 

Mueller ( 1962) described a number of analyses of coexisting actinolites and 
cummingtonites from the Quebec Iron formation. He found a CaO content in 
the cummingtonites of about 0.5 wt. % and stated that this CaO content is 
not essential for stabilizing cummingtonites. However he conceded that the 
P- T stability field of cummingtonites may become larger if Ca or Mn is added. 
lt has been supposed by Klein (1964) that the maximal CaO content in the 
curnrningtonite structure is 1.5 wt. %. 

ln our experimental investigations we obtained cummingtonite only in 
presence of CaO . Except for Mn-curnmingtonite, it can be stated that CaO 
is necessary to obtain nuclei of curnrningtonite. Up to now we have not obtained 
single crystals of cumrningtonite large enough to check the position occupied 
by Ca in the structure. 
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On the chemical composition, properties, and mineral 
paragenesis of riebeckite and arfvedsonite 

By V. J. KOVALENKO 

(B. VI . KosaneHKO) 

Institute of Geochemistry, Siberian Branch, Academy of Sciences, 
U.S.S.R., Irkutsk 

Summary. This paper discusses the chemica l composition and probable types of isomorphous 
replacements in the arfvedsonites and riebeckites. It attempts to correlate some optical and 
X-ray features with the chemical composit ion and genesis of these amphiboles, and to assess 
the influence of the main physica l and chemical conditions (temperature, oxidation-reduction 
conditions, alkalinity) on their isomorphism. 

The work is based on 85 analyses from the literature, 12 previously unpublished analyses 
of amphiboles from carbonatites kindly provided by L. K. Posharitskaya and E. A. Cherny
sheva, and 37 new analyses of amphiboles from alkali granitoids from Siberia. 

Chemical Composition, lsomorphous, Replacements, and Some 
Geochemical Features of A1:fi·edsonites and Riebeckites 

PREYIOUSL Y unpublished chemical. analyses of 49 riebeckites and arfved
sonites from various rocks are shown in table ll. Formulae calculated from these 
analyses and from 85 previously published analyses are shown in table I. 
These formulae are all computed to 13 cations (Borneman-Starynkevich, .1964). 

These data, especially those from alkali granitoids (nos. 61 - 74 and 100- 133), 
demonstrate the existence of the isomorphous series riebeckite- arfvedsonite. 
This is illustrated in fig. 1, which shows the inverse correlation between the 
parameters Si' =Z/(X + Y +Z) and X = (Na+ K + Ca). This inverse correlation 
is characteristic of the isomorphous series riebeckite- arfvedsonite. Calcium 
apparently does not participate constantly in the isomorphism, since the mean 
Ca contents of riebeckites and arfvedsonites do not differ substantially. Hence 
in this series the isomorphous replacement is of the type O Na2Fe3+ ~ NaaFe 2"' 

as considered by Ernst ( 1962). 
Fig. 1 shows the existence of all intermediate compositions between riebeckite 

and arfvedsonite, proving their perfect isomorphism in nature. Generally it 
seems reasonable to distinguish riebeckites (X = 2.0- 2.4; Si'= 0.532- 0.520), 
intermediate members (X = 2-4- 2.8; Si'= 0.519-0.505), and arfvedsonites 
(X;;?-2.8; Si'= 0.505- 0-498). The entrance of Ca and Al draws the isomorphism 
towards a position between arfvedsonite and catophorite (analyses 98 to 105) 
(Miyash iro, 1957). We stress that amphiboles of this isomorphous series a re 
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TABLE 1. Cation numbe•s (calculated to 13 ( Y + Z) cations) and some general chemical parameters of alkali am phi boles. 

No. l 2 3 4 s 6 7 8 9 10 ll i 12 13 14 IS 16 17 No. 
Original 

8 36 38 
Original 

no. t I 2 3 s 6 7 31 J3 34 JS J7 J9 40 41 no.t 
Name• Rieb- Rieb- Rieb Arf Rieb- Rieb- Rieb- Rieb Mg- Rieb Rieb Rieb Rieb Rieb Rieb R ieb Ma- Name• 

Arf Arf Arf Arf Arf Rieb Rieb 

Si 7,35 7.48 7.05 7.78 7.34 7.29 7.80 7 .41 6.75 7.87 - 8.10 8 .07 1.ss 7.82 8. !l 7 .77 Si 
Ti§ 0.09 0.14 0.07 0.15 0.09 0.48 0.12 0.04 0.09 0 .04 - - - 0 . 01 - - 0 . 01 Ti§ 
AIJ ., 0 .56 0.38 o.88 0.07 0.57 0.23 o . o8 0 . 47 0.61 - - - - 0 . 010 0.16 - - Al1v 

Fe1 v1 .. - - - - - - 0 . 07 0.55 0 .09 - - - 0 .41 0.02 - 0.11 fCtv1
" 

z 8.oo 8 .oo 8.oo 8 .oo 8.oo 8.oo 8 .oo 8 .oo 8.oo 8.oo - 8.10 8.07 8 .oo 8.oo 8. !l 8.oo z 

Alv1 I. 16 0.26 0 .08 Alv1 0.07 0.27 - 0.15 0.19 - - - - 0.07 - - - -
Fcv1i +. 1.6o I. 7J 0.5~ l .83 1 .01 1.38 1.27 1.95 2.41 1.51 - 1. 85 2.01 I. 16 1.80 J .96 I .77 Fcv1H 

fe s+ J . 14 2.76 2.79 3. ll J.57 2 . 10 3.40 I . 51 1.12. 2.43 - 2.50 2.39 2 .80 l.OI 1.6s 1.05 Fe' + 
Mn - - - - 0.09 0.16 o.o6 - - - - - - 0 .03 0.01 - - Mn 
Mg 0.19 0.14 0.53 0 .06 0.09 1.10 0.08 1 .56 I.JO I.OJ - 0.47 0.47 1.02 !. 23 I. 19 2. 18 Mg 

Li - - - - - - - - - - - - - - - - - Li 
y 5 00 5 .00 5.00 5.00 s.oo 5.00 5.00 5 00 5.00 s 00 - 4 .90 4 .93 5 .00 5.00 4.88 5.00 y 

Ca 0.61 0 . 17 0.28 0.49 o . s1 0.46 0.17 0 . 34 0.19 0.12 - 0.29 0.47 0.07 0.04 0.04 o .o6 Ca 
Na 1.44 2 . II 1.68 2 .30 1.6o 1.93 2 .20 1.20 1.61 1.96 - l.52 I. 70 0 .99 1.62 1.73 1.8o Na 

K 0.25 0 . 37 O.JJ 0.43 0.33 0.17 0.31 0 . 08 0.03 o.o6 - 0.17 0.17 0 . 14 0.12 o.o6 0 .05 K 

x 2.36 2 .65 2.26 J.11 l.44 2.56 2 . 68 I. 61 1.84 2 .14 - l.81 2.34 1.10 I. 78 l.8J 1.91 x 

OH 1.90 0.43 o.88 1.40 t. 12 I .84 l.71 J.25 2.30 1.00 - 1.98 2.2J 2.48 3. 76 1.9 2.19 OH 

F - - - - - - - - - - - - - - - - - F 

N11/( Na + K) 0 .85 0 . 85 0.835 0.873 o.76o 0.920 0.875 0.935 0.980 0.970 - 0.900 0.910 0.873 0.940 0.965 0.971 Na/(Na + K) 

l'll 0.942 0.950 0.838 0.975 0.975 0.655 0.970 . 0.57 1 0.462 0.700 - 0.840 0.835 0.730 0.616 0.580 o. 324 f' !I 
Si' ll 0.51 t 0.510 0.524 0.491 0.519 0.517 0.509 0 . 545 0.539 0.529 - 0.531 0.511 0 . 561 0.540 0.540 o.5J5 Si' ll 

• Foo1no1es ~e pasc 269 

N 
O'I 
N 

~ 
:-
~ 
0 
<: 
> 
t"' 

~ 
~ 
0 



No. 18 19 20 21 22 2J 24 
Original 

48 no.t 42 43 44 45 46 47 
Name• Mg· Mg· Mg· Mg· Mg· Mg· Mg· 

Rieb Rieb Rieb Rieb Rieb Rieb Rieb 

Si 7 . 65 7 . 78 7.70 7 . 69 7.67 7.62 7. 72 
Ti§ 0 .02 - 0.01 - 0 .01 - -
Ali ... 0 .03 o. 12 O.OC) 0.08 0.07 O.J8 0.05 
Fe 1 ... s + 0.30 0 . 10 0.20 0.23 0.25 - 0 . 23 
z 8 .oo 8 .oo 8 .oo 8.oo 8.oo 8.oo 8 . oo 

Al"' - - - - - 0 . 06 -
Fcv1~H 1.31 1.63 1.61 1.84 1.53 t.66 2.0J 
Fet+· 0.90 0.84 0 .92 0.48 0.42 0.99 0 . 40 
Mn - 0 . 03 0.03 0.01 o.or - 0.03 
Mg 2.81 2.45 2.48 2.66 3.17 2 . 21 2.58 
Li - - - - - - -y 5.00 5.00 5.00 5. 00 5.00 5.00 5.00 

Ca 0.11 o.o6 0 . 26 O.OJ O.J9 O.J4 0.40 
Na I. J6 1.65 1.23 1.66 1.23 t.68 t. SS 
K 0.20 0.06 0 .04 0.08 0.08 0.05 0.03 
x 1.67 I. 77 1.5J I. 77 1.70 2.07 1.98 

OH 2.67 J.20 3.16 2.54 2.14 2.92 0.63 
F - - -
Na/(Na + K) 0 . 870 o.96o 0.968 0.955 0.939 0.978 0.980 
I'll 0.242 0.255 0 . 270 0.153 0.116 O.JOC) 0.134 
Si' ll 0.542 0 . 541 0.549 0.541 0 . 542 0 . 530 0.53• 

• Footttotes see page 269 

TABLE I- Continued 

25 26 27 28 29 30 

112 372 J70 J85 313 317 
Mg· Ek Ek Ek Ek Mg-

Rieb· Arf 
Ek 

7.83 7.69 7 .66 7 . 78 7.71 7 . 75 
0.04 0.10 0.10 0.05 0.07 0 .08 
0 . 13 0.21 0.24 0.12 0.22 0.17 - - 0.05 - -
8.oo 8.oo 8 .oo 8 . oo 8.oo 8.oo 

o.JI 0 . 17 0.09 - - 0,01 
2.0J 0.89 0.91 0.19 0 . 35 O.J5 
0 . 29 0.62 0 . 57 0 . 20 0 . 17 0 . 26 

- 0 .01 0 .01 0.02 0 .01 o.o ...-
3.21 3.37 3.41 4.62 4.47 4 . JJ 
- - - - - -

5 .00 5 .00 5 .00 5.00 5.00 5.00 

0.20 0.57 0.67 0.97 0.91 I.OJ 
2.25 2.08 2.02 I. 72 I. 71 1.67 
0 .08 0.18 0.19 0.24 0.2J 0.21 

2.53 2.83 2.88 2.93 2.85 2.91 

0 .965 0.918 0.913 0 . 877 0 . 881 o.888 
0.083 0. 155 0.143 0 .041 0 . 036 0.565 
0.515 0 . 503 0.501 0 .501 0 .502 0 . 502 

JI 32 33 

54/0 
Ek 

14/ J7·1 
Ek 

11 / 18-J 
Ek 

8.oo 7.50 7.65 
- O.OC) 0.07 - 0. 41 0.28 - - -

8 . oo 8.oo 8 .oo 

- 0.03 0.04 
0.54 1.07 1.29 
0.01 0.4• 0 . 43 
o.OJ - -
4 . J2 J .49 J . 24 - - -
5.00 5.00 s .oo 

o.s6 0 . 30 0.43 
2.22 2.51 2.54 
0 . 14 0 . 08 0.16 
2.92 2 .89 3 . 13 

n.d. n.d. n.d. 

0 .940 0.966 0.940 
o.oo 0.107 0 . 118 
0 . 502 0.502 0.496 

34 

-
-

5 .68 
0.28 
2.04 
-

8.oo 

o.68 
0.65 
0.84 
0.03 
2.80 
-

s.oo 

>. '5 
0.35 
O.J4 
2.84 

2.33 
0.003 

0.519 
0.23• 
0.505 

No. 
Original 

no. t 
Name• 

Si 
T i§ 
Ali. 
Fe1v1+ 
z 
A lv1 
Fe ... 11 + 
Fet+ 
Mn 
Mg 
Li 
y 

Ca 
Na 
K 
x 
OH 
F 
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!'II 
Si' ll 
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T ABLE I- Continued 

No. 35 36 37 38 39 40 42 43 44 45 46 47 48 49 50 51 52 No. 
Original 

I 
Original 

no.t 19/70 112/ 11 107/3 - - - - - - - - - II Ill IV I no. t 
N ame• Mg· Ek Mg- Mg· Mg- Mg- Mg- Mg- Mg· Rieb Ek Mg- R ieb Mg· Mg- Rieb· Mg· Name• 

R ieb Rieb· R ieb Rieb Rieb Rieb Rieb Rieb- Rieb- Rieb R ieb- Arf Rieb-
Arf Arf Ek Ek 

Si 8 . oo 7.71 8.33 8 .05 7 .86 8 . 26 7 .90 7. 15 7.90 7.65 7. 68 7. 79 8 . 23 7.68 7. 71 8 . 15 7.67 Si 
T i§ - 0 .09 - - - - 0.03 0.01 - 0.01 - o.or - - 0.01 - 0 .04 Ti§ 
Al1v - 0 . 20 - - 0.14 - 0.07 0.23 0.08 0.04 0.07 0.20 - 0.08 0 .09 - 0.29 Al1v 

:< Fetv3 + - - - - - - - 0.01 0 . 02 0.30 0.25 - - 0 . 24 0.19 - - Fel\.u 
z 8.oo 8 .oo 8 . 33 8.05 8.oo 8.26 8.oo 8 . oo 8.oo 8.oo 8.oo 8 .oo 8.23 8.oo 8 .oo 8.15 8.oo z 

:"' 
Al v1 0 . 41 0.04 0.15 0.30 0.23 0.28 0.20 - - - - 0.06 - - - - 0.12 Alv1 ~ Fev1H 1.63 0.70 I. 71 1.61 1.65 1.35 1.61 I. 53 1.07 0.72 0.74 o.86 I .87 1.83 1.61 2.ll 0.69 Fc ... 13 + 0 Fe•+ 1.22 0.44 0.42 1 . 16 0.56 0.79 0 .87 0 . 91 0.27 0 . 27 0.40 0 . 17 I. 18 0 . 48 0.92 2.31 0 . 52 Fe' + < Mn - 0.01 0 . 08 - - - - - - - - - - - - - - Mn > Mg 1.74 3.81 2. 17 2 .84 2.59 2.32 2 . 29 2 . 56 3.73 4.10 3 . 75 3 .93 I. 16 2 . 66 2.48 0.33 3. 64 Mg r 
Li - - - - - - - - - - - - - - - - - Li m 
y s.oo s.oo 4.67 4.9s s.oo 4.74 s.oo s .oo s.oo s .oo s.oo s .oo 4.77 s.oo 5.00 4.85 s.oo y z 
Ca 0.26 0 26 Ca 

;>:; - o.ss 0.10 0.20 0.11 0.18 0 24 0 . 30 0.20 0 . 12 - 0 . 21 0 .05 0.22 0 . 27 0 
Na 1.98 1.93 2.28 1.64 I. 1S I. SS 1.4s I. 31 2. IS 2 . 05 2.49 2. 52 I. 78 1.65 I. 23 2.16 2 .04 Na 
K 0.07 0.32 0. 32 0 . 11 0.10 0 .09 0.07 0 . 03 0.32 0 . 03 0 . 17 0.13 O.Ol 0 .08 0.04 o.to 0.27 K 
x 2.os - 2. 70 I. 9S 1.96 1.82 1.76 1.64 2.67 2.20 2.92 2.6s 2.00 I . 78 I .S3 2.48 2 . s8 x 
OH 1.66 2 . 13 4.00 3.66 2 .80 3.36 3. 75 2.98 3.09 3.61 2 . 23 2.39 3 . II 0 . 40 OH 
F 0.09 1.28 

Naf(Na + K) 0.965 0 . 858 0.877 0 .938 0.945 0 .945 0.955 0.975 0.870 0.985 0.933 0 .950 0.992 o.9s5 0 . 966 0.955 0 . 882 Na/(Na + K) 
J' ll 0 . 410 0.104 0 . 162 0.289 0.177 0 . 2S4 o.27s o . 2s1 0 . 672 o . 61s 0 . 096 0 .041 o.6os 0 . IS3 0 . 270 0.875 0. 125 I' ll 
Si' I o .s30 o .so6 o.s09 o.s34 o.s34 o.s41 o.s42 0.545 0.509 0.526 0 . 502 o.s10 o . s31 0.540 o.s50 o .s1s o . s12 Si' ll 

•Footnotes see page 269 



TABLE I-Continued 

No. S3 S4 SS s6 S1 s8 S9 60 61 62 
Original USNM 

no. t II - - C-498 2 10 9 l A9 Ar6 
Name• Mg- Rieb R ieb Mg- Rieb Rieb Rieb Rieb Arf Arf 

Rieb- Rieb 
Ek 

S i 7.9s 8.02 7.85 7.90 7.56 7.37 7.96 8.os 7 . 74 7.82 
Ti§ o .os - - 0.01 0 . 44 0.13 0 . 04 - 0.15 0.18 
A lh- - - - 0.04 - 0.50 - - 0.07 -
Fe1 v' '" - - 0 .15 0.05 - - - - 0 .04 -
z 8.oo 8 .02 8.oo 8.oo 8.oo 8.oo 8.oo 8.os 8.oo 8.oo 

A lv1 0.65 0.03 - - 0 . 14 0.13 0.11 0.49 - 0 . 10 
Fe .... ,s .. 0.87 2.1s 2. II I. 74 1.67 I. 28 1.6s 1.68 1.46 0.61 
Fe'+ 0.99 2 . 50 2.00 0.62 2. 23 2 . 44 I. 89 2.42 2 . 88 3.76 
Mn - - - 0 . 01 0 . 07 0.13 0.19 0.13 o.o6 0 .08 
Mg 2.51 0.31 0 .84 2.61 o.86 1.05 I. IS - 0.01 0.08 
Li - - - - - - - - 0.61 -
y s .oo 4 .98 s.oo 5.00 s.oo s.oo s .oo 5.00 s.oo s.oo 

Ca 0.32 0.04 0 .3 1 0.33 0.38 0.43 0.21 0.19 0.18 0 . 79 
Na 1. 89 1.81 1.32 1.86 1.30 1.41 1.46 1.83 2.49 1.93 
K 0.39 - - 0.03 0.16 0.28 0.40 0.28 0.36 0.26 
x 2.6o I . 85 1.63 2.~2 1.84 2.12 2.07 2.30 3.03 2.98 

OH 0.20 2.65 4.30 0.26 3 . 46 2.93 2.o6 2.00 I. 37 1.77 
F 0.03 0.15 1.03 0.30 

Na/(Na + K) o 830 0.880 0 . 000 0.985 0 . 890 0.835 0.785 0.865 0 . 877 0.880 
/'I: 0 . 284 o.88 0 .704 0.102 0.722 0.696 0.620 1.00 0.996 0 .980 
Si'11 0 . 51 I 0.539 0.542 0.525 0.537 0 . 529 0 . 521 0.52 1 0.498 0.499 

•Footnotes sec page 269 

63 64 6s 66 

A4 A2 A7 A3 
Rieb- R ieb- Arf Arf 
Arf Arf 

7.6s 7.62 8.oo 7 . 76 
0 . 13 0.21 - 0.20 
0.12 o.o6 - 0 .04 
0.10 0.11 - -
8.oo 8.oo 8.oo 8 .oo 

- - 0.07 0 . 09 
1.46 I. 16 1.40 I. S3 
3.01 3.36 3.00 2.94 
0.07 0.14 0 .06 0 . 14 
0. II 0.01 0 .04 0 . 01 
0.33 0.34 0.34 0 . 27 
s.oo s.oo s.oo s.oo 

0.38 0.14 0 .16 0 51 
1.98 2.27 2.74 2.10 
0.25 0.21 0 . 35 0 .38 
2.64 2.62 3 . 25 3 .00 

I. 77 1.38 I. 18 1.80 
0.67 0 . 52 1.12 0.90 

o.888 0.915 o.888 0.846 
0 . 915 0 . 9~0 0.933 0.995 
0.510 0.510 0.492 0.499 

67 68 

A8 Ar2 
Arf Arf 

7 . 74 7. 76 
0.13 0.13 
0 .01 0.11 
0.12 -
8 .oo 8 .oo 

- 0.07 
I. 38 I. 54 
2.82 2. 6<) 
0.07 0 .04 
0.10 0.07 
o . 6o o.6<) 
s .oo 5.00 

0.34 0.12 
2.44 2.76 
0.35 0.33 
3. 13 2.82 

I. 17 
I. 18 

I 35 
1.06 

0.876 o.86o 
0.966 0.975 
0.496 0.505 

69 No. 
Original 

Ar3 no. t 
Arf Name• 

7 . 69 S i 
0 .09 Ti§ 
0.11 AIJ,. 
0 01 Fe1._.i + 
8 .oo z 
- Alvt 

I. 39 Fev13• 
3 .02 Fe"+ 
0.05 Mn 
0.01 Mg 
0.64 Li 
5.00 y 

0. 18 Ca 
2.73 Na 
0.32 K 
3.23 x 
1.06 OH 
I. 10 F 

0.893 Na/(Na + K) 
0.995 /'II 
0.490 Si"! 

::i:i 
;:;; 
1:!) 
tT1 
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tT1 

> z 
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T ABLE I-Continued 

No. 70 71 72 73 74 75 76 77 78 79 
Original 

no.t Ar4 Ars Ar A6 As l 1 4 8 9 
Name• Arf Arf Arf Arf Rieb- Rieb- Rieb- R ieb Mg· Mg-

Arf Arf Arf Rieb Rieb 

Si 7 . 70 8 .o6 7.70 7.73 7.6o 8.01 8.13 7.78 7.93 7.69 
T i§ o.o6 - 0.09 0.16 0.21 - - - 0.04 0.16 
Altv 0.05 - 0.05 0.11 0.17 - - o. 20 0.03 0.15 
Fc1v' .. 0.19 0.16 - 0.02 - - 0.02 - -
z 8.oo 8.o6 8.oo 8.oo 8.oo 8 .01 8.13 8.oo 8 . oo 8.oo 

A1 v1 - 0.05 - 0.07 - 0.15 0.14 - 0.55 0.10 

Fcv11 + I. 33 1.61 1.45 1.61 1.64 1.96 I .23 I. 85 I .61 1.47 
Fe• • 2.54 2. 75 2.19 2.80 3. 03 2. 31 3 .18 2. 74 1.02 I. 38 
Mn 0.07 o.os 0.07 0.08 0.09 0.07 o.o~ 0.16 o.or 0.01 

t1a 
0.03 0.01 0.01 o.or 0.03 0.05 0.07 0.19 1.81 1.94 
I.o6 0.40 I. 31 0 .• 13 0.30 0.34 - - - -

y 5.00 4 .94 5.00 5 .00 5.00 4 .99 4 .87 5.00 5 .00 s.oo 

Ca o.o6 0 . 09 0.04 0.30 0.29 0.04 O. II 0 . 34 0.78 
Na 2.85 2.70 2 .62 1.23 2, II 2 .43 l.76 r .82 1.74 1.44 
K 0.33 0.39 0.42 o.a2 0.25 0.36 0.35 ~:n 0.03 0.14 
x 3.24 3. 18 3. 08 2. 5 2.65 2. 83 3. 22 l. II 2.36 

OH I. 14 I. 39 0.41 1.38 1.69 0.95 1.40 1.20 3.26 2 . 44 
F 1.21 l .Ol 1.61 o. 0 0.70 0.85 0.10 

Na/( Na .,- K) 0.895 0.875 o.86o 0 . 875 0.895 0.872 o.886 0.844 0.984 0.912 

r 0.985 0.995 0.995 0.995 0.990 0.978 0.978 ~:m 0.362 0.419 
Si'll 0.490 0.493 0.497 0 . 502 0.509 0.507 0.499 0.529 0.521 

• Footnotrs see page 269 

8o 81 81 83 

10 ll 12 I 3 
Mg- Mg- Mg- Mg-
Rieb Rieb Rieb Rieb 

7.85 7.40 7.81 7.64 
0.01 - - 0.01 
0.14 0.46 o.o8 0.07 
- 0.14 0.11 0.28 

8.oo 8.oo 8 .oo 8.oo 

0.17 - - -
1.77 1.35 1.53 1. 40 
- 0.26 0.47 0 42 

0.65 0.17 - o.o r 
2.41 3.22 3.04 3. 17 
- - - -

5.00 5.00 5.00 5.00 

0 .07 0 . 22 0.17 0.38 
1.87 I. 72 1.37 I. 2~ 
0.05 - 0.12 o.o 
1 .99 1.94 1.66 I .69 

I. 54 0.72 2 .05 l . 11 

0 . 973 1.00 0.861 0.938 
o .o:> 0.075 0.134 0.117 
0.532 0.534 0.543 0.541 

84 8s 

14 l 
M g· Ek 
Rieb 

7.66 7.92 
- -

o.o8 o . o8 
0 . 26 -
8.oo 8.oo 

- o.86 
1.90 0.24 
0 . 48 0.15 
O .OJ -
2.65 3. 73 - -
5.0:> 5.00 

0.04 O.lO 
1.65 1.43 
0 .08 0.20 
1. 77 2.83 

2.51 1.99 

0 . 954 0 . 922 
0.153 0 . 039 
0.540 0.502 

86 No. 
Oriainal 

2 no.t 
Ek Name• 

7 .92 Si 
0.03 Ti§ 
0.05 Al1v 

- Fc1v' .. 
8.oo z 

Alv1 o. tS 
0.89 Fcv11

'" 
0.31 Fest 
- Mn 

3.64 Mg - Li 
5.00 y 

0.40 C• 
2.21 Na 
0.32 K 
2.93 x 
0.81 OH 

F 

0.872 Na/( Na r K) 
0.078 /' II 
0.501 Si' ll 

IV 
~ 

°' 

~ 
:-' 

x 
0 
< > r 
m z 
7" 
0 



TABLE I- Continued 

No. 87 88 89 90 9 1 92 93 94 95 96 
Origina\ 

no.t 3 4 s 6 7 8 1.r 10 ) I 12 
Name• Ek MR- Mg- Mg· Arf Arf Arf Arf Arf 

Arf Arf Arf 

Si 8 .09 7.40 8.os 8.02 1 .s6 8 .02 7.46 7. 75 7.80 7-57 
Ti§ - o .6o - - 0.14 - o.o6 O. IS 0.16 o.os 
A l1v - - - - 0 .20 - 0 .48 0 .09 0.04 0.28 
Fe1v3 + - - - - - - - 0 .01 - 0 .10 
z 8 .09 8.oo 8.o~ 8.02 8.oo 8.02 8.oo 8 .oo 8.oo 8.oo 

Alv1 1.04 0 .36 0 . 33 0.30 0.62 0 . 23 0.27 - 0.31 -
Fev1° 0 .85 o.86 1.73 o.88 o . 88 2.00 I. 19 1 .So I. 3S -
Fe1 .. 0 . 32 I. IS 0-4S I. so 2.14 1.99 3 . 48 3 .08 3 .22 4.90 
Mn 0.04 0.05 0 . 14 0.07 0 . 06 0.09 - 0.06 O. IO 0.10 
Mg 1.98 1.s8 2. 13 2 . U I.JO 0.33 o .o6 0 . 06 0.02 -
Li 0.64 - 0.14 - - - - - - -
y s.oo 5.00 4.95 4,98 5 . 00 4 .98 5 .00 5.00 5.00 5.00 

Ca 0.56 0 .96 0.36 0.65 0.04 0.51 0.04 0.47 0.49 0.21 
Na 2.68 2.29 3 .03 1.02 l.4S 2 . s1 2.04 l.33 1.32 2.07 
K 0.42 0 .35 0 . 26 0 . 39 0.35 0.32 o.6o 0.43 0.31 0 . 51 
x 3.14 3. 15 3.33 2.97 3 . 33 3 . 79 3 .00 3 .25 2.84 3 .23 

OH 0.48 I. S2 1.03 1.46 1.12 1.62 1. 32 I. 37 1.02 I. 78 
F I. 16 1.00 0.99 1.51 

Na/(Na + K) 0.865 o.866 0.920 0.837 0.875 0 .889 0 . 805 0.842 0.881 0.805 
!'II 0.139 0 . 309 0. 173 0.413 0.620 0.855 0.980 0.980 0.965 1.00 
Si' ll 0.498 0.495 0.489 0.499 0. 480 0.475 0 . 500 0.482 0 . 504 0.492 

•Footnotes see page 269 

97 98 
CRM 

99 
CRM 

100 

13 2SO 251 A269 
Arf Cat Cat Hast 

7.68 6.96 6.92 6.81 
0.18 0->1 0 38 0 . 15 
0.14 o.ss 0.32 0 .94 

- 0.21 0.38 -
8.oo 8.oo 8.oo 8 .oo 

0.34 - - 0.61 
l.03 0.61 0 . 56 o.6o 
0.13 2.59 2.83 1.25 
0.99 o. 12 0.14 0.09 
2.s• 1.62 1.47 I .45 - 0.01 0.01 0 .01 
5.00 5.00 5 ·00 5 .00 

0.63 I . 13 0.94 1.88 
l.S9 I.01 1.45 0.47 
0.04 0 .12 0 . 26 0.19 
3.26 z.36 2.65 1.54 

1.88 1.09 
o.s2 0 .18 

0 .985 0 . 820 0.848 0. 713 
0 .049 0.958 0.954 0.617 
0-491 o.s19 0.509 0 . 514 

IOI 102 
Ir As 

274 
Cat-

237 
Rieb· 

Rieb Arf 

7.52 7 .6o 
0.30 0.15 
0. 18 0.10 
- 0.05 

8 .oo 8.oo 

0.62 -
1.20 J .91 
2. 53 1.43 
0 . 14 0.15 
0.39 I. 2S 
O. II 0.26 
5.00 5.00 

0 .80 0.34 
1.56 1.95 
0.30 0 . 22 
2 . 66 l. 51 

o.s9 0.34 

0.839 0.900 
o.868 0 .535 
0.509 0.514 

103 
As 
136 
Rieb 

7 .95 
0.05 --
8.oo 

0.14 
I. 74 
1. 47 
o .o6 
I. 19 
0 .32 
s.oo 

0 . 19 
I. 76 
0 . 25 
2.20 

0.47 

0.875 
0.963 
0.517 

No. 
Original 

no.t 
Name• 

Si 
Ti§ 
Ah\· 
Fe1 ... *'" z 
Alv1 
Fev1i .. 
Feh 
Mn 
Mg 
Li 
y 

Ca 
Na 
K 
x 
OH 
F 

Na/(Na + K) 
I'll 
Si' ll 

~ 
tTl 
t:l:I 
m 
(") 

~ 
~ 
> 
8 
> 
.i" ..,, 
< 
tTl 
0 
en 
0 z 
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tTl 

N 
0\ 

-.J 



T ABLE I-Co11ti1111ed 

No. 104 105 100 107 108 109 110 ll l 112 113 
Original As 

no.t 242 247 273 18 246 243 A118 A189 A100 A111 
Name• Rieb Arf Rieb Rieb- Rieb- Rieb Rieb Rieb Rieb Rieb 

Arf Arf 

Si 7 . 45 7.89 8.18 6 . 94 7.55 7.52 7 . 58 7 . 18 7.50 7.90 
Ti§ 0.26 0.11 - 0 . 47 0 . 14 0.19 0 . 09 0.32 0.09 0 .09 
Ahv 0 . 17 - - 0 . 59 0 . 18 O. l.I 0 . 22 0.27 0.31 0 . 01 
Fe1v2 t- 0 . 12 - - - 0.13 0.08 0.11 0 . 23 0.10 -
z 8.oo 8 .oo 8.18 8.oo 8.oo 8.oo 8 .oo 8.oo 8 .oo 8.oo 

Alv1 - 0.15 0.23 0.47 - - - - - 0 . 41 
Fe\,,s+ I. 73 1.09 1.6o 1.55 0 . 99 1.59 1.73 1.59 1.90 2. 18 
Fe' '* 2 . 36 3.22 2.02 1.45 3. 41 2.67 2. 10 2.30 2.40 2.22 
Mn 0.20 0 . 13 0.12 0 . 47 0.16 0.13 0.13 0.15 0.10 0.08 
Mg 0 .41 0 . 27 0 . 44 1.07 0 . 36 0.42 0 . 29 0.25 0 .13 0.05 
Li 0.32 0 .05 0.25 - 0 . 13 0.19 0 . 75 0 . 71 0.47 -
y 5. 00 5 .00 3. 00 5. 00 5.00 5.00 5.00 5 .00 5.00 5.00 

Ca 0.26 o.o8 0 . 11 0 . 72 0 . 24 0 . 47 0 .09 0 .03 0 .04 0.11 
Na 1.68 1.82 I. 71 2.00 1 . 71 1.87 1.76 2.00 1.92 1.86 
K 0 . 22 ~:U 0.36 0.20 0 . 28 0.24 0 . 22 0 . 26 0.21 0 . 21 

x 2.02 2.33 2.44 2.46 2.20 :.01 2 . 30 2.21 2.18 

O H 
F 0.52 0.50 0 .41 0.29 0.39 0.49 0.54 

Na/(Na + Kl o . 886 0.843 0.92 1 0 .921 0.862 0 . 885 0 .926 0.799 0.902 0.900 
f' 0.841 0 .924 0.572 0 . 572 0.905 0.865 0.883 ~ : ~~i 0.952 0 . 975 
Si' JI 0 . 530 0 . 501 0.517 0.517 o . ~14 0.512 0 . 519 0.521 0 . 515 

• Footnotes sec page 169 

114 ll s 116 117 

- 1a 3• 4• 
Rieb Ca- Ca- Ca-

Rieb Rieb· Rieb 
Arf 

7 71 7.17 7.35 7.95 
o . o8 0.09 0 .07 0 .05 
0.21 0 . 12 0.24 -- 0.62 0.34 -
8.oo 8.oo 8 .oo 8 .oo 

0 . 36 - - 0.10 
1.97 1.98 2.15 2.29 
2.32 2 . 77 2.54 2.44 
0.07 0.07 0.04 0.04 
0 .04 0.07 0.08 0 . 02 
0 . 24 0 . 1) 0 . 17 0 08 
5.00 5.00 5 .00 5 .00 

0.19 0.75 t.o6 0 . 63 
I. 72 I.SJ ~ :~ 1.07 
0 . 20 o.o6 o .o6 
2, II 2.34 2.69 1. 76 

2.14 2 . 26 I ·~9 
0.22 1.45 1.87 o . 0 

0.895 0.962 0.950 0 .947 
0 . 980 0.985 0.975 0 . 970 
0 . 519 0.511 0 . 509 0 . 541 

118 119 

5• 6a 
Rieb Rieb-

Arf 

7 .45 
o.o8 

7 . 61 
0 . 08 

0.21 0.27 
0.26 0.04 
8.oo 8.oo 

- -
1.96 t.66 
2.73 2.95 
0 . 09 0.09 
0 .02 0.02 
0.21 0.28 
5. 00 5.00 

0 . 36 0.29 
1.67 2 . 10 
0 . 12 0.18 
2.15 2. 57 

2. 25 2.02 
0.81 0.53 

0.932 0 . 924 
0.990 0.995 
0 . 528 0.511 

120 No. 
Original 

7• 
Rieb 

no.t 
Name• 

7 . 54 Si 
0.09 Ti§ 
0.26 Al1v 
0.17 Fe1v> + 
8.oo z 
- Alv1 

1.90 Fcv1' + 
2. 64 Fe'+ 
0 . 10 Mn 
0 .08 Mg 
0 . 28 Li 
5.00 y 

0 . 28 Ca 
I. 72 Na 
0.19 K 
2 . 19 x 
1.77 OH 
0.53 F 

0.900 Na/(Na + K) 
0.995 f' I 
0 . 515 Si ' 

N 

°' 00 
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x 
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T ABLE 1-Conti1111ed 

No. Ill 122 12J 114 12s r 26 127 128 129 IJO 131 132 
Original 

no. t 8u 9• ll U I 2 10 3 4 ~ 6 7 8 
N~tmc • Riel>· Rieb Rieb Rieb Ca- C:i- R ieb Rieb Rieb Rieb- Rieb Rieb 

Arf Rieb Rieb Arf 

Si 7. SS 7.50 7, ~I 7.25 1 .s<> 1·SS 7.48 1 . s<> 7 . 50 7.46 7. 48 7, 48 
Ti§ 0 .08 0.08 0 . 08 0 . 07 0.0<) 0.09 0.08 0.07 0.07 0.09 0.09 0.07 
Alk 0 . 26 0 . 32 O . J~ 0.29 0.31 0 . 30 0.39 0.35 0 . 38 0.35 0 . 26 0 . 34 
Fch.i t- 0 . II 0.10 o.o6 0 . 39 0 . 04 0 .06 0 .03 0 . 03 0 .05 0.10 0 . 17 O . JI 

z 8 . oo 8.oo 8 . oo 8 00 8.oo 8. oo 8 .oo 8 . oo 8 . oo 8.oo 8 . oo 8 . oo 

Al\·I - - - - - - - - - - -
fcv1' .. 1.68 2 . 02 t.90 1 .09 l.S4 2.03 l . 22 2.12 l . 26 2 .4s 1 . 03 1.86 
Fe' 1 .96 1.62 1 .64 2 . 22 l. I I 2. 6o 2 38 2.42 2 29 2.19 2.48 2. 5s 
Mn 0 . 08 0.09 0 .09 0.07 0.10 o . to 0 07 0 .1 0 0.10 0 . ll O . tO 0 . 10 
Mg 0 .02 0.04 0 . 08 0.05 0.18 0.04 o.os 0 05 0.04 0 OJ 0 . 10 0. 11 

Li 0 . 25 0.24 O.JO 0.56 - 0 . 24 0 2Q 0.30 0 . 31 0.22 0 . 29 0 . 37 
y s.oo 5.00 5.00 5.00 5.00 s.oo 5.00 5.00 5.00 5.00 5.00 5 .00 

Ca 0 . 36 0.27 0 22 0 . 29 0.61 o . ~s 0 . 31 0 . 25 0.2(1 0. 25 O.Jl 0 . 19 
Na 1 .99 1 91 1.89 1.33 1.66 1, 4 I. 79 1. 78 1 .86 2.14 t. 70 1.90 
K 0 . 1~ 0.17 0.17 0.20 0.11 0 . 15 0 . 19 0 . 19 0 . 17 0 . 22 0 . 20 0 . 10 

x 2. 50 1 . 35 l . 28 1.82 2. 38 2. 34 2 . 29 l. 22 .? 19 2.64 l . 22 2. 19 

O H 1. 95 I. 72 t.68 1.90 l . 6o I. 72 l t3 2 18 I. 74 1 . 53 t. 78 1.98 
F 0.50 0.58 0 .47 0 77 0.91 o .6c) 0. 49 o .5t 0 . 53 0 46 0 . 53 0 .47 

Na/( Na ' K) 0 930 0 . 925 0 . 932 o. 868 0 880 0 . 925 0 905 o 90s o.91s 0.910 0 . 897 0 950 

r 0 . 970 0.991 0.985 0 .970 0.975 0.923 0.985 0 980 0.980 0.985 o .96o o .96o 
Si' o .sr5 0.520 0 520 0 . 539 0.520 0 . 520 0 . 52 1 0 524 0 . 520 0 . 5 10 O.SlS 0 .515 

Kc•r tn ttJbl<•s I and II 
The cat ion numbers are calculated from anitlyscs from lhe followin~ sources. · 

1- 7. Chumakhov (1958). 1, l, 5. and 6 urc from alkali grani1cs. 3 lrom a quarri vein, and 6 and 7 from khibini1cs. 
8- 24. Elisecv n (I/ . ( 1961). 8, 9, 11- 15 arc fro m amphibole-magneti1e rocks. 10. 16- 21 from shale. and 46- 48 from slate. 
15- 36. From previously unpublished analyses by L. K. Pozhari1skaya and E. A. Chernisheva given in Table II (all from carbom11ilcs). 
38- 47, 50. and 51- 53. Andreev ( 1962). 38 47 and so asbes1iform rhod usitc and magnesio-arf\'edsonitc (of Andreev) and 51- 53 arc fro m skarn. 
48. 49, 51. Kuman ( 1961). 4 is crocidolitc from q uartl.itc. 49 is rhodusitc, a nd St is crocidolitc from quart£ •cin. 
S4- s6. Peacock ( t 918). Crocidoli1c. 
S1- S9· Miyashiro I 1956). 57 is from nephelinc sycnitc. s8 from sycnite peamatitc. and 59 from syenitc with quartz. 
6o. Phcmi.stcr c•c al. ( 196o). From ricbeckitc fclsi1e. 
61 - 74. Borley ( 1963). From alkali granirc (63 from alka li granite wirh usrrophyllitc). 

133 

II 
Rieb 

7.64 
0.09 
0.28 
-

8.oo 

-
l.27 
2. 32 
0.0<) 
0.02 
0.30 
5.00 

0.22 
1.84 
0.18 
2.24 

1.94 
0.49 

0 . 910 
0 . <)<)1 
0.513 

7~-97. Deer. Howie. and Zussman I 1965). 75 is from alkali granite, 76 from rockallite, 78. 83. 84 from sl:ote . 79 from granulitc, 
So :rnd 82 are crocidoli1c, Ss from i"dcite, 87. 91, and 94 from nepheline syenite, 
88 from shonkinite, 89 and 97 from pesm"ti1c, 90 from sycnitc pegmatitc, a nd 92 :rnc.l 95 from sycnite. 

98- 134. Frorn previously unpublished an;t lyscs given in Table 11 on amr>h ibo lcs Jrom anwl i grani1oids from Siberia: 
98 from syeni1e of intrusive phase 1 of alkaline massif. 
99- 10 1 from granite syenilc of intrusive phase II. 
102, 104- 1o6 from alkali granite of intrusive phase Ill. 
103 fro m alkaline granitic: pegma tire o f the body of granire NAC137. 
107 from alkali granite. 
1o8- 109 from a lkaline granitic pegm:otitc of phase IV. 
1 10 113 from a1bi1i1e. 
114 duta by Kostine. 
11s 133 from me1asoma1ic mi<:rocfinite. 
134 from nephcline.syenitic pc~matite. 

134 No. 
Original 

s 926 no.t 
Arf' Name• 

7.30 Si 
0 . 14 T'< ,, 
o . ~6 Al,.. 

Fc1 v' + 
8 . oo z 
0 . 17 Ah 1 
1.17 .Fc\1' • 
1. 64 Fc• t 
0.16 Mn 
I , 76 Mg - Li 
s.oo I' 

o.so C t 
1 . 15 Na 
0 . 30 K 
l 95 x 

OH 
F 

0 . 875 Na/( Na - K) 
0.482 (' 
o . soo ·si' !i 

115- 123 nnd 124- 133 were cakcn from 1wo sec1ions ac intervuls of 0.2- 0.3 m. across the con1~..:t r'rom the mernsom:uk microclinites from gabbro lO the alkali granites. 
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Notes: 
• T he names of the a mphiboles follow the teroninology of Deer t•/ al. ( 1965) ;ond of figs. r and l. Ek eckermannite, Cat - catophoritc, Arf~ arfvcdsonirc, Rieb ricbcckitc. ~ 
'f These are the numbers assigned by the origina l uuthors. as distinct from those used in this paper. \0 

t No formula is given for No. 11 because the analysis had an ariomalously high content of Si . 
§ In the formul:1c of Nos. rs. 31, 35. 37, <>0. 65. 71 , 75. 76. 87, 89. 90, 103, 10s, and 1o6 Ti is allocnted to the Y group of cations. 
f' ~ Fe ' /(Fe' Mg) and Si' = Z l(X ' Y · Z). 



270 v. I. KOVALENKO 

T ABLE JI. Chemical analysis of amphiboles 25 to 36 and 98 to 134 of Table 1 
No. 25 26 27 28 29 30 34 36 No. 

SiO, 54.84 53 .06 52.40 55.74 55.52 55.i8 38.26 54. 12 SiO, 
TiO, 0.43 0.91 0 .91 0 .52 0 . 65 0 . 65 i.48 0.9 1 T iO, 
Al ,O, 2.66 2.19 1.88 0.72 I. 32 1.04 15.50 1.38 Al,O, 
Fe,O, 11 .20 8 . 10 8.30 2. 25 3.29 3. 33 5.86 6.62 Fe,O, 
FcO l.43 5. l O 4.67 I. 74 L S l 2.24 6 .75 3. 75 FeO 
M nO n.d . 0.07 0.07 0.13 0.11 0.12 0.22 0.07 M nO 
MgO 15.3 15.67 15.67 22. 15 21 . 67 20.89 12 .66 17.88 MgO 
Cao 1. 30 3. 70 4.30 6.45 6.10 6.90 13 .52 3.6o Cao 
Na,O 8. 17 7.44 7.17 6 . 33 6 . 35 6 .18 I , 20 7 . 02 Na, 0 
K ,O 0.47 0.94 1.02 1.32 I . 31 I. 13 I. 78 I , 78 K .. O 
Li,O Li~O 
~,O 2. 35 ~,o 

I .57 0 . 01 I. 17 
Others I. 59 I . 78 I .81 I .09 J . I J I . J I Others 
P.,O , 0.03 0.12 0.15 0.01 P,O, 

99.99 99 . 08 98.36 98 .44 98 .96 99 .08 100.59 98. 30 
O::F o .66 - 0.00 

9~J~ 
O::F 

Tota l 99.33 99.08 98. 35 98.44 98.96 99.08 100.59 Total 

No. 98 99 100 10 1 102 103 104 105 106 107 108 109 No. 

SiO .. 44 . 6o 44.50 42. 75 47.05 50 . 25 53.40 49.45 48.22 52.97 45 .85 47. 76 48. 75 S iO, 
TiO~ 2 . 29 3 .27 2. 25 l.SO 1.44 I.If I. 28 I ,51 1.36 4 . 10 I . 20 1.56 TiO, 
Al, O , 3.10 I . 68 8. 74 4.40 1. 27 0.74 0.96 0.74 I .27 5.94 0.96 I. 17 Al,O, 
Fe,O, 7 . 72 8.03 5 . 15 TO, 14 17. 22 J5.68 16.35 9.07 13 . 79 13.66 9 . 31 14.29 Fe, O , 
FeO 19.91 21 . 83 17 . 67 19.23 10.72 JI .87 18 . 76 23. 74 15. 70 I I .46 25.66 20.68 FcO 
MnO 0.87 1.06 o.68 1.08 I. 21 0 .53 I .54 0.91 0 . 93 3 . 64 I. 18 1.01 MnO 
MgO 7.0 1 6.38 6 .41 1.64 5.61 5.39 1.82 I.II I .92 4. 72 1 .50 I. 79 MgO 
Cao 6.68 5.68 11 . 28 4.63 2. 06 I. 16 0.74 4 .08 I · 53 1.46 i.81 0. 56 Cao 
Na,0 3. 59 4.83 I. 54 5.06 6.51 6.08 5.71 5. 71 5. 71 6.75 5 . 6 1 6.26 Na,O 
K ,0 1 .10 I . J2 0.90 I . 47 1.10 I .29 1 .10 I .62 1.83 1.00 I .38 I. 26 K, O 
Li,O 0.01 0.01 0. 10 0 . 12 0. 12 0.02 0.09 0 . 03 0 .07 Li,O 
H,0 ~,o 
F 1.02 0.71 0.95 0 ,54 0.95 0 . 67 0.59 
Others 2.49 2.40 2. 37 2.39 0.65 2 .0 1 2.26 2.86 2. 52 2. 23 2. 82 2 . 20 Others 
P,O, 0.53 0.64 0.15 0. 24 0 . 39 0 . 29 0.16 0 .44 0 . 25 0.04 0.16 0. 1 2 P,O, 

100.92 101.63 99 .89 99.83 99.24 100.62 100.79 100 .98 100.54 100.85 100.38 100.31 

O:: F 0.43 - 0 . 30 0.40 0.23 0 . 40 0 . 28 0.25 O s F 
Tota l 100.49 I OI .63 99 . 89 99 .83 98 .94 100.22 100.56 100.58 100.26 100.85 100 . 38 100.06 Total 

No. 110 111 112 113 114 115 11 6 117 118 119 120 121 No. 

SiO, 50.90 47 .12 48 .85 50.23 49-J4 43 .04 43,46 50.34 46.82 48. 27 47.76 47.81 SiO, 
TiO, 0.80 2. 79 0.80 0.67 0 . 74 o.68 0.54 0.55 0 .64 0.61 0 . 72 0.63 TiO, 
Al,O, I .27 I .48 I .(>9 2. 19 3. 14 0.62 I. 18 0 . 52 I, 1 2 1.43 I .36 I. 37 Al,O , 
Fe,O, 16. 37 15. 79 17,41 1 8.~4 16 .84 21 .01 19.57 19 . 27 18.43 14.31 17.45 14.98 Fe,O, 
FeO 16.85 18 .09 18. 76 16. 4 J7. 75 19.91 18.00 18.48 20.29 21 .83 19.91 21 .83 FcO 
MnO 0.97 I. 12 0.75 o . 6o o . 6o 0 . 47 0.29 0.32 o . 66 0 . 65 0.75 0 . 59 MnO 
MgO I . 28 1.10 0 . 56 0 .22 0.15 0.31 0.32 0.06 0.07 0.05 0.35 0.05 MgO 
Cao 0.15 0,22 0.52 0 . 67 I . 07 4. 18 5. 83 3. (>Q 2.14 I. 73 1.61 2 . 14 Cao 
Na,0 6 .10 6. 75 6 . 47 6.07 5.69 4. 75 4. 75 3 .51 5.40 6.88 5.66 6.48 Na,O 
K,O 1.16 1.33 I .07 J .02 0 .94 0.32 0.42 0 . 30 o.6o 0.84 0.92 0.74 K , O 
Li,O 0 . 29 0.27 0. 178 0.40 0,20 0.26 0.12 0.34 0.48 0 .47 0 . 40 Li,O 
H,0 1.93 I .92 2 . 0 1 I. 76 2.25 1.93 I . 71 I. 85 ~·o 
F 0 . 83 ~:?~ 

0 . 46 2. 76 3.50 I .(Jo I. (>0 1.06 1.06 1.0 
Others 2.18 2 . 63 4. 73 I .83 Others 
P,O, 0.08 0.39 0.41 0.30 0. l2 r1iO$ 

99 . 23 100.57 100 . 10 IOt .88 100.88 100 . 17 100.13 100 . 52 100.36 100.0 7 99. 73 100.09 
O~ F 0.35 0.40 0.19 I. 16 1. 48 0 . 67 0.67 0 .45 9~:1~ 0.42 O::F 
T otal 98 .88 100.17 JOO. JO 101.88 100.(>Q 99.0 1 98.65 99.85 99.69 99 .62 99 . 67 Total 

No. 122 123 124 125 126 1l7 128 129 130 13 I 132 133 134 No. 

SiO, 47 . 86 48.24 47 . 20 46.20 47.56 47 . 72 48.40 48 .02 46.20 47.44 48.22 48. 76 47 . 78 SiO .. 
TiO, 0.64 0.64 0.7~ 0 .71 o .66 o . 68 0 .54 0 . 54 o.66 0.74 o.6o 0.78 I. 25 TiO, 
Al,O, 1.69 1.86 I. 53 1.66 1.55 2.03 I .86 2 .03 I . 78 I .36 1.86 I · 53 4 .09 Al, O, 
Fc,O, 17.95 16 . 75 22 . 33 21 . 66 17.61 19.07 18.20 19 . 65 21 .66 18.66 16.86 19.39 11 .09 Fe ,O, 
FeO 19.91 20.29 17.28 15 .36 19.77 18. 19 18.48 17 .43 16.12 18 . 82 19 . 69 17.66 12. 76 FeO 
MnO 0.71 0.71 0 . 54 0.69 o. 72 0. 54 0.76 0.70 0.80 0 .76 0.77 0 . 74 I. 28 MnO 
MgO 0.13 0.33 o. 22 0 .74 0.17 o. 18 0 .22 0.14 0.10 0.40 0.54 0.04 7.70 MgO 
Cao I . (>4 I. 34 I. 73 3.48 2.04 1.84 I ,49 I . 56 1.44 1.83 I . 22 I. 30 3 .09 Cao 
Na,O 6. 25 6 .25 4.46 5.18 5.99 5.88 5 .88 6.14 6.87 5. 55 6.37 6.08 7.23 Na,0 
K , O 0.61 0.81 1.01 0.53 0 . 75 0.89 0.90 0.81 1.03 0 .93 0 . 57 0.87 I. so K, O 
Li .. O 0.40 0 . 43 0.39 0 . 47 0.49 0.49 0.36 0.47 0.62 0 .49 Li,O 
H;O 1.67 1.63 I .85 2.36 r.66 2.03 2. 19 I. 7 2 2. 35 I . 74 1.92 1.85 H , 0 
F I. 16 0.95 I. 59 I. 75 1.40 LOO 1.02 1.07 0.90 J.07 0.97 0.98 F 
Others I. 73 Others 
P,0, 0.01 P30 • 

100.62 100. 23 100 . 53 100. 32 100.27 100 . 52 100.43 100.30 100.27 99 .77 100.21 100.47 99.57 
O :: F 0 . 49 0.40 0.67 0 . 77 0.58 0.42 0.43 0.45 0 .38 0.45 0 .41 0 .41 OsF 
Tota l 100. 13 99.83 99.86 99 . 55 99 .6<) 100 .1 0 100.00 99.85 99.89 99.32 99.80 100.06 99 . 57 Total 
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characteristic of the agpaitic comagmatic complex syenite -+ granite-syenites .... 
alkali granites (Kovalenko et al., 1965) as well as for rocks of a lkali gabbro 
type. 

The a mphiboles nos. 1 15 to 133, table J, form a new or at least a rather rare 
isomorphous series in the riebeckite group, and the a uthor is not aware of its 
description in the literature. The character of the isomorphism in these amphi
boles is to be seen in fig. 2 , demonstrating the reverse correlation of the content 
Ca + Fe3~ and (Na , K) + Li + Si in formula compositions. Hence, the isomor
phism in these amphiboles is mainly according to the scheme (Na, K)Si .= 
CaFe3 · less LiSi .= CaFe3 1 . We propose to call thi isomorphous series rie
beckite ~ calcian riebeckite. Thus calcian riebeckite is a variety of riebeckite, 
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F1Gs. 1 and 2 : FIG. 1 (left). The compositions of the amphiboles of the Rieb-Arf type. X = 
K + Na + Ca: Si ' = Z /(X + Y+ Z): I- the region of riebeckite: If- the region of middle 
members; II l- the region of arfvedsonite. • , amphiboles from a lkaline granitoids: o . 
amphiboles from nepheline syeniles; O. amphibolcs from iron-stones and s lates: 8, . 
amphibole asbestos: + , amphiboles from carbonatites . F1G. 2 (right). The reverse 
correlation of the contents (Ca + Fe3 ~ ) and (Na + Li + Si) in the formula unit of the 
calcian riebeckites. 

in which sodium is partially replaced by calcium and a certain part of Si by 
Fe3 ~ . According to the data given in table I calcian riebeckite may contain up 
to one atom Ca in the X-group and one atom of Fe3 1 (possibly with a small 
quantity of Al) in the Z-group per formula unit of amphibole. Due to the 
isomorphous replacement of Si by Fe:i+ in calcian riebeckite Fe:i .._ may dominate 
with respect Fe 2 • . T he crystal-chemical position of Li in riebeckites and 
a rfvedsonites deserves special consideration, as its content in these amphiboles 
reaches 2 or more wt. % (Sorley, 1963), but the information about its behaviour 
in alka li amph iboles is inadequate. Unfortunately there are available only a 
few chemical analyses of riebeckites and arfvedsonites in which the Li content 
has been determined. However, even these incomplete data indicate a possi
bility of replacement of Fe2+ by Li. T hus according lo the data given in table I , 
nos. 6 l to 74 for these am phi boles from African alkalic granites (Sorley, 1963), 
the linear correlation coefficient between the content of Fe 2~ and Li, r = o.731 ± 
0.25, which proves the replacement of Fe h by Li in arf vedsonites. On the other 
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hand, as mentioned above, Li may replace Fe3+ or Ca in isomorphous series 
from riebeckite to calcian riebeckite by taking part in a complex isomorphism 
LiSi .= Cafe3+. 

Finally, there is a frequently observed correlation between the content of Li 
and F in riebeckites and arfvedsonites (figs. 3 and 4). This correlation may be 
a direct one (fig. 3) as in arfvedsonites from African a lkalic granites, as well 
as a reverse one a s in riebeckite in microclinites from Siberia (fig. 4). In a 
number of cases a clear correlation between Li and F content is not observed 
as in nos. 98 to 114 of table l for amphiboles of the comagmatic series syenite
granosyenites- alkalic-granites-pegmatites from alkalic-granites-albites. These 
facts prove that the correlation that is sometimes observed between Li and F is 
more probably due to genetic causes than to crystal-chemical ones. 
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F1Gs. 3 and 4: F1G. 3 (left). The direct correlation between the contents of Li and F in the 
amphiboles from alkali granites of Africa (Borley, 1963). F1G. 4 (right). The reverse 
correlation between the contents of Li and F in the calcian riebeckites. 

T here is rather limited information about the content of other rare elements. 
Borley ( 1963) has shown that African arfvedsonites have a rather high content 
of Zr02 . In table Ill data for rare earth and Y 20 3 contents in riebeckite
arfvedsonite from Siberia are given. As a whole, alkali amphiboles only con
centrate rare earths rather weakly, so that their concentrations in these amphi
boles do not appreciably exceed the Clarke of these elements in rocks (Vino
gradov, 1956). Usually the lanthanons content in riebeckite and arfvedsonite 
exceed the Y 20 :3 content. 

Table 111 presents the ratio of Y 20 3 to the sum of Ln20:3 + Y 20:i in four 
pairs of coexisting zircons and riebeckites in which the rare-earth spectrum is 
selectively eerie. In three cases it can be seen that the zircons are far more 
yttric than the coexisting amphibole. The full spectrum for two other amphiboles 
is: 

Test no. Wt. % La Ce Pr Nd Sm Eu Dy Er Tu Yb y 

E1 1 0.138 21.24 44.38 2.54 8.90 1.41 0.35 1.82 o.68 0-42 1.22 17.03 
Et8 0.27 23.2 57.2 8.9 9.7 
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This shows why the concentrator-minerals (Tauson, 1961) of rare ea rths in 
a lka lic granites are yttrian (Semcnov, 1964) while the alkali granites are cerian 
(Kovalenko, 1966). 

TABLE III 

Amphibole Zircon .----------'----------
No. Ln20 ,. Y"O" Y20 a Ln20 3 Y"0 3 Y~Oa 

Ln20 a+ Y20a Ln20 :1 + Y ,Oa 
246 0. 17" 0 0.029 % 0. 145 3-45 % 1.575 % 0.3 13 
236 0 .083 0.046 0.356 2.40 I .200 0.333 
200 0.12 0.023 0. 161 2.00 0.700 0.259 
189 0.20 0.049 0. 196 I. 70 I .240 0.420 

The optical properties of riebeckite and a1.fvedsonite 
At present it is no t always possible to distingui sh a rfvedsonite from riebeckite 

by optical properties, let a lone to differentiate the intermedia te members o f the 
isomorphous series. T his sho uld be expected, because the isomorphous replace
ments in the series arfvedsonite- eckermannite a nd riebeckite- magnesiorie
beckite lead to more substantial changes in optical properties than do those in 
the series riebeckite-arfvedsonite (Deer, Howie, and Zussman, 1965). Table IV 
shows the optical constants of some amphiboles from Siberia, and it may be 
seen that they do no t correlate easily with chemica l compositi on. There are 
some indications of a correl atio n of y with the F-con tent in arfvedson ite from 
Africa (Bo rlcy, 1963). 

TABLE IV. T he optical properties of the alkaline amphiboles from 
granitoids of Siberia (). = 5 890 A): ;•and (IC all ±0.002 

110. from No. from 
Table l Description ' y: [oo rl l v,, Table I Description ' ;.- : [oo rl 

99 Cat I . 6 Q.? l 671 - 18 Sl I 1 (l Ca- Rieb I . 708 I . 69(> 7 
98 Cat I . 692 I . 672 .; 27 50 117 Ca-Rieb I . 708 I. 696 8 

105 Arr I . 708 l. 696 9 I 18 Ca-Rieb I . 708 I .696 8 
101 Cat-Rieb I. 712 I . 700 l5 75 llO Rieb I. 708 I .6Q6 
103 Mg-Rieb I. 701 I .696 ~ 70 Ill Rieb I. 708 I. 696 1 
I I 2 Rieb I. 708 I . 700 8 9 7l 12] Rieb 1. 708 I .696 8 
I 10 Rieb I . 708 I , 700 1 large 115 Ca-Rieb I. 708 I . 700 8 
115 Ca-Rieb I . 708 I. 696 6 80 

The correlation of X-ray data o.l some alka/ic amphiboles of riebeck ite
ar/i1edsonite composition ll'ith their chemical composition 

2 Va 

So 
83 
81 

79 
85 
So 
Sr 

There have been a number of investigations in which attempts have been 
made to correlate the composition of amphiboles with X-ray data (Borley, 
1963; Ginsburg et al. , 196 1). Table V gives the unit cell parameters o f rie
beckites, arfvedson ites, a nd catophorites whose chemical compositions are 
a mong nos. 98 to r 33 of table I. The accuracy of these parameters ( .lla = ± 0.007 
to 0.014 ; .llb= ± 0.007 to 0.014 ; .llc= ± 0.007 to 0.0 14 ; tl/J= ± 0. 1 to 0.3) does 

19 



274 V. I. KOVA LENKO 

not permit a deta iled di ~cussion of the isomorphous series riebeckite- arfved
son ite. ln table V there are also given the unit cell parameters for the most 
typical members of the isomorphous series riebeckite to calcian riebeckite. All 
these X-ray investigations were carried out by G. G. Afonina on the diffractom
eter DRON-1 with a BCY-9 Fe va lue. The X-radiation was registered by a 
scintillation counter and recorder. Although the diffraction patterns of amphi
boles of the calcian riebeckite series show constant unit cell parameters, the 
intensity of certain reflections changes regularly (fig. 5) (the unit cell parameters 
were judged at lines 31 o ; 202; 2o2; 151 with NaCl as an internal standard.) 
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F1Gs. 5 and 6: Fie. 5 (left). X-ray data fo r calcian rie beckites (the numbers are from table I ). 
Fie. 6 (right). The dependence o f the intensity of the line 041 (d= 3.32 A) o n the contents 
of Si (with Al), K + Na, Li, Fe'1- , and Ca (atoms per formu la unit) fo r calcian riebeckites . 

Fig. 6 is an attempt to correlate the intensity of the line 041 (3.32 A) of the 
X-ray diagram with the composition of calcian riebeckite. The intensity of 
this line was measured by the method of Smagunova et al. ( 1964). The mean 
intensity values with their mean errors (2 limits) for eight amphiboles are: 

No. 115 11 6 11 8 11 9 120 12 1 122 123 
i ± 2'1i I. 78 ± 0 .08 I. 70 ± 0 .03 1.64 ± 0.02 J.09 ± 0.02 J. 23 ± 0 .005 I. 13 ± 0.0 I 1.13 ± 0.06 J.30 ± 0.03 

As may be seen from fig. 6, the intensity of this line in the calcian riebeckite 
depends on the content of the main components Ca, Fe:H, Na, Li, Si. If there 
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is a high content of Ca and Fe3 · then the intensity of line 041 is increased, but 
high contents of Na , Li, and Si lower its intensity. 

On the basis of these data we can distinguish groups of lithian riebeckite and 
calcian riebeckite. 

No. 

I 15 
118 
119 
120 
121 
122 
123 
II 3 
11 1 
112 
103 
105 
101 
99 

108 
102 
II 6 

TABLE V. The parameters of the unit cell (in A) of some alkali amphiboles 
from granitoids of Siberia 

a b c v 
9.80 ± 0.01 18.08 ± 0.01 5.32 ± 0.01 103.75 ± 0.2 
9 .80 ± 0.01 18 . 08 ± 0. Of 5 . 34± 0.01 103.75 ± 0.2 
9.80 ± 0.01 18.06 ± 0.01 5.35 ± 0.01 103 .90 ± 0. 2 
9. 79 ± 0. 08 18.08 ± 0.01 5. 34 ± 0.01 103. 77 ± 0.2 
9 78 ± 0.014 18.08 ± 0.00 5.35 ± 0.00 103.80 ± 0.14 
9. 80 ± 0.01 18 .07 ± 0.01 5.35±0 .01 103.83 ± 0.2 
9.84 ± 0.01 18.13 ± 0.01 5.33 ± 0.01 103 . 83 ± 0.2 
9.82 ± 0.01 18.04 ± 0.01 5.32 ± 0.01 103. 80 ± 0. 2 
9. 82±0.01 18 .00±0 .00 5.37 ± 0.01 103.75± 0.1 
9.82 ± 0.01 18.03 ± 0.01 5.36 ± 0.00 103.87 ± 0.1 
9.84 ± 0.01 18.04±0.00 5.37 ± 0.01 103.95 ± 0.15 
9. 89 ± 0.00 18 .08±0 .01 5.35 ± 0.00 103.58 ± 0. 11 
9.92 ± 0 .014 18.10 ± 0 .01 5 . 33±0.01 103.83 ± 0.30 
9.96 ± 0.00 18. 22 ± 0.01 5.31 ± 0.01 104.42 ± 0. 10 
9.86 ± 0.01 18.11 ± 0.00 5. 34 ± 0.01 103.80 ± 0.14 

9 . 823 ± 0.007 18 .065 ± 0 .007 5.32 ± 0.01 103.93 ± 0.2 
9 . 765 ± 0. 007 18 .045 ± 0 .007 5.33±0.00 103. 80 ± 0. 14 

Mineral paragenesis of riebeckite- a1fvedsonite, The conditions for their 
forming and the minera/.facies of a/kalic granites 

The riebeckite- arfvedsonite series is met in paragenesis with the following 
rock forming minera ls : potass ium feldspars, al bite, quartz, nepheline, alkali 
pyroxenes, astrophyilite, fayalite , magnetite, garnets, carbonates, fluorite, 
cryolite, willemite, and some other rarer minerals. T he distribution of the main 
different members of the series in different rocks is: in alkali granites and their 
metasomatic analogue (alkalic apogranites, Beus el al., 1962) mainly ferrous 
members, but the presence of riebeckite or arfvedsonite is characteristic. This 
fact is illustrated in the histogram of fig. 7, based on all known chemical 
analyses of amphiboles from alkali granites. In the mineral paragenesis of 
nepheline-syenites riebeckite is rarer, but arfvedsonite is a rather typical 
amphibole (fig. 8). The related Mg analogues eckermannite, magnesioriebeckite, 
and soda-tremolite are widespread in carbonatites. There are numerous amphi
boles of the isomorphous series riebeckite-magnesioriebeckite- glaucophane 
(with a transition to grunerites) in ironstones and in fibrous amphiboles (table I) 
(Eli seev, 1961). l n some cases arfvedsonites are reported among asbestos fibres 
from skarns. 

We consider the influence of various physico-chemical conditions on the 
isomorphous series riebeckite sensu stricto to arfvedsonite in the mineral 
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F 1Gs. 7 and 8 Variations in composition of amphiboles of the riebeckite- arfvedsonite 
series; abscissae, atoms in X positions: F10. 7 (left). From alkaline granitoids. F1G. 8 
(right). From nepheline syenites. 

parageneses of alkali granites and the connected metasomatites and nepheline 
syenites. 

The physico-chemical analysis of the mineral parageneses of alkalic granitoids 
and nepheline syenites is based on the fundamental works by D. S. Korzhinsky 
(1936, 1940, 1946, 1957, 1958, 1959, 1963). 

On the whole, the data of table r show the earliest and apparently highest
temperature amphiboles from alkali syenites of the early intrusive phase to be 
represented by catophorites. The composition of the later amphiboles from the 
granite-syenites of the second phase correspond to hastingsite and catophorite
arfvedsonite, and that of the latest from alkali granites of the third phase and 
their pegma ti tes correspond to magnesio-a rfvedsoni te (of And reev ), arf vedson i te, 
and middle members of the arfvedsonite- riebeckite series. T he amphiboles from 
a lbitites are generally represented by riebeckite. Thus during the magmatic 
evolution of alkalic bodies with the differential late alkali granites, the following 
cha nges are observed: catophorite --? catophorite- arfvedsonite, hastingsite --? 

magnesioriebeckite. and arfvedsonite or middle members of the a rf vedsonite
riebeckite series --? riebeckite. This pattern widens our understa nding of the 
evolution of amphiboles from alkalic rocks (Yagi, 1953). 

It may be assumed that variations in the series arfvedsonite- riebeckite are 
connected with the time evolution of the alkalic granitic magma and also with 
the changes of formation temperature of granitoids. The dependence of the 
composition of amphiboles on their conditions of genesis allows us to distingui sh 
the alkalic granite facies possibly correlated with rare metallic ore formation. 

The paragenesis magnelite plus riebeckite or mfvedsonile 

The paragenes is of alkali amphibole with magnetite is observed in alkali 
granites. This paragenesis involves four components Na20 , FeO, Fe20 :i. H 20 
and has four degrees of freedom / = c + 2 - p = 4 + 2 - 2 = 4. At a constant 
pressure, the chemical potentia l ;11120 will be a function of the temperature T, 
and f= 2, i.e. the am phi bole is stable with magnetite within the limits of a 
definite region on the diagram ;11120 - ;11'a2o. At a constant value of the chemical 
potential of oxygen, i.e. at a constant value of Fe0/ Fe20 3 in the amphibole, 
the paragenesis of amphibole with riebeckite is characterized by a single degree 
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of freedom and the equilibrium mentioned can be illustrated on a diagram of 
11 11 2 0 by a series of equipotentia l (1102 = const.) lines, the position of which is 
determined from the equation of reactions b::twccn those minerals. with some 
va riations in the amph ibolc composition: 
(4 + 311) a2Fc2- Fea ·Si 80 22(0Hh .= 511Fe:P1 + 4 a2_,, Fefi : .. Fc~ ,.Sill0 21(0Hh 

+ . 211Na01 •2 + 311H20 ) + 2411Si0 2• 

At infinitely small values of /1 this reaction corresponds to an equilibrium of 
magnetite with amphibole of a constant composition and the slope of the line 
of this equilibrium is tan .x = - ~H20 .3Na01 2 = - ~ (Marakushcv, 1965). 
Therefore it follows that a change of amphibole composition towards arfved
sonite is po sible with increase of temperature (decrease of ff11 2o). as wel l as 
with decrease of the ff ;.;a o .. 

As mentioned above, during the evolution of the a lkalic rock evolution of 
Siberia the composition of amphibole of the riebeckite- arf vedsonite series 
varies towards riebeckite, which appears frequently in metasomatic albitites 
(a nalyses 109 to 1 14, table 11 ). Though the albititcs (being postmagmatic meta
somatitcs) arc of lower-tempera ture formations if compared with the magmatic 
a lkali granites. the composition of their amphibole is determined not only by 
the temperature decrease, but a lso by the increase in the chemical potential of 
sodium. This fact is confirmed by an analysis of the ratio Na '(Na + K) in the 
amphibole, which is characteristic of the rela tional changes of the chemical 
potentials of potassium and sodium in th ose rocks, in keeping with the known 
relation betwee n the chemical potential of a component and its content change 
in a phase: (ffi i ni;::: o (Korshinsky, 1957, Storonkin et al., 1960). Thus the 
increase of the chemical potential of a component leads to an increase of its 
content in a phase. The highest ratio Na (Na + K) in riebeckite from al bites 
is characteristic of greater values of the chemical potential of sodium during 
the formation of the rock. 

The paragenesis aegirine plus riebecki1e or c11fvedso11ite 
The paragenesis of alka li amphibole with alkali pyroxenes is characteristic 

for agpaitic nepheline syen itcs (lwao, 1938; Yagi, 1953 ; S0rensen. 1960; Deer 
et al., 1965). 

Using the same procedure as with the paragenesis alkali amphibole plus 
magnetite, we derive the equation of equipotential lines (11 02 = const. at FeO ' 
Fe20 3 = const. ) for the equilibrium of aegirine with riebeckite or arf vedsonite: 
(3+ 11 )Na2Fc~ Fe~ Si80 22(0 H):i + .11Na0 1 2 • + i11Si0 2 ~ 511NaFe:1 •Sip6 

+ 3 Na2-r" Fe~ ,, Fe~ ,,Si 80 22(0 H)2 + . 211H20 . 
The slope of these lines in the co-ordinates ff ;.;ao1- f' H 2o is positive, tan ~= 
- ~H20 '~Na01 2 =2n,'11 = 2). Therefore increase of /1;.;aol and decrease of 

;1 tt 2o (increase of T) should displace the equilibrium composition of the amphi
bole towards arfvedsonite. 
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T he domination of arfvedsonite compared with riebeckite in the mineral 
paragenesis of nephelinc syenites (fig. 8), and particularly in those of agpaitic 
ones, is primarily connected with a high value of 11 NnO: · 

The paragenesis riebeck ite and magnesioriebeck ite 

Analysis of the data in tables l and ll shows that the composition of amphi
bole in alkali granites does not only vary with in the limits of the series riebeckite
arfvedsonite. Compositions of amphibole from the isomorphous series rie
beckite-magnesioriebeckite and arfvedsonite-eckermannite are also observed 
in alkalic granitoids (102, 103, 107, table I ). The value Fe 2 - (Fe2~ + Mg) of 
the amphiboles of these series from metamorphic rocks is due to temperature 
(Glagolev, 1958). On the other hand we doubt whether the variation of amphi
bole in alkali granites can be connected with temperature changes. Indeed , 
comparing the composition of amphiboles 102 and 103 from alkali granite 
and pegmatite from one a nd the same intrusive body, they have identical values 

No 

11 H10. MqO 

+ Oz, o lko l o feldipo r 

Ari 

f c 2 + 

F1G. 9. Mineral paragenesis with alkali amphiboles and magnetite. Crosses mark the composi
tions of the amphiboles at the maximum of J.LNa· Circles mark the composition with 
the highest content of Mg known in alkaline granites. 
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of Fe:! (Fe:! ·+ Mg). although their formation took place under different 
temperature conditions. But the value of Fe2- '(fe:! + Mg) of these amphibole 
differs markedly from the value for alka li amphiboles from granites and peg
matites of adjacent intrusive bodies with analogous format ion conditions. 
Therefore the value of fc:! 1 (Fe 2 1 + Mg) of magnesian riebeckites in alkali 
gra nites must be connected with more local factors th an temperature and pres
sure. As already pointed out (Kovalenko, 1965). the behaviour of Mg is rather 
mobile when the va lue of Fe:! ' (FeH+ Mg) for amphibolc from alkali granites 
(with reactional relations of amphibole and magnetite) is not due to the initial 
ratio in the system. but primarily depends on the 110 2 and /1 ;.; a . In fact. a ystem 
consisting of amphibole and magnetite is composed of a. Fe. 0 2• Mg. and 
H:!O. In this case (a perfectly mobile Mg and an inert Fe and constant tempera
ture of 11 11 2 0 and pre sure) the system is determined by the relation of/'"" and 
/Io" : ( = c - p = 3 - 2 = I . 

The dependence of the amphibole composition on ;102 and ;1 'Sa may be 
ana lysed on the composition- paragenesis diagram, fig. 9. In this case the rat io 
Fe 2~ Fe:1 ' in amphibolc is determined by 1102• if the oxygen is believed to be 
a single oxidizer in the system, and this in turn determines the Mg content of 
the amphibole . It follows from fig. 9 that the variable ratio ;102 ;1 ;.;a will deter
mine the composition of amphibole coexisting with magnetite. We may say 
that the monovariant equilibrium line will vary it lope in the co-ordinates 
depending on the composition of the amphibole. The lope is determined from 
the following reactions (for compositions of the riebeckite magnesioriebeckite): 

5 Fe2 · Fe~ - o~ + ( 3 Na20 ) + i4Si02 + ( 3 H20 ) .= 

3 Na2 Fe~ FeJ Si80 22( 0H)2 + ( 5 02. , 

Fe2 · FeJ 0 1+ _Na 20 + 2MgO + H20 +8 Si02 .= 

Na2Mg2Fe:! FeJ Si 80 d 0 H)2• and 

2 Fe 2- FeJ O~ + .3 Na20 + 9 Mg0+3 H20 + 402 • + i4SiO:! .= 

3 Na2Mg:1FeJ Si 80 AOH)2 . 

The slopes of these equilibrium lines are o.6, oc, and -0.75 respectively, a 
change of sign from positive to negative as a result of a compositiona l variation 
of the amphibole from riebeckite to magnesioriebeckite. This fact manifests 
the existence of an extreme on the equilibrium line considered (Korzhinsky, 
1958, 1960). This line is characteristic of a maximum of the ;1 'Sa2o va lue corre
sponding to a Mg Fe ratio of 2. On the same line in the region of stability of 
amphibole the lines of equal value of Fe 2- (fe 2 1 + Mg) may be constructed. 

Fig. 9 shows that in the equilibrium magnetite plus arfvedsonite or eckerman
nite there is a maximum of ;1 xa2o also. Calculation indicates that the composition 
of arfvedsonite in an extreme paragenesis with magnetite appears to be more 
magnesian (Arf0 . 75Eku5) than the composition of an extreme riebeckite. It 
follows that arfvedsonite with a value of Fe2 ·, (Fe2+ + Mg) = 0.333 should be 
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rare in metasomatic and metamorphic rocks, as they need for generation a 
maximum high value of ft Na2o. Lower values of 11 x a2o create either high 
magnesian or more ferr ic amphibole than the extreme composition. At the 
lowest values of the 11 :-;a2o there may appear the typical riebeckite and arfved
sonite of alkali granitoids. 

Among the data above, the most magnesian composition of amphibole from 
alkali granites has Fe 2+/(Fe 2++ Mg)=o.56 to 0.57 ( 102, 103, 107 of tables I 
and II ), that is, a more ferroan amphibole than the extreme composition. We 
suggest that this is connected with the high Fe content of the magma in alkali 
granites (Ernst, 1963), as well as with an extreme in the equilibrium of amphihole 
with magnetite. 
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Fie. 10. The dependence of the values of Na/(Na + K) and f = Fe2 • / (Fe2 ' + Mg) in alkaline 
amphiboles of the series riebeckite- magnesioriebeckite and arfvedsonite- eckermannite: 
ct, from alkali granites of Siberia; e, from alkali granites of Africa (Borley, 1963); 
o, from alkali granites of the Kola peninsula (Chumakov, 1958); 6 , from metamorphic 
rocks; A , from carbonatites; ~ , amphibole asbestos. 

For estimation of the role of the theoretically obtained extreme condition in 
the equilibrium of amphibole with magnetite, we have taken all available 
analyses of r iebeckite and arfvedsonite and plotted them in terms of the co
ordina tes Na/(Na + K) and Fe 2+/(Fe 2+ +Mg), which to a first approximation 
may be regarded as activity indicators of sodium and oxygen (fig. 10). The 
diagram shows that most of the amphibole compositions are situated in the 
regions of high and low values of Fe2+/(Fe2+ + M g), which apparently confirms 
the existence of this extreme in natural formations. 
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Facies and su~facies of a/ka/ic gra11i1oids 
Based on the above consideratio ns table VI has been drawn up, characterizing 

the facies and subfacies of alkali gran itoids. The minera l paragcnesis of alkali 
gra nitoids is taken as a single mineral formation (Pavlen ko, 1963; Kovalenko 
el al .. 1965), described as a definite association of factors of state. The minera l 
facies is determined by a relative constancy of a num ber o f external conditions 
(in tensive factors): T, p, 11 ;.;a , ... , ;11\; but the qualitative composition of 
paragenesis is constant. The minera l subfacies has a n absolute constancy of 
external cond itions expressed in a constancy of minerals of variable composition 
(a lkali amphibole). 

Parameters 

T 

TABLE VI. Facies and subfacies of the alkalic granitoids 

Facies and subfacies 

!High temperature 
~ Medium temperature 
l Low temperature 

{

Relatively high T 
and low / ' Nn.o 

Relatively low T 
l and high /'xa2o 

{
High 110,, and /'N• 
Moderate 1102 and /'Na 

Subfacies: 
! Low Jlo2 and /txa 
~ Medium 1102 and l'x" 
l High 1102 and I' xa 

Paragenesis and composition 
of the amphibole 

Arf + Mt +(KFS + Q) 
Arf- Rieb + Mt + (K FS + Q) 
Rieb + Mt + (KFS + Q) 

Arf+ Mt +(KFS + Q) 

Rieb + Mt + ( aFS + Q) 

Aeg + Q+(FS) 
Rieb + Q + (FS) 

Rieb0.rMg-Rieb0.a + Q + (FS) 
Rieb0., Mg-Rieb0 . 3 + Q + (FS) 
Rieb0 .6- Mg-Rieb0 . , + Q + (FS) 

F rom the a lka li granites of Siberia, both a high-temperature facies o f amphi
bole granites a nd a relatively low-temperature facies of riebeckite granites 
and albitites ca n be specified . Besides this, the following three subfacies can be 
di stinguished in the sequence of increase of 0 2 and Na activity: a lbitites with 
riebeckite, a lka li granites and pegmatites with rela tively magnesian a lka li 
amphibole, a nd alkali granites with a maximum content of Mg. 

Fina lly, we note that, according to experimental data (Ernst, 1963; Ivanov, 
1962 ; Tugarinov el al., 1963; Sand, Roy, and Osborn, 1957), the temperature 
interval of a ll these facies does not exceed 150 to 250 °C. 

Mineral paragenesis riebeckite plus calcian riebeckite 
The single deposit of riebeckitc with calcian riebeckite the author knows is 

in Eastern Siberia. These amphiboles are formed in metasomatic microclinites 
in zones of postmagmatic interaction of alkali granites with wa ll rocks of 
gabbro type. The amphiboles with a n appreciable content of ca lcian riebeckite 
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are conjugate with parts of endocontactic microclinites adjacent to wall gab bro ids, 
and formed by a diffusional bimetasomatism of Fe, Si, Na, Ca, and Li between 
alkali granites and gabbro (Kovalenko et al., 1966). 
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On the amphiboles of the hastingsite-pargasite series 

By D. P. SERDYUCHENKO 

(.ll. n. CepLtl-O<IeHKO) 

Summary Some occurrences of metamorphic amphiboles from the A ldan, south Yakutia, 
are described, and their metamorphic relationships are discussed. Analyses, formulae, and 
optical properties are given for three pargasites, five hastingsites, and four tremolite- actino
lites. T he characteristics that serve to distinguish between these amphiboles are considered, 
and the desirability is emphasized of performing initial formula calculations for amphiboles 
(and other hydrous minerals) on a water-free basis. 

AMONG the Archean sedimentary-metamorphic formations of the Aldan , 
south Yakutia, in the uppermost older fengre( Vl e H rpe )series, there are developed 
sillimanite quartzites, graphite- biotite- plagioclase or plagioclase paragneisses, 
and paraschists. T he coloured minerals present in these are mainly diopside 
or diopside- hedenbergite and common hornblende, but in some layers and 
packets there also occur pyroxenes of the enstatite- hypersthene series. In some 
places they alternate conformably with forsterite- (clinohumite)- magnetite, 
diopside- (or augite)- magnetite bedded ores, often bearing minor (or even 
important) phlogopite. To the same series there are subordinated enstatite 
(hypersthene)- magnetite ores, changing either gradually or at sharp contacts 
into magnetite- forsterite (with some ceylonite) or magnetite- pargasite beds. 
Some of these beds, or lenses, are relatively low in magnetite and rhombic 
pyroxene, and contain pargasite in important quantity. In other cases iron ore 
packets are composed of light-coloured magnetite- pargasite layers interbedding 
dark-green magnetite- hastingsite ones; in thin sections one can see that colour
less pargasite (2 V v68 °) overgrows, and blue-green hornblende (2 V ,,82 °) 
replaces, diopside gr:ains. 

Jn diopside- plagioclase schists and diopside- carbonate (calciphyre) rocks 
the pargasites form fine-grained disseminations or veined segregations in fi ssures. 
Locally, there are large, well-developed, single crystals and also druses. The 
pargasite is in close paragenetic relation with diopside. ft is not rare for them 
to occur as aggregates and grain intergrowths, but more often the pargasite 
crystallizes somewhat later; sometimes inside relatively coarse pargasite crystals 
there are fine idiomorphic or partly idiomorphic pyroxene grains. 

Some magnetite- diopside- pargasite ores have autonomous pargasite grains 
syngenet ic to pyroxene, the latter often being replaced by pale-green pargasite, 
which sometimes gradually changes into greenish-blue hastingsite. 

Some pyroxene- amphibole (with scapolite) parasch ists are composed of 
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augite and green-b!ue horn blende (hastingsite). sometimes overgrown by 
pyroxene grains. 

It should be noted that in almost monom inera lic amphibole, magneti te 
amphibolc or magnetite diop idc rocks (with replacement of pyroxene by 
pargasi tc). the most developed green-blue hastingsitc is confined. as a rule. to 
beds. packets of beds, and zones, where it i mo t clearly seen in large or small 
veined injections of ligh t rose alask ite granite . Not infrequently in such cases 
large or even giant hastingsitc crysta ls have resul ted. In ca rbona te rocks almost 
devoid of iron, very big pa rgasite crysta ls develop in the same ma nner, associated 
with diopsidc. 

T here arc some noteworthy cases in which finely banded diop idc- tourmalinc 
schist recrystallizes metasomatically under the innuence of bedded (conform
able) and intersecting vein lets of granite com po it ion. and change into hasting
site- tou rma li ne rock. In some zo nes the latter is enriched in phlogopite (after 
diopside and hastingsite) but in others (during the last low-temperature stages 
of recrysta llization) the ha tingsite is transfo rmed into acicular or fibrous 
aggrega tes of light green actinolite. Away from this gran ite injection zone the 
conformable diopside- hastingsite schists (with phlogopite) gradually change 
into thin banded magnetitc- pyroxene- amphibole rock. However, with the 
appearance of magnetite the amphibole character changes; the hastingsite 
(y light blue, /i green, a greenish-yell ow; y : [oo 1]30 °, 2 V _,80 °) gives way to 
pargasitc (y pa le-green, /I light-greenish, a colourless; y: [00 1)22 °, 2 Vr76°). 
Th us, in some places there are observed grad ual transitions from a barren 
fe rriferou amphibole(hastingsite)-bearing zone into a magnetite one with 
pargasite almost devoid of iron. Investigations of the amphiboles from diopside
pargasite and diopside- hastingsite rocks and ore showed that their 2 V is not 
infrequen tly near 90 ° (86 to 94 °). Some forsterite- diopside- pargasite schists. 
injected by pin kish-gray granite flows, become en riched in ph logopitc and give 
tra nsitions to hastingsite rock. Here, there are places that arc composed of 
light green (in thin sect ions colourless) tremolitc transformed into tremoli te 
asbestos felt on the ends of the crysta ls. 

Blue-green hornblende sometimes contain relics of common brown-green 
hornblende. but skeletal grain of hastingsite occur also among late phlogopite 
plates a a result of resorption. 

In the Archean sedimentary-meta morphic series of the Aldan , amphiboliza
ti on occurs not only by in fi ltration-metasomatism, but also frequently by 
(deuteric) autometasomatism of older pyroxenes. These a re replaced under the 
influence of residual pore-filling hydrothermal nuids rich in volatiles (H20 , F. 
Cl ) and other mineral sub tance . In form, mechanism, and degree of develop
ment. this .. uralitiza tion .. is ab olutely similar to that occurring in gabbroid 
and other igneous rocks. L. Ouparc ( 1908) fir t tudied it in detail in the Urals. 
Automctasomatic amphibolization of pyroxene metamorphic rocks of the 
Aldan in dica te that here (and also in magmatic bod ies: Asklund, 1925; Kennedy, 
1935) not only tempera ture and pressure but also the pri mary sedimenta ry 
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rock constituent and the rela ti ve proportions of pa rt icular components (for 
example. MgO- CaO- FeO Al20 a) essentia lly decide the mineral composition 
(pyroxene. amphibole, mixed ) of the metamorphic products. Apparently the 
original sediment compos ition should influence by right of succession the forma
tion of common hornblende and hastingsite or pargasite in rocks of similar 
metamorphic facies. 

The sillimanite. titanian biotite (with graphite). two-pyroxene. hypersthcne
pa rgas ite. magnetite pargasite crystalline chist. and pyroxene pargasitc 
calciphyres appea r to have been formed in the conditions of the granulite facie. 
of metamorphism. However. the e rocks. thin or thick banded. are often inter
ca la ted rhythmically in diopside- hornblende. biotitc- hornblende. cpidotc 
hornblende schists and gneis es of the amphibolite fac ics. The composition of 
metamorphosed rock eem to have an essential im portance during the forma
tion of mineral complexes. On the other hand, under the influence of granite 
injections there occurred rather large retrograde-metamorphic (partial or tota l) 
regeneration of many of the rocks of the granulite facies. The metasomatic 
blue-green (hastingsite) hornblende became one of the principal coloured 
minerals. This hornblende deve loped under the conditions of the amphibolite 
facies of metamorphism. 

The successive hydrothermal formation of acicular and fibrous amphibole 
of the actinolite- tremolite series appea rs to correspond to the greenschist facie 
of metamorphism. In ome places it is accompa nied by intensive sulphide 
mineralization. 

Thus, in the Archean of south Yakutia, there are primary metamorphic 
amphiboles (common hornblendes and pargasites) and secondary metasomatic 
ones (blue-green hastingsites, secondary pargasites, and actinol ite- tremolites). 
Their formation is controlled by temperature and pressure (facies of metamor
phism) and also by the concentrations of the components taking part in mineral 
fo rmation. 

The field and laboratory tudies show that there occur a fairly gradual trend 
in the composition and optica l properties of the ha ting ite- pargasite erie in 
the Aldan (table I). 

The total alkali content (a bout 3 %) varies insignifica ntly, the Fe··· and 
Fe · · quantity decreases to zero in the colourless, iron-free, koksharovite 
va riety of pargasite, the importance of Mg and Al''i increases markedly, the 
Ca group and Al". quantity remain almost constant, and the (OH) content is 
low in both types and is far from reaching (0H)2 (cf. table II ). 

The isomorphous substitutions in this series ta ke place almost entirely in 
octahedral sites according to: Al '·iMg (pargasite) ~ Fe· · ·Fe··) (hastingsite). 
i.e .. these pargasites arc constitutionally magne ian-aluminian analogues of 
hastingsites, and have the common fo rmula (cf. Sundius. 1946): 
( a. K)Ca2(Mg, Fe· ") ,(Al , Fe·· ")[Al2Si 6]02z(O Hh. 

Fluorine is a bsent in blue-green and green-blue ha ting ites. There is alway 
noticeable chlorine content in these hastingsite . . whereas the F content is 
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characteristic for pargasites (especially in the zone of phlogopitization, cf. 
analysis i). The development (on common hornblende and diopside) of meta
somatic hastingsites might take place under the influence of ferrous solutions 
containing chloride and sulphate. The aqueous solutions containing fluorine 
are more important at the higher-temperature conditions of pargasite formation . 

TABLE r. Chemical composition of amphiboles from south Yakutia 

Pargasites Hast ingsi tes Actinolite- tremolite serie<.; 
2 3 4 5 6 7 9 10 II 12 

,-----"------, ,--- ------'-----------, ,---------"------~ 

SiO, 40.96 44. 37 43 .86 40 . 12 38 .48 43 . 21 40.37 43 .50 50.94 53. 20 56 .08 57 .54 
TiO , 0.20 0 . 89 nil 0.44 0.60 0.07 2.26 2. 27 o. 16 nil nil 0.10 

B,0 3 nil 0.37 nil 0. 28 0. 37 nil nil nil 0. 18 
Al,0 3 17 .84 16.88 14.20 12. 83 14.46 9.05 13. 35 10.77 4.82 3.6 1 2 .06 I .00 

Fe~0 3 3. 24 2. 17 4 . 85 9.58 4.88 8. 75 5 .96 5.00 I .40 2 .40 0.81 o.66 
Cr,O, ni l 0.02 ni l nil 0.09 trace 0.01 nil 
FeO 2.00 I .8 1 8.01 7 .20 10. 22 8.61 1 1 .80 9.71 7 .30 4. 17 J .91 I .47 
MnO 0.08 0.06 0. 14 o. 10 0.15 0. 13 0. 29 0. 13 0. I I 0.03 0. 10 0. 11 

MoO 17. 58 15. 29 13. 52 12 72 12 . 19 14. 32 9.68 12 . 52 18.65 20 . 53 23. 05 24. 78 
Bab 0.06 o . 28 ni l nil 0.07 nil 0.04 nil no 

Cao 12. 53 12 98 11 .60 I I. 28 12. 22 I I. 70 11 .64 12. 31 12. 71 I 2. 21 I I. 52 12. 74 
Li ,O o. 15 0.06 0.02 0. 16 0.05 0.05 0. 27 

Na ,O I .70 3.80 I. 55 I . JO I .50 2. 26 I .92 I .92 0 . 58 2.48 I .02 0. 32 

K ,O I .90 0. 76 I .05 2.68 3.06 I .03 I. 28 0.43 0.80 0 . 57 0.46 0. 12 

P,O , 0.03 0 21 0.11 

F I .28 0.52 nil 0.02 nil nil nil 
Cl 0.4 1 0.01 0.10 0.50 0 08 0.51 0. 32 0.26 I . 18 trace o.66 ni l 
CO, nil nil nil o. 16 nil nil nil 0. 24 0.16 0.09 0. 24 0.06 

s 0.07 0.07 0.03 0.06 nil nil 
H ,O + l .00 0. 10 0 67 0.90 I .10 0.44 0. 72 0.74 0.9 1 0. 7 1 0.52 0.98 
H,0 - 0.04 0. 14 nil 0 .08 0. 14 0.08 0. 20 o. 24 0.04 0.20 0.16 

Total 100.82 100.3 1 100.05 99.95 99.60 100.22 99.86 JOO. 53 100.05 JOO. 11 100 .63 100.49 

O e= (F,CI), 0.63 0. 21 0.11 0.02 0. 1 2 0.07 0.06 0.51 0.02 o. 32 0.02 

100. 17 100 05 100.05 99 84 99.58 100. 10 99. 79 100 47 99 54 100.09 100. 3 1 100.47 

2V - 64 ° -L 6o 0 + 56 ° - 80° - 74 ° - 69 0 - 83 ° - 82 ° 85 ° - 88 ° 
"/ I .658 I .645 1.641 I .690 I .684 I .686 1.680 I .652 1.634 I .630 I .628 
ri I .645 I .640 I .638 I .679 I .677 I .676 I .669 I .639 I .618 

I .641 I. 635 I .634 I .666 I .666 I . 664 I .656 I .627 I .613 I .6 10 I .609 
y: [001] 23 c 20 ° 26 ° 24 (; 32 ° 26 (; 19 ° 26 ° 21 ° 19 ' 14 · 12 " 

TABLE ll. Atomic composition of pargasites, hastingsites, and actino lites 

Anal. Sih· Ali " A l"i Fe··· Fe·· Ti Mg Ca Na K 0 OH F 

I 5 . 84 2. 16 0.84 0.34 0.25 0.02 3.73 I .9 1 0.46 0 . 34 22 . 18 0 . 97 0.67 

2 6.22 I. 78 1.01 0.22 0.2 1 0.09 3. 19 I .97 1.03 0. 14 22.82 0.10 0.26 

3 6.30 I. 70 0.77 0.52 0.97 2.89 I. 78 0.43 0. 19 22.67 o.66 
- - - -

4 6 . oo 2.00 0 . 26 1.08 0.91 0.05 2.80 1.80 0.38 0.48 22.32 I. 12 0.24 

5 5.83 2. 17 0.41 0.56 I. 3 1 0.08 2.74 I. 93 0.44 0.60 22.44 1 . 11 0.01 

6 6 . 34 I .66 o .88 I .08 0.01 3. 13 I .84 0.65 0 . 19 22.72 0-44 0. !2 

7 6.04 I .96 0.33 0.67 I. 52 0.26 2. 18 I .87 0.56 0.25 22 .6 1 0.70 0.08 

8 6.50 I .50 0.32 0.53 I. 18 0.24 2.67 I. 82 0.53 0.09 22.63 0.70 0.04 

9 7.28 0.72 0.08 0 . 16 o.88 0.02 3.97 I .86 0. 16 0.14 22.28 0.89 0.58 

10 7.40 0.59 0.25 0.50 4 . 24 I .82 0.67 0. 10 22.65 0 . 67 0.03 

11 7.66 0.34 0 . 07 0.45 4.69 I . 69 0.28 0.08 22.59 0-48 0.34 

12 7.79 0.22 0. 18 5.00 I .85 0.14 0.02 22.58 0.82 0.02 

Means of the pargasites (P), of the hastingsites (H), and of the actinolites (A): 

p 6. 12 1.88 o.86 0.36 0-47 0.04 3. 17 l .89 0.64 0.22 22.56 0.58 0.3 1 

H 6. 14 I. 86 0.26 0.74 I . 20 0.13 2.7 1 I .85 0 . 51 0.32 22.55 0.81 0.09 

A 7.53 0.47 0.03 0. 12 0.50 0.01 4 47 I .80 0.31 0.09 22.5 1 0.72 0.24 
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The Fe·· and Fe··· quantities in pargasites are inversely proportional to the 
halogen content, but their influence on the amphibole optics is offset to some 
extent by the simultaneous increase of Si (from analy e 1 to 3). 

In the compositions of actinolite- tremolites of the same region (table I), 
as a result of the almost complete absence of trivalent ions in six co-ordination, 
the va lues of Si and divalent ions (mainly Mg) increase considerably. This is 
accompanied by a substantial reduction in the indices of refraction. The gradua l 
changes in crystal habit (t hick prisms, thin long prisms, rod-like, need le
shaped. and felt-like aggregates) and in their com po ition (tables I and I I) 
how uninterrupted transitions from hastingsites to actinolite and fu rther to 

tremolites. The comparison of actinolite- tremolites with hastingsite- pargasites 
reveals mutual heterovalent replacements such as: SiMg -> Alh·A1'·; compri ing 
not only octahedral groups but also tetrahedral ones. A deficiency of H20 + 
has been noted by many authors in the case of amphibolcs of the granulite and 
high-temperature zones of the amph ibolite facies. It involves definite equivalent 
anion replacements, 0 ~ (0H)2 . 

When the composition and optics vary markedly it is difficult to di stingui h 
common hornblende from hastingsite. However, there is a clear tendency: 
2 V" increases from common hornblendes (52 ° ; 64 ... ) to green-blue hasting
sites ( ... 69 °. 84 ° ... ) ; in transitional hastingsite- pargasitc varieties it is close 
to 90 . then becomes po itive and gradually decrea e in pargasites (2 V y82 . 
70 . 56 ). 

The pleochroic properties of ha tingsite and pargasite are similar. except that 
the blue (y)- green (/1) yell ow (:c) tones of hastingsite are more intense. and the 
values ofy: [001] are often high (26 to 33 °). 

The pargasites, hastingsites, and actinolites of the Aldan that have been 
studied contain about 1 % or less of H20 + (determined by the direct method). 
This va lue is far less than that (about 3 %) corresponding to the crysta l-chemical 
fo rmula with (0Hh However, some amphiboles appear to have more "high 
temperature·· water as a result of the presence of water that is physically 
adsorbed on finely di per ed material and is only lost at 200 to 400 . If, in 
calculating the formula, one a umes 24 (0 , OH). this leads not only to more than 
2(0H) but a lso to error in the cation numbers in the unit cell of the mineral. 

Therefore. for more th an 20 years, we have calculated crystal-chemical 
formulae of mineral s such a micas, chlorites, montmorillonites, and amphibolcs 
on the basis of the number of oxygens in the "dry'' substan ce, exclud ing H20 + 
in the first instance. We then subsequently determine the number of (OH)
groups by the use of the coefficient-divisor already determined . In the case of 
micas and montmorillonites we take 11 oxygen , for chlorites 14, and for 
amphibole 23. We u ed thi method (with 23 oxygen ) to calculate the formulae 
of the pargasites and hasting ites (Serdyuchenko, 1954, 1960). 

Estimations of the specific gravity of amphiboles from formulae calculated 
for 23 oxygens resulted in values closer to experimental determinations than 
when the formulae were recalculated on the basis of 24 (0. OH. F) (Binns, 1965). 
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Chemistry of hastingsitic amphiboles from the Marangudzi 
igneous complex, Southern Rhodesia 

By C. M. 8. H ENDERSON B.Sc., Ph.D., D. f. C. 

Department of Geology, Manchester University 

S11mmary . The coeva l s ilica-oversaturated and silica-undersaturated syenites from the 
Marangudzi igneous complex, Southern Rhodesia, contain amphiboles belonging to the 
iron-rich end of the solid-solution series pargasite- ferrohastingsite. Hastingsites from the 
undersaturated syenites have compositions approximating to (Na, K),.tCa 1•9(Fe2 "', Mn, 
Mg):i.8(Fe3+, Al, Ti) •. 1Si5.,.A1 2 . • 0 22(0H, F)2 • Hastings ites from the oversaturated syeni tes a re 
of distinct ly different composition (Na, K)0. 9Ca, ;(Fe"-, Mn, M.g),.a(Fe3 • , Al, Ti)0 . 8Si6.5Al1.5 

OdOH, F)~ The most important differences a re seen to be in Si, Al, Ca, and Na + K. The 
chemical compositions of the hastingsites are therefore directly related to the chemistry of 
the rocks in which they occur. 

Amphiboles from both the tmdersaturated and oversaturated syenites range in composi
tion from femaghastingsites to ferrohastingsites. In particular hastingsites from the under
saturated syenites show well developed iron-enrichment with differentiation. The colour of 
the hastingsites can be correlated with their relative proportions of Fe3 • and Ti ; those 
with high FeH are coloured green lo blue-green while those with high Ti are coloured brown 
to red-brown. 

THE amphiboles described in this paper come from the syenitic rocks of the 
Marangudzi igneous complex, Southern Rhodesia. This complex is particu larly 
interesting in that it provides a n opportunity to study the chemistry of hasting
sitic amphiboles from coeval silica-oversaturated and silica-undersaturated 
igneous syenites. The geology and petrology of the Marangudzi complex have 
been fully described in the un published work of Rees ( 1960) and Gifford ( 1961). 
The complex consists of a large gabbro mass intruded by ring dykes of quartz 
syenite, cone sheets of nepheline syenite (nepheline monzonite, pulaskite, 
foyaite, and juvite) and a suite of tinguaitic dykes. The geochem istry and 
petrology of the complex will be published elsewhere (Henderson, in prepara
tion), but it is relevant to give here the m odal a nalyses of the rocks from which 
the amphiboles have been analysed (table 1). Unfortunately no thin sections of 
R. 131 were avai lable for point counting. 

Class(fication of hastingsitic amphiboles. The general formula for a mphibo les 
can be written: A0_ 1 X2 Y5Z 80 22(0Hh, where A = Na, K ; X = Na, Ca, Mn, Mg, 
Fe2-r; Y= Mg, Fe2+, Fe3+, Al, Ti, Mn; Z=Si, Al, Ti ; (OH) may be wholly or 
partly replaced by F and Cl. The classification of the Marangudzi amphiboles 
is based on the ideal hastingsi te formula: (N a, K)Ca2(Mg, Fe 2+).i(Al, FeH, 
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R. 2 R . •S 
Quartz - -
Per1h i1e 6o .o 70.7 
Nepheline 15.6 

}•8.o Soda lite 4 . 4 
Piagioclase - -
Amphibole 19.3 9 .4 
Pyroxene - -
Biotite - -
lron ore 0 . 7 1.9 
Apatite Tr -
Others - -

• Plus a lteration products. 
1' Approximate modes o nly. 
Tr- Trace amoun t. 

U11dersat11rated Rocks. 

R. 1 s. R . 133 M icrofoyaites 

R.17 R.20 
- -

SS. 7 62.8 
7.1 13. I 
1.6 5 . 5 
8.3 -

25.6 . 17 .8 
0.5 -
- -
0. 7 - o :'8 
0.5 Tr 
- -

TABLE I. Modal analyses of Marangudzi rocks, (volume %) 

R.26 R.28t R.31 

- - -
S4 · 2 45 72 .0 

} 5 8* }40* } o• 
17.9 - 7.6 
21. I 9 12.8 
- 3 I.I 

- 2 -
0.3 I I .5 
0 . 7 Tr 0 .5 

- - -

R .76 R .133 R.174t R.183 R.226 R.1 6 R . 21 R.141 R .177 R.439 
- - - - - 17 . 2 Tr. 6.8 8.6 3.6 Quartz 
69 . 3 73 . 2 6s .6 6s.1 65.2 50.6 64 . 6 81. 7 79.2 73.4 Perth ire 

} 8 . 1• }8 .1 } J.4* }11.0 }27 . 7 
- - - - - Nepheline 
- - - - - Soda li te 

6.8 3.5 IS· 3 - 0.4 12. I 17.6 - - 7.4 Plagioclase 
12.8 14.0 7.9 15 . 1 6.7 17 . 6 16.0 ILi II . 3 10 .7 Amphibole 
I. 7 - 3 .8 - - - - - - - Pyroxene 

- - 3 .0 - - I. 3 0.3 - - o . 6 lliotite 
o.8 o.6 0.7 - - I. 2 I. 5 0.3 0. 4 3 .8 Iron ore 
0.5 - 0 . 3 - - Tr Tr Tr T r Tr Apatite 
- - - 2 . 2 - - - - 0 . 5 0.5 Others 

K<•y to tables 
o''l'TSlllllr(l/('(/ Rocks. 
R. 16, R.21 , R.439 Porph~rit ic quartz syenites }Marangudz· o mplex s Rhodesia 
R.141 , R .t77 Quanzsyen1tes •c • · · 

R .2, R .20, R .183 and R . 226 Foyai1csl 
R. 17 Plagioclase-bearing foyaite 

R. 26, R.3 1, R.76 Pulaskites Marangudzi Complex, S. Rhodcsi<>. 
R.28 Ju vite 

The amph iboles from each of the above rocks are identified by the respective numbers 
with th e prefix A. 

R . 131 Pseudoleucite-bearing tinguaite 
R. 174 Ncpheline monzonitc 

tv 
\0 
tv 

0 
~ 
tii 

::r: m 
8 
m 

~ 
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Ti)Si uA IP d OH , F, Clh. Solid so lution within the hastingsite group can be 
considered in term of the four end member : pargasite. aCa2 Mg1AlSiuAl20 22 
(OH)z. ferropargasite. aCa2 Fc~ · AISi 6Al 20 22(0H)z, ha tingsite. aCa2Mg~ 
Fe:i SiuAl 20 t2(0H)i, and ferrohastingsite. NaCa2Fe~~ fe:i Si 6Al20 2z{O H)2• 

Bil lings (1928) subdivided the hastingsite group on the basis of molecular 
proportion of FeO MgO. Magnesiohastingsite, femaghastingsite. and ferro
hasting iteweredcfinedashavingFeO MgOratiosof respectively ~: ~ 2; 2. 
Boric) and Frost ( 1963) subdivided hasting itcs on the basis of Fe 2 x 100 
(Fc 2 •+ Mg) and gave the limits for magne io-, fcmag-, and ferro-hasting ite as 
respecti vely o to 35, 35 to 65. and 65 to 100. Marangudzi hastingsites have 
relati vely high Mn content and this has been included with Fe 2 • to give the 
ratio (Fe 2++ Mn) x 1oo '(Fe 2 · + Mn + Mg). 

Ca/c11/a1io11 of a111pliibolefor111u/ae. One amphibole formula unit (there arc two 
in the unit cell) contai ns a total of 24 anions, 22(0) and 2(0H , F. Cl). In the 
calculation of formulae from chemical ana lyses it is usual to recalculate the 
atom ic proportions of the cations to 24(0, OH. F, Cl). It is well known that 
the chemical determination of 1-1 20 + (combined water) and F are often imprecise 
and. in many ca es, inaccurate. By recalculating an analysis to 24 anion this 
pos ible error is extended to the whole analysis, i.e. if H20 + and F are under
estimated cation numbers will be high and if H20 + and Fare overestimated 
they wi ll be low. To get over thi s problem many people recalculate analyses 
on an anhydrous basis i.e. to 23(0). Phillips ( 1963) has criticized this procedure 
as it neglects the oxyamphibole type of substitution (where 0 replace OH and 
Fe3 replaces Fe 2 ' ). Binns ( 1965), however, considers it better to recalculate 
to 23(0); from knowledge of unit cell dimensions he shows that the calculated 
density usuall y agrees with the determined density much closer for recalculation 
to 23(0) than for recalculation to 24 anions. It is important to realise that for 
an amphibole with exactly 22(0) and 2(0H. F, Cl) in its formula, recalculations 
to 23(0) and to 24 anions give identical cation numbers. However, as (OH. F. Cl) 
deviates from two atoms so will the 23(0) cation numbers differ from those 
obtained by the 24 anion calcu lation. It is, therefore, misleading to compare 
directl y amphibole form ulae that have been calculated by the two different 
method . 

Marangudzi amphibole analyses have been recalculated to both 24 anions 
(table Ill , upper half) and 23(0) (table Ill , lower half) and it is interesting to 
note the numerical differences in cation numbers obtained for both calcu lations. 
For all amphiboles except A. 28 and A. 174 the (OH . F. Cl) group totals 
between 1 .80 and 2.15; therefore these amphiboles show close agreement for 
the two sets of cation numbers. A. 28 and A. 174 have (O H, F, Cl) totalling 
1.38 and 1.21 respectively and this deviation from two introduces considerable 
differences between the cation numbers ca lculated by the two different methods. 
Owing to the restricted amount of separated minerals it was not possible to 
make precise determinations for H20 + on these two amphiboles and it eems 
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likely that the low totals for (OH, F , Cl) are due to H20 + being underestima ted. 
Under these circumstances formulae recalculated to 23(0) should be more 
reliable than those recalculated to 24 anions and the diagrams and discussion 
in thi s paper refer to the 23(0) formulae (table ITI , lower half) . 

Chemistrr o.f the amphibo/es. Eighteen a mphiboles from Marangudzi rocks have 
been analysed, thirteen from undersa turated rocks and five from oversaturated 
rocks a nd the analyses are given in ta ble 11. Five of these analyses (A . 2. A. 15, 
A. 20, A. 76, a nd A. 131 ) have been published by Borley and Frost ( 1963). 
Owing to confusion over its sample number the analysis of the amphibo le from 
undersaturated rock R. 13 1 was attributed by Sorley and Frost to the quartz 
syenite R. 141. The analysis of the amphibole that does come from R. 141 is 
given in this paper and when the a nalyses of A. 131 a nd A. 141 a re compared 
it is quite clear that A.131 comes from a n undersa turated rock a nd A. 141 
from an oversaturated rock. 

The chemical d ata show that there is a distinct difference in compositio n 
between the amphiboles from under- and oversaturated rock types. It is therefore 
convenient to discuss their form ulae separately. 

The Z Croup contains the te trahedrally co-ordinated 1 ions Si ·h- (0-42 A) a nd 
AP ' (0.51 ), and where Si + Al is less than eight atoms it is assumed that Ti 1- (0.68) 
makes up the deficiency. In the undersaturated-rock amphiboles Si varies from 
5.65 to 6.02 atoms, which is lower than the theoretical hastingsite formula , and 
this will be discussed later in the paper. The oversaturated rock amphiboles 
have higher Si, varying from 6.34 to 6.53 atoms, and lower Al than the above 
types. 

The Y group contains the ions Fe 2"(0.74 A), M g2 ;(0.66), Mn 2 · (0.80), 
Fe:J · (o .64), AP" , and Ti ·' • a ll in six-fold co-ordination. This group should 
contain a total of fi ve atoms as required by the ideal hastings ite formula. The 
undersaturated-rock amphiboles have total s for Y group atoms of s lightly less 
than five and vary from 4.84 (A. 17) to 4.98 (A. 28). The ideal hastingsite formula 
requires four atoms of (Fe 2 · , Mn, Mg) and one atom of (Fe:i+, Al , Ti). In the 
undersaturated-rock a mphiboles (FeH, Mg, Mn) totals less than four and 
varies from 3.54 (A. 133) to 3.97 (A. 13 1 ). Fe 2

' shows a considerable range 
from 2. 18 (A. 17) to 3.25 (A. 15) and Mg shows a corresponding decrease in 
amount. Mn is subordinate and increases with increasing Fe 2 • but at a more 
rapid rate ; thus the ratio Fe2+/ Mn decreases with increasing Fe 2 ' (ta ble I ll , 
fig. 1 h). The (Fe:1 • , Al , Ti) group usually totals more than one atom a nd its 
maximum is 1 .38 atoms in A. 133. 

The oversaturated-rock amphiboles all contain an excess over five atoms in 
the Y group; the maximum is 5.25 in A. 439. As there is a deficiency of atoms 
in the AX group for these amphiboles it is reasonable to assume that the excess 
could enter the X group replacing Ca (e.g. as in cummingtonites)- this will be 

' Lonie radii given in this paper are all for six-fold co-ordination and are taken from 
Ahrens (1952) 



TABLE II. Analyses and optical properties of Marangudzi hastingsites 

Nos. A.2 to A.226 are from undersaturated rocks, A. 16 to A.439 from oversaturated. Key to the localities, see Table I 

A.2* A.15• A.17t A . 20• A.26t A.28t A.31 t A.76• A . 131* , A .I JJt A . 174j A.183j A.226t A.16t A.2 1t A.141 t A.177t A.439y 
SiO, 37. 34 36. 80 J6.98 36.73 36.91 J6.44 37 . 71 37 . 48 37.oS 36. 64 J6.59 36 9'> 35 . 52 40 . 26 40.30 Jn~ 40 . 29 40.15 SiO, 
TiO, I. 12 0.96 I . 71 1.56 1.95 2.04 3 04 2 .63 0.89 I. 35 2.81 I. 18 0.92 2 .08 1.66 1.83 I . 70 TiO, 
Al,O, 10.92 10. 15 13.43 12.oS I J.31 13. 58 11 . 25 11. 74 11. 77 13 . 16 14 . 51 12 .18 13. 13 ::~i 8 . 05 7. 75 7.01 8.94 Al,O, 

~:8'· 7 .08 7. 58 6.63 5.69 6.31 5.03 5.54 5.21 s .82 8 . 26 5 .0 5 8.01 8 . di 5.67 5.18 s . 52 4.71 Fe,O, 
20.40 23 . 74 16.6o 21.43 17.94 17.32 19.50 19. 16 22.02 18. 34 1 6.9~ 19 . 25 18. 32 22. r6 19. 75 27 . 16 27.19 21 .38 FeO 

MnO 0.94 I. 57 0 . 58 0.90 0.63 0 . 34 0.63 0.78 I. 33 0.85 0.38 0.95 1.57 0 .63 0.70 0 . 81 0.80 0.61 MnO 
MgO 4 . 30 1.95 5 . 71 3. 73 5.62 6.89 5.35 5.58 3.46 4.27 6.35 3 . 74 4. 0~ 5 . 22 6.94 2. 22 2. 11 6 . 6o MgO 
CaO 10. 90 10 . 22 11.69 10. 78 11.09 11 .90 11.02 11. 27 10.94 10 . 72 11.75 10 .88 10. 77 10.41 II .00 9.43 9.60 9.72 Cao 
Na, O 2 87 2.94 2.39 2.68 2.47 1. 76 2.29 2.25 2.54 2.63 2.09 2.56 2. 57 2. 13 2. JO 2. 16 2.19 I .94 Na , O 
K,O 2.00 1.88 2.06 2.J6 2. 21 2.46 2.08 2.15 2 07 2.04 2. 25 2.0~ 2.09 I. 25 1.54 I. 43 1.40 I . 42 K,O 
H ,0 + I .OJ 0 98 0.81 1.06 0.82 0.45 o.88 0.82 0 . 87 I .03 0 . 40 0 .94 0.79 0.52 o. 59 0.94 1.04 0.65 ~,o + 
F I. 51 2 .06 2.6 I. 57 2.0 1.8 1.9 ~: ~i 1.94 2 . 1 1.6 2.2 2.4 2.5 2 . 5 2 . 2 I. 7 2.8 
Cl 0.10 o 05 - 0 . 08 - - - 0.14 - - - - - - - - - C l 

100.51 100.88 101.19 100.65 101 . 26 100.01 10 1. 19 IOI .07 100.87 10 1. 39 I0?,78 100 . 89 101.35 100.96 100.80 100.99 100.68 100.62 
Less Less 

Q : F,CI o .66 o.88 1.10 o.68 0.84 0 .80 0 .80 0 . 82 0 . 85 0.90 op 0.9? 1 .00 ( .oo 1.0::> 0.90 0 .70 1.20 O !!! F,CI 
Toial 99.85 100.0::> 100.09 99 .97 100.42 99 . 21 100.39 . 100.25 100.02 ioo . 49 100.03 99.99 100.35 99.96 99.80 100.09 99 .98 99.42 Total 

" 1. 701 1 , 710 - 1.692 1.696 I. 702 I. 696 I. 700 - - - - - - I . 689 I. 708 1 .706 1.692 " 

Pleochro;sm Pleochroism 
pale pale pale pale pale pale pa'e pale - pale pale pale pale pale pale pale pale pale " straw straw straw straw yellow brown brown brown straw yellow- straw straw brown- yellow yellow yellow yel low 

brown green 
fJ yellow- blue- yellow- brownish brown- brown green- green- - yellow- green· yellow· oli ve- brown- yellow- yellow· yellow- yellow- fJ 

green green green green green brown brown green brown green green green green green green green 

y deep deep deep deep deep deep very deep - deep deep deep deep brown deep deep brown- deep 1' 
green bluish brown- green brown- brown deep brown bluish brown bluish bluish brown brown gre.ea o live-

green green with green red- green green green green green green 
brown brown 
tinge 

•Analyst J. S. E. Carmichael (Sorley and Frost, 1963). t Ana lyst C. M . ll. Henderson . 
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T ABLE HI. Analyses recalculated to 24 (0, OH, F, Cl) (upper half) and to 23 uxygen (lower half) 

A.2 A. 15 A.17 A .20 A.26 A .28 A .31 A . 76 A.131 A.133 A. 174 A.183 A.226 A . 16 A .21 A.141 A . 177 A.439 

Si 6.oo 6.oo 5. 78 5.89 5. 79 5. 79 5.95 5.92 5,97 5.17 5. 75 5.88 5.79 6 .37 6.37 6.42 6.54 (1.34 Si 
Al 2.00 1.95 2 . 22 l.11 2.21 2 . 21 2.05 2.08 2.03 2. 23 2. 25 2 . 12 2.21 I .63 1.50 1.48 I .J4 1.66 Al 
Ti - 0.05 - - - - - - - - - - - - 0. 13 0.10 0 . 12 - T i 
z 8.oo 8.oo 8.oo 8 .oo 8 .oo 8.oo 8 .oo 8.oo 8 .oo 8.oo 8.oo 8 .oo 8.oo 8.oo 8 .oo 8.oo 8 .oo 8.oo z 
Al 0 . 07 - 0.25 0.18 0.26 0.33 0.04 0.11 0.20 0.21 0.44 0.17 0.24 0.09 - - - - Al 
Ti 0.13 0 .07 0.20 0.19 0.23 0.24 0.36 0.31 0. II 0.16 0.33 0.14 0.11 0.25 0.06 0.14 0.10 0.20 Ti 
Fe' 0 .85 0.93 0.78 ~:~ 0.75 o .6o o.66 0.62 0.70 0 . 98 o.6o 0.96 0.98 0.54 0.67 0.63 0.67 0.56 Fe' 
Fc1 f 2.74 3.24 2 . 17 2.35 2 . 30 l. S7 2 . 53 2.96 2 .42 2 .23 2.56 2.43 2. 93 2.61 3.67 3 ,69 2.82 Fe! • 
Mn 0. 13 0.22 0.08 0.12 0.08 o.os 0.08 0 . 10 o. 18 0.11 0 .05 0 , 13 0 . 2 1 O.O<) 0.09 0.11 0. II 0.08 Mn 
M11 I .OJ 0.47 1. 33 0.89 1.32 I . 63 I .26 I. 32 o.8a I .00 1.49 0 89 0.97 I .2J I .64 0.54 o.s r I .55 Mg 
y 4 .95 4.93 4.80 4 .95 4.99 5 , IS 4 ,97 4,99 4 ,9 4 . 88 5.14 4 .85 4-94 5.13 5.07 5.09 5.08 5.21 y 
Ca 1.87 1. 79 1.96 1.85 1.87 2.03 1.86 1.91 1.89 1.81 1.98 1.86 1.83 1. 77 1.86 ~:U 1.67 1.64 Ca 
Na 0.89 0.93 0.73 0.83 0.75 0.54 0.70 0.69 0.79 0.80 o.64 0.79 0.79 0.65 0.64 0.69 0.59 Na 

0 K 0.41 0.39 0.41 0 . 49 0.44 0.50 0.42 0.43 0.43 0.41 0.45 0.42 0.42 0.25 ~:i! 0.30 0.29 0.29 K 
AX 3.17 3. II 3.10 3.17 3.o6 3 .07 2.98 3.03 3. II 3.02 3 .07 3.07 3.04 2 .f17 2.61 2. 65 i.52 AX 

~ OH I. 10 1.07 0.84 I. 13 o.86 0.48 0.92 o.86 0.93 1.08 0. 4 1 1.00 0.83 o. SS 0.62 1.01 I . 12 o.6<) OH 
F 0.77 1.o6 I. 28 0.80 0.99 0.90 0.95 0.92 0.99 I .05 0.80 I , II I .20 I. 25 I. 2S I. 13 0.87 1.40 F 
C l 0 .03 0.01 - 0.02 - - - 0.04 0.06 - - - - - - - - C l ?' 
Torul (OH) 1.90 2. 14 2 . 12 J. 9S 1.85 I. 38 I .87 I . 83 1.9 2 .J 3 I, 2 1 2, I I 2 .03 I .80 I .87 2.14 J.99 2 .09 To1al (011) :r: 
Si 5.98 6 . 02 5. 79 5.89 5 . 78 5. 71 5.93 5.90 5.96 s. 79 5.65 5.90 5.79 6.u 6.35 6.44 6.53 6.35 Si m 
Al 2.02 1.96 2 .l. l l..ll 2.22 2.29 2.07 2.1 0 1.04 l.:ll 1 . 35 2. 10 2 . 21 I. 1.50 1.48 I ,34 1.65 Al z 
Ti - 0.02 - - - - - - - - - - 0.15 o.o8 0.13 - Ti 0 
z 8.oo 8.oo 8 .oo 8 .oo 8.oo 8 .oo 8 . oo 8.oo 8 .oo 8 .oo 8 .oo 8.oo 8.oo 8.oo 8.oo 8.oo 8 .oo 8.oo z ('Tl 

Al 0 .04 - 0.27 0.17 0.23 0.22 0.01 0.07 0.19 0.24 0.30 0.19 0.25 o.o6 - - - 0.02 Al ;:o 
(I> 

Ti 0.14 0.10 0.20 0.19 0.23 0.24 0.36 O.JI 0.11 0.16 0.33 0.14 0.11 0.25 0.04 0.17 0.09 0.20 Ti 0 Fe.a • 0.85 0.93 0.78 0.69 0.74 0.59 o.66 0.62 0.70 0.98 0.59 o .9b 0.98 o.i4 0.67 0.63 o.68 0.56 Fe' z 
Y' I.OJ I.OJ I. 25 1 .os 1 .20 I.OS I.OJ 1.00 1.00 I. 38 I . 22 1. 29 1.34 o . 5 0 . 71 0.80 o. 77 0.78 Y" 
Fett 2.73 J. 25 2.18 2.87 2.35 2. 27 2.56 2.51 2.96 2.42 2 .20 2.57 2.43 2.92 2.6o 3 . 68 3 .(>Q ~:~a Fe ' 
M n 0.13 0.22 0.08 0.12 0.08 0 os 0.08 0 . 10 o. 18 0. 11 0.05 0. 13 0.21 0.08 0 . 09 0. 1 1 0, 11 Mn 
Mg J .03 0 . 48 1.33 0 .89 1.3 1 I .6J I .26 1.31 0.83 1.01 1.46 0.89 0.97 I. 23 1.63 0.54 o.s r 1.56 Mg 
Y' 3.89 3 9S 3-S9 3.88 3. 74 ! : ~a 

3.90 3.93 J .C)7 3.54 3 . 71 3.i9 3 . 61 oa 4 . 32 4 ,33 4 .31 4 .47 y to 
y 4 .92 4 98 4.84 4 .93 4.94 4 .93 4 93 4 .97 4.92 4 93 4 . 8 4,95 5.0 5.03 5.13 5.08 5.25 y 

Ca 1.87 I. 79 1.96 1.85 1.86 2.00 1.86 1.90 1.89 1.81 1.95 1.86 1.83 I. 76 1.86 1.64 1,67 1.65 Ca 
N:1 0.89 0.93 0.73 0.83 0 .75 0.54 0 70 0 69 0 . 79 0.81 0.63 0.79 0.79 0.65 0.64 o.68 0.69 o.6o Na 
K 0.41 0.39 0 . 41 0.48 0 .44 0.49 0 . 42 0.43 0.43 0.41 0.44 0.42 0.42 0.25 0. 31 0.30 O.lQ 0.29 K 
AX 3 . 17 J. II 3.10 3. 16 3.05 3 03 2.98 3.02 J . II 3.03 J.02 3.07 3.04 2.66 2 . 81 2 .62 2.65 2.54 AX 

(Fe•++ Mn)roo 73.6 87 ·9 62.8 77 . 1 65.0 59 .0 67 . 9 66.7 79.1 7 1.6 60.6 15 . 2 13.2 71 .o 62.3 87.6 88.2 65. 2 (Fe' 1 Mn)100 
Fc''+Mn + Mg Fe' t- Mn I Mg 
Fe• /Fe " 3. 21 3 .48 l . 78 4.19 3. 16 3.82 3.91 4 -09 i·" 2.47 3 . 73 2.67 2.49 5.40 3.87 5 . 83 5.47 5.04 Fe' +/ Fc• 
Fc' •/Mn 21.J 14,9 28.2 23 . 5 27.9 50.5 30.5 24 .3 I • 3 21 .2 43 .9 lO . I II• S 34.8 27.7 33 .2 33.s 34-5 Fe' / Mn 
FcO/MgO FeO/ MgO 

(mole • . ) l .66 6.83 1.63 3. 22 I. 79 1.41 2.05 3.21 5.15 2.41 1.50 2.89 2.51 2.38 1.6o 6.87 7.23 1.82 (mole •.> 
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discussed in detail later. The (Fe2+, Mg, Mn) group contains more than four 
atoms, the maximum being 4-47 (A-439). Fe 2- shows considerable variation 
from 2.60 (A . 21) to 3.69 (A. 177) and Mg shows a corresponding decrease 
from 1.63 (A.2 1) to 0.51 (A.177). Mn increases with increasing Fe2+ but 
Fe 2 ~ 'Mn remains fairly constant (table Ill , fig. 1 h). (Fe:3 • , AL Ti) tota ls Jess 
than one atom and shows a maximum of 0.85 in A. 16. 

Fe 2 • Fe=3 : ratios in both over- and undersaturated rock amphiboles show 
haphazard variation but the ratio is generally higher in the former than in the 
latter. 

The AX group contains the larger cations Ca 2 ' (0.99 A), Na- (0.97), and 
K·· (1.33) in eight- or ten-fold co-ordination. The theoretical formula contains 
three atoms in this group two of which should be Ca. These two atoms are in 
the X group and Na and K enter the A group. 

The undersaturated-rock amphiboles generally have an excess over three 
atoms in this group, the maximum being 3.17 in A. 2. There is some correlation 
of Ca with Na , i.e. as Ca decreases Na increases. K remains fairly constant. 
In most of these amphiboles Na is in considerable excess over K and Na 'K 
ratios vary up to 2. However A. 28 and A. 174 have much lower ratios ( 1.1 and 
1-4) and it is interesting to note that both rocks R .28 and R.174 contain 
especially high K20. R. 28 contains pseudoleucites and R. 174 major amounts 
of biotite. 

ln the oversaturated-rock amphiboles the AX group atoms always total Jess 
than three. A. 21 contains higher Ca than the others but alkalis remain constant. 
Na K ratios are higher than for the undersatu rated rock amphiboles and are 
always greater than 2. 

The (OH) group. It is relevant to discuss the composition of the OH group 
at this stage (see table 111 ). The total is usually near two atoms except for R. 28 
and R. 174. OH is fairly low with a maximum of 1 .13 atoms. On the other hand 
F is high with a maximum of 1 AO atoms. Five of the am phiboles from the 
undersaturated rocks were analysed for CI but very small amounts were found . 
This is surprising, especially for A. 15, which comes from a rock in which the 
dominant feldspathoid is sodalite. 

Comparison with the ideal hastingsite formula 

Amphiboles from the undersaturated rocks have compositions approximating 
to the formula: (Na, K)l.2Cal.9(Fe2 ' , Mn, Mg)3 .8(Fe3+, Al, Ti)uSi5 . 9Al2.1022 

(OH, F, Clh. The main deviation from the ideal hast ingsite formula is in the 
high total alkali content and in the deficiency of divalent atoms in the Y group 
from the theoretica l four atoms. This deviation could be attributed to the presence 
of a sma ll amount of the amphibole mboziite, Na2CaFe~ FeJ• Si 6Al 20d0H)2 

(Brock et al., 1964), in solid solution. 
The oversaturated-rock amphiboles deviate considerably from the ideal 
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hastingsite form ula and can be represented by the formula: (Na, K)uCa1 .• ( Fe 2 · , 

Mn, Mg)u(Fe!l · , Al, Ti)0 .8Si<u;Ali;,Od0H, F)2. This composition can be 
described as being a member of the hastingsite-rich end of a solid solution series 
with edenite (NaCa2Mg5Si,A I0 22(0H)2). 

Philli ps ( 1963) has devised a scheme by which the accuracy of amphibole 
analyses and formulae can be checked. He makes several assumptions regarding 
the occupancy of the various lattice sites, some of which seem to be unjustified 
when the Marangudzi amphibo les are investigated in detail. 

He states that a deficiency in Si from six atoms in the Z group suggests 
analytical error. This limit of replacement of Si by Al (and Ti) has been accepted 
by most authors for a considerable time. He suggests that variat ion. from a 
total of five atoms in the Y group of more than 2 % (i.e. ± 0.1 atom) and excess 
of Na, K, Ca in the AX group over three atoms both suggest analytical errors. 
And he recommends that an amph ibole analysis is reliable if it sa tisfies the 
condition [Na]s + (Al]z = (Na]., + (Al] 1 .. In this formula atoms of Na in the A 
group include K and atoms of Al in the Y group include Feh and equivalent 
T i (see Phillips, 1963). 

Amphiboles from Marangudzi undersaturated rocks all have Si less than six 
atoms (except for A . 15). The variation is from 5.65 (A. 174) to 5.98 (A. 2). 
The deficiency in A. 174 is approximately 6 % and is much greater than ana lytical 
error should be. Most published mineral analyses are presumably done by 
classical methods and deficiency of Si is usually attributed to loss of soluble 
Si02 to the R20,1 precipitate. Most of the Marangudzi amphibolcs had Si02 

determined by the usual classical scheme (i.e. two dehydrations) but Si02 on 
two amphiboles was dete rmined by a combined gravimetric and colorimetric 
method (Jeffery and Wilson, 1960). A.17 and A . 133 were determined with two 
dehydrations and A. 17 was repeated with one dehydration; soluble Si02 was 
determined colorimetrica lly on all three filtrates. The soluble Si02 after two 
dehydrations was determined as 0.05 % for A. 17 and 0.06 % for A. 133. Total 
Si02 contents were 37.06 % and 36.64 % respectively. Soluble Si02 in A. 17 
after one dehydration was 1. 71 % and total Si02 was 36.90 %. 

These figures show very close agreement for A. 17 and it seems that as long 
as two dehydrations are carried out the amount of Si02 escaping precipitat ion 
is minute. A check on the accuracy was gained by the ana lysis of W-1 in triplicate. 
The three figures determined were 52.3 1, 52.50 and 52-41 wt. %, an average of 
52-41 %. The recommended value is either 52.64 % (Fleischer and Stevens, 1962) 
or 52.58 % (I ngamells and Suhr, 1963). Dr. L S. E. Carmichael analysed five of 
the Marangudzi amphiboles and his lowest Si content in the formula was 5.89 
atoms for A. 20. It seems that slight deficiency of Si below six atoms (a nd excess 
of Al over two atoms) can occur in the Z group in the amphiboles. The under
saturated rock types in which these amphiboles occur a re all high in Al20a, 
and it seems that the Al 20 ,3 content of the magma and its state of saturation 
play a decisive part in contro ll ing the Si.1AI ratio in the Z group of these arnphi
boles. 



AMPHIBOLES FROM RHODESIA 299 

Amphiboles from Marangudzi undersaturated rocks have high total alkalis 
and Na + K + Ca is in slight excess of three atoms. The maximum content is 
3. 17 in A. 2 and A . 20. This excess is approximately 6 % and is greater than 
analytical error. T he same amphiboles have s light deficiencies in the Y group 
and it seems possible that some Ca is replacing Mg in the Y group. The excess 
of alkalis over one in the A group also seems to balance the excess of Al in the 
Z group. In the oversaturated rock a mphiboles the Y group atoms total more 
than five . As these amphiboles have AX less than three atoms it is likely that 
this excess may enter the X group replacing Ca (as in cummingtonite) and this 
is substantiated below. lt is likely that Y group elements will enter the X group 
in the order of preference Mn, Fe2 1 , Mg (Ghose, 1965). 

When the reliability of the amphibole analyses is checked according to 
Phillips ' ( 1963) method (i.e. [Na)s + [Al)r. = [Na].1 + [Al]..) it is found that the 
undersaturated-rock amphiboles satisfy this condition very closely (table IV). 
This is so even though Al > 2 in Z and Na + K > i in A. It therefore seems 
reasonable to accept these departures from the ideal formula as being real and 
not due to analytical error. l n the oversaturated-rock amphiboles this condition 
is not satisfied because of the excess of Y group atoms over five. However, when 
this excess is added to the X group (as in cummingtonite) and the formulae 
recalculated the condition is seen to be closely satisfied (table IV). lt is therefore 
reasonable to conclude that this excess of Y group atoms is replacing Ca in 
the X group. 

A . 2 
A . 15 
A.17 
A . 20 
A.26 
A. 28 
A.3 1 
A . 1<> 

T ABLE IV Formulae recalculated 10 show correspondence of 
[NaJ,1 + [A l]i· with [Na]x + [Al]7. 

INaJ..i [A l) \' [N;i].\·. [Allx [Na J..1- [AIJi · [NaJx · [Allx IN<tl. t IA l)i· 

2 . 16 2 . 15 A. 13 1 2 , I S .2. 15 A . 177 I , 52 
l. 17 1, 17 A. 133 2 . 4 1 2 .41 A.439 I . 5 1 
2. 23 2 . 25 ~::~; 2 . 41 .2.40 
i . 17 2. 26 2 . 24 l. 25 A . 16* I . 84 
2. J6 l.37 A.HI> 2.38 l. 38 A.1 1* I . 60 
l . 28 2. 29 A.16 I. 76 1.90 A . 141• 1.72 
2 . 22 2 . 2 1 A . 2l I .56 I . 64 A.177 • 1.60 
2 . 21 2 . 20 A . 14 1 I. 59 I .84 A .439• I. 76 

• Rcc:.dcukncd after addition o f excess ions it\ Y grot1p to X grOUl) . 

INaJx IAl]x 

I .67 
1 .0 0 

1.82 
1.60 
I . 7 1 
I .jC) 
I . 7~ 

Petrological considerations. It has been shown that there are considerable 
differences in composition between amphiboles from the Marangudzi silica 
over- and undersaturated rocks. The principal differences are in the lower Si , 
higher Al , higher Na+ K , and slightly higher Ca of the undersaturated-rock 
amphiboles. These differences reflect the main variations in major element 
composition between the two rock series. 

Iron enrichment in a differentiated series of mafic minerals has been well 
established (e.g. Skaergaard pyroxenes). For a genetically related series of 
amphiboles those from early formed rocks should have smaller values for an 
iron-enrichment function of the type 10o(Fe2 " + Mn)/(Fe2 1 + Mn + Mg) than 
those from progressively later-formed rocks. In the Marangudzi undersaturated 
rock s a differentiated suite of syenites from nepheline-monzonite- pulaskite-
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foyaite- microfoyaite can be identified from their mineralogy, their major a nd 
trace element composition (Henderson, in preparation}, and their order of 
int rusion (Rees, 1960 ; Gifford, 1961). The a mphiboles from this rock series 
show increasing values fo r the iron-enrichment function (table Ill ). Juvitic 
nepheline syenites do not fit into this differentiated rock series but their 
minera logy and chemistry show them to be of early fo rmation even tho ugh 
field evidence shows them to be of late intrusion. Their early formation is 
confirmed by A. 28 having the lowest value for the iron-enrichment function. 

Variations in the concentration of other elements are well shown by plotting 
numbers of atoms against 1oo(Fe 2++ Mn)/(Fe2++ Mn + Mg). Fig. 1 shows the 
variat ion of Si, Al, Ca , Na, K, Ti, Mn, and Fe2+/Mn. The differences in composi
tion between amphiboles from over- and undersaturated rocks are well shown 
for Si, Al, Ca, Na, and K. The undersaturated-rock amphiboles show fair ly 
regular increase of Si, Na, and Mn and decrease of A l, Ca, Ti , and Fe2 1 / Mn 
with .increase in 1 oo(Fe2+ + M n)/(Fe 2+ + Mn + Mg) (i.e. with differentiation) 
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FtG. 1. Variation of Si, Al, Ca, Na, K, Ti, Mn, and Fe2 • /Mn with the iron enrichment 
function (Fe~- + Mn) x 100/(Fe~+ +Mn+ Mg). • Hastingsites from Marangudzi 
undersaturated rocks, + hastingsites from Marangudzi oversaturated rocks. The dotted 
lines show the approximate trends of composition within the undersaturated rock 
hastingsites. 
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whilst K remains fa irl y constant. These variations are similar to those occuring 
in silicate magmas during differentiat ion. The ove rsa turated rock amphiboles 
show little sensible variation for any of these elements. 

Substitution of Fet+ for Mg has been used as a basis of cla sifica tion for 
hastingsites (Billings, 1928; Borley and Frost. 1963). A differen tiated suite of 
hastingsite could, therefore, show va riation from magnesio- to femag- to 
fe rrohasting ites. Amphiboles from Marangudzi over- and undersa turated 
rocks show imilar ranges in 1oo( Feh+ Mn) '(Fe2 - + Mn + Mg): 62.3 88.2 for 
the former and 59.0- 87.9 for the la tter. Both se ries, therefore , range from femag
to ferrohastingsites. 

Other series of genetically related hastingsites have been de cribed from the 
metamorpho ed calc-alkaline Adirondack granites (Buddington and Leona rd, 
1953) and from the alkaline Nigerian granite (Borley and Fro t, 1963). 
Adirondack hastingsites have va lues for roo(Feh + Mn) (Fe 2 ' + Mn + Mg) 
va rying from 54. 1- 87.8, a similar range to Marangudzi amphiboles. However, 
Nigerian hastingsites have a higher range of values for this function and va ry 
from 69.5- 95.7. Marangudzi oversa turated-rock amphiboles are ve ry similar 
in composition to those from Nigeria but contain slightly higher Si and lower 
Al than tho e from Adirondacks. However, Marangudzi under aturated-rock 
amphiboles contain lower Si , higher Al , higher Na + K, and slightly higher Ca 
than amphiboles from the Adirondack and Nigerian gra nites. The Marangudzi 
undersaturated-rock amphiboles, therefore, show the same differences in 
composition from amphiboles from the oversa turated rocks of Mara ngudzi, 
Adirondacks, and Nigeria . 

Colour of 0111phiholes. Over a period of years many authors have con idered 
the relationshi p between the colou r and chemical composition of hornblendes. 
Barnes ( 1930) heated common green hornblende at 800 C and transformed it 
to brown hornblende with almost complete ox idation of Fen to Fea · and loss 
of H (as H20) from the hydroxyl group. By reheating in an a tm osphere of H 
he was able to reverse this reacti on. In this case the colour was shown to be 
dependent on the oxidation state of the Fe; however in most natural hornblendes 
(including oxyhornblendes) the Fe2- Fe~ - is much higher than in Barnes· 
heated variety. The effect of oxidation state of iron on colour might therefore 
be less in natural mineral s. Deer ( 1950) described phenocrysts of brown horn
blende with rims of green hornblende from Glen Ti lt appinites. G roundmass 
green hornblende was present as smaller grains and was the same composition 
as the rims of the phenocrysts. The green hornblende was found lo have higher 
Si and lower Al, Ti , and Fe 2 Fe=l · ratio than the brown variety. 

Seit aari ( 1953) correlated the blue-green colour of some hornblendes with 
their high Fe:l Fe2 · ratios and high H20 + contents. Wilkin on ( 1961) 
suggested that the brown mineral barkevek ite was similar in its chemical 
composit ion to Ti0 2-poor green and blue-green hastingsites. However, Berley 
and Frost ( 1963) point out th;\t some brown barkevekites have lower Ti02 
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contents than green hastingsites. The only difference in chemical composition 
seems to be that of deficiency of H20 + in barkevekites. Whether this is rea l 
or denotes analytical error is not clear. The major factors affecting the colour 
of barkevekites and hastingsites are complex and are not yet understood. 

Binns (1965) showed that hornblendes from a series of metamorphic rocks 
change colour from bluish-green to deep brown varieties with increase in meta
morphic grade. He correlated the change in colour with the content of Fe3+ and 
T i in the minerals. Thus increasing Ti and decreasing Fe3+ accompany colour 
changes from blue-green to brown. 
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F1G. 2. Variation of Feh with Ti and its relation to colour in the amphiboles. • Hastingsites 
from Marangudzi undersaturated rocks, • hastingsites from Marangudzi oversaturated 
rocks. 

Marangudzi hastingsites from undersaturated rocks show decreasing Ti with 
differentiation. This is accompanied by a change in colour from brown in 
early formed varieties to blue-green in late formed varieties. This relationship 
is well seen in fig. 2. There is no relationship between colour and Fe2+/ Fe3+ 
ratio. The amphiboles from the oversaturated rocks show little variation in Ti 
and are a ll coloured brown-green. 

In this series of genetically related hastingsites the colour change can be 
related to variation in their content of Ti and Fe3+; it seems that high Fe3+ 
(relative to Ti) can be correlated with green or blue-green colours and high Ti 
(relative to Fe3+) with brown to red-brown colours. The actual mechanism 
controlling the colour variation must be complex and may be associated with 
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the presence of Ti:J+ ions or charge transfer between Ti and Fe ions. How
ever, this is merely speculation and is outside the scope of the present paper. 

The amphiboles with strong brown pleochroism (e.g. A. 31 and A. 174) 
could be called barkevekites, but it is preferable to refer to the whole series of 
Marangudzi amphiboles as members of the hastingsite group. Extensive varia
tion in chemical composition occurs in this series of amphiboles and variation 
of only one element (e.g. Ti) does not warrant a separate name for individual 
amphiboles. 
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of this paper. This research work was begun in the Geology Department, Imperial College 
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Appendix gi1·ing analy tical methods. The analysed amphiboles were separated from crushed 
and sieved material of mesh size - 80 to + 120. fnitial separation was made using the Frantz 
lsodynamic Separator, followed by centrifuging in Clerici solution. Fina l purification was 
made by hand picking under a binocular microscope. The separated minerals were mounted 
in an oil of similar refractive index to the mineral and purity was determined by counting 
grains. All samples except A. 28 and A. 174 were found to be greater than 99·5 % pure; 
A. 28 and A. 174 were found to be approximately 98 % pure with diopside pyroxene as the 
main impurity. 

Classical gravimetric analysis was used in the determination of Si02 , R 20 3 , CaO, and MgO 
for all except two amphiboles. For these Si02 was determined by a combined gravimetric 
and colorimetric method (Jeffery and Wilson, 1960) and R20," CaO, and MgO determined 
in the usual gravimetric way. Colorimetric methods were used to determine Ti02 and MnO, 
and alkalis were determined on the flame photometer. Total iron was determined by titration 
with stannous chloride, and FeO by the ammonium metavanadate method. H 20 + was 
determined by fusing the sample with a mixture of lead oxide and lead chromate. The water 
was condensed on the sides of a test-tube and collected on a weighed piece of filter paper. 
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For amphiboles A. 28 and A. 174 only a little material was available for determination of 
H20 + and the results are, therefore, thought to be imprecise. F was determined by emission 
spectrography by measuring the intensity of the CaF bandhead at 5 291 A; chemically 
analysed amphiboles were used as standards; precision is thought to be in the region of 
± 15- 20 % . 



Redox behaviour of amosite 

w. E. ADDISON and J. H. SHARP* 

(Chemistry Department, University of Nottingham) 

S11111111m·y. The oxidation of amosite (fibrous grunerite, Fe~.:;Mg1 •• Si80 22(0H)2) proceed:. 
by a combination of the reactions (A) 4 Fe2

- + 4 O H + Oi _. 4 Fe3 + 4 0 2 + 2 H20 and 
( B) 4 Fe 2 + 0 2 -+ 4 Fe3 + 2 o~ . which were proposed by Addison et al. ( 1962a) to describe 
the oxidation of the related amphibole, crocidolite, and by Hodgson. Freeman, and Taylor 
( 1965b) in the case of amosi te. The extent of reaction (A) does not increase beyond 550 C, 
whereas that of reaction ( B) increases with increasing temperat ure. Reaction (A) is probably 
limited by magnesium block ing of the electron-transfer process rat her than by lack of hydroxyl 
groups. 

When fresh or oxidized amosite is heated in hydrogen at 500 to 600 C, reduction of iron( I LI ) 
to iron( I I } occurs, but no iron(o) is produced as in the case of c rocidolite. ft is suggested that 
reduction occurs by combination of the reactions (C) 4 Fca + 4 0 2 + 2 H 2 -+ 4 Fe2 + 
40H and (D) 4 Fe3- + 2 0 2 + 2 H 2 ...... 4 Fe2 + 2 H20. which arc the converse of reactions 
(A) and ( B) respectively. The water formed during the reduction of oxidized amositc is 
probably produced by reaction (D) rather than from breakdown of the amphibole. 

Fun her discussion of the oxidation of crocidolite below 500 C is included; there is general 
agreement between the investigations of Addison er al. ( 1962a, b) and Hodgson, Freeman, 
and Taylor (1965a), a lthough minor difTerences are discussed. 

AMOS lTE (Fe5 .5MguSi80 2tCOH)2 approx.) is the fibrous form of theamphibo lc 
grunerite, a nd is of commercia l importance as a fo rm of asbestos. T he oxidation , 
reduction , and therma l decomposition of two fibrous amphiboles, crocidolite 
and amosite, have been the subjects of several recent papers (Addison er al .. 
t 962a, b, c; Hodgson er al., t 965a, b; Hodgson. 1965; Patterson, 1965; Patterson 
and O 'Connor, 1966). The a uthors of these papers are in general agreement with 
respect to the experimental observations and their interpretation, except for a 
few relatively minor points, some of which are discussed below. 

It has been shown that when amosite (Hodgson, Freeman, and Taylor, 1965b) 
or crocidolite (Addison et al., 1962a, b; Hodgson et al., 1965a) is heated in air 
or oxygen, three reactions ca n occur. These a re summa rized by the eq uations: 

(Al 4Fe2 1 +4 0H + 0 2 = 4Fea • + 402 + 2 H20 , 
(Bl 4Fe2 • 0 2 = 4Fe3 + 2 0~ , and 
(El 4 OH- 2 0 2+ + 2 H~O. 

Hodgson, Freeman, and Taylo r ( 1965b) have proposed the terms "dehydro
genation' ' and "oxygenation"' for reactions (A) and (B) respectively. Dehydro
genation occurs at lower temperatures then dehydroxylation (reaction E) and 
is accompanied by a slight weight loss but results in no breakdown of the 

• Present address: D epartment of Ceramics, University of Sheffield. 
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structure, leading instead to the formation of an oxyamphibole. Oxygenation. 
however, adds anions to the material and is, therefore, accompanied by a weight 
gain. No water is liberated in this process. 

The reduced form of crocidolite after reaction with hydrogen at 450 °C 
appears from X-ray diffraction and infra-red spectroscopy to be an unchanged 
amphibole (Addison et al., 1962c; Hodgson et al., 1965a), yet contains iron in 
an oxidation state lower than two and most probably zero, perhaps concentrated 
near the surface. At higher temperatures the amphibole breaks down with forma
tion of metallic iron and other phases. 

The present paper describes the reactions that occur when amosite is heated 
in oxygen and hydrogen and compares the behaviour with that of crocidolite. 

Experimental methods and results 

The sample of amosite, which was supplied by the Cape Asbestos Company, 
was from Penge, South Africa and is that described by Hodgson et al. (1965b) 
as PRS3. Its chemical analysis and atomic ratios are shown in table I, and 
correspond approximately to the formula (Na, K, Ca, M n)0 .3 Fes.aMg1 .iSi, 
Al)s0 22(0H)2 . Two size fractions were used , viz. fibres approximately 5 cm in 
length. and fiberized material, i.e. after grinding to decrease the fibre length. 

TABLE (. Chemical analysis and atomic ratios for amosite PRS3 

2 3 4 
SiO, 49.8 Si 7.88 7.92 7.88 

{7·99 Al,Oa o.6 Al 0.11 0.05 0.11 
Fe,03 0.4 Fe1 11 0.05 0.06 0.05 
FeO 40.1 Mg I .41 I .45 1.41 ~5.00 MgO 6.o Fe11 5.27 5.30 {3·54 
MnO 0.5 I. 73 
Cao 1.0 Mn 0.07 0.07 0.07 I 
Na;O 0.09 Ca 0.17 0. 15 0.17 f 2.02 
KeO o. 12 Na 0.03 0.03 0.03 
CO; 0.2 K 0.02 0.03 0.02 
H;O · io& 2.0 H 2. 11 1.99 

z 

y 

x 

1. Chemical analysis. H;0 7 10 5 is likely to result in a high value for H (Addison et al., 1962a, 
p. 1468: Hodgson et al., 1965b, p. 462). Analyst, W. Benns. 

2. Atomic ratios calculated from col. 1, based on total 0 = 24. CO; in col. 1 was assumed to 
be produced from Fe0 . 8 Mg3dC03 (Hodgson et al., 1965b, p. 447). 

3. Mean atomic ratios for 10 specimens of amosite from the Penge area (Hodgson et al., 
1965b, p. 447). 

4. A possible allocation of atoms to sites. 

The methods of studying the oxidation and reduction reactions were described 
by Addison et al. (1962a). In each experiment, a weighed sample was treated 
with either oxygen or hydrogen at a fixed temperature and pressure (about 
0.5 atmospheres), usually until apparent equilibrium was reached. T he volume 
of gas sorbed and the amount of water liberated were determined. The reaction 
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of oxygen was studied only with the original amosite, but that of hydrogen was 
studied both with the original amosite and with material that had been oxidized 
in a previous run. The results are listed in table J l. 

The colour of the fibres changed from grey-white to brown on oxidation and 
reverted to grey-white on subseq uent heating in hydrogen. Infrared spectra 
showed the presence of hydroxyl groups in all samples that had been heated 
in hydrogen. 

TABLE fl. Oxidation and reduction of amosite 

Gas Sample Temperature Gas uptake* Fe oxidized Molar water 
( C) (ml./g.) or reducedt yield~: 

(atoms/mole) (mole/mole) 

0 2 amosite (5 cm. lengths) 450 0. 76 o. 13 
o, amosite (5 cm. lengths) 550 4 .00 o.68 
o, amosite (5 cm. lengths) 610 8.08§ I. 38 1.14 
02 amosite (fiberized) 450 4.20 o. 72 
0 2 amosite (fiberized) 550 9.57 I. 63 r.44 
02 amosite (fiberized) 610 16. 19li 2.76 0.82 
H2 amosite (5 cm. lengths) 615 2.06 0. 18 
H2 oxidized amosite 

(fiberized) 550 19.03 I .62 0.45 
H2 oxidized amosite 

(fiberized) 610 40.33 3.43 0.67 

* ml. 0 2 o r H2 at N. T. P./g. amosite. 
t Atoms of Fe oxidized or reduced/mole of amosite, assuming that Fe11 and Fe' 11 are the 

only oxidation states involved, and that 1 " mole' ' of amosite contains the formula weight, 
953. 7. 

t Moles of H20 liberated per mole of 0 2 or H 2 sorbed. 
§After 30 days, reaction apparently complete. 
' After 3 days, reaction not complete. 

Discussion 

Oxidation of amosite. Tt can be seen from the data of table If that the extent of 
oxidation of amosite increases both with increasing temperature and with 
decreasing particle size. T he amounts of water formed during the oxidations 
are in accordance with the proposition (Hodgson et al. , 1965c) that oxidation 
proceeds by a combination of dehydrogenation (reaction A) and oxygenation 
(reaction B) ; a molar water yield of 2.00 is expected from the former process, 
whereas no water is produced by the latter. 

The molar water yield from fiberized amosite oxidized at 550°C was 1.44, 
indicating that 72 % of the oxygen uptake was due to dehydrogenation and 
28 % to oxygenation, whereas at 610°C 41 % was due to dehydrogenation and 
59 % to oxygenation. From these values it may be calculated that, for fiberized 
material, the number of Fe 2+ ions per mole of amosite oxidized through the 
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dehydrogenation reaction is 1. 17 at 550 °C and 1. 13 1 at 61o °C. These figures 
suggest that dehydrogenation reaches a maximum extent, which is independent 
of increasing temperature. On the other hand, the total oxygen uptake and , 
therefore, that due to oxygenation increase with increasing temperature. 

This upper limit to dehydrogenation is not caused by deficiency of iron(ll ) 
or hydroxyl groups. A possible explanation is provided by the magnesium 
blocking hypothesis (Addison et al., 1962a), which is discussed below. 

Reduction of amosite. When fresh amosite was heated in hydrogen at 610 °C 
a slight reaction occurred in which iron( II I) was reduced to iron( II ). In spite of 
the high iron content, the amount of hydrogen reacting was very small. so that 
there is no evidence for the formation of any iron in an oxidation state lower 
than I I, as when crocidolite is heated in hydrogen (Addison and Sharp. 1962c). 

Similarly when oxidized amosite is heated in hydrogen the uptake is about 
that calculated to reduce the iron(lll ) to iron(II), including not only that formed 
in the oxidat ion , but a lso that present initial ly and that produced by fibe r ization. 
rt may seem that the production of water is evidence for a breakdown of the 
amphibole structure, but an alternative explanation is considered more likely. 
It was shown above that oxygenation is more extensive in the oxidation of 
amosite than in that of crocidolite. Just as the reaction (C) 4 Fe:1 ' + 4 0 2- + 
2 H 2 - > 4 Fe2- + 4 O H- is the converse of dehydrogenation (reaction A), so 
the reaction (0) 4 Fea · + 2 0 2 + 2 H 2 -+ 4 Fe 2 

• + 2 H 20 is the converse of 
oxygenation. Reaction (0 ) describes the mechanism by which the additiona l 
oxide ions produced on oxygenation are removed on reduct ion , with the forma
tion of water, and could account for the molar water yields listed in table II. 
These additional oxide ions are present, not in the amphibole structure, but in 
other phases. 

Further discussion of the oxidation of crocidolite 

As stated above, the investigations of the oxidation of crocidolite by Addison 
er al. ( 1962a, b) and by Hodgson et al. (1965a, b) are in good agreement. T here 
are two items of disagreement: Hodgson et al. , suggest, firstly that oxygenation 
does not occur below 600 °C and secondly that Jack of hydroxyl groups, rather 
than magnesium blocking, limits the extent of ox idation at 450 °C in the case 
of the South African specimens that were studied. 

On the basis of careful determinations of the amount of water produced, 
Addison et al. ( 1962a) proposed that oxygenation occurs to a small extent at 
450°C. The molar water yields were a lways around 1.9 whereas reaction (A) 
predicts 2.0; hence it was proposed that further oxidation occurred by reaction 
(B). An oxygen uptake due to oxygenation of about o.6 m l.lg. would account 
for the low molar water yields. Hodgson et al. (1965a), who used different 
techniques, were unable to obtain evidence for this small amount of oxygenation. 

1 This figure would have been slight ly higher had the reaction been allowed to continue 
for more than 3 days. 
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To determine whether oxygenation can occur at 450 °C in the absence of 
dehydrogenation , a sample of crocidolite anhydride was oxidized. It was 
prepared by heating South African crocidolite at 6oo°C in vacuo for 48 hours 
and reacted at 450°C with 1 .98 ml. O /g., which is equ ivalent to 0.33 atoms of 
iron oxidized/mole. No water was produced during the oxidation. Although 
this experiment seems to support the hypothesis that oxygenation of fresh 
crocidolite can occur below 500 °C, it is likely that crocidolite anhydride, which 
must contain many defects, will undergo oxygenation more readily than fresh 
crocidolite. 

The magnesium blocking hypothesis. This hypothesis was proposed by Addison 
et al. ( 1962a) to explain the incomplete oxidation of iron(U) in South African 
crocidolite at 450 °C. It was suggested that oxidation is limited not by lack of 
hydroxyl groups but by the occupation of adjacent M 1 sites by magnesium ions. 
which prevent the transfer of electrons from iron( II) ions in the interior of the 
structure to iron(fll ) ions on the surface, where it is likely that dehydrogenation 
takes place. 

The principal evidence for the hypothesis was the observation that fiberized 
crocidolite (which was partially oxidized during the grinding process) reacted 
with more oxygen than unfiberized crocidolite. Secondly, an inverse relation 
was observed between the uptake of oxygen and the magnesium content of 
three South African crocidolites. However, it has been shown by Hodgson 
et al. ( 1965a) that the dehydrogenation of South African crocidolite proceeds 
until all (or nearly all) hydroxyl groups have reacted and that further reaction 
proceeds by oxygenation. Magnesium blocking may prevent dehydrogenation. 
which involves the migration of electrons, but not oxygenation, which involves 
the migration of ions. lt seems then that fiberized crocidolite may react to a 
greater extent than unfiberized crocidolite because its larger surface area permits 
further oxygenation. 

The oxidation of Bolivian crocidolite, on the other hand, appears to s top at 
450 °C before all hydroxyl groups have been removed (Addi son et al., 1962a). 
T his material has a higher Mg( ll) and lower Fe(fl) content than the South 
African specimens, so that it seems to be a genuine example of dehydrogenation 
prevented by magnesium blocking rather than by lack of hydroxyl groups. 

Hodgson et al. ( 1965b) invoked the hypothesis to account for the relative 
stability to dehydrogenation of amosite, which has a higher magnesium content 
than crocidolite. In crocidolite, however, the M~ sites are mostly occupied by 
sodi um (Whittaker, 1949), whereas they contain mostly iron(ll ) in cumming
tonite (Ghose. 1961 , 1965; Fisher, 1966), and presumably in grunerite and 
a mosite also. Since the iron(l ll) cation is relativel y small, it is unlikely that an 
amphibole containing appreciable quantities of iron( I I I) in the M.1 sites would 
be stable. It is possible, however, that a few ions of iron(lll) could have a 
tran sient existence in M~ sites in order to maintain the electron transfer process. 
To form a complete block, it would be necessary to have either four cations 
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other than iron together in the adjacent M 1 and M, sites or three cations other 
than iron in the M2 and Ma sites, as shown in fig. 1. Ghose ( 1961 , 1965) and 
Fi sher ( 1966) suggest that there is ordering in the cummingtonite- g runerite 
series that favours the concentration of magnesium at M 2 , thereby increasing 
the possibility of three adjacent magnesium ions in the two M 2 a nd the M :l sites. 

This factor, coupled with the considera ble change in crysta l (lattice) energy 
associated with the change in compositi on, make it difficult to generalize about 
the relative ease of ox idation o f crocidolite and amosite. Such considerations, 
however, are of no importance when sa mples of different particle size but of 
the same composition are com pared. The number of atoms of iron( II ) converted 
to iron( lll ) by dehydrogenation of fiberized amosite is much greater than that 
of 5 cm. lengths at all three temperatures investigated . This is in accordance 
with the magnesium-blocking hypothesis, since the process of fiberization 
increases the possibility of electrons released from iron( ll ) ions in the interio r 
of the a mphibole reaching iro n(l ll ) ions on the surface without encountering 
a ny magnesium blocks. 

M~ M~ M~ 

M2* M~ M2 

M1 M1 Mi 

M* :i M3 Ma c -Mi M, M1 

M2* M2 M2 

M~ M., M~ 

F1G. 1. Ribbon of cations in amphibole; M* = cation other than Fe(l I) or Fe( 11 1) (usually Mg). 

The electrical conductivity of crocidolite fall s as Fe( l I) is replaced by Mg(TI) 
(Littler and Williams, 1965). This seems to support the hypothesis since it 
indicates that the probability of t ransfer of an electron from an iron(! O ion in 
the structure to an iron(frl) ion on the surface is reduced by the presence of 
additional magnesium ions. However, the position is more complicated tha n 
the simple hypothesis illustrated in fig. 1 ; a lthough the conduction depends on 
the presence of Fe(II )- Fe(lll ) pairs it does not depend on a continuous series 
of such pairs, since the electron can "jump" around a single magnesium block. 

Finally, it should be emphasized that the hypothesis refers only to the extent 
of dehydrogenat ion and cannot account for the temperature at which the reacti on 
commences. 
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The alkalic amphibole of the Lueshe carbonatite 

By H. J ANS and P. DE BETHU E 

Laboratory for Petrography. 
Louvain University, Belgium 

Summary. Chemical, optical, and X-ray data on this amphibole are reported. 

THIS alkalic amphibole, which has been mentioned in some earlier publications 
under the name of borgniezite, has been recognized in albite- aegirine rocks 
(sometimes with microcline) ; it is sometimes segregated in diffuse bands (meta
somatic veins?). These rocks represent the eastern-country rock of the Lueshe 
carbonatite body in the province of Kivu, in the Republic of Congo, and have 
probably undergone strong alkaline metasomatism. A simi lar amphibole occurs 
exceptionally in the carbonatite itself. (A. Meyer and P. de Bethune, 1960). 
Its analysis and properties are given on p. 313. 

This intermediate amphibole is related to richterites by high Ca-content in 
X, to magnesioriebeckite by vacant places (low A-content), to magnesio
arfvedsonite by its Fe3 •-content in Y. 

The values of the indices are those of an amphibole with a content of Mg of 
about 3 in the formula. The rather low birefringence is common in many 
alkalic amphiboles. The crossed axial plane dispersion or crossite orien tation. 
combined with a rather small optic axial angle, are typical for a transition 
from magnesium-rich to iron-rich alkalic amphiboles. Large extinction angles 
are common in magnesioriebeckites, magnesioarfvedsonites, eckermannite, and 
some richterites. The pleochroism is typical for alkalic amphiboles; the dis
crepancy in orientation between the indicatrix and the absorption axes is 
discussed in the paper by P. de Bethune and H. Jans (1968). Optica lly and 
chemically it can be related to torendrikite, sensu Miyashiro ( 1957). 

We experienced, like many others, difficulty in the determination of optical 
properties, due to strong dispersion , strong absorption , and anomalous extinc
tion. We obtained excellent and clear images (and photographs) by using oi l
immersion objectives and a set of monochromatic interference filters on sections 
selected with the Fedorov stage. In thicker sections the phenomena due to 
biabsorption become very distinct: incomplete extinction of sections perpen
dicular to an optic axis but with appreciable dichroism, polarization phenomena 
without ana lyser and even without both polarizers, epoptic figures . One should 
bear in mind, in all such cases, that the optics of strongly bi-absorbant crysta ls 
are much more complicated than those of transpa rent ones. 
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TABLE. Analysis and properties of an amphibole from the Lueshe carbonatite 

Si02 54.86 Si 7.865} 
Al 20 3 0.74 Al {0.125 Z=7.990 
T i02 0.33 T; 0.035} 
Fe20 3 10.70 Fes+ 1 .154 
FeO 6.07 Fe2+ o.727 Y= 5. 126 
MgO 15.03 Mg 3.210 
MnO 0.22 Mn 0.026} 
Cao 4.74 Ca 0.728 X = 2.ooo 

Na~o 5.09 N {1.246 
a o.168}A- 6 

KzO 0.53 K o.096 - 0.2 4 
HzO+ I. 73 0 22.336} 
HtO- 0.01 OH t .664 24 ·000 

Total 100 .05 

Analyst: Pentti Ojanpera 

Physical properties other than optical: 

Density measured : 3. 12, calculated 3. 11 
Hardness: between 5 and 6 
Clea1'age: { t 10} perfect, (1 10): (1fo)= 

55 , 40'; {OIO} parting frequent 
Crystal faces: { 1 IO} nearly always present, 

(010) frequent 
Crystal habit: elongated prismatical 
Magnetic susceptibility: 7. = 28. 4 . 1 o - 6 

e.m.u. measured by means of the Frantz 
isodynamic separator. This value is in 
excellent agreement with the Vernon 
formula and diagram for iron-bearing 
amphiboles (Amer. Min. 1961, 46, 1141), 
the total of MnO, FeO, and Fe20 3 

(calculated as FeO) amounting in our 
case to 15 . 92 wt. % 

Unit cell: 
Orientation 12/m 

a 9.98 ± 0.04 A 
b 18.07±0.06 A 
c 5 . 33 ± o. 02 A 
fJ I 06 . 8 ~ ± 0 . 4 ° 

Orientation C2/m 
a 9.86 A 
b 18.01 A 
r 5.33 A 
fl 104.3 ~ 

Optical properties 

A. Analysed specimen B. Larger crystals from 
same locality 

cc I .65 1 y I .661 
6 0.010 (Na) 

2 V"' variable (0.A. P. 
.1010), 25 53 

cc I .643 YI .653 
<> 0.010 (Na) 

2 Va 38 ~ blue (0.A.P. 
0 10), nearly uniaxial 
green-yellow, 26 -
30~ red (0.A.P. 
.1010) 

cc: [00 1] cc : [001] 
another 

specimen 
40 (blue 52° 

~ yellow 55 ' 
Lred 58 

-; = b (crossite 
orientation) 

Very strong bisectrix 
dispersion, strong 
horizontal disper
sion, 2 V,·> 2 V" 

(blue 20° 
~ yellow 26 · 
Lred 31° 

45 
49 

fl= b for blue to green
yellow, y= b for 
yellow to red 

Extreme bisectrix dis
persion, striking 
crossed-axial - plane 
dispersion, com
bined with strong 
inclined and hori
zontal dispersion 

Pleochroism related to crystallographic and 
not to indicatrix axes is distinct in pale 
yellow .lb and r, blue green l'c, grayish 
violet I b absorption violet -, blue green ~ · 

yellow 
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On the pleochroic formula of alkali amphiboles 

By P. DE BtrHUNE and H. JA s 

Laboratory for Petrography, 
Louvain University, Belgium 

S11111111ary. The greenish-blue- violet- yellow pleoehroism of these amphiboles should be 

referred to crysta llographic axes and not to the axes of optical symmetry. 

T HE observations reported here relate to a "blue" amphibole, which is briefly 

described in another paper in th is volume (H. Jans and P. de Bethune, 1967). 

The pleochroism of this mineral as seen in thin section varies between tender 

shades of greenish blue, violet, and pale yellow, similar to those of glaucophane; 

some neutral greyish green tints occur also. These three colours fit in the general 

scheme of pleochroism of alkalic amphiboles where three colours are usually 

recognized as, for example: pale yellowish green, blue green , and greyish 

violet; pale yellow, blue green, and violet; pale brownish yellow. deep blue 

green. and deep yellowish green; almost colourless, blue. and purple; etc. 

As one of us recognized quite a number of yea rs ago (P. de Bethune, 1952) 

the colours should not be related to the axes of the indicatrix, as is usual ly 

done, but to three mutually perpendicular absorption axes. Similar observations 

have been made by Murgoci (1922), DeNaeyer (1924), De Roever (1947), Shoda 

( 1956), and Miyashire and Iwasaki ( 1957). It has been known for many years 

(e.g. Laspeyres, 1880), that in crystals of monoclinic or anorthic symmetry the 

absorption axes wi ll not, in genera l, coincide with the axes of the indicatrix ; 

this is fully discussed by Pockels ( 1906), but although referred to by Tutton 

( 1922), it is overlooked in many modern texts on crystal optics. 
The pleochroic scheme in our minerals is: 
Light vibrati ng parallel to the axis of symmetry of the monocl inic crystals, 

h[o 1 o], gives a violet colour. 
Light vibrating parallel to c[oo 1], defined by the inter ecting cleavages, gives a 

greenish blue colour. 
The third axis, perpendicular to b and c and to the hexagonal rings in the 

amphibole chai ns, corresponds to no particular crystallographic axis. Light 

vibrating parallel to this axis undergoes minimal absorption and shows a pale 

yellowish tint or is almost colourless. 
This scheme has been found to be consistently valid, not on ly for the Lueshe 

amphibole, but also for the other examples of blue amphiboles investigated. 

It goes without saying that the coincidence of one absorption axis with the 

[oo 1] crystallographic axis is accidental, as is the zero extinction angle and the 

y( = fl) pleochroism of most biotites. The surfaces for refractive indices and for 
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absorption are only coincident as far as is imposed by symmetry. It is therefore 
natural to a ssign absorption colours to absorption axes and not to indicatrix 
axes as is usually done. A complete analysis, taking these theoretical concepts 
into consideration is beyond the reach of ordinary polarizing equ ipment. The 
following discussion will indicate how the phenomena can be observed under 
the microscope. 

The typical colo urs are those relative to the light-rays vibrating parallel to 
the absorption axes as defined above. In any section taken at random , the two 
rays vibrating along the directions of extinct ion show colours that are a mixture 
of the axial colours. lf we chose a section where the direction of vibrat ion 
coincides with , or approximates to, the axes of absorption, colours typical of 
these axes can be observed. Many such sections may be found in a thin section 
and oriented exactly on the Fedorov stage. This allows the rigorous investigation 
of the three principal sections (fig.). 

The (mo) section contains the absorption axes [om) and [001). The rays 
vibrate parallel to these axes, and the resulting colours are therefore violet 
parallel to [010) and blue-green parallel to [001). 

The basal sections, perpendicular to [001), contain [oIO) and the normal. to 
(100); the rays vibrate parallel to these axes and the resulting colours are there
fore violet parallel to [om] and pale yellow parallel to the normal to (100). 

The (010) sections call for more detailed remark s. These sections contain the 
plane of symmetry of the crystals and two of the principal indices ; they are one 
of the most important sections as far as birefringence is concerned. With regard 
to p leochroism we must distinguish two cases: 

The first case is that of minerals with a small extinct ion angle like glaucophane 
(GI on fig.) , where the rays vibrate nearly parallel to the [001) and 1 (100) 
absorption axes. The colours shown by light vibrat ing along these directions 
differ only very slightly from the colours typical for these axes. The difference 
is hardly noticeable and the discrepancy with the usual way of expressing the 
pleochroic formula is not evident. This explains why the phenomenon wi th 
wh ich we are concerned has escaped general attention . 

In the second case, however, as exemplified by the Lueshe amphibole (L 
on fig.) , the extinction angle is large and the vibration directions have a greater 
inclination to the absorption axes. The colour of light vibrating at an angle to 
these axes will be compounded according to the degree of inclination; the 
result ing colour is a neutral greyish green tint, intermediate between bluish-green 
and pale yellow. In so far as the extinction angle approximates to 45 °, the second 
position of extinction is almost symmetrical and will show nea rly the same tint; 
accordingly, such sections show very little p leochroism, if any, when the section 
is rotated with regard to the polarizer. These (0 10) sections, which are s ignificant 
from other points of view, are thus quite dull, as far as pleochroism is concerned. 
In this second case one cannot therefore place the section with one absorption 
axis a long the polarizer vibration direction and then repeat with the other axial 
direction. These sections are devoid of s ignificance in this connection. 
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Of course, besides the three principal sections described above, we find a full 
array of random sections where the pleochroism varies from somewhat greenish 
pale yellow or somewhat greyish violet to neutral greyish blue-green. 

These observations call for a few general remarks : 

The difficu lty of relating the pleochroic colours of blue amphiboles to the 
principal indices a, fl, and y is well known. The p leochroic formulae tabulated in 
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any textbook of optical mineralogy (e.g. Winchell and Winchell , 195 1) will 

show that there is no coherence between a particular colour a nd a particular 

index ; the colours wander a lmost randomly from one column to the others. 

without any apparent rule. Th is may be partly due o f course to the vaga ries oft he 

optical orien ta tion ; with crossed dispers ion fJ changes even in position according 

to the wavelength. On the contrary, when the colours are related to the absorp
tion axes. as defined here, the discrepancy disappears in every one of the cases 

that we have been able to investigate. 
O ur work has been limited , however, to a few alka li amphiboles on ly. It 

shou ld be extended in order to find out if the expla nation holds in o ther cases. 

The literature is deceptive in this respect, as the colours a re usua lly related to 

the indices. An investiga tion of enough individua l examples of alkali amphiboles 

sho uld be undertaken to find out if this leads to a more coherent pleochroic 
formula fo r this group of minerals. 

Augites a re not pleochroic enough, and more strongly pleochroic mineral s 

such as ho rnblende or aegirine have a small extinction angle, but other groups 

of monoclinic minerals with la rge extinction angles should be investigated with 

this view in mind, in order to find out if the explanation can be generalized. 

If this explanation is found to hold in genera l it would mean that the absorp
tion axes a re unrelated to the indicatrix but are fundamentally related to the 

crystal structure. The pleochroic formula should therefore be expressed with 

regard to this structure rather than with respect to the axes of the optical 

indicatri x. 
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Some aspects of the chemical compositions of nonalkaline 
monoclinic pyroxenes from effusive rocks 

By G. V. G VAKHARIYA 

er. B. rsaxapH51) 

Geological Institute. 
Academy of Sciences of the Georgian SSR. 

Tbilisi, Georgia, U.S.S. R. 

Sw11111nry. Chemica l ana lyses and opt ical da ta are given for pyroxenes (essentia lly diopside
augites} from the effusive rocks of the Georgian SSR. Within a g iven fo rmation, pyroxenes 
occurring as phenocrysts contain less iron than those of the matrix, and where the phenocrys ts 
are zoned, iron contents rise on passing towards the edges of the crystal. The pyroxenes 
first separating from the magma are thus relatively low in iron, but as crystallization proceeds. 
the iron contents increase. The pyroxene compositions also depend on the nature of the 
region in which vulcanism occurred. The alkali contents of those from the geosynclinal regions 
are low or very low, but tend to increase as crystallization proceeds: vulcanism associated 
with the rigid-block substratum, in contrast, yields pyroxenes richer in alkalies. The two 
types of region also differ in the post-volcanic stage of mineralization, and especially in the 
zeolites produced, which are calciferous in the first case, and a lka li-rich in the second. 

A WI DE range of investigations has recently been ca rried out by the author 
and his associates into the pyroxenes that a re so widely and variously repre
sented in the area of the Georgian SSR. Their presence as rock-forming minerals 
i most marked in products of effusive vulcanism, which, in Georgia. began with 
the Midd le Jurassic and, with some intervals. continued well into the Quaternary. 
Dzotsenidze ( 1948) and Skhirtladze ( 1958) were responsible for the petrographic 
study of effusive vulcanism in Georgia; rock-forming pyroxenes and amphiboles 
were studied by Gvakhariya et al. (1965). 

The present paper deals with two specific problems, namely the evolution of 
the pyroxene content within a single lava-flow, and the relations between the 
pyroxene con ten t and the cond itions under which the effusive rocks containing 
it were formed. 

Broadly conceived experimental investigations aimed at relating the optical 
properties of pyroxenes to their compositions do not permit the precise deter
mination of chemical composition by this means. The systems discussed by 
Tomita ( 1934), Hess ( 1949), Veselovskaya (1950), Barth ( 195 1 ), Tsvetkov ( 1951 ). 
Kuno (1955) and others fail to cover the great variety of chemical elemen ts 
taking part in the isomorphous replacements of pyroxenes that significan tly 
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affect their optical properties. 1 Nonetheless, the general pattern of optical 
properties permits the diagnosis of pyroxenes within a given group, and also 
the comparison of the chemical compositions of the various generations within 
a single lava-flow. 

Jn the effusive formations of Georgia, two generations of pyroxenes stand out 
sharply, though this figure must be considerably increased if distinctive zones 
of dissimilar content, as observed here in zonal augites, are treated as separate 
generations. This view is held by some investigators. The two sharply-defined 
generations are macrocrystalline phenocrysts, which have grown freely , and 
microlites of the matrix. 

ln Georgia , mainly in Eocene eruptive products of andesitic-basaltic composi
tion, single crystals of augite frequently attain a size of 2 to 3 cm and very 
interesting coalescent, intumescent, and interpenetrating twins are found. 

Table I gives chemical analyses, optical properties, and atomic ratios for some 
Georgian augites. T he analyses conform essentially with the composition of 
diopside- augite. Analyses 1 to 3 are for phenocrysts of diopside- augite from 
Eocene effusions ; in them (FeO + Fe20~i) is 9 to 1 o % and alka lies are practically 
absent. Analysis 4, also for a diopside- augite from a Middle Eocene effusive 
format ion, is not for a phenocryst but for microlites picked out by electro
magnetic and electrostatic separation after extraction of the phenocrysts, with 
subsequent heavy-liquid separation of monomineralic fractions, which were 
checked by X-ray diffraction. The sum (FeO + Fe20a) is in this case 13.79 %. 
Comparison of analyses 1 to 3 with analysis 4 shows that augites of the matrix, 
when the latter is of the same formation, contain considerably more iron than 
do the augite phenocrysts. 

In the phenocrysts themselves, several generat ions can frequently be dis
tinguished, differ:ng in degree of idiomorphism and colour. In a ll cases 
where measurement of optical constants was possible, idiomorphic grains 
proved less ferruginous than xenomorphic ones. T he following are data from a 
thin section : 

Type of grain 2 V'l i ' : [001] Colour Generation 
fdiomorphic 56 46 Light 1st 
Less idiornorphic 59 ° 48 ° Darker 2nd 
Xenomorphic 62 48 Dark 3rd 

Microscopic study of a large number of thin sections showed that in zoned 
crystals the colour always becomes more intense on passing from the centre to 
the margins, with a pronounced trend towards a rise in refractive indices. In 
one section of a zoned crystal, it proved possible to measure the optical constants: 
the internal zone had 2 V , 52 °, y : [001]42 °, while the outer zone had 2 V y6o 0 , 

/' : ( 00 I )42 °. 
' Petrov, in an editorial footnote to the Russian edit ion of Deer, Howie, and Zussm.an·s 

(1965) handbook, right ly points out that the optical properties of pyroxenes are apparently 
linked with the degree of order in their structures. Study of the phenomena attendant on this 
state will, in the author's view, greatly aid the solution of a number of physico-chemical, 
structural, petrological, and geological problems. 
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TABLE r. Chemical analyses, optical properties, and atomic ratios for some Georgian augites. 
Nos. 1 to 4 from Gvakhariya et al. (1965), anal. V. I. Kobiashvili; no. 5 from Dzotsenidze 

(1948), anal. 0. F. Razmadze; no. 6 from D.S. Belyankin, 191 4. 

I 2 4 5 
SiO, 49.98 48.93 49.24 48. 17 47 . 36 
TiO, 0.55 0 . 60 0.60 o. 79 I. 05 
Al,O, 5 . 14 5.55 3. 8 1 I . 75 2 . 01 

Fe,O, 3.78 5 . 02 4.81 7.73 4.70 
FeO 5.20 3.29 5.82 6.06 7 .94 
MnO 0. 11 0.09 0 . '4 0 . 11 0 . 11 

CaO 20 .68 21. 93 21.54 19.43 20.07 
MgO 13 . 90 14 .i6 13.79 15 . 59 14.76 
K,O traces traces traces t races o.66 
Na,O traces traces traces 0.25 I . 02 

H,0 - 110• 0 . 16 0 . 17 0 . 02 0. 14 0.42 
H ,0 .J. 110 0, 20 0.09 0. 10 0.09 0.08 
Total 99 . 70 99 .93 99.87 I 00. I I 100. 28 

I. 673 I. 698 I. 684 I. 690 
I. 676 

)' I . 702 I. 719 I. 711 I. 716 
"/: (001] 40-44 . 45- 48 . 42- 45 • 42-48 ° 47 ° 
2 Vy 54- 56 ° 55- 64 . 52- 60 ° 50• 58 ° 

0 . 027 
r-n 0.029 0.02 1 0.026 0.026 

No. of io11s i11 terms of 6 oxygen: 

Si I. 851 \ ,,, { 
' '"f 

I .81 I I . 8 I S 

Al o.~49 ~2.oo o.~ l .oo o . ..'..:9 2 . 00 0.08 
r.00 

0.092 2.00 

Fe>+ 0 , I I 0. I 33 
Al 0.075 0 . 054 0.006 
Fe" '" o . 106 I 0. 1371 o. 134 O. I I 0.04 
Ti o. 015 I ~ 0. 0 I 7 0.018 0.025 0 . 03 
Mg 0 . 766 0 . 787 0.768 o.88 0.84 
Fe•+ '·'"(''" 0 "l . 968 , ··r,,, o. 20 2.015 0. I 33 I . 972 
Mn 0.002 0 . 002 0 . 004 

0 "' J Ca 0 . 819 0. 869 0.862 0.78 o. 817 
K 0.032 
Na - ) - ) 0.02 0 . 072 

Mg 4 1. 41 41. 53 39 .49 44 67 45.90 
Fe 14.32 I 2.61 16 . 19 15.74 9.45 
Ca 44 . 27 45. 86 44. 32 39 .59 44.65 

1. Augite from augite-porphyrite. Dagva (Upper Eocene). 
2. Augite from andesite·basalt, Zvare (Middle Eocene). 
3. Augite from globular lavas, Tashiscari (Middle Eocene). 
4. Augite from the augite porphyrite matrix, Mt. Rabat. Akha ltsikhc (M iddle Eocene). 
5. Augite from augite-labradorite porphyrite, Mt. Bakhmaro (Upper Eocene). 
6. Augite from d iabase, Vesha-Tskharo (Middle Jurassic). 

6 
48.21 
0.75 
3. I 7 
3.52 
6.87 
o . l5 

19.24 
15.48 
0. 39 
I . J2 
0. 75 
:2.01 

101. 86 

47-55 ° 

I. 761 0. I 3 I· 99 
0. 10 

0.02 I 
o . 84 I 
0~ 1 J1.92 
o. 75 
0.02 

0.08 

46.67 
11. 66 
41. 67 

All the above data show that magnesium-lime diopside-augites were the 
first to crystallize from the magma, and that they were followed later by augites 
that were progressively richer in iron and apparently in alkalies. As has just 
been seen, this regularity is in evidence in crystal growth as well. 

The second problem that will be discussed here concerns the connection 
between the chemical composition of the pyroxenes and that of the magma, 
taking into account the geological conditions under which the outpouring of 
the latter took place. 

As was shown by Dzotsenidze (1948), vulcanism related to the geosynclinal 
areas (geosyncline of the southern slope of the main Caucasus range, the Adzhara 
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- Trialeti geosyncline) is represented in Georgia by rocks of the calc-alkali series. 
while vulcanism related to the rigid block substratum was in the nature of 
central-type outflows and rich in alkalies. The distinction between these two 
groups of rocks extends to the pyroxenes they contain. Analyses 1 to 4 (table l) 
are for augites of rocks of andesi tic- basaltic composition confined to the 
Adzhara- Trialeti geosyncline; analyses 5 and 6 are for pyroxenes from rocks 
of the transitional zone between the geosynclinal area and the rigid block sub
stratum. l n the former case, pyroxenes are represented by diopside- augites 
in which the presence of alkalies is restricted to traces or to mere decima ls of 
1 %, whereas in pyroxenes of the transitional zone (analyses 5 and 6) the alkali 
contents exceed 1 .5 %. Whi le this does not change the essentially diopsidic 
character of the augites, potassium is nevertheless present in their compositions. 

Gvakhariya et al. (1952), whi le studying the zeolites of Georgia, showed that 
there was a connection between postvolcanic mineralization and the composition 
of the parental lavas. In the one case typica lly calciferous zeolites were found 
such as thomsonite, stilbite, laumontite, and heulandite, and in the other case, 
zeolites rich in sodium (natrolite, analcime). In rocks of the transitional zone 
both types of zeol ites were met with, the ca lciferous zeolites invariably showing 
some content of alkalies. 
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Phase transitions of enstatite in the Earth's mantle 

By Y. A. KIRKINSKll 
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S11111111ar_1" Various models of the mineral composition of the mantle, all of which satisfy 

the geophysical evidence. are considered from the viewpoint of thermodynamic equilibria 

at high temperature and pressures. The reaction of periclase with stishovite to give an ilmenite 

form of MgSi03 is considered and the changes in volume and in isobaric-isothermal potential 

evaluated. Ca lcu lations indicate that this form of MgSi03 is unstable relative 10 periclase 

and s1ishovi1e at depths below 600 to 800 km. They do not support the view that a magnesium 

iron s ilica te with a defec t-NaCl s truc ture occurs in the mantle. Di-positive iron and magne

sium replace each other isomorphously in all layers of the mantle. A sequence of transfo rma

tions in the C-layer is proposed, on the basis of thermodynamic calculations, which accords 

with the geophysical evidence. It is suggested that, in the D-layer. s1ishovi1e occurs in equi

librium with (Mg, Fe)O of either periclase or caesium chloride structure. 

ACCORDING to present views oxygen , silicon, magnesium, and iro n a rc the 

major constituents of the Earth's mantle, the average compositio n of which lies 

between those of forsterite and enstatite with 10 to 20 % faya liteand ferrosilite. 1 

It follows that knowledge of the phase tran itions of en tatite, and al o of 

equilibrium phase relations in the system Mg0- f e0 - Si02 at high temperatures 

and pressures, is necessa ry for a n understa nding of the constitution of the mantle. 

Many hypotheses have been proposed regarding polymorphic tra nsformations 

in the mantle, and particularly in its C-layer, but the nature of the phases pre ent 

under the prevailing high pressures is still not definitely known. 

According to the calculations of Ringwood ( 1962b), confirmed recently by 

experiment (Sclar, Carrison, a nd Schwartz, 1964), ensta tite decomposes into 

fo rstcrite p lus stishovite under thermodynamic conditions correspond ing to a 

depth of nearly 400 km. At 600 km. forsteri te must tran form to spinel, as 

predicted by Bernal ( 1936). For the transitions of Mg2Si0~ with the spine! 

structure in the lower part of the C-layer, the fo llowing reactions have been 

proposed: 
Mg"Si04 

Spinel 
Mg2Si01 

Forsterile 

-+ 2 MgO + SiO:! ( 1 : Birch, 1952) 
Periclase Stishovite 

....... MgO + MgSi03 (2: Ringwood, 1962) 
Periclase Ilmenite 

structure 
Mg si licates --? (Mg,,.Si I . x)0 2 r (3: Stishov, 1962) 

Defect-NaCl struc ture 
1 See Green and Ringwood ( 1963), Levin (1955), Ringwood (1962a and b), and Vinogradov 

( 1959a and b). 
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All three models are compa tible with geophysica l evidence of the increase in 
densi ty with depth . Let us consider these models from the point of view of 
thermodynamic equilibrium a t high temperatures and pressures. 

The reaction MgO (peric/ase) + Si02 (stishovite) = MgSiOa 
(ilmenite structure) 

To compare the stabilities of the associations (periclase + stishovite) and 
(periclase + MgSi03 with the ilmenite structure) we sha ll estimate the volume 
effect and the change of isobaric-isothermal potentia l (~Z) for the reaction: 

MgO + Si02 MgSi03 (4) 
periclase s1ishovi1e ilmenite structure 

As noted by Ringwood ( 1962b), reactions of the type : AO (NaCl structure) + 
BOt (rutile structure) > A BO:i (ilmeni te structure), where A = Mg, Fe, Co, Ni, 
Mn, or Cd, and B = Ti or Ge, are accompanied by an increase in volume p V) 
of 1.5 to 4.0 %. ~ V for reaction (4) will not be less than for the reaction between 
MgO and Ge02 (rutile structure), for which ~ V = 4 %. because of the greater 
difference in size between the Mg2+ and Si~ ' ions. As a ll the cations taking part 
in reaction (4) occupy octahedra l sites. the compressibi lit ies of the initial and 
final phases are approximately eq ual and ~ V will decrease proportionally to 
the weighted mean compressibility of periclase and stishovite, determined in ( 1 ). 
On this basis. it can be calculated that the increase in volume in reaction (4) 
at 200 to 300 Kbar is approx imately 1.1 cm 3 mole 1

• 

The isobaric-isothermal potentia l for (4) can be estimated from the values 
fo r the analogous reactions in wh ich Mg and Fe titana tes a re formed: 

MgO + Ti02 = MgTi03 ~Z= - 7.8 Kcal. mole 1 

FeO + Ti02 = FeTi0,1 ~Z = - 7.95 Kca l. mole 1 (6) 
For reaction (5) the change in ~Z with tempera ture ca n be calculated using 

Ki rchoff·s equation and the dependence of heat capacity on temperature 
reported by Zefirova ( 1965). This gives a value of 5.9 Kcal mole 1 for ~Z at 
1 8oo "' K for reaction (5). Energies of formation of complex oxides from imple 
ones are known to increa e wi th the difference between their ionic radii or their 
polarizing properties ; ~Z for Mg0 - Si02 reaction must therefore be somewhat 
higher than for reactions (5) and (6). 

Another, independent way for estimating ~Z for reaction (4) is ba ed on 
comparison with the reaction: 

MgO + SiOt = MgSiO:i ~Z = 8.8 Kcal. mole 1 (7) 
periclasc quartz enstatite 

~Z fo r reaction (4) differs from ~Z for reaction (7) by ( ~Z' + ~Z"). where 
~Z' and ~z· a re the changes in isobaric-isothermal potential for the quartz
stishovite and MgSi0 3(ilmenite structure)- enstati te transformations. These 
va lues are not known, but it can be supposed that ~Z' o:: - ~z·, as in the first 
case the energy change is associated with transition of Si 1- ions from fourfold 
to sixfold co-ordination, and in the second case with the reverse tra nsition. 
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.1Z for reaction (4) should therefore not differ greatly from .1Z fo r reaction (7). 
The above calculation uggest that for formation of MgSi0:1 by react ion 

(4) .1Z will be around 6 to 8 kcal. mole 1 a t 1 800 to 3 ooo°K. In order to 
estima te the pressure corresponding to equilibrium in reaction (4) at the tem
peratures o f the C- laycr, we shall use the formula: p = - ::.c, 6. V, where .1G, 
is the free energy o f reactio n at zero pressure and t is the temperature in the 
C-layer. If we now put .1Z = .1C,, we find that the assemblage of pericl ase and 
ti hovi te will be stable rela ti ve to MgSi0:1 with the ilmenite structure at pressures 

above 200 to 300 Kbar. This pressure is reached a t a depth of 600 to 800 Km. 
Thus. there will be a transitional layer in which Mg2Si0 1 with the spinet structure 
decomposes into a mixture of pcriclase and stishovite. For MgSi0:1 with the 
ilmenite structure, a narrow stabili ty region is possible at depths of 600 to 
800 Km. 

The hypothesis qf' a 111ag 11esiu111 silicate of defect-NaCl structure 

Let us now consider the possibi lity of the existence in the mantle of a homo
geneous magnesium silica te having a defect-NaCl structure. i.e. a phase con
s i ting of close-packed oxide io ns with magnesium. iron, and silicon ions in 
octahedral ho les. T his pha e could also be described as a solid solution of 
widely va riable composi tion. formed from MgO, Si02• and also FeO. 

To eval ua te the minimum possible heat of mixing (~Hm1x) between pericla c 
and stishovite, we estimated the difference in unit cell volume for MgO and 
Si0 2 . Proceeding from the data of Altshuller et al. ( 1965) o n the compressi
bilities o f periclase and stishovite at o to 4 ooo °K and pressures up to 2 500 

Kbar. it can be calcula ted tha t at pressures of 400 to 1 ooo Kbar this difference 
amoun ts to 43 to 49 % of the smaller unit-cell volume (Si02). This difference is 
greater than in the system MgO- Ti02, which is analogous in crystal structure 
a nd chemical bond type, for which it is 19 %. Therefore the heat of mixing 
between MgO a nd Si02 (stishovite) must be greater, and the mixing much less 
than between periclase and rutile; the latter , according to Conghanour and 

de Prosse ( 1953) d oes not exceed 0.1-0.2 %. Hence we find that the heat of 
mixing between periclasc and st ishovite is not less than 25 Kca l. mole 1• 

Various authors have estima ted the temperatures in the deepest parts of 
the C-layer at 1 850 to 3 ooo°C (Gutenberg, 1963). The limits of miscibility 
in the Mg0 - Si02 system at these temperatures can be calculated from the 
fo rmula: c11c2 =exp ( - 6.H m1x( 11 RT1 - 1 / RT2)}, where c1 and c2 are limits of 
concentration at temperatures T1 and T2 , R is the gas constant, and 6.Hm1x the 

hea t o f mixing. This gives c2 = 2-4 % at T2 = 3 ooo °K, a nd c2 = 3-4 % at T2 = 
3 400 K. Even at 4 ooo°K the limiting concentration in the solid solution wi ll 
not be more than 1 1 %. T herefore. a t the temperatures existing in the transi tio na l 
layer and the upper parts of the D-layer. the isomorphous miscibility of com
ponents in the system M gO-Ti02 cannot exceed a few percent. and miscibility 
in the Mg0 - Si02 system is likely to be still lower. 

Let us now consider how the pressure, which is eq ua l to 300 to 400 Kba r a l 
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a depth of 800 to 1 ooo Km , influences the miscibility of the components. The 
effect of pressure on isomorphous miscibility has been earlier considered by 
the present author (Kirkinskii, 1965, 1966). J t has been shown that, in systems 
with the same cation co-ordination numbers, positive deviations from volume 
additiv ity usually take place, i.e., increase in pressure favours the decomposition 
of the solid solutions. The extent of the decrease in mi scibility at a given pressure 
p can be approximately estima ted using the Pla nck- Va n Laar equation, if the 
difference in the compressibilities of the solid phase is neglected: C,, ·c,, 0 = 
exp ( - ~ V(p - p0) 'RT), where ~ V is the volume change corresponding to 
olution of one mole of the component under consideration. i.e. the difference 

between the partial molar volume of this component when present in the solid 
olution and its volume when present as a pure compound. 
~V for the formation of a solid solution (Mg,,.Si 1 ,.)0 2_., cannot be less 

than for the formation of MgSiOa with the ilmenite st ructure, as the disordered 
a rrangement of cations in the octahedral holes results in a more open structure. 
Thus ~V=J. I to 1.2cmamole 1

• Substituting this value, and putting T = 
3 ooo °K, we find tha t a t a pressure of 360 to 380 Kbar (i.e. a depth of 900 to 
1 ooo Km) the miscibility of the components will decrease by a factor of 4 
or 5. and that at a pre ure corresponding to a depth of 2 ooo Km it will 
decrea e by a factor of 60 to 70. T hus the highest po ible mi cibility of pericla c 
and s ti hovite in the lowc t part of the transitional layer will be only 1 to 2 ° 0 • 

On the basis of the e data it can also be shown that at the gcothermal-geobaric 
coefficients that exist in the D-laycr of the mantle the miscibility of MgO and 
Si02 will continue to decrease with depth , and that in the lower parts of the 
D-layer the extent of mi scibi li ty will be less than at depths of 900 to 1 ooo Km . 
It must be emphasized that a ll assumptions in these ca lcu lations were made in 
uch a way as to over- ra ther than underestimate the extent of miscibility. Thus 

the model of the Earth's mantle that is founded on the hypothesis of a homo
geneou magnesium silicate with a defect-NaCl type tructure is not correct. 

Plrase equilibria in 1/re Mg0 - Si02 sys1em 

The fig. shows schematically phase equili bria in the system Mg0- Si02 as a 
function of pressure or depth. The phase boundaries are approximate, par
ticularly at the highest pres ures. The diagram gives a picture of the phase 
transfo rmations that occu r at either increasing depth in the mantle for any 
given ratio of MgO to Si02 , or, approximately, of (Mg, Fc)O to Si0 2 . Although 
the extent of miscibility of MgO and Si02 is insignifi cant, the ca lcu lations show 
that corresponding compounds of Mg2- and Fc2 1 arc completely miscible at 
depths extending to the boundary of the Earth's core. 

Direct experiments of many authors have shown that the pressure of tran i
t ion to denser pha c for Fe (or Ni) compounds differ con idcrably from those 
ob crvcd for isomorpho u Mg compounds. With pyroxenes and olivine . the 
differences may amount to dozens of kilobars. Comparable differences may well 
occur for the formation of minerals of ilmenite structure, and for reactions of 
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decomposition into si mple oxides. A second important cause of considerable 
spread in transition pressures is the positive slope of these pressures as a function 
of temperature ; for example, for the decomposition of enstatite into forsteritc 
and sti shovite, Scla r a nd coworkers (1964) give the equation P=(97.5 ± 5)+ 
o.027T. The geotherma l P- T curve thus intersects the equilibrium curves of 
P- T diagrams at small a ngles, and the spread in transition pressures for solid 
solutions containing Mg and Fe is thereby increased . Other kinds of isomorphous 
substitution may also be significant in this respect. Iron substitutio n may even 
reverse the sequence of transitions found with the magnesium minerals. 

F1G. Suggested equilibria in the system MgO-SiO~ as a function of pressure or depth. 
Pe = periclase, Fo = forsterite, En = enstatite, Q = quartz. Tr = tridymite. Cr= cristobalitc, 
Co=coesite, St = stishovite. Sp = MgeSiO, with the spinet structure, Tl = MgSiO, with 
the ilmenite structure. Doubtful transitions are shown by broken lines. 

These factors can expla in the absence of sha rp changes in the velocity o f 
seismic waves within the ma ntle a nd the thickness of the layer over which these 
velocities change abno rmally rapidly with depth . They remove the main objec
tion to the hypothesis of polymorphism in the transitional layer of the mantle. 
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Uber Kosmochlor (Ureyit) 

A. N EUHAUS 

Min. Inst. der Universitat, Bonn 

S11111111a1')'. X-ray and optical data and electron-probe analyses show that ureyite (Frondel 
and Klein, 1965) is identical with cosmochlore (kosmochlor : Laspeyres, 1897). 

1 N 1897 berichtete H. Laspeyres 1 dass er aus der zum Tei! ziemlich die ken 
Rostrinde eines 12.5 kg schweren Toluca Meteoriten der Bonner Minera lien
sam mlung kleine gestreckt-taflige Kristallchen eines tief-smaragdgriinen, durch
sichtigen Minerals isoliert habe, das mit keinem bis dahin bekannten terre
strischen oder meteoritischen M inerale ident sei. Die chemische Analyse ergab 
ein sehr Cr-reiches Silikat, doch war die verfiigbare Probemenge (0.0033 g.) 
fiir eine zuverlassige quantitative Analyse zu gering. Laspeyres gab diesem 
Minera l, wegen seiner meteoritischen Herkunft und seiner griinen Farbe, den 
Namen " Kosmochlor", modifiziert von E. S. Dana 2 zu Cosmochlore. 

1965 berichteten Frondel und Klein 3, dass auch sie a us einem Toluca
Meteoriten (dgl. aus Meteoriten von Coahuila und Hex River Mountains) 
K ristallchen eines smaragdgriinen durchsichtigen Minerals von ahnlichem Wuchs 
und ahnlicher Grosse isoliert haben , wie VOil Laspeyres for Kosmochlor 
beschrieben. Letztere Verff. identifizierten dieses Mineral mittels Rontgen
analyse, Optik , und Mikrosonde als das Cr-Analoge des Jadeits. 

Da Frondel und Klein nach den Angaben von Laspeyres von der ldentit~it 
ihrer Mineralart rnit Laspeyres Kosmochlor nicht iiberzeugt waren, gaben sie 
ihrer Kristallart, in Ehrung des bekannten Meteoritenforschers und Chemikers 
H . C. Urey, den neuen Namen Ureyit. 

Im Rahmen von Untersuchungen des Bonner Mineralogischen lnstituts 
iiber das Druckverhalten der trockenen Tektosilikate und der Alkalipyroxene·• 
ist seit langerem auch iiber das System Jadeit- NaCrSi20 6 gearbeitet worden. 
Im Ra hmen dieser Arbeiten interessierte naturgemaf3 auch Laspeyres· Kos
mochlor. Tatsachlich fand sich unter den geretteten Bestanden der Bonner 
Meteoritensa rnmlung ein Glasrohrchen rnit einer Aufsch rift von Laspeyres 
Hand: Kosrnochlor, grof3ter verrnessener Krista II , mit einern einzigen dicktafligen 
Kosmochlor-Kristallchen (0.3 x 0.25 mm 2 Tafelftache). Dieser Kristall wurde 

' H. Laspeyres, Zeits. Kryst. Min., 1897, 27, 586- 600. 
e E. S. Dana, Syst. Min ., 6th edn, App. f, p. 20 (1899). 
3 C. Frondel u. C. Klein jr., Science, 1965, 149, 742- 744. 
·•A. Neuhaus, C. Ballhausen, H.J . Meyer, u. R. Steffe n, Jahrbuch 1965 des LandesanHes 

fUr Forschung des Landes Nordrhein-We.stfalen, 546 ( 1965). 

329 



330 A. EUHAUS 

rontgenographisch, optisch, und mittels Mikrosonde untersucht. Er erwies 
sich zweifelsfrei als NaCrSi20 6 mit ma13igem diadochen Austausch NaCr- CaMg 
(Na heres vgl. unten). Im folgenden seien zunachst die entscheidenden Unterlagen 
von Laspeyres zusammengestellt und anschlieBend die eigenen Beweise fur die 
NaCrSi20 6-Natur des Kosmoehlor mitgeteilt. 

Die U111ersuchu11gsergeb11isse 11011 laspeyres. Ausgangsmasse waren 585 g der 
leieht abblatternden seku11diire11 Rostrinde des Bonner Toluca-Meteoriten. 
Hiervon waren in HCI und HNO:i (konz. u. verd., heiss u. kalt) 1.6 1 g unlo lich 
(vorwiegend Plagioklas, allg. Augit und Quarz), und hiervon auch in Flul3saure 
unloslich: 0.0073 g. Die er in alien Sauren unlosliche Rest bestand praktisch 
nur aus einzelnen oder aggregierten eckigen, ge treckttaf1igen, teils hypidio
morphen, smaragdgrUnen, durchsichtigen Kristallchen bis max. 0.35 mm 
Kantenlange. Von der Gesamtausbeute von 0.0073 g wurden 0.0040 g fur 
kristallographisch-optische Untersuchungen, fi.ir Belegzwecke fUr auswartige 
Fachinteressenten und fUr das Bonner Museum verwendet. Der verbleibende 
Rest von 0.0033 g wurde fi.ir eine quantitative (!) nass-chemische Analyse 
geopfert. 

Die kristallographi ch-optischen Untersuchungen wiesen auf ein Augit
artiges Mineral. Im einzelnen: Optisch zweiachsig; stark doppelbrechend und 
stark pleochroitisch: ticfsmaragdgriin-mittclgelbgriin: Harte ~ 6 (Feld
spatharte); mehrere Langsspaltbarkeiten; Symmetrie wahrscheinlich monoklin; 
triklin jedoch nicht ganz ausgeschlossen. 

Chemische Analyse : Die in a lien Sauren unloslichen smaragdgriinen KristHll
chen wa ren in Sodaschmelzc voll standig aufsch liessbar. Einzelergebnisse si nd: 

0.00 105 g SiO~ = 3 1.8 Gew. "., = 45.8 Mol"., 
0.00030 g A 1"0" = '! 
0.00130 g CreO;i = 39.9 Gew. 0

., = 22.4 Mol 0 
0 

0.00030 g Fe'.!0 3 = ? 
0.00020 g Cao = *> 
0.00015 g MgO = *> 
0.00330 g 

Vergegenwartigt man sieh die sehr geringen absoluten Gewichtsmengen und 
die mil den Methoden und Analysenwaagen der damaligen Zeit erreiehbaren 
/\nalysengena uigkeiten , so diirfte klar sein , dass die Analysenwerte fiir CaO 
und MgO irreal sind und nicht einmal die Existenz dicser Komponentcn im 
Kosmochlor beweisen. Starke Vorbehalte sind ferner gegeniiber den Ana lysen
za hlen fUr Al20:1 und Fe20:1 am Platze, jedenfall hinsichtlich ihres quantitativen 
Wertes. Es verbleiben omit fUr eine reale Di kus ion nur die Analysenzahlen 
fi.ir SiO~ und Cr20 :i· Aber elbst sie sind, bei den aus erst geringen ab olutcn 
Mengen ( 1.05 mg. fiir Si02 bzw. r .3 mg. fUr Cr20;i), mit einer sehr brcitcn 
Fehlergrenze zu versehen. 

* Von Laspeyres sclbst bczwcifeh. 
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Da Laspeyres, trotz mehrfacher eigener Hinweise auf eine mogliche Pyro
xennatur seiner neuen Mineralart. offenbar keinerlei Probe auf Na ausgefUhrt 
hat, ja nicht einmal einen Na-Gehalt a ls moglich diskutiert , so kann mit 
Sicherheit nur cine Verbindung abgeleitet werden, die Cr20 3 und Si02 im 
Mol-Verhaltnis 1 : ::::::2 enthalt. Das ist ein Mol-Verhaltnis, das wenig fUr , 
angesichts der grossen Fehlergrenze der Analysenwerte aber auch nicht unbedingt 
gegen einen Pyroxen spricht. 

Man kann verstehen, dass die vorstehend aufgezeigten Unsicherheiten. vor 
allem hinsichtlich der chemischen Zusammensetzung des Kosmochlors, Frondel 
und Klein (3) dazu gefUhrt haben. an der ldentitat ihre smaragdgrlinen Toluca
Minerals mit dem Kosmochlor zu zweifeln. Sie gla ubten daher fUr das von 
ihnen aus dem Toluca-Meteoriten isolierte Mineral den Namen Ureyit vor-
chlagen zu sollen. 

Neue Untersuchungen am Kosmoclilor 1 

Ro11tge11u11tersuchu11ge11. Von Laspeyres " Original-Kosmochlor' ' wurde aus 
SicherheitsgrUnden und zwecks Durchfi.ihrung von mikroskopischen Un ter
such u ngen (Lich tbrech u ngsmessu ngen. Spa It verha lten. usw.) zunachst ei n 
kleinerer Teil vorsichtig abgetrennt. D ie Teil ung erfo lgte sehr scharf nach einer 
guten Spaltbarkeit , die sich p~iterhin als [oo 1] erwie . Der verbleibende 
gro sere Tei l wurde fiir die fo lgenden Rontgenunter uehungen benutzt. Er war 
gestreckt-tafelig mit [oo 1] a l Uingsachse. Grosse: ::::: 0.25 x ::::: o. 15 mm Tafel
flache. M it diesem /etzteren K ristall wurden, nach polarisa tionsoptischer 
Vororientierung, zunHch t Dreh- und Weisscnberg-A ufnahmen um [001] 
angefertigt, sodann , zur Kontrolle und Versch~irfung des Wertes fUr a, auch 
Dreh- und Weissenberg-Aufnahmen um [1 00]. Alie Aufnahmen wa ren gut 
scharf und erwiesen den Einkrista llcharakter des untersuchten Kosmochlor
kristall (vgl. auch untcn). Die aus den Rontgcn-Aufnahmen errechneten 
Zellendaten si nd in Tab. I verzeichnet. Sie sind. wie ein Yergleich zeigt. mil 
jenen des Ureyits prakti ch vollig ident. 

Zurn Yergleich des Ko mochlor-Ureyi ts mit dcr reinen aCr[Si20 6]-Pha e 
wu rden in Tab. I auch die Zellendaten synthet i cher Prod ukte aufgefiihrt: 
Wcrte von Frondel u. Klein und die Zellendaten eines eigenen hydrothermalcn 
(4) Syntheseproduktes (da rgestellt bei ?::::: 3 ooo at., T::::: 6oo<C). Die Zcllcn
bestimmung erfo lgte in d iesem Fall mittels Pulvcrmethoden und zwa r mittels 
Guin ier-Diffraktometeraufnahmen mit Auswertung nach einem, im eigencn 
lnstitut entwickelten neuen Rechenprogramm zur lndizierung von Diagrammen 
niedrigsymmetrischer Strukturen. 2 

Kosmochlor und Urcyit ind gemass Tab. I nach Zcllengrosse unter ich 
praktisch gleich. Entsprechende gilt fiir die zwei aCr(Si20 6)-Synthesen unter 

1 Eine ausfilhrliche Darstellung erfolgt zusammen mit I. Abs-Wurrnbach an anderer Stelle. 
~ Eine ausflihrliche Behandlung dieses Auswerte-Vcrfahrens folgt unter E. A. Jumper11 

und R. Klar. 
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TABELL E L Zellendatcn und chemischen Analysen filr Kosmochlor. Ureyit. und aCrSi~06. 

'· ! . 3. 4. 5. 6. 7. 8. 

ii <J . 54,A 9 . .;6 11 A Q.5~0 o.016A 9 . 581 0.004 A SiO, 4 5. 8 63.4 6o 66.66, 
h 8. 76, 8. 74• 8. 7 I 2 0.007 8.7 17 - 0 .002 Al ,O , 
(' 5.26; ~ . Z1" 5.273 0.008 5 . 271 0.002 Cr,O, 22.4 10 . 11 14 16 . 664 
{! 107.4 107 .38 107.44 0. 16 107.43 0.03 . Fc'JO) 0. 175 
I ' 420.2 420 .(l 418 . (> I .4 ,\" 4 20.0 + 0.3~ A' MgO 9 .1 6 

2.0 A• i . 1 A" 
Sy mm. (Cz/d Cz/" C2/•· (C2/d CuO 4.49 7 

Na ,O 11 .d. I 2. 7 13 16 . 66 , 

1. K osmochlor. T o!uca Mctl"orit : l ;1,f)eyrc' Kriswll: Messdaten nach E. A . Junlp4.:rtL und P. Cuen. Ro nn M in. l nM. 
( Einkri~t~tllbcs1immungcn). 

2 . Urcyi1. Co:ahuilo Me1cori1 IFrondcl und Klein. 1965). 
) . N:aCrSi ,O , . syn1 hc1 isch (Frondcl und Klein. 1965). 
4 . ~aCrSi !Oc. s~nthetisch ; Prlparat \On I. Abs.\Vurmbach; ROntgcndatcn nach t . A. Jum peru und R . Klar. llonn. 

\1 m. Inst. ( Puhcrbcstimmungcn). 
~. Kosmochlor. Toluca Me1eori1 : naS<-chcmi>chc Anal)SC mit 0.0033 g Probcmcnge ( Laspcyres. 1897). 
6. U~>ile. Toluca Metcorit: M ilr..ro.:rnal)sc m1uef~ Elek1ronen- M itr.. rosondc ( Appl. Rcsc~1rch Lab. lns1r.: Frondcl und K lein. 

196~>. 
7, K osmochlor. Toluc:i Me1c:oril : La"'f'H!)res K ristall, Mikroanal)SC millets C!lmcca ~1 ilr..rosondc: die Mo1 • 0 . \Vcrcc ''urdcn 

bc~1imm t durch lmpuls_.tahlcn·Vcrh!lhnioi\ lo;C!;Cn S) n1h . N~tCrSi!!O" b1\\ , 01opsid als ~orm . Die \ Vene \\u rden uuf 
Un1crgrund korrigier1. 8e1rieb~du1cn: zo KV. 100 nA: 100 sec Z~hl.1ci1. C-Schk ht ~o A. Fe and Al konnrcn nich1 mit 
Skhcrhei1 11;1chge" icS4:n "~rdcn . · 

8. ;iCrSi ,O , . 1heorc1 isch. 

sich (Uber die geringe Abweichung der a-Perioden kann zur Zeit noch nichts 
ausgesagt werden). Geringe aber doch zweifelsfreie Untcrschiede weisen jedoch 
die b-Perioden der zwei Naturkristalle gegenUber den zwei Synthesen auf. 
Und zwar sind die h-Perioden beider Naturkristalle deutlich grosser als die 
h-Werte beider Synthesen. Die Ursache dieser systematischen Abweichung 
dUrfte. wie der weiter unten folgende Analysenbefund zeigt (Tab. I), in einem 
massigen diadochen Austausch NaCr- CaMg zu suchen sein. 

U111ersuchu11ge11 mitte!s Mikrosonde. 1 Seide BruchstUcke des zerteilten Original
kristalls von Laspeyres wurden getrennt der U ntersuchung mittels einer 
M ikrosonde unterworfen. Das Analysenergebnis zeigt Tab. I. Es besagt: 
Kosmochlor ist chemisch ein ziemlich reiner NaCrSi20 0 mit massigem Austausch 
NaCr- CaMg. Fe und Al konnten nicht nachgewiescn werden. Kosmochlor und 
Ureyit stimmen also nicht nur hinsichtlich der Hauptkomponenten Na , Cr, 
Si, sondern auch hinsichtlich Art und Menge der Nebenkomponenten gut 
Uberein. 

Mikroskopische U111ersuclw11ge11 am Kosmochlor. Das fiir die Rontgenanalyse 
benuczte, gestreckt taftige BruchstOck des Kosmochlors wurde durch Drehen 
(in halb-verdicktem Kanadabalsam) um die rontgenographisch als [001] ausge
wiesene Langsachse nacheinander mit ( 100) und (0 10) parallel zum Mikros
koptisch eingestellt. 

Die orthoskopische Untersuchung dieser beiden Schnittlagen ergab: Fiir 
(100)-Schnittlage : gerade Ausloschung mit a'=mittelhellgelbgriin II [001] (mor
phologische Langsachse) und y' = tiefsmaragdgrUn 1 (oo 1 ]. Fur (o 10)-Schnitt
lage: schiefe Ausloschung mit a : [oo 1]::::: 21 ° ; Pleochroismus: a = mittelhell
gelbgrUn, y = tiefsmaragdgrun. 

Die konoskopische Untersuchung ergab: AE (oIO); y' der orthoskopischen 
Untersuchung von (100) ist somit fl [010]; y= llM-L; optischer Charakter 
also negativ. 

' Cameca-Mikrosondc. 
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Die optische Charakteristik des Kosmochlors entspricht also sehr nahe 

jener des Agirins bzw. des Agirin-reichen Agirinaugits und unterscheidet sich 
von der optischen Charakteristik der meisten Clinopyroxene durch die neg. 
Langszone mit a = LM-L. 

Diese optischen Feststellungen stehen mit Laspeyres Angaben in vollem 
Einklang und vervollstandigen sie. Sie stimmen, abgesehen von einer Vertau
schung der Absorptionsangaben II [100] und [010], auch mit den optischen 
Befunden von Frondel u. Klein tiberein. Eine Erklarung der teilweisen 
Abweichung der Absorptionsachsen kann nicht gegeben werden. 

Kosmochlor und Ureyit sind nach a lien vorstehenden Ergebnissen also 
zweifelsfrei identische Minera!e (Die Arbeiten werden fortgesetzt). 



Summaries of other papers presented in Symposium II 

On synthetic Hthium pyroxenes and related compounds. By W. L. BROWN, Dept. 
of Geology, T he Univer ity, Manchester 13. 

The synthesis of compounds of general formula LiM 3 Si,,0 6 has been attempted for a 
szries of trivalent cations- Al, Ga, and the transition elements Sc, V, Cr, Mn, and Fe- by 
dry heating of oxide mixes at ordinary pressure and temperatures up tO 1 ooo C, and also 
hydrothermally at lower temperatures and high pressures. Synthetic pyroxenes of probable 
space group C2/c or compounds of so-called ·· t1-spodumene .. type (te tragonal s tuffed keatite 
derivat ives) were generally obtained (in some cases both), though o ther st ructures were 
obtained fro rn some e lements. 

La tt ice constants were measured for both the pyroxene and s tuffed keat ite structures and 
fo r rela ted natural compounds. They show a regular varia tion wit h trivalent ca tion size 
(using the ionic radii of Goldschmidt). The molar volume change from the dense pyroxene 
structure to the more open keatite derivat ive is very large. 

The crystal structures of the ferrosilite (FeSi03) polymorphs. By C. W. BuR HAM. 

Dept. of Geological Science , Harvard University. Cambridge, Massachusetts. 
Synthetic clinoferrosilite (P2, /c, a 9.709, b 9.087, c 5.228, all ±0.001 A, ti 108-432 ± 0.004 , 

Z 8) is isos1ruc1ural with clinoensta1i1e, and has two crystallographically distinct s ilicate 
chains with mean tetrahedral Si- 0 distances of 1.623 A and 1.635 A. Both metal si tes are 
occupied by Fe" ' : the M :: ( =- Ca in diopside) octahedron has a mean Fe- 0 distance o f 2.224 
A, and is distorted by two long d istances (2.444 a nd 2.587 Al to cha in-link ing oxygens, while 
the rno rc regula r M , ( = Mg in d iopside) octahedron has a mean Fe- 0 distance of 2. 137 A. 
Orthoferrosilite (Pbca, a 18.43 1 ± 0.004 A, b 9.080 ± 0.002 A. c 5.238 ± 0.001 A, Z 16) is 
likewise s truc turally ana logous to orthoenstatite. The two independent sil icate tetrahedra 
have mean Si- 0 distances of 1.624 A and 1.614 A. The mean re 0 distances are 2.240 A 
in the distorted A/ 2 octahedra and 2.145 A in the M, octahedra. In both structures Si- 0 
bonds to chain-linking oxygens arc significantly longer than those to other oxygens. either 
structure exhibits evidence of octahedral shared-edge contraction: 0 - 0 distances along 
shared octahedral edges are 2.8 A or greater. At the present level of refinement (Rn,, = 4.3 ° ... 
Rop,.; = 5.1 ° 0 ), isotropic thermal parameters, B, for all atoms in orthoferrosilite are two to 
three times larger than those for corresponding atoms in c linoferrosilite. 

Ferrosilite m is triclinic with (I 6.634 ± 0.001 A, b 7-472 ± 0.001 A, (' 22.610 ± 0.002 A, 
~ r r 5.294 , ti 80.649 , ;- 95.423 , a ll ± 0.006 . Relat ionships between this cell and those of 
the pyroxenoids have led to the suggestion that fe rrosilitc 111 is a pyroxenoid with silicate 
chains running parallel tot that repea t a fte r every nine tetrahedra. The structure is now being 
analysed with this hypothesis in mind. 

Amphibole cation site disorder. By G. V. Gmss, Dept. of Geological Sciences. 
Vi rginia Polytechnic Institute, Blacksburg, Virginia, and C. T. PREWITT. 
Department of G eology and Geophysics, Massachusetts f nstitute of Technology. 
Cambridge 39, Massachusetts. 

Recent least-squares refinements of riebeckite ( I), synthetic rnagnesio-richterite ( 11) and 
sod ium cobalt amphibole (HO reveal that there is a definite correlation between cation order-

334 
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ing and apparent thermal vibration parameters. 1.n general, when cat ions of appreciably 
different radii statistically occupy an M si te, their temperature factors as well as those of the 
co-ordinating anions are larger than those recorded for sites containing cations of similar 
radii. For example, M, of (HT) contains both sod ium and cobalt as determined by population 
density refinement. The isotropic B is 1.3 as compared with 0.5 for the remaining M sites. 
which conta in only cobalt. rn ()), M 3 shows a similar relation for the statistical distribution 
of lithium, ferrous iron, and a luminium. 

ft is apparent that one cannot assume that the temperature factors will be identical for 
all M sites. fn addition, the usua l mathematical model should be modified to account for 
two centres of e lectron density in the disordered M., site containing ca tions of d ifferent sizes. 

Tn these amphiboles, the A site cation is statistica lly d isplaced about 0,1 /2,0 revealing that 
the symmetry of a particular cell is not compatible with the centrosyrnmetric space group 
C2/m. In the fluorine-containing amphiboles, (T) and (fl), the d isplacement appears to be 
normal to b whereas in the hydroxyl one (Il l) it is parallel to b. 

Effect of pressure on the incongruent melting of acmite. By M. C. GILBERT. 

Geophysical Laboratory, 2801 Upton Street, N.W., Washington, D.C.20008. 

U.S.A. 

In the presence of hematite + magnetite, acmite, NaFe3 -Si~06, melts incongruent ly to 
hematite + magnetite + liquid over the pressure range 10 to 40 Kb as determined in the single
stage, piston-cylinder apparatus. No polymorphic changes were detected. The slope changes 
from approximately 17 C/ Kbat 10Kb(m.p. == 1175 ± 20 C)to9 C/Kba140Kb(m.p. = 
1 537 ± 10 C). Compared to the melting of jadeite, NaAISie06• the substitution of Fe3 · 

for Al in acmite raises its melting temperature 70 °C at 30 Kb and 20 C at 40 Kb. Strong 
control of oxygen fugacity on acmite melting is indicated by runs in graphite and iron capsules 
where the beginning of melting is lowered 250 to 350 C and the slope is lowered to abou1 
8 C/ Kb over the range of 10 to 30 Kb. Cell parameters of acmite synthesized in an iron 
capsule in a 30-rninute run, a 9.659 ± 0.005 A, b 8.803 ± 0.005 A, c 5.292 ± 0.005, fl 107 .57 + 
0.05 , volume 428.9 ± 0.2 A=i, compared to the microcrystalline starting material, a 9.660 ± 
0.005 A, b 8.804 ± 0.005 A, c 5.289 ± 0.005 A, /1 107.33 ± 0.05 , volume 429.4 ± 0.3 A=', shO\\' 
essentially no difference suggesting little acmite- ferrosilite solid solution. 

The join hedenbergite- ferrosilite at high pressures and temperatures. By D. H. 
LINDSLEY, Geophysical Laboratory, 2801 Upton Street, N. W. , Washington. 
D.C.20008, U.S.A. 

Experiments on the join hedenbergite- ferrosilite at pressures up to 40 Kb yield the following 
information: 

The temperature of the hedenbergitic-clinopyroxene- wollastonite solid solution (pyro
xenoid) transition is pressure dependent: dT/dP = 23 C/Kb for CaFeSi20 6 : evidence of this 
inversion in the Skaergaard intrusion may thus reflect a low total pressure during crystalliza
tion. A complete solid-solution series of cl inopyroxenes exists above ca. 17.5 Kb, the pressure 
at which pure FeSi03 becomes stable: the solidus is not intersected by a miscibility gap: 
no evidence was found for the existence of a sub-solidus miscibil ity gap, although that possi
bility cannot be ruled out on the basis of the present data. A complete range of pyroxenoids 
can be synthesized along the hedenbergite-ferrosilite join, but there is no one pressure at 
which the pyroxenoid form is stable throughout the join: an abrupt change in powder X-ray 
diffraction patterns at Fs,5 Wo2.-. may reflect the transition from wollastonite solid solutions 
(dreierketten ?) to the ferrosilite-11 1 form (neunerketten). Refractive ind ices of both the 
clinopyroxene and pyroxenoid modifications appear to show continuous variat ion along the 
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join. Pressures in excess of 30 Kb are required to stabilize orthoferrosilite containing 5 mole 0 
0 

CaSiO,,. 
Experiments were performed using iron capsules in a solid-medium piston-and-cylinder 

pressure apparatus. 

On the exsolution phenomena in pyroxenes. By N. M ORIMOTO, Institute of 
Scientific and Industrial Re earch. Osaka University, Higashiasa ka. Sakai , 
Osaka, Japan. 

The exsolution phenomena commonly occurring in augite, pigeonite, and orthopyroxenes 

have been s1t1d ied by many people. The opinion as to their nature given by Poldervaart and 

Hess ( 1951 ). based on the phase relations of the M gSi03- FeSi03 system after Bowen and 

Schairer ( 1935). had been widely accepted. 
Sclar et al. ( 1964) discovered a new phase relation for MgSi03 and proved that clino

enstatite is stable at below 540 C, 1 aim. The phase relations of the MgSi03 FeSi03 system, 

however, have not been revealed. In order to elucidate the exsolution phenomena on the 

basis of the possible phase relations of the MgSiO,.- FeSi03- CaSi03 system, X-ray study of 
the exsoluiion texwres of augite and pigeonite has been ca rried out. 

The specimens studied are pigconite in the Moore County meteorite : augite in EG 4526A 

rock, Skaergaard: pigeonite and augite in andesi1e, Hakonc Volcano (No. 14, K uno. 1955): 
pigeonite in basalt, 0-Sima Island (No. 8, Ku no. 1955) : pigeonite in andesile. Hakone 

Volcano ( o. 12, Kuno, 1955), and pigeonile, Mull. 
They were studied by the precession method. The chemical compositions of hosts and 

exsolved products were obtained graphically from their a sin ft and b values (Brown. 196o). 

The resul!s obtained so far indicate a new exsoluiion mechanism as follows: 
protohypersthene ~· augite: share (001) of augite and (102) or (io2) of 

protohypersl hene: 
hypersthene , " augite: share ( 100): 

pigeonile , ~ augite: share (100): 
(exsolution) 

where protohypersthene is assumed to have a similar structure 10 protoenstatite (Smith. 

1959). 
When pro1ohypers1hene is cooled rapidly without enough exsolution of the Ca component . 

it inverts to pigeon ite and exsolves augite parallel 10 ( 100). T wo augites exsolved in pigeonile 
(M oore Co.) and two pigeonites in augite (Skaergaard) are well explained by this exsolution 

mechanism. I f protohypersthene exsolves enough Ca component as augite, it inverts 10 

hypersthcnc. This is the case of inverted pigeonite. 
Pigeonite inverted from pro1ohypersthene can be distinguished from that inverted from 

hyperst hene or that exsolved in augite at low temperature by the content of Ca componcn1. 

The oriented transformation johannsenite -> bustamite. By N. MORIMOTO, K. 
Korn, and T. SHINOHARA, Institute of Scientific and Industrial Resea rch , Osaka 
University, Higashiasaka, Sakai , Osaka, Japan. 

Detai ls of the oriented transformation, j ohannsenitc · bustamite, have been studied by 
the single crystal X-ray method. in order to elucidate the transformation mechanism in 

si licate chain structures in general. Single crystals of johannsenite were heated at 900 C in 

a silica tube. The product is a mixture of johannsen ite and bustamite and the orientation of 

the derived bustam ite has been determined: the sheets of close-packed oxygen atoms of 
johannsenite makes an angle of 4.5 with those of bustamite and (01 2) of johannsenile 

coincides with [ 11 I] of bus1ami1e. This orientation shows that a dense zone of large cat ions 

and silicon atoms in j ohannsenile is preserved in the transformation. 
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These results are interpreted on the basis of the preservation of the close-packed framework 

of oxygen atoms along the dense 7one of the cations and silicon atoms in johannsenitc in 
the transformation. The difference in direction of Si03 chains and in the ordering of Ca and 
Mn a toms in johannsenite and bustamite st ructures provides direct evidence o f the migration 
of large cat io ns as well as silicon a to ms during the transfo rma tion. 

The o riented transfo rma tio n, rhodonite _ , wollasto nitc described by Dent Glasser and 
G lasser. can be beuer expla ined by this principle deduced from the johannscnite -. bustamite 
transition than by the simple preservatio n o f the c lose-packed framework of oxygen atoms. 

Variations in the composition of pigeonite from Mount Wellington, Tasmania, 
and the Skaergaard Intrusion, East Greenland. By I. D. MUIR. Department of 
Mineralogy and Petrology. Downing Place. Cambridge, England. and R. G. 
BuR s, Department of Chemistry, Victoria University of Wellington. Welling
ton. New Zealand. 

Variations in the compositions and optical properties of uninverted pigeonites from the 
Ml. Wellington Sill a nd the layered series o f the Skaergaard Intrusion a rc reponed. Ana lyses 
for Ca, Mg, Fe, Al, Si. and Ti have been carried out using the c lcctro nprobe microanalyser. 
New data a re a lso presented fo r the pyroxenes from the Beaver Bay Diabase, Minnesota. 

Physical properties of synthetic and natural pyroxenes in the system diopside
hedenbergite- acmite. By J. NOLA . 

Unit-cell dimensions and the indices of refraction =c and in some cases;' have been measured 
for synthetic pyroxenes in the system Ca MgSi,06- CaFeSi"O" aFeSi20 6, which have been 
crystallized and annealed on the i iO oxygen-buffer curve at 700 C and a total pressure 
o f 2 Kb. T he data presented confirm 1he numerous postulates that a complete solid-solution 
series docs exist in the subsolidus region of the .. ternary·· system. The unit-cell dimensions 
show a systematic linea r change with composition between the three end members. The data 
for the unit-cell dimensions of the end members are: diopside, a = 9.748, h = S.924. c = 5.25 t . 
ff = 105.79 : hedenbergite, 11 = 9.84 1, b = 9.027, c = 5.247, fl = 104.79 : acmite, a = 9.658, 
h - 8.795, c = 5.294, /f = 107.42 (a, h, a nd care considered to be wi thin ±0.005 A a nd the 
a ngle /I 10 be within ± 0.05 ). T he indices o f refraction fo r the end members a re in complete 
<1grecrncnt wi th the published data. The computed cell parameters for a series of analysed 
natural alkali pyroxenes have been compared with the data for the synthetic pyroxenes and 
the agreement was found 10 be very close. A method is pre coted for the determination of 
alkali pyroxenes using a combination of the b unit-cell dimension and the refractive indices. 

The distribution of amphibole basic formula compositions. By R. Plll LLIPS. 
Department of Geology. University Science Laboratories. South Road. Durham. 
England. 

The major compositio nal a fliniti es o f a n a mphibole arc best appreciated by knowing what 
is te rmed a bas ic atomic fo rmula. Parameters derived fro m the basic formula can be plotted 
in a three dimensional compositional space. Results of the exami nation o f a la rge number 
of analyses a re given . 

ynthetic amphiboles in the system Na 20 - Mg0 - SiO:i H tO and their significance 
for the chemistry of natural amphiboles. By W. Sc11RLYER and F. SEIFERT. Min. 
Inst. Universitat Kiel. 23 Kiel. Olshausenstrasse 40 60, Germany. 

In accordance with the earlier synthesis of a Ouor-bearing oda richterite {Gibbs et al .• 
1962) an amphibole of the composition 1 a~Mg,;[Si ,O,~~(OH ), was synthesized hydrothermally. 
This phase was found to represent one end member of a binary series of amphibolc solid 

2.\ 
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solut ions in the system a 20 - Mg0 Si02- H20 extend ing to a more sodi um-rich end member. 

Na, Mg,[Si,.0 20(0 HU (OH )2 . This ser ies of solid solutions is due to the substitutio n Na + 

OH ,-' Mg 2 + 0 2 , which suggests tha t the amphibole structure can accommodate more 

than three large cations, and that some oxygens of the tetrahedra l cha ins may be replaced 
by hydroxyl groups. T he present results are in agreement with unusually high H20 va lues 

of many natural amphiboles (e.g. Zussrnan, 1955). and they yield an explanation for the 

occasional reports of ( a + K + Ca) contents in excess of 3.00 per formula unit in some natural 

richteritcs. cckermannites. and arfvcdsonites. The inferred differences in O H-content of the 
two synthet ic end members was confirmed by weight- loss de termina tion. 

The siability re la tions of the amphibole series in the system invest igated as de termined so 

fa r as 1 ooo bars P H2 o a re as fo llows: Na2 Mg6[Si.Od(OH)2 has the highest upper stabi lity. 
melt ing incongruently to forsteri te, an osumilite-type phase, and liqu id at 965 + 20 C. 
Solid solutions towards 1a,Mg,[Si,.020(0H )2]0H2 melt at successively lower temperatures. 

and this pha c itself at 770 + 10 C yielding less sodium-rich amphiboles plus liquid. For

sterite in these compositions docs no t appear below 950 + 10 C. The lower stability limit of 
the series seems to decrease with increasing a-contents of the amphiboles, undetermined 

phyllosilicatcs phases appea ring instead. 

X-ray powder diffraction data on orthopyroxenes. By D . A. STEPHENSON , J. Y. 

SMITH, Department of Geophysical Sciences, University of Chicago, Chicago, 
Illinois, and R. A. How11:, Department of Geology, K ing's College. Strand. 
London W.C.2. England. 

The indices 004 assigned to a powder diffraction peak of orthopyroxenes by Ramberg 

and De Vore ( 195 1 ), a nd accepted by later workers, arc incorrect. The hko indices are correct. 
Thus the a and b dimensions in the literature a re correct, while the c dimensions arc wrong. 

Complete indexing of the powder patterns of orthopyroxenes has been made with the aid of 

intensi ties from single-crystal photographs. Many d iffraction intensi ties change rapidly with 
the Mg/Fe ratio. a nd it is necessary to use different groups of reflec tions in least-sq uares 

refinements o f the cell dimensions. Cell dimensions for the specimens re-analysed by micro
probe techniques by Howie and Smith (1966) are reported. Although the Mg/ Fe ratio 

exercises the major control on the cell dimensions, the minor substituents Al and Ca have 

significant effects. 

Temperatures of equilibrium of amphiboles and pyroxenes in magmatic, meta

somatic, and metamorphic rocks. By L. L. PERC'HU K (JI. JI. n eplfy K). 

From the reported experimental data (Orville, 1963: Debrom et al .. 1961: liyarna et al .. 

1963), the excess and relative thermodynamic functions for alkali feld spar. nepheline, and 
plagioclase were calculated and isotherms of distribution of a between these minerals and 

aqueous solutions were derived. Using these data as a basis the natural parageneses alka li

fe ldspar + plagioclase+ nephclinc + amphibole for rocks of modera te depth of formation 

were studied and tempera tures of equilibria determined. From the da ta obtained. the isotherms 
(450 to 700 C) of Ca distribution in coexisting amphiboles and plagioclascs were calculated. 

The approx imate computa tion of excess thermodynamic fu nctions fo r amphi boles (fo r iso

morphism Ca .-" a+ K) allowed the extrapolation to 1 300 and 350 and the plott ing of 

a corresponding diagram. 
Employing this diagram, the compositions of coexisting amphiboles, plagioclases. clino

and orthopyroxenes (Cpx and Opx) were studied, which permitted the derivation of the 

isotherms of dist ribution fo r Mg in eq uilibria amphibole- clinopyroxene, amphibole-ortho
pyroxene, a nd c linopyroxene- orthopyroxene (excluding equilibrium with pigeonite). 

The tempera ture evaluatio n of mineral equilibria was carried out us ing the reported 

composit ions of coexisting a mphiboles and pyroxenes. Our own da ta were a lso used. 
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The greatest temperature range (400 to 1 300°C) was found for igneous rocks. In effusive 

rocks, depending on their composition, the temperatures of equilibria from 850 to 1 300 
and higher were determined. For most intrusions of granitoids and nepheline syenites, the 
temperatures of equilibria were found to be 700 to 400°, but the principal bulk of data covers 
the range 600 to 400 °. These relatively low values show that in most of rocks from the granite 
and syenite massives, the temperature of mineral equilibria were determined in the auto
metamorphic stage. 

For metasomatic carbonatites and albitites, the temperatures of equilibria apply to the 
range 380 to 500°, but for apatite rocks containing phlogopite, clinopyroxene, and amphibole, 
the temperatures are as high as 700 °. 

In metamorphic rocks, the temperature boundaries of the principal facies are sufficiently 
clearly defined as: granulite facies, 650 to 900 ° ; amphibolite facies, 5 JO to 650 °; epidote
amphibolite facies, 400 to 5J0°. 

The temperatures of mineral equilibria in charnockites are very stable, being 660 to 7io' 
([ndia, Africa, the Ukraine, Eastern Siberia). 

The boundary between granulitic and amphibolit ic facies can be clearly distinguished at 
650 to 66o 0

• Below this temperature orthopyroxene was found to be unstable, except highly 
ferrous varieties in granites, for which the temperature of equilibria is as low as 600 to 
500 °C. 

The parageneses of amphiboles and pyroxenes from eclogites and glaucophane schists 
were given a special study. Pressure, along with temperature, appeared to have a considerable 
effect on distribution coefficient of magnesium (KW) between these minerals. Allowing for 
pressure, the following temperatures of equilibria were obtained: eclogites and garnet 
pyroxenites (without epidote and clinozoisite), 590 to 900°C, glaucophane schists, 350 to 
450 °. 



Titles and authors of other papers presented in open sessions 
at the meeting 

General lectures 
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On the question of measuring the reflectivity of ore minerals 
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Jlonrnoaa) 
Analyses of the dependence of mineral hardness on composition by the method 
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L. S. Dent Glasser and F. P. Gl asser 
The crystal structure of 3T muscovite. N. Guven and C. W. Burnham 
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Synthetic minerals 
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Ternary solid solution in the feldspar system 
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Phase equilibrium studies in the system KAISi:10~-NaAISi:108-CaAl2Si20~-
SiOr H20 R. S. James 

Stabi lity of substituted Al2Si05 minerals R. G. J. Strens 
Feldspar- liquid equi libria in peralkaline acid liquids; an experimental study 
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Pendletonite. a new mineral from California J . Murdoch 
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A. Pabst, E. B. Gross, and J . T. Alfors 

Rock minerals 
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The iron content of melilite . T h. G. Sahama 
The soda lite group of minerals . D. Taylor 
Secondary minerals produced by weathering of the Wolf Creek meteorite 

J . S. White, Jr., E. P. Henderson, and B. H. Mason 
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OPEN SESSIONS 

Potash-rich volcanic rocks from Southern Spain G. D. Borley 
On graphical representation a nd appraisal of the strength of associa tion 

F. Chayes 
A m icro-probe study of the prehistoric tholeiitic lava Jake of Makaopuhi, 

Hawaii B. W. Evans and J. G. Moore 
The factors determining the acidity-basicity in the processes of endogenetic 

minera l formation D. S. Korzhinski en. c. Kop)l(HHCKHH) 
Petrological interpretations of crystallochemical characteristics of minerals 

from selected igneous and metamorphic rocks . H. C. Liese 
Aspects of distribution of ions, and the diadochic relations among silicon, 

titanium, and a luminium in co-existing ferromagnesian minerals 
S. K . Saxena 

Migmatites from Bangalore, £ndia 
B. L. Sreenivas, R. Srinivasan, G. Srinivas, and T. R. Gopinath 

The syn-metamorphic emplacement of gabbro at Hasvik, Soroy, Norway 
B. A. Sturt 

Use of the opaque minerals in petrogenetic studies of basalts 
N. D. Watkins and S. E. Haggerty 

Miscellaneous 

Ten years of service in the conservation of mineral species 
C. Guillemin and P. Sainfeld 

Transmitted-light interference microscopy in mineralogy A. F. Hallimond 
X-ray diffraction of minerals at high pressures and temperatures 

H . 0. A. Meyer 
On chemistry and crystal symmetry A. S. P. Rao 
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Spain (Espana) 
Minas del Pinneo, fluorite, 145 
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U.S.S.R. 
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Tators, Caucasus, blende, galena, pyrite, 
140 
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63 
Kofu, Yamanashi Prefecture, quartz, 63 
Komatsu mine, Ishikawa Prefecture, pyrite, 
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Osarizawa mine, Akita Prefecture, pyrite, 

63 
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AFR ICA 

Lueshe, Kivu, Congo, amphibole (borg
niezite), 312, 315 
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AUSTRALI A 
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Arfvedsonite, high-alkali, 337: Russia, ana l. , 
opt., cell-dimensions, paragenesis, 261 

ARMI NG (H.) and PREISI NGER (A.), Inclusions 
of gases in minerals, 117 

345 

Arsen ic, bond strengths in, 6 
Augite, definition of, 212: Georgian S.S. R. , 
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netic resonance spectrum of, 1 

o E BETHUNE (P.) and JANS (H.), On the 
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Deerite, symmetry of coordination of iron 
in, from M ossbauer effect, 36 

D endrit ic growth in lead-zinc ores, 140 
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growth, 43: Afi-ica, oriented inclusions 
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EDGAR (A. D.), The :i:-/f-LiAISi~OG (spodu
mene) transition from 5 ooo to 45 ooo 
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Epidote-amphibolite facies, temperature 
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FABRI ts (J.), Nature des hornblendes et 
types de metamorphisme, 204 
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inclusions in, 117 
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ture of, 334 
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synthetic, trace elements, colour, and 
fluorescence in, 145 

FRAN K-KAM ENETSKY (v. A.) and KAMENTSEV 

(r. E.), Substitutional and interst itial 
impurit ies in quartz and their mineralo
gical significance, 131 
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Garnet, inclusion of in diamond, Aji-ica, 
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the classification of natural pyroxenes of 
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spectrum, 22 

G ranulite facies, temperature boundaries 
of, 338 
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quartz under hydrothermal conditions, 
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Grenville, Quebec, phlogopite, 85 
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Grunerite, crystal-field stabilizat ion energy 
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GVAK HARIA (G. v.), Some aspects of the 
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solid mineral inclusions in diamond, 163 
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Hedenbergitc, crystal-field stabilization 
energy and ordering of iron in, 170: 
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high temperature and pressure, 335: 
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HENDE RSON (c. M. B.), Chemistry of hasting
sitic amphiboles from the Marangud:i 
igneous complex, Southern Rhodesia, 291 

HENR IQU ES (R.). The crystal structure of 
olivine with reference to inclusions in 
diamond, 169 

Hesselbach, Bal'(lria, fluorite, 145 
HI NRICHSE (TH. J.), Hydrothermal investi

gations and stabili ty relations of syn
thetic gedrites, 243 

Hornblende, change in composition with 
grade of metamorphism, 189, 204: New 
South Wales, anal., opt., trace clements, 
189: Spain, anal., opt., cell-dimensions. 
204 

HOWI E (R. A.), sec STEPHENSON (D. A.). 338 
H owicite, symmetry of coordination of Fe 

in from M ossbauer effect. 36 
H ubnerite, synthetic, absorption spectrum, 

22 

Jchikall'a, Fukushima Prefecture, Japan , 
quartz, 63 

llesite, synthetic, absorption spectrum, 22 
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Jadeite defined, 2 12 
JANS (H.) and DE B ETHUNE (P. ), The alkali 

amphibole of the Lue.she carbonatite, 
312: see also DE airnu E (P.). JI~ 
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transformation to bustamite, 337 

Kambe 111ine, Nara Prefecture, Japan, 
pyrite, 63 

KAMENTSEV (1. E.), see FRANK-K AMENETSKY 

(V. A.), 131 
Kamikita mine, Aomori Prefecture, Japan, 

pyrite, 63 
Kazakhstan. amblygonite, 1 
KEESTER (KENNETH L.) and WHITE (w. o.), 

Crystal-field spectra and chemical bond
ing in manganese minerals, 22 

Keystone, Black Hills, South Dakota, 
spodumene, 222 

KIRKI SKll (v. A.), Phase transitions of 
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POZHARITSKAYA (L. K.), anals. by, 261 
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spectrum, 22 
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Rochel le salt, growth rates of, 169 
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13 

SCHNEER (c. J.) and SILVA (R.), Vectorial 
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SEIFERT (F.), see SCHREYER (w.), 337 
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SHARP (J. H.), see ADUISON (w. E.), 305 
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SHINOHARA (T.), see MORIMOTO (N.), 336 
Sierra Morena, Se11il/e, Spain, hornblende, 
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SILVA (R.), see SCHNEER (c . J.), 169 

Skaergaard, East Greenland, pigeonite, 337 
Slyudyanka, Irkutsk, baryte, calcite, t 

SMITH (J. v.), see STEPHENSON (o. A.), 338 
Spodumene, synthesis, 334; ( = o:-spodu-

mene), transition to {f-spodumene, 222; 
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ota, anal., opt., X-ray, 222 
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field stabi lization energy and ordering 
of iron in, 170; Yakutia, anal., opt., 285: 
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trace elements, 189 
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