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ABSTRAal' 

The mineralogy of the alkali amphiboles is reviewed., Various 

suggestions are put forward to rationalise the nomenclature of these 

minerals. 

Several alkali amphibole .compositions have been s uccessf'ully 

synthesized for the first time using hydrothermal synthesis techniques. 

The compositions of these minerals correspond to richterite-t<, 

eckermannite-K and sundiusite-K. In addition five amphiboles of 

intermediate composition have been synthesized. Two of these minerals 

have compositions between richterite and tremolite indicating only 

partial 'A' site occupation. 

Attempts to synthesize amphiboles of miyashiroite-K composition 

have failed to yield amphibole and the condensed product is a 

phyllosilicate. 

A survey of all the available alkali amphibole analyses has revealed 

only two possible miscibility gaps in the alkali amphiboles, one in the 

area of the miyashiroite composition and the other in the ferroeckermannite 

field. Many of the analyses in the literature are of a suspect quality 

and various suggestions have been made to decide on the quality of an 

analysis. 

A method of representing alkali amphiboles of intermediate composition 

has been found by using the substitutions in the Y sites which are balanced 

by substitutions in the Z and X sites. This method has revealed that there 

is complete solid solution between riebeckite and arfvedsonite, 

magnesioarfvedsonite and magnesioriebeckite, and richterite and 

eckermannite. A suggested nomenclature fbr these compositions has also 

been proposed. 



Alkali amphiboles from the celebrated nepheline syenite of 
; 

Ilimaussaq, S.W. Greenland have been analysed and these analyses reveal 

a compositional trend from close to katophorite to arfvedsonite. 

Electron microprobe analyses of alkali amphiboles from the saturated 

rocks of Tugtuttq, S.W. Greenland show a trend in compositions from 

ferrorichterite to riebeckite-arfvedsonite. 
; 

Arfvedsonites from the late-stage lujavrites of Ilimaussaq contain 

high concentrations of potassium. This element has been shown to be 

exchanged between amphibole and nepheline in these rocks. 

Electron microprobe studies have shown the chemical variations 

within continuously and discontinuously zoned alkali amphiboles and in 

addition a study of co-existing glaucophane and hornblende has demonstrated 

that glaucophane develops around the hornblende as the rock retrogresses 

from the eclogite facies to the glaucophane schist facies. 

X-ray diffraction studies of synthetic and natural alkali amphiboles 

demonstrate that the a 0 sin/ parameter is controlled by the occupants 

of the 'A' site and the octahedral sites. The b0 axis depends upon the 

M(4) and M(2) occupancy; and the;1 angle shows a strong positive 

correlation with the M(4) occupant and to a lesser extent the magnesium 

and potassium contents. The c 0 axes of alkali amphiboles are longest in 

iron-rich compositions. 

Infra-red spectroscopic studies indicate that it is possible to 

"fingerprint n the various alkali amphibole pUb-groups. The presence 

of~ or Na+ in the 'A' sites of synthetic alkali amphiboles raises the 

stretching frequency of adjacent OH groups by about 60 cm-1• In natural 

amphiboles, however, the increase in frequency is only 20-40 cm-1, due 

probably to the effects of substitutions such as F- for OH- and the 

presence of trivalent cations in M(l) and M(3). 
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CHAPI'ER ONE 

lNTRODUGl'ION 

1-1. General remarks. 

The word "amphibole" comes from the Greek "amphiboles" meaning 

ambiguous and was first coined by Hauy in 1801. Tschermak in 1871 first 

described the relationship between the amphiboles and the pyroxene group 

of minerals. Both Penfield (1890) and Schaller (1916) recognized that 

water was a part of the structure of tremolite and the latter was the 

first to derive the correct formula for this mineral. 

The amphiboles have a very variable chemist~ and this reflects a 

complex arrangement of cation sites of differing size and shape •. These 

minerals can readily accommodate cations of ionic radii between about 
0 

0.40 and l.40A. All major elements of the earth 1 s crust and mantle fall 

into this range but the cations enter the amphibole structure in an 

orderly manner. 

Amphiboles are common rock.forming minerals and this group together 

with the pyroxenes form 17,% by volume of the total of the minerals in 

the earth 1 s crust. The amphiboles are ubiquitous and occur in igneous, 

·metamorphic, metasomatic, and authigenic deposits and have recently been 

described from a meteoritic body, and from the Apollo XI rocks. 

1-2. Aims oft he present research. 

The first aim was to attempt the synthesis of several alkali 

amphibole compositions which had previously not been investigated, and 

to determine the physical parameters of these phases. During the course 

of the research both hydroxy- and fluor-alkali amphiboles were synthesized. 

These synthetic phases, together with previously published results, 

were used to determine the variations of the cell dimensions with c~stal 
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chemist~. In addition many analysed alkali amphiboles from various 

parageneses were used to correlate cell parameters with c~stal chemist~. 

The chemist~ of the alkali amphiboles is imperfect~ known and all 

the analyses from the literature together with those of the author were 

plotted to locate any miscibility gaps in the alkali amphiboles. The 

various· substitutions postulated by different authors were also,tested. 

The chemist~ and physical parameters of alkali amphiboles from the 
;' 

celebrated Ilimaussaq intrusion, S.W. Greenland vrere determined, together 

with amphiboles from other plutonic bodies in the area. 

The electron microp~obe has been used to elucidate the relationships 

between co-existing and zoned amphiboles and infra-red spectroscopy 

has revealed the effect of alkali ions in the 'A' site of the amphiboles 

upon the hydroxyl stretching frequency. 

Work on the amphibole group of minerals has greatly increased over 

the last decade but many gaps still exist in our knowledge of'these 

minerals. Attempts have been made during this research to fill a few of 

these gaps relating to the alkali amphiboles. Physical and chemical 

data on the amphiboles has expanded so rapidly that it is necessa~ to 

give a comprehensive review of the state of knowledge of these minerals 

at the time of writing. 

1-3. Structure of the ·amphiboles. 

Penfield and Stanley (1908) from careful and detailed chemical 

analysis of certain amphiboles came to the conclusion that the amphibole 

group had a basic ring structure and they argued that it would be reasonable 

to speak of this structure in the same way as the benzene ring in organic 

chemistry. They thought of the structure as an amphibole acid and 

suggested a possible formula:-
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They were uncertain of the number of silicon atoms and hydroxyl ions 

in the structure. 

Despite the work of Schaller (1916) the for.mula for tremolite was 

taken as Ca~Si04)3 and Winchell (1924) argued that the pyroxenes and 

amphiboles were so similar in their physical properties that you would 

expect the same "molecules" to occur in both groups. 

Warren (1929) and Warren and Modell (1930) derived the structure of 

tremolite, the other monoclinic amphiboles and anthophyllite (an 

orthorhombic amphibole) from X-ray structure analysis. This structure was 

derived from that of diopside which Warren and Bragg (1928) had evaluated 

and diopside and tremolite were related thus:-

Diopside Tremolite 

0 
= 9. 78i ao = 9. 71A ao 

0 0 

bo = 8.89A bo = 17.80A 
0 0 

c = 5.24A co = 5.26A 
0 

I = 105°50' I = 106°02' 

Therefore the b0 dimension of tremolite is twice that of di9pside •. 

The structure of the amphiboles is shown schematically in Fig. 1-1 from 

Ernst (196S). The structure consists of double chains of tetrahedrally 
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co-ordinated cations of infinite length parallel to the 'c' c~stallographic 

axis. The tetrahedra share alternately two and three oxygens between 

consecutive tetrahedrally co-ordinated cat ions in the chains. The chain 

consists of six membered rings surrounding a central void. 

Oxygens shared by pairs of fourfold co-ordinated cations are tenmed 

bridging oxygens. The backs of the chains consist of nearly co-planar 

oxygens. These oxygens were stated to be co-planar by Warren but subsequent 

three dimensional structure analyses have noted that this is not so 

(Papike and Clark, 1968; Papike, Ross, and Clark, 1969). These are 

designated as non-bridging 0(4) and bridging 0(5), 0(6) and 0(7). The 

latter three are bonded to tetrahedral cations only, but 0(4) is located 

at the periphe~ of the double chain and is bonded to a cation of six-eight 

fold co-ordination. 

Apical oxygens are also almost a co-planar anionic layer consisting 

of the non-bridging 0(1) and 0(2) and bonded on one side to fourfold 

co-ordinated cations and on the other by six-eight fold co-ordinated cations. 

Directly over the V-oid in the chain is an anion designated 0(3) bonded only 

to octahedrally co-ordinated cations and is typically monovalent, either 

hydroxyl, fluorine or more rarely chlorine and on occasions ~ be oxygen. 

l-3-l. Cation Structural Sites. 

These sites are made up of the tetrahedrally co-ordinated Si(I) and 

Si(II) (named by Warren because in tremolite only silicon was present in 

these sites); octahedrally co-ordinated M(l), M(2) and M(3); six-eight 

fold co-ordinated M(4); and finally the 'A' site which is twelvefold 

co,...or.dinated. 

The metal ions are co-planar and the double chain is slightly folded 

outwards away from the metal ions either side of the centre line (07) 

(Whittaker, 1949). The metal sites are located between two layers of apical 
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oxygens; M(2) and M(4) are situated at the peripheries of adjacent 

opposite facing chains and these provide bonds which bind the chains 

together parallel to the 'a' and 'b' axes. The relative positions of the 

co-planar cations can be seen in the upper portion of Fig. 1-1 which is a 

section normal to the 'c' axis. The lower part of the diagram, a projection 

normal to a0 sin,A shows the arrangement of the chains and how the M(2) 

and M(4) cations bind the chains together laterally, i.e. parallel to the 

'b' c~stallographic axis. 

The M(2) and M(4) sites are equivalent to the six-eight fold M sites 

in the pyroxenes and M(l) and M(3) are equivalent the octahedral sites 

in the micas. Therefore one can look upon the amphiboles as an 

intermediate stage in polymerisation between pyroxenes and micas. 

A large cavity arises from the superposition of the voids of adjacent 

back to back double chains and is designated the structural 'A' site. 

The position of this site is in the void below the 0(3) anion (see Fig. 1-1). 

In Fig. 1-2 a schematic diagram of the metal sites in the monoclinic 

amphiboles is shown. M(l), M(2), and M(3) are shown as regular octahedral 

sites but M(2) is slightly more distorted. The figures for the cation­

anion distances for tremolite (Papike, Ross, and Clark, 1969) are shown 

below the sites. M(4) is shown as an irregular eight-sided site. 

In the lower half of Fig. l-1 the double chain·is shown as an approximate 

hexagon. Warren (1929) described this as a regular hexagon but recent 

structure determinations (Papike and Clark, 1968; Papike, Ross, and Clark, 

1969; Colyille and Gibbs, 1965) have shown these chains to be 'kinked' to 

va~ing degrees in different amphiboles. Two similar alkali amphiboles, 

magnesioriebeckite (crocidolite) and riebeckite are shown in Fig. 1-3 

and the main difference in chemistry is tl').at magnesioriebeckite has 

magnesium in M( 1) and M(3) sites. 



croci do lito (Wilittalter 1949) 

I b c 
Si 1 1.58 .43 

SiiJ: 3.05 3.11 
oct Sin Os 2.51 N 4.27 

It) 

Os It) 1.98 I. 87 

1~ 
07 0. .13 

M3 0. 0. 

M31 

M 
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l riebecldte (Colville and 
Gibbs 1965) 

b c 
Si1 I. 55 -1.53 

oct 
N Sin 3.06 1.06 
It) Sin . 
It) Os . 2.31 2.27 l M3• Os 2.13 -.38 

07 0. -1.57 

M3 0. 0. o71 

Fig.1-3 Half chain widths of riczbczckite and magnczsio­

riczbeckitcz to show'ktnking' of the chains.(aftczrErnst 1968.) 
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Warren (1929) in his original structure det.ermi.nation took rotation 

photographs about the 1 c 1 axes of five monoclinic amphiboles, namely; 

tremolite, actinolite, hornblende, kupferrite, and grunerite. All the 

photographs were similar therefore it was assumed that the other amphiboles 

had essentially the same structure as tremolite. 

From oscillation photographs about the 'b 1 axis the only reflections 

present were for h + k + 1 = even. Warren designated the lattice as 

boey-centred and he used the superscript 1 I 1
• The alternative is to use 

the face-centred or 1 C1 cell. Zussman (1959) shows the relationship 

between these two cells. The 'C' cell is now used exclusively to prevent 

confusion in presenting X-r~ data. 

Tremolite belongs to the monoclinic holohedral class and using the 

1C1 face-centred cell only C2/m and C2/c groups are possible. The 

oscillation photographs showed that there were some (hOl) reflections 

with both h and 1 odd therefore the space group rust be C2/m. 

Btown (1966) described an amphibole intergrown with t·r.emolite with 

the space group P21/m, subsequently Papike, Ross, and Clark (1969) have 

determined the crystal structure of amphiboles with this space group. 

Reflections with this space group have the indices hOl, hkl, and OkO 

when k = 2n. 

More recent X-r~ structure determinations have been 

done by the following people:-

Whittaker (1949) - magnesioriebeckite. 

Zussman (1955) - actinolite, (1959) tremolite. 

Heritsch et al. (1957 and 1960) - hornblendes. 

Gho,se and Hellner (1959 ), Finger and Zoltai (1967), and 

Finger (1969) - grunerite. 

Ghose (1961), Fischer (1966) - cununingtonite. 
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Kawahara (1963) - arfvedsonite. 

Prewitt (1964) - two synthetic amphiboles. 

Gibbs (1965 and 1969) - synthetic proto-amphibole. 

Colville and Gibbs (1965) - riebeckite. 

Pap ike and Clark ( 1968) - glaucophane. 

Papike, Ross and Clark (1969) - various clinoamphiboles. 

Finger (1969) - anthopeyllite. 

Mitchell, Bloss, and Gibbs (1971) - actinolite. 

Papike and Ross (1969) - gedrites .. 

Robinson, Gibbs, and Ribbe (1969) - pargasite. 

Whittaker (1969) - holmquistite. 

The recent structural refinements have increased the knowledge on 

the three basic amphibole structures with the space groups C2/l!b P2Vl!b 

and Pnma. They have discovered the relative positions of the tetrahedra 

in various ronphibole compositions and that aluminium is enriched in 

T(l) compare(l to T(2). Papike, Ross, and Clark (1969) conclude that 

M(4)-0 co-orilination polyhedra are responsible for the miscibility gaps 

between magn«~sium rich clinoamphiboles (cummingtonites) and Na, Ca rich 

amphiboles at low temperatures. 

Work st:ill remains to be done on amphiboles from igneous environments 

with composi:'dons such as mboziite and amphiboles with high titanium 

and partial 'A' site occupancy in order to resolve further c~stal 

chemical problems. 

1-4. Site occupancy. 

The formula for an amphibole is A0_1~Y5zso22 (OH)2 which represents 

one-half of the unit cell ofo. olt' .. oamphibole. 'A' represents the twelvefold 

co-ordinated cations occupying the structural 'A' site; X the eightfold 

co-ordinated. cations at M(4); Y indicates the octahedrally co-ordinated 
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cations at M(l), M(2), and M(3); Z represents the tetrahedrally co­

ordinated cations at T(l) and T(2). 

Ghose (1965) drew up a scheme of cation distr~bution in the amphibole 

group based upon c~stal chemical considerations and the c~stal structures 

-
available at the time (Table 1-1). This table is not exhaustive but it 

shows the general cation distribution in the monoclinic and orthorhombic 

amphiboles. The author disagrees with Ghose 's (1965) suggestion on the 

position of lithium in the arfvedsonite-eckermannite series. This cation 

probably goes into the M(l) and M(3) s·ites, with subsequent charge balance, 

because of its size (Phillips, 1963). This opinion is substantiated by 

studies of the infra-red spectra of the :fundamental h;ydro:xyl stretching 

frequency of lithium-containing alkali amphiboles (Addison and White, 

1968). Lithium in hol.mquistite is in the M(4) sites (Whittaker, 1969) •. 

The author has not noted any shift in OH- stretching frequency of a 

holmquistite from Rwanda which would be expected if lithium were in the 

M(l), M(3) sites. 

When eydro:xyl is replaced by o:xygen in the 0(3) si. tes ferric iron 

should enter the M(3) sites to balance the charges (Phi~lips, 1963). 

Recently much work has centred on the problem of site occupancy 

in the amphiboles. Single c~stal X-r~, M~ssbauer spectroscopic and 

infra-red spectroscopic techniques have been used to determine site 

occupancy. 

In ant.hopbyllite ferrous iron site preference is as follows: 

M(4) ·> M(l), M(3) > M(2) and this is similar to results for the 

cUIIliilillgtonite-grunerite series (Bancroft, Maddock, Burns, and Strens, 

1966). There is a strong preference for M(4) by ferrous iron and 

discrimination against the M( 2) site. The magnesium ions tend to cluster 

more in the M(l) and M(3) sites. 



·Name 

Glaucophane 

Riebeckite 

Katophorite 

Arf'vedsonite 

Eckermannite 

Richterite 

_ Cummi.ngtonite 

Actinolite 

Hornblende 

Edenite 

Pargasite­

Ferrohastingsite 

Anthophyllite 

TABLE 1-1 

Cation distribution in the amphiboles (after Ghose, 1965) 

M(4) M(2) M(l) + M(3) A Si(I) Si(II) 

Na Fe3+, Al Mg, Fe2+ - Si Si 

Na Fe3+ Mg, Fe2+ - Si Si 
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The results from studies on actinolite (Burns and Strens, 1966), 

where M(4) is occupied by calcium, indicate that the Fe/ ratio 
Fe+ Mg 

in the M(2) position is about twice that in the M(l) and M(3) sites. 

Strens (1967, 1968) and _furns and Prentice (l968a and b) have evaluated 

the site occupancy in fibrous riebeckite and magnesioriebeckite (crocidolites). 

Ferric iron predominates at the M(2) sites and ferrous iron is concentrated 

in the M(l) and M(3) sites with a preference for M(l). Cations in 

pegmatitic riebeckites and magnesioriebeckites are more randomly 

distributed than in the fibrous varieties,- therefore site populations 

appear to be strongly temperature dependant.· 

In glaucophane ferric iron and aluminium are at M(2) and ferrous iron 

and magnesium at M(l) and M(3) with a slight preference for ferrous iron 

in M(3) (Papike and Clark, 1968; Strens, 1966). 

Much of the work, to date, has been on amphiboles from low temperature 

and metamorphic environments and a great deal needs doing on the igneous 

amphiboles. 

1-5. Amphibole cleavage. 

The amphiboles possess two cleavage planes at 124° to each othe!, 

whereas in the pyroxenes they are at 90°. The cleayage directions are 

shown schematically in 1-4. The silicon-oxygen tetrahedra are back to back 

. and the cations are distributed as shown. Warren (1929) concluded that the 

amphibole would cleave more readily at the edges of the chains, i.e. between. 

the M(4) and M(2) sites because the M-0 distances would be longer and hence 

weaker. His scheme for the amphibole cleavage passed between the metal 

ions and the apical oxygens of the s ilicon-oxygen tetrahedra then between 

adjacent chains and between M(2) and M(4) of the lower chain. This scheme 

is labelled (W). Taylor (1965) proposed an alternative to Warren's scheme. 
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This again passes between M(2) and M(4), between adjacent chains and then 

along the backs of the chains. Both hypot·heses give the same cleavage 

angle but Taylor's has the advantage that it breaks fewer hl-0 bonds. 

l-6. Nomenclature. 

The amphiboles can be subdivided according to the following scheme, 

modified from Phillips and Layton (1964):-

AMPHIBOLES 

Orthorhombic Monoclinic 

Space Group Pnma 

I 
Anthophyllite etc. 

Space Group P21/ 
I m 

Primitive Mn. Cum. 

Lime poor 
cummingtonites 

Lime rich 
calciferous 

Space Group C2/ 
m 

Alkalj,_ rich 
alkali 

A profuse nemenclature has arisen within the amphibole group of 

minerals, but since the author. is primarily concerned with alkali amphiboles 

this sub-group alone will be discussed. Alkali amphiboles are defined as 

having more than 1.00 atoms of sodium in X in the basic formula (Phillips, 

1966). 

Phillips and Layton (1964) define five alkali amphiboles of the 

following compositions:-

aNa~3Al2Si8o22(0H) 2 -Glaucophane -_,K 

NaCaNaMg
5
si8o22 (oH)2 - Richterite - K 

NaNa2Mg
4

AlSi8o22(0H)2 - Eckermannite - K 



·90 

·80 

Ferrogl aucophane 

·70 

·60 

-40 

·30 

Glaucophancz 
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·10 
oNa

2
Mg

3
A 1

2
S1

8 
0

22
COHl

2 

·20 ·30 

Riebeckite 

Crossite 1...--- ----- --------1 • 

I 
I .. 

Magnesioriczbeckitcz 

·40 Fe+++ ·60 ·70 ·80 . 90 1·00 
Fez++++ Tr +AI o No Mg Fc•••s; 0 (OH) 

2 3 2 8 22 2 

Ftg.1- 5 Nomenclature of the Glaucophanc-Riebeckitc series. 
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NaNa~gflfirno22(oH) 2 - Miyashiroite - K 

NaCaNaMgfl2si6Al2o22(0H) 2 - Sundiusite - K 

These are the magnesium end-members and the suffix -I< x (KAPPA) 

indicates a pure end-member composition (Phillips and Layton, 19~). 

The above ·formula for glaucophane followed by - K indicates the pure 

chemical compound and c indicates a vacant lattice site. Minerals 

called glaucophane come within lq% of the pure compound. 

The name glaucophane was first used by Hausmann (1845) and comes from 

the Greek "glaucos" and "phanos" ·meaning to appear bluish green. 

Gastaldite was a name used for a mineral similar to glaucophane but 

more aluminous (Struver, 1875) but on re-analysis (Zambonini, 1906) it was 

shown to be glaucophane. The relationship between the various minerals 

in this compositional range is shown in Fig. 1-5. Phillips and Layton 

(1964) proposed the use of 'ferro' to denote the full substitution of 

ferrous iron for magnesium and 'ferri' for the full substitution of ferric 

iron for aluminium. Unfortunately the names of the minerals within this 

compositional range and the eckermannite-arfvedsonite compositions are 

entrenched in the literature. 

Riebeckite, the ferrous ferric iron analogue of the· glaucophane 

series, was originally described by Sauer (1888) and named after a 

Dr. Riebeck and came from the Island of Socotra in the Indian Ocean. This 

riebeckite is not a true riebeckite but a member of the riebeckite-

arfvedsonite series. 

Sub-glaucophane was a term used by Sundius (1946), Miyashiro (1957), 

and Winchell (1951) for minerals of intermediate composition between 

glaucophane and riebeckite but crossite, proposed by Palache (1894) in 

honour of J. W. Cross, is preferred bacause minerals of this composition 

have distinctive optical properties (Borg, 1967). 
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The term magnesioriebeckite (Ernst, 1957; Miyashiro, 1957) for the 

magnesium ferric iron end-member could be called ferriglaucophane 

according to the Phillips and Layton (op. cit.) scheme. The closest 

approximation to the ferroglaucophane composition is glaucophane 23 

ferroglaucopbane 77 (Black, 1970). 

Crocidolite was first described by Stromeyer and Hausmann (1831) 

and means "woolly-stone". The term. "crocidolite" has since been used 

. to describe all forms of fibrous riebeckite and magnesioriebeckite. 

For the mineral the adjective, fibrous, should be attached followed by 

the specific mineral name. The name rhodusite has been introduced by 

the Russians for a fibrous magnesioriebeckite which has formed in 

aut~igenic environments. 

The following list of mineral names can be adequately described by 

the present terminology (after Hey, 1954): 

Osannite (Hiawatsch, 1906) - riebeckite. 

Chernyshevite (Duparc and Pearce, 1907) - riebeckite. 

Lan~ite (Murgoci, 1906) - riebeqkite. 

Ternovskite (Polovinkina, 1924) - magnesioriebeckite. 

Bababudanite (Smeeth, 1911) - magnesioriebeckite. 

Naurodite (von Knebel, 1903) - glaucophane. 

Ferriglaucophane (Rao, 1939) - glaucophane. 

Fig. 1-6 shows the relationships in the e ckermannite-arfvedsonite 

series. Both Figs. 1-5 and 1-6 should be used only to show relationships 

within the mineral composition range and not to show the systematic 

position of the composition within the amphibole group (Phillips, 1966) • 

.A.rfvedsonite was named by Brooke (1823) after the Swedish chemist 

J.A. Arfvedson and came from Kangerdlugsuak in southern Greenland. 

Eckermannite was named by Adamson (1942) after Professor H. von Eckermann 
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and came from Norra KArr in southern Sweden. Szechenyiite (Krenner, 1900) 

analyses plot in both the eckermannite and richterite fields. 

The following amphiboles are intermediate in composition between 

riebeckite and arfvedsonite and the author has determined that there is 

no chemical break between these minerals: 

1. Heikolite (Kinosaki, 1935) from quartz syenite, Fukushin-zan, Korea. 

2. Torendrikite (Lacroix, 1920), Ambatofinandrahana, Malagasy. 

3. Taramite and fluor-taramite (MOrozewicz, 1925, 1930) from Mariupol, 

Ukrainian S.S.R. One of these minerals plots in the Mboziite field. 

4. Svidneite (Mincheva-Stefanova, 1951 and Grozdanov, 1964) from potash 

rich quartz syenites in the Western Balkans. 

Juddite (Fermor, 1909) comes from the manganese deposits in India 

and typically contains manganese and ferric iron to the exclusion of 

ferrous iron. It was named after Professor J.W. Judd. The minerals 

of this composition should be called manganoan magnesioarfvedsonite. 

The adjective preceding the name is from the scheme proposed by Schaller 

(1930). Magnesioarfvedsonite (Andreev, 1957) was first described from 

a metasomatic environment in the Urais, U.S.S.R. 

The Katophorite group (NaCaNa(Fe++,Mg)4(Fe+++,Al)Si~lo22(oH)2 ) was 

named by Br8gger (in Deer, Howie, and Zussman, 1963) for an amphibole 

characterised by a deep reddish brown colour and fairly large extinction 

angle. The name, Katophora, comes from the Greek meaning "a carrying down 11
, 

referring to its volcanic origin. Miyashiro (1957) coined the name 

magnesiokatophorite for the magnesium-ferric iron end-member. No amphibole 

approximating the magnesium-aluminium end-member has yet been found in 

nature. Freudenberg (19~0) proposed the name anophorite for a magnesio­

katophorite from a nepheiine syenite at Katzenbuckel, Odenwald, Germany. 

The richterite-ferrorichterite group have the composition 
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NaCaNa(Mgfe++)5Siao22 (0H) 2• Breithaupt (1865) first described richterite 

from the manganese-iron deposits of Langbo.n, Sweden and named it after 

Professor J.L. Richter. As this mineral was considered to be manganese-rich 

Larsen and Berman (1931) introduced the term soda-tremolite but reference 

to the ana~ses of the Longban richterites shows some of them to have normal 

(0.1 - 0.3 atoms) manganese contents. The name richterite is preferred 

by the author because it has no allusion to another mineral species. 

There is a profusion of mineral names with the composition of richterite. 

Among these are szechenyiite (Krenner, 1900); imerinite (Lacroix, 1921) 

from a contact metamorphosed limestone at Imerina, Malagasy; tirodite 

(Dunn and Roy, 1939) from Tirodi, India (see present study); winchite 

(Fermor, 1906) from Central Provinces, India; chiklite (Bilgrami, 1955) 

from Chikla, India; magnophorite (Prider, 1939) and finally Isabellite 

(Chester, in Hey, 1954). Magnophorite is a potassium rich variety of 

richterite. 

Phillips and Layton (op. cit.) named two amphiboles which were not known 

in the natural state, namely sunduisite- K (NaCaNaMg3Al2Si6Al2022(0H)2) 

and miyashiroite- I{ (NaNa2Mg3Al2Si7Al022 (oH)2). Since publication of this 

work the iron analogue of sunduisite-1\ has been found in nature and was 

described by Brock et al. (1964) and called mboziite. More recently a 

more magnesium rich mboziite has been described by Linthout and Kieft 

(1970). No amphibole approximating miyashiroite has yet been found in 

nature. 

1-7. Classification (Review). 

A historical review of the various classifications that have been 

proposed for the amphibole group of minerals is given here. The 

classification thought to be most useful will be dealt with in detail in 

the chapter on the chemist~ of the alkali amphiboles. 
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Larsen and Berman (1931) were the first to attempt systematically 

to classify the amphiboles and their subdivisions can be noted from the 

table:-

1. Tremolite Ca2Ms5Siao22(0H)2• 

2. Soda Tremolite CaNa2Mg
5
si8o22(oH)2• 

3. Arfvedsonite Na3M~A1Si8o22 (0H)2 • 

4. Hastingsite Ca2NaM~AlS~Al2o22 (oH)2 • 

5. Glaucophane Na2~~3Al2Siao22 (0H)2 • 

The above authors treated hornblende, actinolite and riebeckite as 

the iron analogues of hastingsite; tremolite and glaucophane respectively. 

Berman (1937) took this classification one stage fUrther and sub-

divided the amphiboles from the following generalised formula 

(W,X,Y)7-8(z4o11 )2(0,0H,F) 2• From this formula he generated the following 

sub-divisions:-

Anthophyllite series x7(z4o11)2(0H)2 and subdivided it further into 

anthophyllites (~e)7si8o22 (0H)2 and gedrites (~eA1)7(SiAl)8o22 (oH)2 • 

Cummingtonite series x7(z4o11 )(0H)2 where X = (Mg,Fe,Mn). 

Tremolite-actinolite series w2xszao22(0H)2, W = Ca, X = (Mg,Fe). 

Hornblende series 2 lw3(x,Y)5(z4oll)2(oH)2} 

where W = (Ca,Na), (X,Y) = (Mg,Fe++,Fe+++,Al), Z = (Si,Al). 

He also divided the hornblende series into groups which are still 

recognized e.g. edenite, pargasite, hornblende, glaucophane etc. 

Hallimond (1943) graphically represented 143 analyses of hornblendes 

and tremolites with two variables (a) the number of silicon atoms; 

(b) number of atoms allotted to the vacant space. A third variable 

was eliminated, i.e. the degree of replacement of sodium for calcitim 

by selecting analyses with approximately two atoms of calci~. The 

main disadvantages of this system are that he disregarded substitutions in 
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the mineral which do not affect the parameters he uses, and secondly he 

totally ignores substitutions in M(4). 

Sundius (1946) classified what he called the hornblendes and studied 

the solid solution relations within the amphibole group. His proposed 

scheme of classification is shown below:-

Tremolite-Actino;t.ite Richterite-ferrorichterite 

Ca2(MgFe)5Si5022(0H)2 Na2Ca(MgFe)5Si8o22(0H)2 

Eckermannite-Arfvedsonite Glaucophane-Riebeckite 

Na3(MgFe++)4 (Fe+++Al)Si8022 (0H)2 Na2(MgFe++)
3

(Fe+++Al)2Si8o22(0H)2 

Edenite-ferroedenite Pargasite-Hastingsite 

NaCa2(MgFe++)5Si~lo22 (0H)2 NaCa2(MgFe++)4 (A1Fe+++)Si6Al2o22(0H)2 

Tschermakite-ferrotschermakite 

Ca2(MgFe++)3(A1Fe+++)2Si6Al2o22 (0H)2 

Where calcium is exchanged for sodium then he uses the term alkali 

hornblende and he classes richterite as one of these. 

Winchell (1951) split the hornblendes up into four end-members namely 

tremolite, edenite, pargasite and tschermakite with the same compositions 

as those proposed by Sundius. 

Miyashiro (1957) attempted a classification of the alkali amphiboles. 

He divided the group into four sub-groups:- riebeckite-glaucophane, 

arfvedsonite, katophorite, and soda tremolite. He represented his 

classification diagrammatically as shoivn in Fig. l-7 and plotted the number 
I 

of silicon atoms against the trivalent atoms in Y. The boundaries between 

these groups are straight lines passing through two points:-

Between the fields riebeckite-glaucophane and arfvedsonite: 

(R+++ = 1.30, Si = 8.00) and (R+++ = 1.80 and Si = 7.00). 

Between the fields of arfvedsonite and katophorite: (R+++ = 1.10, 

Si = 7.45) and (R+++ = 1.40 and Si = 6.85). · 



Shaded area defines 

plane which divides 

calciferous and 

alkali amphiboles 

Tr 

. . . . 
:• 

: 

.. 

Ts 

Modification of Smith's classification to include sundiu~ite 

and miyashiroite. 

F'i g.l-8 

Ec 

Tr Ts 

I - - -, 
\~ 
\. 
\~ 

' ' \ 

Classification of the amphiboles, J .V. Smith 1q5q . 
. I 



-18-

Between the fields of katophorite and soda tremolite: (R+++ = 1.10 

Si = 7.45) and (R+++ = 0.50 and Si = 7.00). 

Between the fields of arfvedsonite and soda tremolite:(R+++ = 1.10 

and Si = 7.45) and (R+++ = 1.10 and Si = 8.00). 

One useful facet of this classification is that the mode of occurrence 

can be shown to correlate roughly with composition. The minerals from 

igneous bodies are in the upper central portion of Fig. 1-7, the volcanic 

minerals to the upper left, crystalline schists to the lower right and 

the hydrothermal or contact metamorphic minerals to the lower left oft he 

centre line. 

Miyashiro further uses the calcium content of the minerals to 

arrive at an idealized formulae·: 

Riebeckite-glaucophane 

Arf'vedsonite 

Katophorite 

and compositional variation between the groups involves the substitution 

R+++Si ~ CaR++ Al. 

The above formula for arfvedsonites has been accepted by Deer et al. 

(1963) but minerals approaching the arf'vedsonite end-member formula 

Na3Fe4+FJ++si8o22(0H)2 occur in some soda granites. This classification 

has the disadvantage of using only two substitutions in the alkali 

amphiboles. 

J.V. Smith (1959) made the first serious attempt at classifYing the 

calciferous and alkali amphiboles by means of a three d~nsional plot 

(Fig. 1-8). In this diagram a vertical ordinate is used to express the 

variation CaAl ~ NaSi. When all the calcium has been exchanged for 

sodium in the M(4) sites pargasite (Pa) and tschermakite (Ts) become 

eckermannite (Ec) and glaucophane (G) respectively. When only one calcium 
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atom has been exchanged edenite (Ed) becomes richterite (R). The upper 

limit of the diagram is fixed by the requirement that calcium should not 

fall below zero and the lower limit by the fact that calcium atoms never 

exceed two. The number of silicon atoms can never begreater than eight 

and a plane representing this passes through eckermannite, glaucophane, 

richterite and tremolite. Calcium plus sodium (or potassium) can never 

exceed three and never fall below two. The back plane is defined by 

R, Ed, Pa, and Ec and front. plane by Tr, Gl, and Ts. There are only 

five magnesium sites available in these amphiboles therefore aQY 

analyses are forbidden beyond the plane Tr-Ed-R. It is to be noted 

that the substitution Mg ~Fe++· is ignored.. There is a lack of symmetry 

in this graphical representation and this is the main disadvantage. 

Phillips.and Layton (1964) took the tremolite composition as a 

starting point and bearing in mind the requirements of electrical 

neutrality, avaliable lattice sites, co-ordination number and evidence 

from a large number of chemical analyses worked out the limits of 

substitution for the calciferous and alkali amphiboles. Sodium and 

aluminium were taken as typical of the various elements which can 

substitute in the A,X and Y,Z positions in the general formula 

AX2Y5zso22(0H)2• Substitutions involving cations of the same charge 

and similar ionic radi~ e. g. Mg ~Fe++, were regarded as trivial for 

the purpose of establishing the general classification. The following 

substitutions were considered to be possible:-

2Na ~cCa, NaAlVI?. CaMg,cAlviF NaMg, 

AlVIAliV~ Mgpi, CaAliV~ NaSi, NaAliV~ tJSi, NaACa2AlFcNa~Si 

These sul:>stitutions give nine end-members namely Tr, Ed, Pa, Ts, Gl, R, 

Ec M Su of which the five alkali amphiboles were mentioned in the section 
' ' . 

on nomenclature and the calciferous amp~ibole names are generally accepted. 
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Phillips and Layton proposed a simple two axis plot of the sum of 

sodium atoms against the sum of aluminium atoms (Fig. ·1. 9). This diagram 

indicates that there is no break between the calciferous and alkali 

amphiboles and they arbitrarily divided them at 1.5 atoms of sodium. 

The smaller square around the name represents lq% solid solution with 

other end-members, the next largest square 2q% solid solution and to 

these minerals the suffix - sensu lato was applied. The largest square 

they referred to as - sensu extenso and represented a 5q% solid solution 

between end-members. 

Phillips and L~on (op. cit.) also introduced the concept of the 

basic formula which is calculated from the usual atomic formula. It is 

derived by converting the cations other than silicon into equivalent 

sodium, magnesium and aluminium depending upon their function and position 

in the lattice (Phillips, 1963). 

Phillips (1966) takes these ideas one step forward and uses a method 

of representation that will distinguish between NaA and NaX and also 

between Aly and Alz. In the basic formula NaA + Aly = NaX + Alz must hold. 

Knowing any three of these the fourth is determined by the need for 

balanced substitution. 

Phillips constructed a diagram (Fig. 1.10) relative to the X, Y1 Z, 

orthogonal axes in a conventional orientation, representing the number of 

atoms Nax, AlY, Alz in the basic formula. The compositional space is an 

oblique slice through a cube bounded by faces equivalent to ~100} and fllll 

planes. The limits are set by the number of X positions in the lattice and 

by assumptions (Phillips, 1963) about the limits of substitution in Y and Z 

positions. The calciferous amphiboles are separated from the alkali 

amphiboles by a bounda~ representing one atom of sodium in the X sites. 

The relationship between this diagram and that proposed by Smith (1959) 
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may not be readily apparent but by extending Smith's diagram to include 

miyashiroite and sundiusite (Fig. l.i.) the similarities can be seen. 

The six-sided figure containing Ed, R, Ec, M, Su, Pa and triangle containing 

Tr, Ts, Gl are in a different orientation but use the same concept. The 

disadvantage of this plot is its lack of symmetry which Phillips 

classification does possess • 

. Whittaker (1968) queried the desirability of trying to express the 

composition of amphiboles quantitatively in terms of end-members which was 

a feature of Phillips (op. cit.) classification~ Whittaker uses orthogonal 

axes to derive the three dimensional diagram which classifies amphiboles 

in terms of the cationic charge distribution in the chains (Fig. 1.11.) • 

. The system works as follows: 

The number of doubly charged atoms at X was taken to be the number of 

calcium atoms plus any excess of· Y-type cations above 5. 

x = number of doubly charged ions at X - number of vacancies 

at X. 

y = number of triply charged ions at Y + 2x number of 

quadruply charged at Y(Ti) - number of singly charged 

ions at Y(Li) - 2x number of vacancies at Y. 

z = number of silicon atoms at Z + number of vacancies at Z 

(assumed filled by H4). 

Then the amphiboles fall at the following co-ordinates:-

202 tremolite-actinolite 

220 tschermakite, basaltic hornblende and kaersutite 

022 glaucophane group 

102 richterite 

012 eckermannite group 

210 pargasite, hastingsite 

201 edenite 

211 common hornblende 

111 katophorite 

120 taramite (mboziite) 
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CHAP.rER TWO 

2-1. Introduction. 

Phillips and Layton (1964), in attempting to systemise the 

nomenclature of the calciferous and alkali amphiboles, have considered for 

s~plicity 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 AX2Y5zso22 (0ff)2• Substitutions involving cations 

of similar charge and ionic radium - as for example Fe++ for Mg - were 

regarded as being trivial for the purposes of fundamental classification. 

It was found that nine end-member compositions were theoretically 

possible, two of which miyashiroite and sundiusite had not previously 

been described. 

Phillips (1966) has shown how the relationships of these nine 

end-members may be represented on a simple diagram (Fig. 1~10) and has 

defined the alkali amphiboles as having at least 1.00 atoms of sodium 

in the X position of the above general formula. Five of the nine end­

members are therefore classified as alkali amphiboles namely R, Ec, G, M, 

and Su (using abbreviations suggested by Phillips and Layton, 1964). The 

next logical step was to see if these compositions could exist as stable 

amphiboles and if possible to determine the stability range with va~ing 

temperature and pressure. 

2-2. Previous Work. 

Glaucophane- K (aNa~3Al~i8o22(0H) 2 ) has been prepared by Ernst 

(1959 and 1961) and the same author has shown that it has a pressure 

dependant polymorphism (1963). Charges of the bulk composition 

Na20.3MgO.Al2o
3

.8Si02 + excess water never completely c~stallized to 
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amphibole. Additional phases to the glaucophane were forsterite, albite, 

enstatite, and a sodic montmorillonite. The present author performed 

several experiments (G.R. 4,5,6,7, and 113) with this composition and the 

phases encountered were the same as Ernst's even after seven ~s, but 

without the glaucophane. Ernst's experiments were up to six months in length 

and amphibole became more abundant with time. The high temperature stability 

is 8~0 ! 5°C at 1000 bars pressure. Equilibrium was demonstrated by 

recrystallizing high temperature products within the glaucophane stability 

field (Fyfe, 1958). Glaucophane was also synthesized from the bulk 

composition Na2.3MgO.Al20y 10Si02• Glaucophane exhibits polymorphism 

which has been shown by a study of the X-ray cell parameters. The mineral 

which was synthesized below 2000 bars has larger cell dimensions than 

that synthesized above this pressure. Ernst has designated these two 

polymorphs I and II. Papike and Clark (1966) have elucidated the cation 

distribution in the crystal structure of glaucophane II and there is greater 

disordering than in the natural equivalents. 

Ernst also synthesized magnesioriebeckite (1960), riebeckite and 

riebeckite-arfvedsonite (1962). 

Michel-~Vy (1957) hydrothermally synthesized an amphibole approxi.ma:ting 

to the chemical fornmla of richterite, with a composition said to be 

Nal.
5
ca0• 7~.4si8o22(0H)3 • 8 • The mineral was synthesized from a mixture 

of MgC03' CaC03' Na2co
3 

and Si02 at approximately 450°C. At 580°C he also 

noted the appearance of P,Yroxene. The synthesis of various fibrous alkali 

amphiboles under hydrothermal conditions has been reported by Makarova, 

Korytkova, and Fedoseev (1967). The synthesis was carried out using 

autoclaves of platinum or silver at 350-600°C at pressures between 300 and 

2000 bars. Oxide mixes were starting materials and the mineral compositions 

had Na or Ca in X and Mg, Fe++, Co or Ni in Y. 
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Schreyer and Seifert (1966) have synthesized amphiboles in the system 

Na2o-MgO-sio2-H2o. Na~6Si8o22 (0H)2 represents one end-member and the 

other end-member is Na4Mg4 Si8o20(0H)2 (OH) 2• The former breaks down to 

forsterite and an osumilite phase at 965 ~ 20°C and 1000 bars and the 

latter at 770 ,:!:. 10 C. · This work has two possible conclusions which can 

be seen from the equation : -· 

Na+ + ow~ Mg++ + o= 

(1) Amphiboles can accommodate more than three large cations. 

(2) Some o= is replaced by OH- in the main Si-0 tetrahedra and 

could explain excess water in the ana~ses of certain amphiboles. 

2-3. Experimental Details. 

2-3-1. Starting Materials. 

A total of 21 compositions were made up in stoichiometric proportions 

using a modification (D.L. Hamilton, personal communication) of the 

"organic silica-nitrate method 11 (Roy, 1956). 

The following materials were used: 

Na2o: Sodium carbonate of "Analar" grade. 

CaO: Calcium carbonate of "Analar" grade. 

Al2o
3

: Finely divided aluminium powder supplied by British 

Aluminium Co. Ltd. 

MgO: Pure magnesium metal supplied by Magnesium Elektron Ltd. 

Sii.02 : Tetraetl:zy'lorthosilicate (T.E.o.s.) supplied by 

MOnsanto Chemicals Ltd. 

The following method is designed to produce 5 grams of a gel of known 

compos it ion. All chemical powders should be kept in an oven at ll0°C when 

not in use .. 

Weigh out in turn the calculated amounts of the powdered. start~g 

materials, wash these from the watch-glass with distilled water into a 



-25-

P.T.F.E. beaker. 

Holding a watch-glass firmly on top of the P.T.F.E. beaker introduce 

1:1 nitric acid carefully at the spout of the beaker using a plastic . 

wash bottle. Keep adding, acid until the effervescence ceases, and then 

carefully wash splashes on the underside of the watch-glass into th~ 

beaker. If aluminium metal is present the solution should be heated 

on a water bath overnight. The watch-glass is then removed and the 

contents of the beaker allowed to evaporate until the solution begins to 

crystallize. Allow to cool and add about 25.% of etqyl alcohol. A 

precipitate appears but the s·olution will clear on standing and stirring. 

Care must be observed when adding the etqyl alcohol because if there is 

any excess nitric acid it will oxidise the alcohol and in turn be reduced 

to nitrogen oxides and water. 

T.E.O.S. is volatile and is weighed out in a weighing bottle with 

either a burette or hypodermic syringe and slight adjustments made 

using. a 0. 25 cc syringe. The bottle is sealed with a piece of "parafilm" 

which is a wax sheet, because T.E.O.S. is volatile. Wash the T.E.O.S. 

into the beaker using ethyl alcohol, stir thoroughly and while stirring 

add ammonia solution (0.88) until gelling is complete. 

Leave this overnight to ensure complete gelling, dry out on a water 

bath and later in an oven at 110°C. Remove all the dried cake from the 

beaker and grind in a mortar under acetone. Place the powder in a noble 

metal container and decompose the nitrates by heating to dull red in 

a fume cupboard. Fire overnight at 700-850°C in a muffle furnace 

to ensure complete decomposition of the nitrates. The powder should be 

ground again to ensure complete homogeneity. These gels have been tested 

for homogeneity by C.M.B. Henderson (private communication) and have been 

found to be so .. 

The sealed tube method of Goranson (1931) was used in the experiment. 
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The gels were loaded, together with 5-lQ% water by weight, into gold or 

platinun1 capsules, depending upon the temperature and pressure of the 

experiments. The gold capsules were not used above 950°C. 

2-}-2. Apparatus. 

The experiments were carried out in three types of ~drothermal 

apparatus:- (1) "Cold-Seal" apparatus designed by Tuttle (1949); 

(2) a molybdenum- o.5fo titanium vessel described by Williams (1966); 

(3) an internally heated ~drothermal vessel which is a modification of that 

described by Yoder (1950). 

The "cold-seal" vessels were made of a stellite alloy and used for 

experiments up· to 900°C at 1000 bars pressure. The temperature of the 

vessel was measured by chromel-alumel thermocouples and continuously 

recorded on a Honeywell-Brown recording potentiometer. The temperature of 

the furnace was measured by a platinum-platinum 13}& rhodium thermocouple 

and controlled by a temperature controller. The pressure in the vessel 

was measured by a Bourdon tube gauge and the fluctuations were not 

more than ~ 10 bars. The vessels were cooled very quickly by an air 

blast and as the temperature dropped reaction was minimised. 

The molybdenum-0.5,% titanium vessel was used for experiments from 

885° to 1250°C at 1 kilobar thus extending the range of the "cold-seal bomb" 

by .350°0. The "bomb" was protected from oxidation by an atmosphere of 

argon which is inside a "nimonic" sheath. A pressure of half a pound 

per square inch above atmospheric pressure was maintained inside the l?fiS 

jacket throughout a run and this was monitored by a manometer. Argon 

gas was used as the pressure medium and raised from cylinder pressure to 

that required by a simple hand pump. 

The third type of apparatus used was an internally heated vessel (Yoder, 

1950; Burnham, 1962). The pressure medium was argon and was raised by two gas 
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intensifiers and the temperature of the experime~t to the required pressure. 

This apparatus was used for experiments at 5 kilobars pressure and 

temperatures from 700 - 1000°C and also where large numbers of compositions 

were being ~vestigated. 

The condensed products were examined under a Zeiss petrographic 

microscope using white light and refractive index oils 1.590 - 1. 650 

depending upon the composition of the material. 

All the samples were diffracted using a Philips diffractometer with 

CuKe( radiation. The specimens were smear mounts with quartz as an 

internal standard. The mounts were scanned f~om 5° - 50° 2 eat 1° 

per minute for routine identification. 

2-4. Results. 

2-4-1. Richterite-K (NaCaNaMg5Si8o22( OH) 2) 

Fifteen experimental runs in which ~ls of composition Na20.Ca0. 

5Mg0.8Si02 were treated with excess water for 18-192 hours at 750 - 1075°C 

and 1 and 5 kilobars gave a product which was identified as richterite-K 

(Appendix 2). The mineral nucleated ve~ quickly even at the lower 

temperatures investigated and appears to be formed stably over the whole 

range of temperatures and pressures indicated above. One run made at ll00°C 

and 1000 bars pressure gives condensed products which were identified as 

forsterite, diopside and a glass. The glass will presumably contain the 

sodium and therefore a sodium silicate glass. Equation:-

Fo Dp 

(sodium silicate 

glass) + Si02 

The author therefore tentatively. puts the upper stability limit of 

richterite-1( at 1087°C .! 12°C at 1000 bars pressure until equilibrium 

can be demonstrated by reversing the reaction. Equilibrium is thought 
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to be obtained because the end product is always 100% amphibole and 

there are no indications of metastability. 

The richterite-K was holocrystalline. .The crystals varied in size 

from 50 x 20!' to 200 x 70t; they had a prismatic habit and were 

occasionally twinned. All had identical optical properties. Because of 

preferred orientation due to a prismatic cleavage, only two oft he 

refractive indices could be obtained:-

of. = 1.602 ~ .003 

1 = i. 624- .! . 00 3 
I 

Y A e = 15 !. 2°, optically negative. 

The refractive indices agree well with those of fluor-richterite (Kohn 

and Comeforo, 1955) which had ol.. = 1.603, ~ = 1.614, '( = 1.622, and 

those. of natural richterite from Langban, Sweden (Sundius, 1946) which 

had <X = 1. 605 and i = 1. 627 •. 

The richterite-K has similar optical properties to tremolite-1(. 

The distinguishing properties are 2V and extinction angle. The effect 

of sodium in minerals is to lower the refractive indices and hence cha.nso- ~ v.a1uet. of 

the other optical properties. If we assume aj3 refractive index of 1.614 

(that of fluor-richterite, op. cit.) the 2V should be 70°, whereas 

tremolite has 2V of 86°. The extinction angle (iAc) of tremolite-K'is 

21° and that of richterite-K 15°. 

The X-ray pattern of the synthetic richterite was compared with those 

of natural richterite from LSngban, Sweden and richterite from the 

Wichita meteorite (Olsen, 1967) and these are shown in Table 2-1. The 

small difference in pattern may be a result of the manganese content of the 

natural mineral which may be as high as 9,%. 

The cell parameters of richterite-K are shown below compared with 

synthetic tremolite-K (Colville et al., 1966) using the space group 
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TABLE 2-1 

X-RAY POWDER DATA FOR SYNTHETIC RICHI'ERITE COMPARED WITH NATURAL 

RICHTERITE (LANGBAN,SWEDEN) .AND MElrEORITIC RICHI'ERITE 

hkl Synthetic Richterite Richterite Langban Richterite Meteorite 
d I/ I I/ I I/ I 

0 0 0 

020 8. 984- 10 8.605 70 

110 8.~5 65 8.51 100 8.393 70 

-111 4.861 10 4.864 30 

200 4.802 15 4.804 20 

040 4.496 44 4.500 40 4.493 50 

4.160 70 

111 4.004 30 

-131. 3.a65 28 3.858 20 3.850 50 

131,041 3.388 85 3.388 70 3-376 100 

240 3.282 90 3.281 60 3.267 80 

310 3.148 100 3.146 70 3.125 100 

-
241 3.027 40 

221 2.959 65 2.962 60 2.944 80 

330 2.823 45 2.823 40 2.800 40 

331 2. 734 45 

151 2.707 100 2.707 80 2.709 100 

061 2.585 55 2.587 40 2.581 70 

- 60 2.522 90 202 2.527 30 2.532 

420 2.391 20 2~382 20 

351 2.334 70 2.337 50 2.320 50 

071 2.288 30 2.278 50 2.286 50 

171 2.202 10 2.203 20 

261 2.167 60 2.167 60 2.160 70 

280 2.055 10 2.048 40 
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notation C2/m• 

Richterite- K 

0 + a 0 = 9.892A _ .005 
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80 + . b0 = 17.95 A_ .007 
0 

c 0 = 5.263A ! .002 

f3 =104.28° . .!.03 
0 

a0 sinJ = 9.586A 

cell vol. = 906.0~3 .! 1.0 

f (calc • ) = 2. 994 f!Jil/ cm3 

T remolit e- K 

8 + 0 a0 = 9. 33 _ .005A 

8 + 0 b0 = 1 .054_ .009A 

c0 = 5.268 ! o04% 
f = 104. 52 .! 07° 

0 
a0 sin/ = 9.52A 

o3 + cell vol. = 905.3A _ 1.0 

j' (calc. ) = 2. 980 f!JII! cm3 

The significance of these cell parameters and of other synthetic 

monoclinic amphiboles will be discussed in the chapter on X-ray 

diffraction techniques. 

Thirteen experiments in which gels of composition 3Na20.8MgO.Al2o3• 

l6Si02 were treated with excess water for 18-92 hours at 770-1100°C 

and 1 and 5 kilobars gave mixtures of an amphibole with a talc-like 

mineral. The crystals of the amphibole were extremely small and of a 

fibrous habit. Their maximum size was 20 x 3r and their average length 

was lOf• None of the optical properties could be determined with any 

accuracy from such small c~stals. The amphibole was considered to be 

synthetic eckermannite-K. In Appendix 2 the experimental conditions are 

shown for the various temperatures and pressures. In Table 2-2 synthetic 

eckermannite-K X-ray diffraction pattern is compared with those of 

natural ecker.mannite from Norra K~rr in Sweden and synthetic glaucophane 

I-K (Ernst, 1961). There is a close similarity between the patterns of 

glaucophane I-~ and eckermannite-t< at high 1 d 1 values. 

The cell parameters for the synthetic eckermannite- K are compared 

below with those of glaucophane I and II (Ernst, 1961 and 1963). 
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TABLE 2-2 

. " 
X-RAY POVIDER DATA FOR (1) NATURAL ECKERMANNITE, NORRA KARR, SWEDEN; 

(2) SYNTHETIC GLAUCOPHANE-I< (ERNST, 1961) j (3) SYNTHETIC ECKERMANNITE-K. 

hld. Natural Eckermannite Slnthetic GlaucoEhane Synthetic Eckermannite 

d I/ I d I/ I d I/ I 
0 0 0 

020 8.93 10 9.00 9 
110 8.38 82 8.38 32 8.36 40 

130 5.032 11 

111 4.878 4 4.818 12 4.822 12 

200 4-743 6 
040 4:41+5 29 4.481 36 4.479 40 
-111, 2CD1 4.005 6 4.049 19 4.040 14 

- 3.835 38 131 3.885 .35 
221 3.646 6 

131,041 3-375 31 3.412 72 3.405 70 

240 3.244 36 3.257 65 3.246 70 

310 3.108 100 3.120 91 3.097 100 

31], 3.047 6 

221 2.947 10 2.980 50 2.965 50 

151 2.908 6 2~913 34 2.910 25 

330 2.782 32 2.794 24 2.781 35 

151 2.694 37 2. 714 100 2.708 80 

061 2.566 10 2.581 32 2.571 35 

202 2.525 12 2.502 81 2.500 60 

350 2.360 6 
- 2.306 2.294 20 421,.351 8 2.301 13 

331 2.267 7 2.265 25 2.276 20 

261 2.150 9 2.173 50 2.164 50 

202 2.055 4 2.081 15 

351 2.010 4 2.0.31 9 2.019 10 



Eckermannite- K 

6 + 0 a0 = 9.7 2- .006A 

b
0 

= 17.892! .01~ 

c
0 

= 5.284! .oo6X 

1 = 1o3.11° 

a0 sin/ = 9.505X 

+ o3 cell vol. = 898.6 _ 0.8A · 
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Glauco12hane 

0 
9.75A 

17.931 
0 

5.27A 

102.8° 

9.5oX 

897X
3 

I-K. Glauco12hane 1[-K 

0 
9.64.A 

0 
17.73A 

5.28X 

103.6° 

9.37X 

811X
3 

The cell parameters show a close similarity which would be expected 

from the compositions. 

The 'talc' type substance had optical and X-ray properties very 

similar to those of talc. The exact composition of the eckermannite is 

therefore uncertain. It must be close to or even at the end of the 

eckermannite-glaucophane join (see Figure 3 of Phillips, 1966) because the 

0 mineral is still stable at 1100 C at 1000 bars pressure. Glaucophane 

breaks down to forsterite, enstatite, albite and vapour at 835°C and 

1000 bars pressure (Ernst, 1961). Another piece of evidence supporting 

the facts is the synthesis of 75 eckermannite - 25 richterite from the 

bulk composition 8Na20.CaO.l7MgO.l.5Al203.16Si02 with excess water. 

2-4-3. , Miyashiroite- t<. 

Alkali amphiboles were not among the products of runs using gels of 

to condense was a phase which has been identified as a "sodic-montmorillonite". 
0 

The basal spacing (001) of this phase ranges from 11.89 - 12.2A. Ernst 

(1961) noted the occurrence of this phase in runs of glaucophane composition 

together with glaucophane-}{ , forsterite, enstatite and albite. When 

left overnight saturated with eteylene glycol it does not expand, i.e. 

the basal spacing remains the same which is peculiar for a member of the 

montmorillonit es. 
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The gels will react very quick~ and presumab~ at low temperatures 

one would expect a cl~ mineral to crystallize if the composition were 

appropriate at these temperatures and pressures. Also it is possible 

that as the experiment is quenched montmorillonite forms as a quench 

product and evidence is supplied by G.R.l83 where one crystal is completely 

armoured by other crystals which may be quench phases or t.he smaller 

crystal has acted as a nucleus. 

The clay phase if of normal montmorillonite composition would become 

unstable as the temperature rises but the introduction of sodium into 

the lattice will raise the thermal stability level. The persistence of 

this phase outside its stability field leads to it being called a 

metastable phase. FYfe (personal communication) has obtained nickel 

montmorillonites metastable to 900°C at 1000 bars. 

Ames and Sand (1958) explain that the controlling factors which 

result in montmorillonites having the highest hydrothermal stability are:-

(a) all cation positions must be filled. 

(b) there must be optimum substitution in either octahedral 

or tetrahedral positions to provide the excess charge for 

maximum base exchange capacity. 

(c) there must be present exchangeable ions other than H+ to satis~ 

the interlayer charge. 

In the mineral at present under study aluminium will be available to 

substitute for silicon in tetrahedral co-ordination and sodium is ·available 

to become the exchangeable ion. 

To discover what this phase was, natural montmorillonite from 

MOntmorillon was utilised in several experiments. The first experiment 

was to X-ray the specimen in its natural state and also saturated with 

ethylene ~col. On g~colating the sample the basal spacing moved from 

0 
15 to 17A. 



10 

Basa 1 spacing (d 001) 

of Synthetic Sodic 

Mortmorillonile . 

5 

• 29 Cu KoC 

0 

Natural Montmorillonite: 

(a) Basal spacin!J of untreated sample. 

(b) Glycolaled sample. 

d=t7·o A. 

(c) Sodium saturated sample. 

d=11·9 A. 

(d) Sodium saturated sample after 

heatin!J to 550" C 

d: 11·9 A" 

•2e Cu Kof 

Fig. 2-1 Di~fractograms of syrihetic montmorillonite compared to 

natural montmorillonit~. Poitiers, France. 
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The second experiment was to saturate the natural specimen with 

sodium ions. This was done by making up a solution of 2N sodium chloride 

and immersing the specimen in this solution. The specimen was then 

washed to free the sample of excess sodium chloride. This sample when 

diffracted gave a basal spacing of 11.9R which is in accord with Ames and 

Sand's conclusion that sodium saturated montmorillonites have an (001) 
0 

spacing between 11.00 and 12.50A. 

Hofmann and Endell (1939) stated that sodium montmorillonites lose 

the power to re-expand after heating to 390-490°C before de~dration 

becomes irreversible. The sodium sample was then heated to 550°C overnight 

and again X-rayed. The basal spacing was not affected by heating. The 

effect of quenching these experiments from very high temperature may 

create this situation too. The et~lene glycol does not affect the basal 

spacing of this specimen. 

Greene-Kelly (1952) states that above 550°C there is total elimination 

of OH- groups and that exchangeable cations giving easy collapse are 

surrounded by strongly absorbing cations, i.e. lithium and calcium, 

while those that don't give easy collapse are easily de~drated such as 

sodium or potassium. 

Hofmann and Klemen (1950) suggested that "place exchange" was 

responsible for the observed facts which depend upon the size of each cation 
0 

only. Thus when sodium montmorillonite went above 540°C Na+ (0.97A) 

migrated into the vacant octahedral sites and the mineral is assumed to 

have a pyrophyllite structure and loss of expanding properties. An 

alternative view is that on heating the sample water is lost from the 

interlayer position and sodium ions bind the mineral. 

The sequence of changes are sho\vn as diffractograms in Fig. 2-1. These 

changes are compared with synthetic sodium montmorillonite. 
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Fig. 2-2 Differential Thermal Analysis curve for synthetic 

sodic montmorillonite. 
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The experimental conditions for these runs are set down in Appendix 2 

and from these it can be noted that we obtain sodium montmorillonite from 

all the runs of composition 3Na20.6Mg0.3Al2o3 .14Si02• Seeding the gel 

of thiscomposition has been attempted by using synthetic richterite 

I but the.richterite was absorbed by the rest of the gel and gave the same 

product as above. Attempts have been made to make the fluor-equivalent 

of miyashiroite-K and the results are set forward in a later section. 

Miyashiroite belongs to the system Na20-MgO-Al2o3-Si02-H20 which 

has been worked on in part by Iiyama and Roy (1963). The typical saponite 

which forms in their experiments breaks down as the temperature rises to 

anthophyllite and a smectite, therefore compared to the earlier saponite 

the smectite is richer in sodium and aluminium and poorer in magnesium 

and silicon. 

Nao((:Mg3 _ _xAlx)(Si4--y)o10(0H)2.2H20, of = x + y 

The smectite they obtained had a refractive index of between 1.52 - 1.4-8 

for I y;hereas the sodiuni montmorillonite of these experiments was between 
0 

1.52 and 1.53 for;J. The smectite had a basal spacing of 12.0- 12.6A, 
o· 

talc 9.3A, and anthophyllite. The smectite field became smaller as the 

temperature rose and was tiQy at 850°C. 

A sample of this sodic montmorillonite was used for a differential 

thermal analysis investigation to see if it compared with natural 

montmorillonites. On the D.T.A. chart (Fig. 2-2) there are two low 

temperature endothermic peaks,, one at 84-°C and the other at 11~4.0C. These 

two peaks denote the loss of adsorbed water; one peak m~ be the result 

of intergranular water the other ~· be capilla~ water. The rest of 

the pattern is closest in similarity to montmorillon:i:t e than any of the 

other clay minerals (Kerr et al., 194-9) but the typical endotherm at 700°C 



-36-

which marks dehydroxylation is at a higher temperature (870°0) and is 

quite small. The position of this peak depends upon the elements bonded 

to the hydroxyl and if these bonds are strong, dehydroxylation takes place 

at higher temperatures. The final breakdown of the sodic montmorillonite 

takes place at 963°0 which is only slightly higher than for the natural 

minerals of similar composition. This is followed by a sharp exotherm and 

large endotherm which marks the progressive fusion of the mineral. 

The material was removed after the final exotherm, examined by X-ray. 

diffraction and gives the reaction:-

Nepheline Enstatite Oristobolite 

The breakdown products of this phase may be useful in attempting to 

synthesize the amphibole instead of starting with the gel. 

2-4-4. Sundiusite-t< • 

Twenty four experiments of composition Na20-0a0-3Mg0-2Al2o3-~sio2 
0 

were treated with excess water for 24-188 hours at temperatures from 800 0 

to 1000°0 at one and five kilobars pressure (Appendix 2) resulted i~ 

three products at the lower temperatures 800-900°0 and two at higher 

temperatures (900 - 1000°0). These products were identified as synthetic 

sundiusite, talc, and sodium-calcium montmorillonite. At higher temperatures 

the talc phase disappears and the montmorillonite shifts its basal spacing 

to high~r 'd' values. 

The synthetic sundiusite- K was at first confused with anthopeyllite-f( 

but the X-ray patterns do not agree and it would also mean that 

anthophyllite- K would be metastable above the stability range for the 

mineral (745°0 at 1000 bars pressure, Greenwood, 1963). The remarks which 

applied to sodic montmorillonite also apply to this clay mineral which 

appeared in all experiments of this composition. 
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Three experiments were performed holding the temperature at 

l200-l250°C for half an hour.to melt the charge and then dropping the 

temperature to 900-975°C for forty eight hours. The clay phase persisted 

but the tale disappeared. From these· observations the clay mineral is 

a quench phase and it implies that the amphibole grows relatively 

sluggishly which Ernst (1968) also concludes in his experiments with 

amphiboles. 

The amphibole crystals are prismatic rang•ing in size from 40 x 5 )A­

to 10 x ~, the larger crystals appear in runs of longer duration and 

at higher temperatures and pressures. They are occasionally twinned and 

of uniform birefringence. 

0Etical ProEerties :- Sundiusite Pargasite 

I 
l. 612 .! . 003 1.624 o( = 

r' = 1.634 ~ .003 1.645 

i~c = 10° 26° 

The 1' refractive index is lower than that of pargasite because the 

latter mineral has much more calcium in the structure but higher than 

richterite where there is no Al for Si replacement in the tetrahedral 

sites. Unfortunately there are no values calculated for the optical 

properties oft his composition. 

The X-ray pattern of .sundiusite-1( is shown in Table 2-3 along with 

several other amphiboles also synthesized during this investigation. The 

cell parameters for this mineral are as follows:-

Sundius it e- K 
0 

a 0 = 9.914.:!: .Ol.4A 
+ 0 b

0 
= 17.919 _ .024A 

+ 0 
c 0 = 5.305 _ .008A 
1 = 105.35.:! o.12o 

asin/ = 9.560X 
· o3 

vol. = 908. 8A 



TABLE 2-3 

X-RAY DIFFRACTION PATTERNS OF SYNTHEI'IC .AMPHIBOLES 

hkl Tschermakit e Sundiusite Tremo1ite Ed50R50 R75Tr25 R25Tr75 75R25Ec 25R75Ec 

020 8.94 8.92 8.97 9.01 9~01 9.03 8~98 

110 8.36 8.40 8.43 8.47. 8.47 8.44 8.47 8~47 

130 5.053 4.955 5.085 5.096 5.088 5.091 -
-111 4.888 - 4.869 4.874 4.866 4.869 4.869 4.848 
200 - - 4.786 4.796 4.798 4~760 4;786 4.783 
040 4-470 4.479 4-491 4.502 4.500 4.509 4.500 4•493 
111 - 4.17. - ..;. 

2o1 - 4.029 4.006 3-994 - ');995 4.010 . -
131 3.880 3.877 3.872 -).873 3.865 3;868 3.861 3.863 
131 3-354 3-364 3.389 3.381 3.390 3-384 3~391 3.401 

I 
240 3-246 3.260 3-277 3.282 3.280 3.270 3.277 j.269 \J.J 

co 
310 3.101 .. 3.127 3-142 3-147 3-147 3.125 3-143 3.130 I 

241 - - 2.989 2.988 2. 992 . 2.991 
221 2.967 2.960 2.956 2.950 2.953 2.944 2.961 2.956 
151 2.914 2.921 - - 2.896 2.894 
330 2.783 2.803 2.818 2.819 2.822 2.805 2.817 2.808 
331 2.728 2.744 2.766 2.739 2.734 2. 724 2.729 2.719 
151 .2.683 2.686 2.706 2.704 2.707 2.706 2.707 2.707 
112 - 2.958 
061 2.572 2.573 2.584 2.584 2.585 2.590 2.585 2.583 
202 2.539 2.545 2.517 - 2.520 2.527 2.525 2.448 
350 - 2.410 - 2.389 - 2.381 2.387 2.385 
400 

351,421 2.327 2.340 2.328 2.337 2.334 2.331 2.329 
171 - - 2.285 - 2.287 2.294 
312 - - 2.269 - - 2.269 2.268 

171} - - 2.165 2.164 2.165 2.163 2.164 2.168 
261 
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The a0 , b0 ~- and a0sinl parameters are close to what would be 

expected for the composition of this mineral but the/ angle is larger 

than expected ("' 104. 70°). 

This mineral was synthesized by D.L. Hamilton during an investigation 

of the anorthite-forsterite join of the system CaO-Mg0-Al2o
3
-Si02-H20 

at 15 kb pressure and identified by the author. Metastable kaolinite, 

montmorillonite and minor pyrope were additional phases. The tschermakite 

is stable between 900-1100°0 at 15 kb. The S)~thesis of this phase has 

recently been reported by M.C. Gilbert (1969) but no physical data were 

presented in the report. 

The tschermakite c~stals are prismatic and va~ great~ in size 

from 50 x 10/' to 200 x 40j .. 

Refractive Indices:- Author (observed) Winchell (calculated) 
I 

o( 1.626.:!: .003 1.626 

f' 1. 643 .! . 003 1.646 

r~c . 30° 140 

The X-ray diffraction pattern is shown in Table 2-3. The diffraction 

patterns of sundiusite- K and tschermakite-1( are very similar and the 

(151) reflection for these two minerals and pa.rgasite-K (Boyd, 1959) lies 

at a similar 28 value, quite a distance from the (151) reflection of 

tremolite-1{ (Boyd7 1959) and richterite- K (present author) 7 denoting a 

difference in the 'b' parameter for the aluminous and non-aluminous 

amphiboles. 

Tremolite Richterite Pargasite Tschermakite Sundiusite 

151 ( 28CuKt:<) 33.09 33.38 33.40 

The cell parameters for tschermakite-t< are:-
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0 
a0 = 9.823A 

0 

b0 = 17.92t;A 
c0 = 5.272A 
j3 = 105.51° 

0 
asinf = 9.456A 

o3 
vol. = 894.27A 

2-4-6. Intermediate composition amphiboles. 

The following compositions were successfully synthesized:-

Composition 

NaCa1•5Na0•5Mg5si7•5Al0•5o22(0H)2 
Na0.75Ca1.25Na0.75Mg5Si8°22(0H)2 

Na0.25Cal.75Na0.25Mg5Si8°22(0H)2 

NaCa0.75Nal.25Mg4.75Al0.25Si8022(0H)2 

NaCa0.25Nal.75~.25Al0.75Si8022(0H)2 

Abbreviation 

50Ed - 50R 

75R - 25Tr 

25R - 75Tr 

75R - 25Ec 

25R - 75Ec 

All these compositions were synthesized at 900°C and 5 kb pressure. 

They were synthesized for three reasons: (1) no intermediate compositions 

had previously been attempted, (2) to observe changes in cell parameters 

with changes in chemical composition, (3) to observe the infra-red spectra 

'of intermediate compositions. 

2-5. Discussion. 

TABLE 2-4 Thermal ranges of synthetic hydroxy-amphibole end-members. 

Species Composition 

Anthophyllite Mg7Si8022 ( OH) 2 

Pargasite NaCa~4AlSi6Al2o22 (0H) 2 
Ferropargas it e NaCa2Fet+AlSi6A12022(0H) 2 
Tremolite Ca~5si8o22 (0H) 2 
Ferrotremolite ca~e5+si8o22(oH) 2 
Magnesioriebeck~te Na~3Fe2++si8o22(oH)2 
Riebeckite Na2Fe}+Fe~++si8o22(0H) 2 
Glaucophane I Na2Mg

3
Al2Si8o22 

Richterite NaCaNaMg
5
Si8o22 (0H) 2 

Eckermannite NaNa2~AlSi8o22(0H)2 

High Temperature Stability 
· Ljmit °C 

500 
bars 

955 

682 

800 

437 

921 

4-81 

859 

1000 
bars 

745 

1045 

800 

830 

4-65 

928 

4-96 

864-

1087 

1100 

' 
2000 
bars 

850 

870 

506 

935 

515 

868 
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Various cationic substitutions affect the thermal stability range 

of amphiboles differently. The lowest stability limit for the magnesium 

end-members is that of anthophyllite-${ • When the magnesium in M(4-) is 

replaced by calcium, as in tremolite, the thermal stability is raised to 

0 830 C at 1000 bars. Substitution of sodium into one of the M(4-) sites 

and addition of sodium in the previously vacant 'A' position raises the 
' 

stability much further, to 1087°C. One can therefore state that the 

introduction of an alkali into the previously vacant 'A' site will increase 

the lattice energy of the c~stal because it adds 12 M-0 bonds of strength 

lj6 to the lattice energy therefore it has a large effect upon the thermal 

stability. 

Pargasite-1{ is stable to 104-5°C at one kilobar pressure and also 

contains sodium in the 'A 1 site but in addition two silicon atoms have 

been replaced by aluminium in the tetrahedral sites and also one aluminium 

for magnesium in the octahedral sites. Slaughter (1966) studied the 

phyllosilicates and concluded that when aluminium substitutes for silicon 

it reduces the co-ordination effects thereby raising the thermal range 

of stability. Presumably the same criterion can be applied to the amphiboles. 

Ha~ (1950) stated that more aluminium appears to enter tetrahedral sites 

in the higher temperature hornblendes. 

Comparison of the data for tremolite and glaucophane reveals that the 

coupled substitution CaMg ~ NaAl influences the amphibole stability only 

slightly or may affect the stability in different directions. Eckermannite-K 

which has sodium in the 'A' sites and M(4-) sites and only one aluminium 

atom in M(2) is quite refractory and is st.able beyond 1100 C. It is 

therefore possible that sadie amphiboles of sundiusite-K and miyashiroite-~ 

compositions are as stable or more stable than eckermannite. Sodium in 

M(4-) may also raise thermal stability. 
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Ketelaar (1953) states that for many ionic substances the thermal 

stability range increases with decreasing valency and increasing radiUl8 

of the non-complex ion. He demonstrates his conclusion ~ studying the 

heats of formation of the carbonates of Group 1 elements and these are 

more stable than Group 2 carbonates when thermal energy is applied to 

them. This simple picture has its attractions in discussing qualitatively 

the effects of substitutions in the amphiboles but we are not dealing with 

simple ionic salts. 

Ferric iron substituted for aluminium as in magnesioriebeckite 

(Ernst, 1960) raises the thermal stability level compared to glaucophane 

but the ferrous iron end-members such as ferrotremolite and ferropargasite 

are much less stable than their magnesium equivalents. 

Summarising the data for the amphiboles shown in Table l- 4-

Effects which raise thermal stability:-

(1) Sodium for calcium in M(4). 

(2) Sodium in 'A' sites. 

(3) Aluminium for silicon in tetrahedral sites. 

Effects which decrease thermal stability:­

(1) Vacant 'A' site. 

(2) Aluminium for magnesium in M(2) sites. 

(3) Ferrous iron for magnesium in M(l), M(2) and M(3) sites. 

(4) Magnesium for calcium in M(4) sites. 

The last condition also involves a difference in structure. From this 

ve~ qualitative statement the amphiboles with highest stabilities will 

be either per-alkaline or per-aluminous~ 
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CHAPI'ER THREE 

Synthesis of Fluor-amphiboles 

3-1. Previous investigations. 

The first attempt to synthesize fluorine containing minerals was made 

by Bowen and Schairer (1935) who mixed orthopyroxene and sodium fluoride 

to produce fluor-amphiboles. The amphibole rimmed the pyroxene c~stals. 

Grigoriev and Iskull (1937) fused powdered amphiboles with calcium fluoride 

to produce fluor-hornblendes. 

Kohn and Comeforo (1955 and 1957) published work on fluor-tremolite 

(Ca2J~Sis022F2 ), fluor-richterite (NaCaNaMg5Siso22F2), fluor-edenite 

(NaCa~5si7Al022F2 ) and fluor-boron-edenite. (NaCa2Mg5BSi7o22F2). 

The amphiboles produced were of an acicular habit. 

Gibbs, Bloss and Shell (1960) synthesized a new poly-type by 

substituting lithium for sodium and magnesium. This amphibole they 

called protoamphibole (Li.64Nao.5,Lio.48Mg1.52,Mg5Si7.93021.91F2.09). 

They noted that if calcium were present a monoclinic phase was formed. 

Gibbs (1969) has determined the c~stal structure of this mineral. 

Saito and Ogasawara (1959), Saito (1963), Shell, Comeforo, and 

Eit~l (1958), and Grigorjeva, Chigarova and Fedoseev (1967) have produced 

amphiboles of va~ing compositions and the amphibole composition producing 

synthetic asbestos is the richterite composition. 

3-2. Experimental details. 

In the first experiments the Bowen and Schairer (1935) method was used. 

Powdered hypersthene was mixed with sodium fluoride and the mixture fused 

and subsequently cooled down. Smll but detectable amounts of amphibole 

were produced. 

The starting materials in most experiments were oxide gels made up 

to the stoichiometric proportions oft he amphibole compositions by the 
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addition of sodium or magnesium fluorides. This method eliminates 

most of the volatile material such as carbon dioxide if carbonates are 

used. 

The gel plus fluoride mixes were packed to hard tightness in 30 c.c. 

open graphite crucibles, placed in an open tube furnace, and· heated to the 

required temperature. The mixes were heated to either 1100, 1200, 1300, 

or 1350°0 and held at these temperatures for between 1 and 2 hours and 

o o/ o/ cooled down to 1100 C at 35 hour or 10 hour. 

3-3. Results. 

All the magnesium end-member compositions were made up and reacted 

at various, ~emperatures. Fluor-tremolite,-edenite, and-richterite 

were produced but phyllosilicates were the products of the co"'ro$·,t;on.s 

containing large amounts of aluminium. 

· Fluor-richterite was the most successful composition and the 

acicular crystals were up to ~ em •. long and they had a vitreous lustre. 

The cell parameters of the fluor-richterite is compared below to 

those determined by Kohh and Comeforo (1955): 

fluor-richt erit e {this stud.z} fluor-richterite Kohn 
and Comeforo 

+ 0 0 

ao = 9.817- .002A ao = 9.823A 

+ 0 0 

b = 17.956- .004A bo = 17.957A 
0 

+ 0 
0 

Co = 5.263- .002A Co = 5.268A 

I = 104.36 .: .02° ~ = 104.33° 

as in}= 
0 

asinl = 
0 

9.510A 9.517A 

vol. = s9s.sA3 vol. = 900.3ll
3 

The crystal size of the fluor-richterite increased as the temperature 

was slowly reduced to induce orientation of the crystals by establishing 

a thermal gradient through the melt. 
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CHAPTER 4 

Chemistry of the Alkali Amphiboles 

4-1. General Statement 

The chemistry of the alkali amphiboles has been the subject of 

several studies (Sundius, 1945; Miyashiro, 1957; Borg, 1967; 

Kovalenko, 1968). These previous studies have only dealt with a 

portion of the alkali amphibole mineral group. The present study 

has involved a collation of all the available alkali amphibole analyses, 

a recalculation of these analyses and then these are plotted on to the 

compositional space devised by Phillips (1966). various coupled 

substitutions in the alkali amphiboles have been discussed and the 

general chemistry of certain elements in alkali amphiboles. 

4-2. Recalculation of the alkali amphibole analyses 

The analyses were recalculated to both 24 and 23 oxygens following 

Phillips' (1963) procedures:-

1. The hydroxyl positions are made up to two with oxygen if 

I 

necessary, and for this substitution ferric ions equal to the 

number of oxygen atoms are required in the Y sites to balance 

this substitution. If ferric iron is not available and cation 

numbers are high then a negative error in the water content is 

indicated. If hydroxyl exceeds two atoms the excess hydrogen 

goes into the 'A' site. Excess hydrogen with low cation 

numbers indicates a positive error for water. 

2. The z sites are made up to 8.00 atoms with tetrahedral aluminium, 

insufficient of this element and a low total indicates an error. 

3. The X sites are made up to 2.00 with calcium and sodium; and 

possibly made up with excess manganese, ferrous iron, or 
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magnesium from Y sites. The excess sodium goes with the 

potassium and excess qydrogen into the 'A' sites. If 'A' is 

greater than one an error is indicated. 

The sum of the valencies in A should balance the substitution of 

/he. ba.~"'c 
sodium for calcium in X or~completed by triply charged ions in Y. 

4-. The atoms in the Y site should lie between 4-.95-5.10 and the 

following substitutions take place within the Y sites:-

(l) 2Mg .lo. Li Al "" 
(2) 2Mg .... Ti4-+ + .... 

(3) 3R2+ .... 2R3+ + 0 ~ 

The latter not being common. 

For superior analyses Phillips' suggestions·were accepted for 

recalculation:-

l. Si and Alrv are the only occupants of Z sites and must total 

between 7.92 and 8.08 atoms. 

2. The sum of theY group must be between 4-.95 and 5.05 atoms. 

3. The sum of the X group must be between 1.98 and 3.03 atoms. 

4-. The silicon total must not be below 5.94- atoms. 

5. Ferric iron must equal or exceed the amount of oxygen 

replacing the qydroxyl. 

Of all Phillips' suggestions for an amphibole superior analysis the 

most suspect is that ferric iron substitutes for a divalent ion in M1 and 

M3 sites when oxygen replaces hydroxyl or fluorine in o3• Leake (1968) 

demonstrated that for the calciferous amphiboles there is a positive 

correlation between ferric iron and (OH, F, and Cl). This is supported 

by the author's data on riebeckite-arfvedsonites (Fig. 4--l). 

Although there is no close correlation between low hydroxyl contents 
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and oxysubstitution this does not negate the possibility that it ta:kes 

place in high temperature oxyhornblendes. 

In figure 4-l.the riebeckite-arfvedsonites of Borley (1963) and the 

author are plotted and show a very slight positive correlation; if ferric 

iron were making up the de;ficiency in the o3 sites it should show negative 

correlation. The values for titanium (Fig. 4-2) show a nega~ive correlation, 

but the points are too scattered for the results to be significant. 

Excess hydroxyl up to three atoms are common in crocidolites 
lk '{D./~$ fo .. 

(riebeckite). Hodgson et. al (1965) have shown thatt c~mbined water (H2o+) 
0 

should be taken at a temperature above 570 C for crocidolites, and when 

this is applied good results occur. 

There is no evidence presented to date supporting the idea that 

hydrogen enters the 'A' sites, nor that the hydronium ion (H3o+) is 

present. The latter would have possibly been detected by infra-red 

spectroscopy. The 'A' site in the alkali amphiboles is often full or 

nearly so without need for hydrogen to fill the sites therefore a more 

plausible answer is that hydroxyl in excess of 2.00 atoms indicates 

analytical error. 

Leake (1968) observes that the Phillips' suggestions for superior 

analysis are unrealistically stringent because each oxide must be 

determined to within J% and Leake advances several criteria himself to 

be used to adjudge whether an analysis is superior. The analyses are 

divided into superior, moderate and inferior by Leake. 

The differences in suggestion by Leake from those of Phillips are:-

1. That the sum of calcium + sodium + potassium atoms should 

lie between 1.75 and 3.05 atoms, and that calcium in 

excess of 2.00 is present in Y or A. 

2. The number of Y atoms should total between 4.75 and 

5.25 atoms, i.e. ~ 5,%. 
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3. That the 03 occupants (OH- + F- + Cl-) should total 

between l. 00 - 2. 99 atoms, i.e. an error of +5cy& - -1oo% . 

Due to poor results in water determinations workers now tend to 

recalculate amphiboles to an anhydrous basis, i.e. 23(0). Borg (1967) 

concludes that the apparent superiority of the recalculation to 23(0) is 

by virtue of compensating errors of opposit.e sign. The 23(0) recalculation 

approaches to closer theoretical values of X, 

are greater than .!. .30 units from 2. 00. When there is little error in the 

amount of hydroxyl both the 24(0) and 23(0) recalculations approach ideal~ 

Table 4-1 shows two of the author's analyses, one superior (10941 from a 
;' 

naujaite, Ilimaussaq) and one inferior (12837, naujaite pegmatite) water 

and fluorine determination. 

TABLE 4-1 Recalculated alkali amphibole analyses of two arfvedsonites. 

D.U. 12837 D.U. 10941 

Cations/ Cations/ Cations/ Cations/ 
23 Oxygens 24 Oxygens 23 Oxygens 24 Oxygens 

Si02 7.508 7.612 7.306 7.295 

Al203 0.526 0.533 0.664 0.663 

Fe2o3 1.031 1.046 1.022 1.020 

FeO 3.560 3.609 3.580 3·575 

MnO 0.078 0.079 0.087 0.087 

MgO 0.024 0.024 0.031 0.031 
,c. 

ZnO 0.007 0.007 0.008 0.008 

Ti02 0.093 0.095 0.219 0.219 

CaO 0.461 0.467 0.458 0.457 

Na2o 2.281 2.313 2.153 2.149 

K20 0.373 0.378 0.349 0.348 

H o+ 2 1.187 1.204 1.892 1.889 

F 0.153 0.155 0.179 0.179 
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Recalculation of these analyses and subsequent plotting of the 

results on to Phillips diagram was performed using a computer program 

(MINDATA) written by R. Phillips in PL.l. for use on the IBM 360/67 

N.U.Ivi.A.C. Computer. The results were plotted on to the diagram using. 

isometric graph paper. 

Using Phillips method the various substitutions are converted as 

follows:-

InZ all the substitutions are reduced to 

equivalent aluminium. 

InY all the substitutions are reduced to 

equivalent aluminium or equivalent magnesium. 

In A and X all the substitutions are reduced to 

equivalent sodium. 

In the basic formula (Phillips, 1966) the equation 

NaA + Aly = NaX + Alz 

must hold and knowing three of these values the fourth is completely 

determined. 

Whittaker (1968) devised an alternative scheme to Phillips and is 

related to the latter as follows:-

X (W) - 2- X (R.P.) 

y (W) - y (R.P.) 

z (w) - 8 - z (R.P.) 

The major difference between the two methods is the use of vacancies 

which occur after recalculation. Phillips ignores vacancies in Z and X 

but Whittaker makes these sites up to whole numbers. In X, Whittaker 

removes the vacancies as though they were alkalis. 

Whittaker's diagram is shown in figure 1-ll. Superior alkali 

amphibole analyses will plot on complementary points in both Phillips and 
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Whittaker's diagrams. Both figures have the advantage that they can 

be easily plotted and will fall into a cell which already has some name. 

4-3. Assignment of Alkali Amphibole analyses to Compositional Cells. 

A total of 310 analyses of alkali amphiboles, including the present 

author's, were recalculated to the basis of 24 oxygens and plotted on to 

the Phillips' compositional space (op. cit.) (Fig. 4-3). Of these 

analyses, 26 (~) plot within the calciferous amphibole compositional 

field, i.e. less than 1 atom of sodium at X in the basic forlln.lla. Twenty 

of these plot in the tremolite sensu extenso (s.e.) field, 2 in the 

calciferous sundiusite, 3 in the pargasite and 1 in the tschermakite 

fields. The pargasites and one sundiusite plot close to the katophorite 

composition (Br8gger in Deer, Howie and Zussman, 1963). Phillips makes 

no allowance for the katophorite composition, treating it as a mixture of 

R5oSu50, or Ec5oPa50, or Ed5oM5o (abbreviations as in Chapter 1). 

The remaining 284 analyses plot either in the alkali amphibole field 

or outside the compositional space ( O.S. ). Table 4-~ shows the 

distribution of alkali amphibole ana~ses within the compositional space. 

TABLE 4-2 Distribution of alkali amphibole analyses within Phillips 
compositional space. 

Alkali Amphibole described as:-

Katophorite 

Sundiusite (Mboziite) 

Ec_kermannit e 

Magnesioarfvedsonite 

Arfvedsonite 

Riebeckite 

Magnesioriebeckite 

Glaucophane 

Richterite 

Plots in the field of:-

Ec(3), Su(l), Pa(3), Tr(l). 

Su(3). 

Ec(5), R(l), Gl(l). 

Ec(l3), Gl(4), R(l), Su(l), Tr(l). 

Ep(58), M(5), Gl(l4), R(9), Tr(3), O.S.(7). 

Gl(34), R(3), M(2), Ec(+), Tr(2), O.S.(l2). 

Gl(7), R(l), Ec(l), o.s.(l). 

Gl(48), Ec(9), M(3), Ts(l), R(2), O.S.(9). 

R(l9), Tr(l4), Ec(4), Gl(3), o.s.(6). 
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Although these results show that most of the basic formulae 

calculated from the analyses can be given an amphibole basic formula 

name (89,%), and plot inside or close to the compositional space, there 

are a great number which are unsatisfacto~; a total of 105 analyses (33,%). 

Mans of these poor results are obtained by virbte of the water contents 

of the amphiboles being in error. Serious errors are obtained when there 

is a critical lack or excess of water. 

When positive errors occur in Y sites, they are pLA.t . into X sites, 

which increases the number of divalent cations at X i.e. the analysis 

lies closer to the calciferous field in the compositional space. 

The correct assignment of analyses to particular cells by authors 

were tested using Phillips' (1963) suggestions for recalculation:-

Assigned to the Glaucophane cell Q2 or 6~ 
136 

Assigned to the Eckermannite cell 12. or 62% 
123 

Assigned to the Richterite cell .!2. or 4:1$6 
46 

These results do not allow for isomorphous substitution between 

groups e.g. riebeckite - arfvedsonite, ecker.mannite - richterite and 

richterite - tremolite. 

The low percentage of correct assignments in the glaucophane cell 

are due to the extremely poor water results for "crocidolites" and the 

excess of trivalent cations in Y for these minerals. If minerals of 

glaucophane composition were used solely for the Glaucophane cell, 

almost lOq% of these plot in the cell. The eckermannite series also 

contain minerals which are deficient in hydroxyl. 

4-4. Qtiality of Alkali Amphibole Analyses. 

4-4-1. 0(.3) sites. 

In the alkali amphibole analyses water determinations appear to 
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show the greatest errors. There are 173 alkali amphiboles with a water 

deficiency, 150 with water excess and l with exactly 2.00 atoms of water. 

The errors are so large that placing a ! 5.% error as a superior analysis 

is unreasonable for amphiboles. 

If ! 0.30 atoms (15,%) is taken to be the limit for a superior analysis 

then 170 alkali amphiboles are superior. This assumes that oxy-amphibole 

substitution is negligible. 

The two curves for excess and deficient water are shown in 

figure 4-4 (a) and (b). Leake accepts an error of~ 5~ on the. water 

determinations for them to be superior, if this were accepted all but 35 

analyses of alkali amphiboles would be considered as superior. 

4-4-2. Z sites. 

In the Z group only silicon and aluminium are considered to occupy 

the tetrahedral sites. Only 7 analyses have greater than 8.10 atoms in Z 

but 120 alkali amphiboles are deficient in Z (Fig. 4-4( c)) and of these 71 

contain less than 7.90 atoms in Z. It therefore appears reasonable to 

propose that superior analyses should have 8.00 ~ .1 atoms in the tetrahedral 

sites. 

4-4-3· Y sites. 

In the Y sites it appears to be more common to have excess values 

rather than deficiencies (Fig. 4-4( d) and (e)). Leake,-( 1968) also found 

this to be so for the calciferous amphiboles. Using Phillips' ( op. cit.) 

system of recalculation the excess in Y is placed in X in the order 1) Mn, 

2) Fe++, 3) Mg. 

If the water determinations are low, these tend to create excesses 

in the Y group determinations. Low values for Z sites also raises the 

value for the Y sites. Deficienc:ies: .in',the Y site totals may arise because 
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of high water determinations or non-determination of certain elements 

e.g. Li, Zn, Zr, Nb etc., which are present in igneous alkali amphiboles. 

A limit of ± 0.1 atoms from the theoretical value (5.0 atoms) is 

suggested for an analysis to be superior. There are at otal of 214 

alkali amphiboles with errors in the Y group and if the above suggest ion 

is accepted then this total drops to 97 or 30}&. 

4-4-4. X sites. 

· The X sites are only def;icient in 52 alkali amphiboles, these are 

mainly metamorphic riebeckites (crocidolites} and glaucophanes. A 

reasonable lower limit for this site is 1.95 atoms. 

4-4-5. A sites. 

If the system of recalculation of alkali amphiboles proposed by 

Phillips (1963) is adopted, then errors tend. to .be concentrated in the 

'A' site. Atoms in excess of 2.00 from the X sites are situated in 'A' 

together with excess hydrogen from the 0(3) sites. 

In figure 4-4(f) a curve is drawn of the number of amphiboles against 

atoms in 'A' when the hydrogen has been removed from the 'A' site values. 

An upper limit of 1.10 atoms in 'A' would place 50 alkali amphiboles 

outside this limit i.e. 15,% of the total, but as these amphiboles are 

restricted to arfvedsonites, eckermannites, and richterites, then this 

represents 27,% of this total. 

4-5. Chemical variations within the Alkali Amphiboles. 

4~511. Chemical variation in the glaucophane - ·riebeckite -
magresioriebeckite - ferroglaucophane group. 

In figure 4-5 the ratio Fe++;TotR++ x 
1~0 is plotted on the ordinate 

and Fe+++;TotR+++ x 100 on the abscissa. Miyashiro (1957) and Borg (1967) 
. 1 
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used this diagram to plot on the analyses of this group. There are a 

total of 140 amphiboles of this composition plotted on the diagram. In 

addition to the d.iagram showing iron (III) substituting for aluminium 

(and titanium) and iron (II) substituting for magnesium; the diagonals 

across the field show the coupled substitutions:-

MgAl Fe+~e+++ 

MgFe +++~ Fe++ Al 

Borg pointed out that the distribution of compositions attests the 

above coupled substitutions. The riebeckites plotted are not riebeckite-

arfvedsonites; these minerals have been plotted with the arfvedsonites as 

most of them are closer in composition to the latter. 

The analyses plot into the following fields:-

Glaucophane 40 

Ferro glaucophane 3 

Crossite 23' 

Magnesioriebeckite 25 

Riebeckite 49 

The solid solution series between glaucophane and riebeckite appears 

to be almost complete apart from the gap between Glaucophane 85 and 

Riebeckite 15 and the glaucophane end-member. This has been ·substantiated 

by Miyashiro (1957), Deer,. Howie and Zussman (1962), Borg (1967), and 

Coleman and Papike (196~). 

The substitution MgFe+++~ Fe+~e+++ is also complete except for 

the magnesioriebeckite end-member. Many 9f these analyses are from 

crystalline schists and meta-iron formations and commonly called 

crocidolite. The range of compositions of "crocidolite" emphasize that 

the name should not be used to indicate a specific composition. 

Twelve of these analyses are glaucophanes from the Isle de Groix, 
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Brittany, analysed by Manji~kuola and Howie (Howie, personal communication). 

One of these amphiboles plots in the ferroglaucophane field and until 

recently was the only. alkali amphibole of this composition. Recently, 

Black (1970) has described two amphiboles of ferroglaucophane composition 

from siliceous metasediments in New Caledonia. These analyses extend 

the substitution Fe++Al ~ MgAl to 7~ ferroglaucophane and the 

substitution MgFe+++ ~ Fe++Al to 77 ferroglaucophane-23 magnesio­

riebeckite. 

4-5-2. Chemical variation in the eckermannite - ferroeckermannite -
arfvedsonite - magresioarfvedsonite group. 

The dividing planes between the various compositions in this group 

(Fig. 4-6) have been taken at 5Q% of each end-member. This has been 

adopted until definite chemical and optical criteria have been shown for 

this not to be so. 

There are 129 analyses of amphiboles of this composition and +-~>~y Qr~ 

divided into the following fields:-

Eckermannite 6 

Magnesioarfvedsonite 41 

Arfvedsonite 82 

Ferroeckermannite 0 

The isomorphous substitutions are the same in this group as for the 

glaucophane group. 

T~e MgA.l ~ MgFe+++ appears to be almost complete i.e. within 2~ 

of the eckermannite end-member. The isomorphous substitution between 

arfvedsonite and magnesioarfvedsonite is complete but there is not 

complete replacement of ferric iron for (Ti + Al) as in the riebeckite-

magnesioriebeckite series. 

The coupled substitutions MgFe+++? Fe++Al, and MgAl F Fe+~e+++ 

do not appear to be as important in the glaucophane group as the results 



1-00 

8·0 

6·0 

0 /oNaO 
2 

C ont<Znt 

4·0 

2·0~ 

• 
• 

• 

2·0 

• • • 
• 

• 

• 
• 

• 
• 

• 

• 

4·0 6·0 

Richt<Zrit<Zs • 

• Tr<Zmolit<Zs x 

• 

• • 

• • • 

• • 
• 

• 
)( 

)( 

)( 

• )( X 

• 

8·0 10·0 12·0 
0 /o CoO 

Flg.4-7a Sodium plotted against calcium in the Richterite series. 

140 



100 

8·0 

6·0 

0 /o Tot a I 

alkalis 

4·0 

2·0 

2·0 

• 

• 

• 
• 

• 

4•0 

6 66 6 
6 

• 
• • • • • 
• • 

• 

• 

• 

6·0 
0 /oCaO 

• 

• 

• 

• 

• 

• 

8-Q 

Richterite • 

Tremolite JC 

Potass1um richterite A 

• • 

100 

• 
• 

• 

• 

" ,.. 
K 

" " 

12·0 

F1g.4-7b Total alkalis plotted against calcium in ·the Richterites 

14{) 



-56-

are more scattered. 

4-5-3. Chemical variations in the richterite group. 

All the analyses which fall into the richterite field plot into 

what may be termed the "ferririchterite" field. Richterites contain 

only small amounts of trivalent cations and ferric iron is the most 

important of these. There is one example of a "ferri-richterite", 

chiklite (Bilgrami, '1955), which has 2.03 atoms of Fe+++. This specimen 

yields a pyroxene diffraction pattern when X-r~ed and indeed the 

analysis recalculates to Di31Ac54Jo15 i.e. a member of the blandfordite 

group of pyroxenes. 

Richterites have been described from alkaline igneous rocks 

Prider, 1939; Carmichael, 1968), metasomatic rocks (Larsen, 1942; 

Puustinen, 1970), pegmatites closely related to manganese mineralisation 

(Sundius, 1945; Roy, 1964; Ridge, 1959), meteorites (Olsen, 1967; 

Douglas, perronal communication) and have recently been described in 

Apollo XI lunar samples (Gay et. al., 1970). 

The substitutions CaR++~ NaR+++ and MgAl ~ Fe++Fe+++ are not 

important in the richterite group, but the substitution Ca ~ Na(K)Na 

(Figs. 4-7(a) and (b)) is of paramount importance. This substitution 

indicates that there is a complete solid solution series between 

richterite and tremolite. Sodium and potassium are completely inter-

changeable in the 1 A 1 sites of richterites, the highest concent ra:t ion of 

potassium being in potassium richterites (magnophorites). 

4-5-Lt- Chemical variations in intermediate compositions of the 
alkali amphiboles. 

1. Intermediate members of the riebeckite - arfvedsonite series. 

A useful way of plotting amphiboles of intermediate composition is 

to use the substitutions in Y which are balanced by substitutions in Z 
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and X~ these substitutions are designated YZX substitutions. The YZX 

substitutions are plotted against Y in figure 4-8. For the alkali 

amphiboles, YZX will be 0 for richterite, 1.00 for eckermannite and 

2.00 for riebeckite. 

In figure 4-8 both the author's arfvedsonites, Borley's riebeckite-

arfvedsonites and metamorphic riebeckites are plotted. There is a 

complete isomorphous replacement between riebeckite and arf'vedsonite and 

beyond the latter towards the richterite composition. The metamorphic 

riebeckites extend to 1.60 atoms YZX and igneous arf'vedsonites to 0.80 

atoms YZX and this latter value is beyond the end-member composition of 

Although this series is continuous a suggested nomenclature for this 

group could be: Riebeckite 2.00 - 1.60 YZX; riebeckite.- arfvedsonite 

1.60- 1.2o:Yzx; arfvedsonite 1.20- 0.80 YZX. 

Kovalenko (1968) devised a subdivision of this group based upon 

atoms within the AX sites: Riebeckite 1.5 - 2.4 atoms in X; riebeckite -

ar~edsonite 2.4 - 2.8 atoms; arfvedsonite 2.8 - 3.3 atoms. Both the 
I 

upper limit,for arfvedsonite and lower limit for riebeckite are outside 

the bounds ~et by the author for superior analyses. Otherwise, both the 
I 

author's and Kovalenko's divisions agree. 

2. Intermediate members of the magnesioriebeckite - magnesioarfvedsonite 
series. i 

The recalculated analyses both from the literature and those 

determined by the author have been plotted on figure 4-9. Again, as for 

the previous group, there appears to be no miscibility gap in the 

compositions between magnesioriebeckite and magnesioarf'vedsonite. The 

compositions extend to 0.80 YZX and 4.20 Y which lies between 

magnesioarfvedsonite and richterite. Members which lie close to 
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magnesioriebeckite are typically from o.rystalline schists and meta-iron 

formations (asbestiform variety). Analyses close to magnesioarfvedsonite 

come from igneous bodies and metasomatic rocks~ 

The suggested division of this group is_ t~t ,rnagnesioriebeckite is 

the name to be applied to minerals with the compositions between 2.00 

YZX and 1.4 YZX and magnesioarfvedsonite bet~een 1.4 YZX and 0.80 YZX. 

This division is based upon the range of compositions of amphiboles from 

crystalline schists. 

3. Intermediate members of the richterite-eckermannite series. 

Analyses of richterites have been plotted in figure 4-10. The range 

of compositions is from 0.93 YZX, 4.07 Y in a richterite from Iron Hill, 

Colorado (Larsen, 1942) to a composition OYZX, 5.00 for a richterite from 

Langban, Sweden (Sundius, 1945). This corresponds to end-member richterite. 

The potassium richterite compositions are scattered and two examples of 

meteoritic richterite (Olsen, 1967 and Douglas, personal conmrunication) 

plot close to the end-member. 

4-6. Additional substitutions in the alkali amphiboles. 

1 (a). The substitution Ca Mg ~ Na Al. 

This substitution is represented by the base of the triangle 

Ts-Tr-Gl in Phillips' compositional space. The end~members involved in 

this substitution are tremolite and glaucophane and amphiboles of these 

compositions co-exist in the glaucophane schist facies (Chapter 6 for 

electron probe microanalysis of these amphiboles). 

The occurrence of calcium in the ~ sites of alkali amphiboles of 

the glaucophane group and sodium in actinolites indicates that there is 

miscibility between the two groups. Amphiboles from the blue-schist 

facies (glaucophane schist) are plotted_ in figure 4-11. Iwasaki (1963) 
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claimed that there was a miscibility gap between Gl20 Ac(actinolite)80 

and Gl50 Ac50 but since his work was published Klein (1966) has described 

two amphiboles from the Wabush Iron Formation, Labrador which he calls 

. riebeckite~tr.emolites. These two amphiboles are indicated on figure 4-11 

and they plot in the miscibility gap proposed by Iwasaki (ibid.). These 

amphiboles come from the staurolite-kyanite zone of metamorphism and 

indicate that there is no miscibility gap between the amphiboles, 

glaucophane and tremolite at higher temperatures and pressures. 

1 (b). The general substitution Ca R++ ~ Na R+++. 

Miyashiro (op. cit.) showed that the calcium content of alkali 

amphiboles increases as the amount of trivalent cations decrease. This 

holds throughout the alkali amphiboles despite Miyashiro's reluctance to 

consider richterite with the other alkali amphiboles. The sole exception 

is the mboziite composition. 

The glaucophane - riebeckite groups have the lowest calcium contents 

(Fig. 4-12). The amount of calcium in the structure appears to be linked 

with the temperature of origin in the riebeckite - arfvedsonite -

katophorite series. The maximum amount of calcium in any alkali amphibole 

is 1.50 atoms in a richterite. 

2. The substitutions (NaK)R++ ~ c R+++ and (NaK)Al ~ c Si. 

Miyashiro (ibid) used these substitutions to divide up the alkali 

amphiboles. Silicon and trivalent cations are plotted against each other 

in figure 4-13 for the alkali amphiboles. The compositional limits for 

' the alkali amphiboles are 7.00 atoms of silicon and 2.50 atoms of trivalent 

cations, this latter figure could be error in analysis. The full range 

of alkali amphibole compositions cannot be represented on this diagram 

e.g. mboziite and sundiusite, and the compositional fields are not 
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symmetrical. The analyses show that these substitutions are important 

especially in the riebeckite - arf'vedsonite intermediate compositions. 

3. The substitution Ca Al ~ Nax Si. 

The substitution Ca AliV ~ NaSi is important in the katophorite 

arfvedsonite series. In figure 4-~ all the analyses of katophorite and 

arfvedsonite show there is a complete isomorphous series between these 

two alkali amphiboles. 

In figure 4- -JS all the author's analyses of riebeckite - arfvedsonite 

and arfveds6nites from S.W. Greenland, and Jebel Sileitat, Sudan fall on 

or close to the line between katophorite and arfvedsonite. The amount of 

Ca AliV decreases with increasing differentiation of the S.W. Greenland 

intrusions (Chapter 5). The maximum amount of this substitution in the 

author's analyses is 9.7 atoms (NaSi) and 1.26 atoms (Ca Al). 

4. The substitution NaA Al IVy= cSi. 

The replacement of tetrahedral aluminium for silicon and balanced by 

the introduction of alkali ions in the 'A' site was suggested by Phillips 

and. Layton (1964) to be an isomorphous substitution between glaucophane 

and an amphibole they called miyashiroite. Ten analyses plot in the 

miyashiroite field but few of these are superior analyses. Reference 

to figure \t--1"1- shows that no av:ailable analysis plots closer to 

miyashiroite than Gl6o ~O which may indicate a gap in amphibole 

compositions. 

4-7. General Chemistry. 

Certain elements which occur in the alkali amphiboles have not been 

dealt with in sufficient detail in the preceding section. 

4-7-l. Aluminium. 

The amount of aluminium in alkaii amphiboles varies from less than 
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0.1 atoms in riebeckites and richterites to more than 2.00 atoms. Howie 

and Manjukuola (personal commund:.cation) recorded 2.20 atoms of aluminium 

in a glaucophane from the Isle de Groix and a mboziite from D~kainle 

(Brock et. al., 1964) contains 2.35 atoms. More recently Linthout and 

Kieft (1970) have reported a mboziite from Sierra de los Filabres 

(S.E. Spain) with 2.83 atoms of aluminium (Fig. 4-16). 

Aluminium occupies two sites in the alkali amphiboles, the M2 and T 

sites. Wickman (1943), Har~ (1950), Thompson (1957), Leake (1962), and 

Boyd and England (1962) claimed that aluminium in tetrahedral co-ordination 

can be correlated with high· temperature and octahedral aluminium tends to 

form at high pressures. 

This claim can be supported by observation of the alkali amphiboles. 

The highest concentrations of octahedral aluminium are in the members of 

the glaucophane series which formed at between 7 - 8 kb (Coleman and 

Taylor, 1968). The largest amounts of AlVI (1.90 atoms) are in two 

glaucophanes, one published by Borg (1967) the ~ther Manjukuola and 

Howie (personal communication) •. The author's analyses yield values of 

1.46 atoms (302-143 T.W.B.l) and 1.63 atoms (302-143 T.W.B.2) and both 

specimens come from Valley Ford, California. 

VI Glaucophanes range from 1. 90 - 0.50 atoms of Al and up to 0 •. 65 atoms 

of tetrahedral aluminium. The increase in tetrahedral aluminium correlates 

with an increase of crossite content of the amphibole. 

The highest content of tetrahedral aluminium occurs in three analysed 

samples of mboziite (1.82, 1.90, and 2.02 atoms). The mboziite of 

Linthout and Kieft ( op. cit.) also contains 0. 93 at oms of octahedral 

aluminium. Katophorite analyses contain up to 1.15 atoms of AllV and 0.26 

atoms of AlVI. "Most of the riebeckites, arfvedsonites and eckermannites 

lie between the boundaries 0.50 AlVI and 0.80 Alrv. The richterite group 

have ve~ low concentrations of aluminium. 
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4-7-2. Zinc. 

Zinc has been analysed for in relatively few alkali amphiboles and 

substitutes for ferrous iron in silicates (Wedepohl, 1953; Taylor, 1966). 

Many authors believe that the zinc occurs as submicroscopic sphalerite. 

This phase was not detected by single crystal X-ray methods (Frost in 

Borley, 1963). Zinc has been detected in the author's alkali amphiboles 

by use of the electron microprobe and does not apparently occur as small 

inclusions but throughout the amphibole crystals. The zinc species which 

is stable at the same oxygen pressure ~s the formation of the amphiboles 

is ZnSG4 which is soluble (Holland, 1959, 1965). 

++ ++ ~5 
Zn has the- same ionic radius as Fe butAthe Zn-0 bond is more 

covalent tha~e-0 bo.,~ , "'-" ff.e zn·++ /Fe++ 

. ratio will increase during fractionation (Taylor, 1966). Zinc increases 
/ 

in the late stage alkali amphiboles oft he llimaussaq intrusion (up to 

0.18}6) and in the riebeckite-arfvedsonites from the Nigerian granites 

(up to 0.7~) (Borley, 1963; Butler and Thompson, 1966). 
, 

Zinc is concentrated in the later amphiboles of the Ilimaussaq 

intrusion. Zinc is also concentrated into the amphibole rather than the 

pyroxene (Butler and Thompson op. cit.), and hence the high concentration 
/ 

of zinc in the arfvedsonite from the JWavrite •. 

4-7-3. Manganese. 

The manganese content of alkali amphiboles varies from 0-8.5~ 

MnO. The low concentrations are confined to amphiboles which have 

formed in low temperature environments (glaucophane and riebeckite). In 

• the igneous alkali amphiboles the concentration varies between 0.~ and 

2.9.% MhO. The latter value is for a katophorite from SaO Miguel (analyst 

Osann, in Miyashiro, 1957). Most of these amphiboles have -1. 00}6 MnO. 

Certain members of the magnesioarfvedsonite group (Juddites) have 
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variable_amounts of manganese, up to 5.04% MOO have been recorded by the 

author. A tirodite (Appendix :J ), analysed by the author contains 

8.3~ MhO and this is close to the maximum recorded for alkali amphiboles. 

Recalculation of this analysis requires that manganese should be in both 

~and M(1,3) sites and this conclusion is supported by the infra-red 

data. Richterites have very variable manganese contents. 

4-7-4. Magnesium. 

The magnesium contents of alkali amphiboles are extremely variable 

from zero concentration up to 5.00 atoms in a meteoritic richterite 

(Douglas, personal communication). In the glaucophane-riebeckite and 

eckermannite-arfvedsonite groups there is a complete replacement of 

magnesium by ferrous iron. 

4-7-5. Titanium. 

The variation in titanium content in the alkali amphiboles is 

between 0.0 atoms in members ·of the glaucophane-riebeckite group to 

0.66 atoms in a potassium richterite from the Leucite Hills (Carmichael, 

1967). Intermediate concentrations are present in arfvedsonites and 

katophorites. The titanium content of amphiboles increases with an 

increase in temperature of formation.and degree of silica undersaturation 

(Verhoogen, 1962). Verhoogen concludes that the solubility of titanium 

in silicates increases with the amount of aluminium that can substitute 

for silicon in Z sites. This conclusion is true for kaersutites (Aoki, 

1961; Wilkinson, 1961), katophorites and arfvedsonites (Deer, Howie, 

and Zussman, 1962). This conclusion breaks down in the titanium-rich 

potassium richterites, where there is a molecular excess of alkalis over 

alumina (Carmichael, 1967). There is a total lack of iron titanium 
/ 

oxides in the Ilimaussaq intrusion and in the_ leucite volcanic rocks of 
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Western Australia, Wyoming, and Spain. The excess alkalis react with 

silica, titania and zirconia to form minerals such as aenigmatite, 

eudialyte, priderite and wadeite and in addition titanium is incorporated 

into the normal ferromagnesian minerals. 

In the alkali amphiboles the oxidation state of titanium is probably 

Ti4+ but in the presence of iron it is not possible to determine the 

oxidation state of both elements (Verhoogen, op. cit.). Verhoogen also 

demonstrated the reluctance of titanium to enter tetrahedral sites using 

thermodynamic methods. He utilised the reaction:-

CaMgSi206 + m CaMgl'i206 ~ CaMgSi2-2Jn'l'i2m06 

G = + 14.4 k.cal. 

The free energy of reaction is positive and large ·showing the 

reluctance of titanium to substitute for silicon. 

Titanium therefore substitutes for Mg or Fe in octahedral sites and 

two probable coupled substitutions are:-

(1) Mg + 2Si Ti + 2Al 

(2) MgMg ~ Ti + o 

The first substitution is operative in katophorite, kaesutite and 

arfvedsonite and the second in potassium richterites and other alkali 

amphiboles from peralkaline rocks. 

4-7-6. Fluorine. 

The fluorine content of alkali amphiboles varies with the mineral 

paragenesis. The lowest concentration is in the metamorphic alkali 

amphiboles and highest (3.3~ in riebeckite-arfvedsonite from Nigeria 

_(Borley ), 3. 75fo riebeckite-arf'vedsonite, Tugtutoq (Macdonald, 1968) 

in late stage alkali amphiboles and in fe~Jitic amphiboles. 

Fluorine replaces hydroxyl in the.amphiboles and when more than one 

of the two hydroxyl' ions have been replaced by fluorine the mineral 

should have the prefix fluor-, as suggested by Schaller (1930). 



0 

00 
61' 

.·~ 

) 

.. 
... 

. ~2 
.. ~ -... _-~: .-. 

. .:-, 
>' 

GR0NLANDS GEOLOGISKE UNDERS0GELSE 
THEGEoLOGicALSURVEYOFGREENLAND (after Emeleus and Harry 19 70} 

PLATL I 

General geological map of the Gardar rocks of the 

/ .. 

country around lvigtut and Julianehab. 

/ rault 
r++l 
~ Granite 

lim Nepheline Syenite 

~ Augite Syenite 

Legend: • Gabbro 

11!\1 Lavas } Eriksfjord 
f::::.\.1 Sediments Formation 

D Pre-Gardar rocks 

o w w w~ 

JulianehSb Bugt a:!, 

' . ... _ ... 

r#. :.·· 

··,' -, 

, ... ___ _ 

.>--·~·-

or 

@ ;_ .. ! .-:::: 
. I' i.I.)I'I'E\: ,-

. -



-65-

CHAPrER FIVE 

"' Alkali Amphiboles from the Ilimaussag Intrusion, S.W. Greenland 

5-l. Regional Setting. 

"' The Ilimaussaq igneous intrusion forms part of the Gardar alkaline 

province of south-west Greenland. The Gardar period is the latest of the 

Pre-cambrian events in the area (Berthelsen, 1962; Pulvertaft, 1968):-

3. Gardar (1300- 1000 m.y.) 

2. Ketilidian (1760- 1500 m.y.) 

1. pre-Ketilidian ( > 1760 m.y.) 

The basement complex in S.W. Greenland in the Narssaq area (Fig. 5-l 

after Emeleus and Harry, 1970) consists of supracrustal rocks, the 

Julianahaab Granite ( ...... 1600 m.y.) and gneisses of the Ketilidian mobile 

belt. The Ga:rdar formation lies above the Julianahaab Granite unconformably 

and the earliest members are continental sandstones and extrusive volcanic 

rocks. 

The Gardar formation can be divided into three divisions, namely, 

early-, mid-, and late-Gardar (Bridgewater, 1965). 

The late-Gardar is characterised by the emplacement of alkaline 

plutonic bodies, which include from west to east (Fig. 5-l), Kllngn~t 

(Upton, 1960), Nunarssuit (Harry and Pulvertaft, 1963; Greenwood, in 
/ 

preparation), Tugtutoq (Upton, 1962 and 1964; Macdonald, 1968), Ilimaussaq 

(Ussing, 1912; Wegmann, 1938; S~renson, 1962 and 1964; Ferguson, 1964 

and 1967; and Hamilton, 1964) and Igaliko (Ussing, 1912; and Emeleus and 

Harry, 1970). 

"' The Ilimaussaq intrusion is the youngest of these alkaline centres 

with an age of 1020.! 24 m.y. (Bridgewater, 1965; Moorbath et. al., 1960). 

The Gardar era is characterised by intense faulting, which probably 

caused and controlled magmatic activity (Berthelsen and Noe-Nygard, 1965). 
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The main faults are sinistral tear faults with a ~V-ESE trend (Fig. 5-l). 

The Gardar alkaline plutonic complexes are often intruded where E.N.E.-

trending dyke swarms are crossed by these faults. 

/ 

5-2. Rock types in the Uimaussag Intrusion. 

The names of these rocks were given by Ussing (1912). 

1. Augite Syenite:- consists of aikali feldspars, augite, olivine, 

biotite, Kaersutite (titaniferous pargasite), acmitic pyroxene 

and magnetite. The pyroxenes are often zoned from augite cores 

to aegirine-augite rims. 

2. Heterogeneous Syenite (Ferguson, 1969):- the mineralogy differs 

markedly from the augite syenite although the chemistry is 

similar. The minerals are alkali feldspars, alkali pyroxenes, 

alkali amphiboles and occasionally olivine and nepheline. 

3. Alkali Granite:- apart from some metasomatic acid rocks this 

is the only acid rock in the intrusion with a mineralogy 

consisting of alkali feldspars, quartz, arfvedsonite, and 

occasionally aenigmatite and alkali pyroxenes. 

4. Quartz Syenite:- Mineralogically contains the same as the 

alkali granite but the percentage of quartz is lower and the 

pyroxene content is higher. 

5. Pulaskite:- consists of alkali feldspars, nepheline, alkali 

pyroxenes and amphiboles, and aenigmatite. 

6. Sodalite Foyaite:- contains the same minerals as the pulaskite 

but in addition the phases eudialyte and sodalite appear. 

7. Naujaite:- the same mineralogy as the sodalite foyaite but the 

individual minerals are pegmatoid in appearance with the exception 

of the euhedral sodalite crystals. The minerals crystallized 

around the sodalite crystals giving a poikolitic texture to the 

rock. 
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8. Kakortokite :- the kakortokite suite of rocks are rhythmically 

layered into arfvedsonite ricp (black), eudialyte rich (red), 

and feldspar rich (white) with transitional rock types 

developed between these. Common additional phases are alkali 

pyroxenes and nepheline. 

9. Lujavrite :- these are finer grained rocks than the others 

and possess a marked fissility and preferred orientation of 

pyroxene (aegirine) and arfvedsonite. The lujavrites are 

both green (pyroxene rich) and black (arf.vedsonite rich). 

The mineralogy is similar to the kakortokites, but with many 

more rare minerals, plus U, Th mineralisation (S.¢renson, 1969). 

, 
5-3. Origin of the Ilimaussag Intrusion. 

The most satisfactory interpretation of the sequence of events in the 

intrusion is by Ferguson (19~, 1967). Ussing (1912) and S¢renson (1958, 

1962) also provide useful but inadequate interpretations of the available 

data. 

All the students of geology working in south-west Greenland agree 

that the earliest magma of these plutonic complexes had an augite syenite 

composition (Upton, 1960, 1962, 19~; Ferguson, 1964, 1967; S¢.renson, 

1958, 1962). 

The intrusion of the main mass o£. rocks appears to have been in two 

stages. The first stage involved the intrusion of the augite syenite 

following cauldron subsidence and is now represented as a discontinuous 

shell. It is thought that this magma then underwent differentiation along 

an under-saturated trend. The sodic pyroxenes within the augite syenite 

appear to be zoned from augite cores ~ hedenbergite --7- sodic hedenbergite 

~aegirine augite (preli.mina~ electron probe microanalysis, author) which 

indicates aubstantial differentiation of the augite syenite~ in situ. 
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/ 

5-4. Chemistzy of the alkali amphiboles in the llimaussag Intrusion. 

5-4-1. Formulae of the alkali amphiboles. 

The analyses of the alkali amphiboles were recalculated to 24 oxygens 

using the scheme outlined by Phillips (1963). The formulae of riebeckite 

( NaZFe~~e~+si8o22 (0H)2 ) and arfvedsonite (NaNaZFe~~e3+si8o22 (oH)2 ), 

both after Sundius (1945 ), have been used as a basis for discussing the 

variations in these alkali amphiboles. 

5-4-2. General remarks. 
/ 

The alkali amphiboles of the ll:i.naussaq intrusion (Appendix 3) all 

belong to the riebeckite-arfvedsonite-katophorite series and the main 

features of their chemistry are::-

. ++/F +++ 1. HJ.gh Fe e contents. 

2. Very low magnesium contents (0-0.20}&). 

3. Low titanium (0.08 - 0.25 atoms). 

4. MOderate to low calcium and low aluminium. 

5. Uniform potassium (0.27 - 0.41) except in the lujavrites where 

it rises to 0.57 - 0.65 atoms. 

6. Higher hydroxyl than fluorine. 

7. High sodium (2.00- 2.70 atoms). 

8. Uniform manganese (0.12 atoms) except in the lujavrites. 
, 

Many of the amphiboles from Ilimaussaq were seen to possess slightly 

different pleochroic schemes. These differences could be attributed to 

(a) different optic orientation or (b) different chemical composition. 

An ana~sed amphibole from a kakortokite (D.U. 10936) was re-analysed 

using the electron microprobe. Six results from this investigation 

(Table 5-l) reveal that differences in pleochroic scheme could be due to 

chemical differences. Analyses 2, 3, and 6 (dark blue-blue pleochroism) 
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have lower aluminium and higher potassium than analyses 1, 4, and 5 

(green-brown pleochroism). 

TABLE 5-l Partial Analyses of Irregularly Zoned Arfvedsonite, 
~ 

D.U. 10936, Ilimaussag. 

Analysis Al2o3 GaO Na2o K20 

1 2~38 1.19 6.31 1. 71 

2 1.96 1.21 5.99 2.05 

3 1.71 1.26 5·.60 2.81 

4 2.58 1.73 6.18 1.52 

5 2.43 1.59 6.23 1.54 

6 1. 93 1.28 6.22 1.98 

( 

Prelimina~ investigations of the distribution of elements between 

pyroxene and alkali amphibole (D.U. 10921) in the nepheline syenites of 
, 

llimaussaq show that K, Na, Mn, and A1 are more abundant in the amphibole 

and calcium in the pyroxene. 

Small blue, fibrous amphiboles accompany the primary amphibole 

occasionally and these crystals are pure secondary·riebeckite. The 

analyses of these alkali amphiboles and their recalculations are shown 

in the .ap.pendix. 

5-4-3. Hydro:xyl group. 

Fluorine substitutes for hydroxyl in the 0(3) sites. The highest 

values for fluorine were obtained for amphiboles from the arfvedsonite 

granite (D.U. 10919, D.U. 10927) with a concentration up to 0.78 atoms. 

In the agpaitic rocks there is variation within each rock type but in 

general the lowest concentrations occur in amphiboles from the lujavrites 

(0.15 - 0.35 atoms), followed by the kakortokites (0.20 - 0.59 atoms), 

naujaites (0.18- 0.74 atoms), sodalite foyaite (0.46 atoms) and pulaskite 
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(0.42 atoms). Where the fluorine content is low the hydroxyl content is 

high but often there is a deficiency in the 0(3) sites, which is probably 

due to poor water determinations. It could also be partly due to oxy­

amphibole substitution balanced by Fe3+ or Ti4+ .. 

5-4-4. The Z group. 
0 0 

This group includes silicon (r = 0.42A) and aluminium (0.51A). In 

contrast to Borley's (1963) analyses there are no deficiencies in the Z 

sites and only the above two elements are needed to fill these sites 

except in two samples (10941, 10957) both naujaites. In these two, only 

0.07 and 0.08 atoms are needed to fill the sites. 

The lowest number of silicon atoms is 7.27 for an arfvedsonite from 

a naujaite (10941) and the highest (7.99 atoms) for an amphibole from the 

lujavrites (10951). The alkali granite amphibole has 7.93 atoms of silicon. 

5-4-5. The Y group. 
0 0 

TheY group includes ferrous iron (0.74A), lithium (0.68A), 
0 . 0 0 0 

manganese (0.80A), Magnesium (o.66A), zinc (0.74A), ferric iron (0.64A), 
0 . 0 

titanium (0.68A) and aluminium (0.51A). 

There ~ be relatively large trace amounts of elements such as 

zirconium (0.79j), niobium (0.69j) and yttrium (0.92X) concentrated into 

these sites because of their abundance in these undersaturated rocks. 

Zirconium values go up to J% in the agpaitic rocks butil'is concentrated 

in the complex sodium zirconium titanium silicates such as eudialyte 

and aenigmatite. Niobium reaches 1400 p.p.m. in arfvedsonite lujavrites. 

Unfortunately, these elements have only been determined qualitatively, to 

detect their presence. 

Ferrous iron is the dominant cation in the Y group followed by ferric 

iron. The ferrous/ferric iron ratio ranges from 1.779 in an arfvedsonite 
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in the lujavrites to 3.504 in an amphibole in a naujaite, which is more 

extreme than Borley's amphiboles from late stage soda granites (1.36 - 3.12). 

It is noteworthy that in these amphiboles the magnesium concentration 

is very low varying from 0 to 0.20 atoms, lithium varies from 0.12 to 0.25 

atoms and manganese from 0.07 to 0.18 atoms. 

Also substituting for ferrous iron in this group is zinc which has 

the same .ionic radius as ferrous iron (o.74X) but only achieves a maximum 

concentration of 0.02 atoms in the pulaskite. 

All the above elements would occupy the M(l) and M(3) sites in a well 

ordered structure and ferric iron, titanium and aluminium would occupy the 

M(2) sites. The maximum amount of octahedral aluminium is 0.31 atoms in 

an arfvedsonite from the lujavrites (10930) but otherwise is extremely low. 

Titanium is generally low and constant 0.08 - 0.21 atoms in the agpaites, 

whereas in the alkali granite it is slightly higher (0.26 atoms). 

5-4-6. The X group. 

The cations in the X sites (M(4)) are sodium (0. 97j), calcium ( 0. 99j),. 

ferrous iron and manganese. These latter two elements only enter the M(4) 

sites to a minor extent, i.e. up to 0.12 atoms (in 10927, 10941, 12837). 

The most important cation is sodium which varies from 1.33 atoms in an 

amphibole from a naujaite pegJDatite to 1. 98 atoms in an arfvedsonite from 

a lujavrite. The calcium varies from 0.02 to 0.90 atoms. 

5-4-7. The A group. 

Sodium and potassium are the only cations which occuP.Y these sites and 

the amount· of potassium in 1 A 1 is quite constant within most of the samples 

viz. 0.27 - 0.41 atoms, except in the lujavrites where the potassium 

content rises to 0.57 - 0.65 atoms. The 'A' sites are largely filled and 

occasionally excess hydrogen atoms enter the 'A' site (Phillips, 1963; 

Nicholls and Zussman, 1955) which results from high water values. 
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5-5. Comparison of PetrochemistEY and the chemical composition of the 

" alkali amphiboles in Ilimaussag. 

5-5-1. General remarks. 

Recently Gerasimovskii and Kuznetsova (1968) have published more recent 
,. 

chemical analyses of the rocks in the Ilimaussaq intrusion and their 

conclusions, which are pertinent to the present discussion, are:-

1. Elements va~ considerably even within one rock type 

especially aluminium, calcium, and ferrous iron •. 

2. Not only does the total iron vary but also the Fe+++/Fe++, 

which varies from 0.46 to 1.01 and is greatest in the 

aegirine lujavrites (4. 7 - 10.1) and least in the 

arf'vedsonite lujavrite (0.54 - 0.97). The ferric iron, 

of course, is concentrated into the aegirine and ferrous 

iron into the arf'vedsonite. 

3. The agpaitic ratio:-

(= Na + K) 
Al 

varie~· from 1. 20 to 2. 33 and if this value is greater 

than one, the nepheline syenite is called an agpaite, if 

less than one, a miaskite. 
/ 

The agpaites of the Ilimaussaq intrusion are characterised by:-

1. A very high content of alkali metals with Na20 (12. 9~) 

being greater than K20 (3.40}&). 

2. The agpaitic ratio average is 1.39. 

+++ ++ 
3. Fe /Fe average is 1.40. 

4. Low concentrations of calcium (1.09,%) and magnesium (0.3~). 

5. Low titanium (0.35.%) and high zirconium (0.75,%). 

6. Very high chlorine (Ll~). 

7. A considerable amount of water (2.27%). 

8. Relative~ low fluorine content (0.19,%). 
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Ramberg (1952) has pointed out that the ions with a higher electro­

negativity are favoured by structures with low polymerisation. In 

nepheline syenites where pyroxenes and amphiboles are the main ferro­

magnesian minerals the cations with higher electronegativities (sodium 

and calcium in X sites and ferric iron in Y sites) are preferentially 

incorporated into the single chain pyroxene structure and those with the 

lower electronegativities (potassium in 'A' sites and ferrous iron in Y 

sites) ;vill be concentrated in the double chain amphibole structure. There­

fore the elements which are incorporated into the amphiboles and pyroxenes 

will monitor the petrochemistry of those elements. 

The above statement can be concluded from a comparison of the mineral 

data with that of the petrochemistry. 

Several elements display interesting phenomena in the amphiboles and 

their related minerals. 

5-5-2. Potassium (r = 1.33i). 

Potassium varies from 0.27 to 0.41 atoms in the alkali amphiboles 

from the agpaites, with the exception of those from the lujavrites where 

the content is 0.57 - 0.65 atoms. The potassium is ooncentrated into the 

'A' sites of the amphiboles. When comparing the petrochemistry to the 

mineral chemistry one observes that the potassium values are fairly 

constant in the rocks. 

The percentage of potassium in the green (aegirine) and black 

(arfvedsonite) lujavrites is as follows:-

1 2 3 4 

Green 2.17 3.42 5.00 3.02 

Black 2.60 3.50 3.20 3.08 

5 

2.80 

3.97 

6 

3. 71 

5.58 

l-4 Ferguson (1967). 

3.50 

8 

5-8 Gerasimovskii and Kuznetzova (1968). 
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This demonstrates that the overall concentration is of the same 

order for both the green and the black lujavrites. 

The petrography of the two rock types differs only in the modal 

content of aegirine and arfvedsonite. Pyroxenes cannot incorporate 

potassium into their structure to any large extent. The maximum 

percentage for aegirines (Deer, Howie and Zussman, 1963) is 0.4q% and 

alkali pyroxenes from the Nunassuit alkaline intrusion, S.W. Greenland, 

analysed by means of the electron microprobe by P.B. Greenwood (personal 

communication) show very little if any potassium in the alkali pyroxenes. 

Potassium is therefore largely concentrated in the two alkali 

feldspars, nepheline, and arfvedsonite in these lujavrites. Ferguson 

( op. cit.) has determined the chemistry of the microcline and albite by 

optical methods and they indicate no difference in chemical composition 

of the minerals between the two rock types i.e •. > 9Q% Or in the microcline 

laths coexisting with pure albite (Abloo)• 

Ferguson has determined the kalsilite contents of the nephelines 

in the two rock types: 

aegirine lujavrit e Ks 27.6 

arfvedsonite lujavrite Ks15•4 
Therefore potassium ;,t;o.rportioned between nepheline and alkali 

amphibole in these late stage rocks. The kalsilite value is always high 

( Ks 25 ) when alkali pyroxene is the dominant ferromagnesian mineral and 

low when alkali amphibole is the sole ferromagnesian mineral. 

Hamilton (1961) has suggested that at subsolidus temperatures chemical 

exchange takes place between nepheline and alkali feldspar and may only 

involve larger cations such as sodium and potassium. In nepheline the 

potassium occurs in two sites which are ninefold co-ordinated (Buerger 

et. al., 1954; Hahn and Buerger, 1955), and the sodium in· octahedral sites. 
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Hamilton goes on to conclude that the framework cation ratio Al:Si 

remains constant based upon the absence of exsolved feldspars in 
~ 

nepheline. The lujavrites of the Ilimaussaq intrusion contain separate 

phases of microcline and albite and no indication of exsolution is 

detected in these nor in the nephelines. 

In the lujavrites there is obviously no base exchange phenomena 

between the alkali feldspars and nepheline but there is between 

nepheline and alkali amphiboles. 

Alkalis appear to be readily exchanged in silicates which have sites 

which are relative~ large e.g. feldspars, nephelines, amphiboles and 

micas. Experiments have been performed in NaCl and NCl melts to exchange 

the alkali cations in nephelines (Debron, 1965); in feldspars (Orville, 

1967; Wright and Stewart, 1968); and recently amphiboles (Huebner and 

Papike, personal c.onununication). The amphibole :ln these experiments was 

richterite. 

The 'A' site of the amphiboles appears to be a site where alkali 

exchange can take place quite readily and will be of importance in rocks 

where amphiboles are crystallizing with minerals which possess this same 

property. 

The same phenomenon can be seen in the hornblende lujavrites of the 

Lovozero alkaline massif, Kola, U.S.S.R. 

0 
5-5-3. Lithium (r = o.68A). 

The following figures show the concentration of lithium in the 
~ 

agpaitic rocks of the Ilimaussaq intrusion:-

Black Lujavrit e 200 p.p.m. (Li) 

Sodalite Foyait e 127 II 

Naujaite 130 II rite 142 II 

Kako:rl"okite red 117 II 

black 114 II 
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HYbrids 128 p.p.m. (Li) 

Green Lujavrite 78 " 
The two extreme concentrations are the two variaties of lujavrite 

with the other agpaitic roc~s displaying constant values. The minerals 

also emphasize this feature. Lithium is concentrated in the alkali 

amphibole from the black lujavrites (.33 - .39.% Li2o). 

Ferguson (op. cit.) is of the opinion that lithium is concentrated 

in lithium minerals e.g. polylithionite and lepidolite, which because 

of sporadic occurrence ~ explain the erratic distribution of lithium. 

This erratic distribution is not so apparent when considering the 

distribution of ferromagnesian minerals and these may be the hosts for 

lithium, and are also much more abundant in the rocks. 

Ahrens (1965), Taylor (1966), Viasov (1959, 1966) consider that 

lithium substitutes for magnesium and ferrous iron in ferromagnesian 

minerals. Lithium substitutes for magnesium in octahedral sites 

(M(l) and M(3)) in amphiboles (Phillips, 1963). The Li~O bond is more 

ionic than Mg-0 and is admitted into the lattice and concentrated in 

late stage fractions (Taylor, 1966). 

The substitution considered to be likely in the amphiboles is:­

Li(Al,Fe3+) ~ 2(MgFe2+) 

Lithium being monovalent when substituting in M(l), M(3) sites 

will require a trivalent cation to accompany it to balance the charge. 

Borley (1963) plots the amount of lithium against ferrous iron content 

and shows a correlation between them. Fig. 5-2 also demonstrates this 
/ 

substitution of lithium for ferrous iron for the Ilimaussaq amphiboles. 

The correlation is not so good as Borley's, probably because the 

concentration of lithium is lower. 

In the black lujavrites the concentration is 200 p.p.m. (Li) and 

the amphiboles contain most of this. The low value for lithium in the 



-78-

green lujavrites (78 p.p.m. Li) supports the thesis that lithium 

substitutes for ferrous iron and not ferric iron. 

0 
5-5-4. Titanium (0.68A). 

The amount of titanium in the alkali amphiboles varies from between 

0.08 atoms in the lujavrites to 0.21 atoms in a naujaite amphibole, 

generally the value lies between 0.08 - 0.15 atoms. This can be 

correlated with the relativ,ely constant percentage obtained for the 

agpaitic ro9ks (......, 0.50%) by Gerasimovskii and Kuznetzova (op. cit.). 

The titanium concentration increases to 0.26 atoms in an arf'vedsonite 

from the alkali granites but this increase is not reflected in the 

concentration in the rock. In the agpaites titanium is partitioned 

between amphibole, eudialyte, and aenigmatite whereas in the alkali 

granite the ar:f\redsonite is the dominant and often only ferromagnesian 

mineral. 

. 0 
5-5-5. Manganese (r = 0.80A). 

The manganese contents of the alkali amphiboles in the differentiated 

rocks vary from 0.07 - 0.18 atoms and in the alkali granites 0.13 atoms. 

In the kakortokites, sodalite foyaites, and naujaites the value lies 

between 0.07 - 0.12 atoms and the lujavrites 0.18 atoms. 

A study of the rock analyses shows that the manganese concentration 

increases with the amount of ferrous iron, which is highest in the black 

lujavrite. In the green lujavrite manganese varies from 0.17 - 0.2~ 

whereas in the black varieties from 0.38 - ~.04%. The ferrous iron 

contents of the green lujavrites are 0.80 - 1. 7Z/6 and in the ar:f\redsonite 

rich rocks 5.80 - 10.04%. This indicates that divalent manganese is 

following ferrous iron into lattice sites and will therefore be 

concentrated in the alkali amphiboles. 
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Calcium (r = 0.99A). 
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Calcium is an element which is partitioned between alkali pyroxene; 

alkali amphibole and eudialyte in these nepheline syenites and the 

content in the amphiboles varies from 0.02 - 0.62 atoms. Unfortunately 

analyses for the pyroxenes and eudialytes are not available therefore 

any comparison is invalid. 

The calcium is preferentially incorporated into the earlier formed 

amphiboles, where the concentration in the rocks is higher too. The 

increase inCa+ AliV in alkali amphiboles has been correlated with 

higher temperatures of formation (Miyashiro, 1957). In Fig. 5-3 

Ca + AliV is plotted against Na(K)Si to show the change from katophoritic 

to arfvedsonitio composition with differentiation. 

5-5-7. Fluorine and bydro;rl anions. 

Fluorine occurs not only in ferromagnesian minerals in the 

"" Ilimaussaq intrusion but also in fluorine minerals such as fluorite 

and villiaumite (NaF). Again we must regard the rna in hosts of fluorine 

as the alkali amphiboles because of their relative abundance. The table 

below shows the general pattern of fluorine and water distribution in 

the agpaitic rocks:-

Naujaites 4' 
increasing 

Sodalite Foyaite 
fluorine increasing 

Kakortokites 
'\Vater 

Black Lujavrites {-

Fluorine does not build up to the last stages of differentiation 

as in acid peralkaline magmas and miaskitic magmas because it is 

removed from the magma by the c~stallizing amphiboles and fluorine 

minerals which occur throughout the rocks. The water content of these 

rocks, however, does increase, therefore it appears that· fluorine 



-80-

enters the amphiboles preferentially under these conditions. 

The amphiboles again monitor the petrochemistry. The higpest 

fluorine concentrations in the amphiboles are in the early formed 

naujait es and lowest in the late stage lujavrit es (see Appendix 3). 

The water content of the amphiboles is the reverse of the fluorine. 

Chlorine although it does not enter the amphibole lattice to any 

great degree is concentrated in the early stages of differentiation 

where it is concentrated in t.he sodalite minerals. 

/ 

5-6. Comparis.on of alkali amphiboles from the Il:imaussag intrusion 

and Lovozero (Kola, U.S.S.R.) intrusions. 

The Lovozero massif on the Kola peninsula in the Soviet Union is 

very similar in petrology, petrochemistry and mineralogy to the 
/ 

Ilimaussaq intrusion. These two bodies are the classic examples of 

differentiated nepheline syenites of.the agpaitic type (Vlasov et. al., 

1968). 

The main differences between the two in petrochemistry are that in 

the Lovozero massif the nepheline syenites contain more manganese, 

magnesium, phosphorous and titanium and the Fe+++ /Fe++ ratio is. 4.4 
/ 

compared _to 1.4 in the Ilimaussaq intrusion. The latter contains more 

water, chlorine, and sodium. 

Some of these differences in petrochemistry are emphasized by the 

alkali amphiboles developed in them. The main difference is the 

magnesium concentration relative to the ferrous iron. In Fig. 5-4 
F ++ F +++ F ++ 

the Li,Mg~Mn,Fe++ is plotted against Fe++;,Ti,Al i.e. Tota~ R++ 

Fe+++ 
and Total R+++ • 

/ 

All the llimaussaq amphiboles 
++ 

composition i.e. > 9o% Tot!~ R++ 

plot close to the. arfvedsonite 
F +++ 

and > 7% e +++ • The minerals 
Total R 

from Lovozero are not strictly arfvedsonites but magnesioarfvedsonites. 



I 
I 

I 
I 

I 

Fig. 5-5 

102. 
(RJ 

·· .......... 

........... "- .......... 

................... 
', 

• 

220 
(TsJ 

·~, 
0 ' ............. .. .... .... ..... .., ', 

'o ' 

' ' ' ' 

'o 

Allcall Amphibole compositions llfmaussaq .s.w. Greenland. 
(Whittaker's Compositional Spac~.J 

221 
(M} 

Ed{ 

Tr. 

Ts. 

\ 
\ ... 

I \ 

I \ 

I \ 
I ' I ' I ·\ 

I \ 
I ' I 

I 
\ 

I ' I ' I 

I ' I ' I ' I ' I \ 

I ' I \ 
I \ 

I \ 
I 

I 
I 

I • I 
I • 

• • • . . 
• 

,,--------------.------- ~ .. ---
• 

R. Ec. 

Alkali Amphibole compositio~.a. llfmaussaq, S.W Greenland. 

(Phillips' Compositional Space. J 

""· 

6 . 



. l ' 

-81-

The composition of the Lovozero amphiboles are widely scattered, two 

compositions occuring in the eckermannite field. This may indicate 

poor analytical results rather than variable petrochemistry. 

The amphiboles from Lovozero contain more fluorine, magnesium, 

manganese, aluminium, and titanium than the arfvedsonites from the 
/ 

agpaites of Ilimaussaq.. With the exception of the magnesium content the 

arfvedsonite from the alkali granite resembles the Lovozero minerals. 

One of the main coupled substitutions in these amphiboles is:­

CaAl IV~ Na(K)Si 

shovvn in Fig. 5-5. The amount of this substitution does not appear to 
/ 

be so extreme for the Lovozero minerals as for the Ilimaussaq ones. These 

latter amphiboles vary from almost the arfvedsonite end-member 

(NaNa Fe~Fe+++siso27 (oH,F)2, after Sundius op. cit.) to 9.27 Na(K)Si 

and 1.42 CaAlrv. On the other hand the values obtained for the Lovozero 

alkali amphiboles lie between these values. 

Fig. 5-5 shows the distribution of compositions for the alkali 

amphiboles (Phillips, 1966). r The Il~ussag amphiboles all plot within 

the arfvedsonite field and trend from compositions close to that for 

katophorite (NaCaNaFe4FeSi7Al022(0H)2) to that close to the end-member 

arfvedsonite composition. Therefore a line from the amphiboles which 

crystallized in the naujaite to those which occur in lujavrites show a 
/ 

descent in the crystallization sequence of the llimaussaq intrusion. 

The two major substitutions involved are:­

(1) CaAl IV~ NaSi 

(2) NaFe++~ oFe+++ 

together with minor substitutions:-

(3) Li(AlFe+++) ~ 2(Fe++,Mg) 

(4) Fe++~ Mg 
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The Lovozero alkali amphiboles show no obvious distribution pattern. 

The cause of this my be bad documentation of rock types from which the 

minerals were extracted. Several amphiboles from this massif plot in 

the "miyashiroite" field. These may be poor analyses or the effect may 

be due to the large ferric iron content of these minerals. No trend 

can be discovered for the Lovozero alkali amphiboles because the minerals 

from known rock types plot fairly close together. 
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CHAPI'ER SIX 

Electron IYiicroprobe Investigations of Alkali Amphiboles 

6-1. General Statement. 

The technique of electron probe microanalysis used ~ the Geology 

Department in the University of Durham is in the appendix. The electron 

probe was used to investigate the following problems:-

6-2 Continuously Zoned Amphiboles 

6-3 Discontinuous~ Zoned Amphiboles 

6-4 Co-existing Amphiboles 

6-5 Amphibole Compositions f~om the TugtutSq dykes 

6-6 Study of Alkali Amphiboles from late-stage 
differentiated rocks 

6-7 Manganese content of Juddites (magnesioarfvedsonites) 
from India 

6-2. Continuously Zoned Amphiboles. 

6-2-1. Amphibole from the Arfvedsonite Granit·e (D. U. 12833. D. U. 10919) 
) 

Ilimaussaq, S.W. Greenland. 

Plate 1 shows a zoned amphibole from the Arfvedsonite Granite in the 
, 

Ilimaussaq intrusion. Occasionally, acmite replaces the amphibole along 

the cleavage traces and around the r:im. This amphibole has an extinction 

angle ( i ~C ) of 19°. 

Two traverses (Fig. 6-1) were made across the mineral to determine 

which elements varied and by how much. Magnesium, sodium, calcium, 

potassium, aluminium and titanium all show variation. The sodium analyses 

were erratic in Traverse B. Iron did not seem to vary systematically 

possibly because of changes in valence state across the crystal. 

Apart from the ocassional spurious result, the chemistry of the 

amphibole changes smoothly ~cross the crystal. Titanium decreases from 

1. ~5% in the core to less than 0.50% on the r:im and similar decreases 
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PLATE 1 

Continuously zoned amphibole (dark grey) from 

arfvedsonite granite (D.U. 12833, 10919) 
/ 

Ilimaussaq, Greenland. Additional phases present 

are alkali feldspar and quartz (clear areas). (x 35) 

PLATE 2 

Continuously and discontinuously zoned amphibole 

from the Assorutit syenite, Tugtutb'q, S. W. Greenland 

(D. U. 10987). The riebeckite-arfvedsonite is light 

grey, other amphiboles dark grey. Quartz and alkali 

feldspar additional phases. (x 50) 
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occur in magnesium (1.00 - 0.1~), calcium (3.00 - 0.3cy6), and aluminium 

(1.00 - 0.3ofo). Sodium and potassium both increase from core to rim 

(4.60- 6.8q% and 0.80- 1.75.% respectively). 

The amphibole changes from a more calcium rich arfvedsonite to 

almost a pure arfvedsonite during its crystallization. 

6-3. Discontinuously Zoned Amphiboles. 

6-3-l. Amphiboles from the Assorutit Syenite (D.U. 10987J 
Tugtutog, s. w. Greenland. 

The amphiboles of the Assorutit Syenite crystallised subsequent to 

the olivines and pyroxenes and they exhibit examples of both continuous 

and discontinuous reaction. The minerals which have been analysed show 

a continuous colour change from bro>vn through blue-green to green varieties 

followed by a sharp transition to blue-black riebeckite-arfvedsonite. 

Optics of the amphiboles:-

"Hornblende" A o( = light cinnamon brown 

t 
1 

"Hornblende" B o( 

= 

= 

= 
= 
= 

= 

Riebeckite - Arfvedsonite 

brown 

deep brown 

28° 

olive green 

deep blue-green 

d = deep blue-black 

i = dull bluish green 

c 1\ o( = 50 

Plate 2 shows one of the crystals which has been traversed. The 

changes in chemistry across amphi~ole B are shown in figure 6-2. 

These bro>vn, blue-green, and green amphiboles have been designated 

ferrohastingsites by Upton (1962), but the overall amounts of calcium 

and aluminium are insufficient in all t~~ analyses for them to be 
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called ferrohastingsites. Recalculations of the analyses to 23 oxygens 

and plotting them on to Whittaker's (1968) compositional diagram places 

them between edenite a,nd richterite but outside the body of the 

compositional space. This situation arises because of the lack of 

control on Fe++/Fe+++ in the minerals. The brown varieties plot close 

to ferroedenite (201 in Whittaker's compositional space) whereas the 

green minerals plot close to ferrorichterite (102). 

One large phenocryst of amphibole shows the changes in chemistry 

across the grain (Fig. 6-2). There is a gradual decrease in calcium, 

aluminium, titanium and magnesium, and increase in sodium, potassium 

and manganese as the traverse proceeds from the brown through blue-

green to green varieties. The dark-blue amphibole (riebeckite-

arfvedsonite) is in razor-sharp contact with the green mineral 

(ferrorichterite). The riebeckite-arfvedsonite shows an abrupt decrease 

in calcium, aluminium, titanium, manganese, and surprisingly potassi~. 

There is an increase in sodium and magnesium. 

In the Assorutit Syenite there is little approach to equilibrium 

in the ferromagnesian minerals,· with continuous reaction in the earlier 

phases of amphibole development followed by an abrupt change to 

riebeckite-arfyedsonite. This change is probably due to changes in 

partial pressure of oxygen i.e. a slowly evolving increase in therr02 

and when the pressure has exceeded a certain value other ferromagnesian 

minerals crystallize and finally when the value is much higher riebeckite-

arfvedsonite becomes stable and uses the· previous amphibole as a nucleus. 

II 

6-3-2. Ecker.mannite from a nepheline syenite, Norra Karr, Sweden. 

This type of alkali amphibole has been analysed by ~gden (Sundius, 

1945), Howie~ (personal connnunication) and by the author using a 

combination of wet chemical and X.R.F. methods. Dr. Howie separated two 



PLATE 3 

" Zoned eckermannite, Norra Karr, Sweden. Eckermannite 

medium grey, alkali feldspar clear and ore minerals 

black. (x 100) 

PLATE 4 

Discontinuously zoned magnesioarf'vedsonite 
, 

(G. G. U •. 27281) Gr,¢'nnedal-;Eka, S. W. Greenland. The 

iron rich magnesioarfvedsonite forms around the rims 

of the magnesian rich magnesioarfvedsonite and 

along the cleavage traces, aegirine forms rhombic 

shaped crystals with very high relief. Phlogopite 

is an additional phase. (x 50) 
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phases from the bulk amphibole into two analyses and he considers that 

one phase is exsolved from the other. The author's electron probe and 

chemical analyses together with Howie's for comparison are in Table 6-1 

(Tables of electron probe analyses at the end of chapter). The optics 

of this inineral are extremely variable and the extinction angle o1 :' 

varies from 35° in the core to 25° on the rim( Picot-c. 3). 

The chemical variations in the ecker.mannite are shovm schematically 

in figure 6-3. Traverses across the individual crystal show no 

gradation but a sharp change in composition from core to rim. Titani~ 

total iron~ and manganese are higher in the core and potassium, sodium, 

magnesium, and aluminium at the rim. Lithium has been added to the 

diagram using values obtained chemically by Howie; the wet chemical value 

for the author's sample is o.~. 

The electron probe analyses show that type ecker.mannite is zoned and 

probably represents two waves of IOOtasomatism. It is interesting to note 

that all the analyses including electron probe results of type 

eckermannite plot outside the compositional space of Phillips. 

The two waves of metasomatism probably involv.ed :~ (1) K, -Na,, and 

Fe metasomatism and (2) K, Na, Mg, Li metasomatism with a concomitant 

. . F +++/ ++ t. mcrease m e Fe ra ~o. 

Likely substitutions involved in the changing chemistry of the 

eckermannite are:-

core 

Fe++ Mn 

Fe++ (Mg, Mn) ~ 

rim 

Al Fe+++ 

Li (Al Fe+++) 

Z(Mg, Fe++) 

Substitutions involving calcium are not applicable because both 

the E.P.M. and chemical analyses reveal little calcium in either core 
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or rim. The larger amount of manganese in the core probably reflects 

a higher concentration of ferrous iron there. 

6-3-3. Zoned magnesioarfvedsonite (GGU27281) from fenitised amphibolite, 
; 

Gr~nnedal-Ika complex, S.W. Greenland. 
/ . 

The Gr¢nnedal-Ika complex (Emeleus, 1964-) consists of foyaitic 

nepheline syenites and carbonatite intruded into a basement consisting 

of gneisses, metasediments, and metaigneous rocks. Large slices of the 

basement within the complex have been metasomatised by both the syenite 

and the carbonatite (Emeleus, personal communication) and the present 

account describes the metasomatism of an amphibolitized basic dyke 

within a basic slice. 

The unmetasomatised basic dyke (G.G.U. 126720) consist-s of 

hornblende (6~), biotite (15.%) and severe~ altered plagioclase 

feldspar. One characteristic feature of the fenitised dyke rocks is 

the total lack of feldspar. 

The fenitisation appears to occur in two zones and the earlier 

phase involves the presence of zoned alkali amphibole, aegirine, 

phlogopite, and calcite (G.G.U. 27281). 

The alkali pyroxene occurs as euhedral crystals which are rarely 

zoned. The alkali amphibole is discontinuously zoned from a colourless 

core to a blue rim and grows as anhedra. The core has an extinction 
. I 0 ' 0 

angle of o< '} of 18 whereas the rim has .o( 'J of 29 • Occasionally the 

amphibole is seen developing at the expense of aegirine laths. 

Plate f4.shows the relationship between amphibole and pyroxene. The 

phlogopite is concentrated within certain areas of the rock and in 

maqy crystals there are patches where the mica exhibits a reversed 

pleochroic scheme:-
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i.e. o( = deep orange brown 

jB = pale yellow 

r - colourless - pale yellow 

absorption o(/'l'7i 

whereas the normal phlogopite has the absorption scheme:-

r = f7o< 

Rims of this mineral have been not·ed by Walton (1955), Puustinen 

(1970) and Rimskaya~orsakova and Sokolova (1964) have described 
. \ . 

manganophyllites, biotites and p~ogopites with this reversed 

pleochroism. This is correlated with ferric iron replacing aluminitnn 

in tetrahedral sites. This phlogopite was called "tetraferriphlogopite" 

by Rimskaya-Korsakova and Sokolova (ibid), and it is characteristically 

developed in aluminium-poor environments i.e. pyroxenites, kimberlites 

and carbonatites associated with carbonate minerals. 

In the present phlogopite the species tetraferriphlogopite is 

concentrated along cleavage traces and as rims to the parent phlogopite. 

The later phase of fenitisation consists of larger amounts of 

alkali amphibole with the iron-rich amphibole dominant over small 

amounts of aegirine, phlogopite and calcite. 

The pleochroic scheme of the blue amphibole is:-

d = blue green 

I = lilac 

1 = pale yellow 

absorption cX7f 7'( 

extinction angle ol-tc = 29° 



-89~ 

X-ray cell parameters (whole grains) 

0 
ao = 9.84.3A 

0 
bo = 17.915A 

co = 
0 

5.289A cleavage angle (110 iio) = 56°8
1 

~ = 10.3.88° 

as in~ 
0 

= 9.556A 

Vol. = 905.4ll
3 

Chemist£1 of the phases 

In Table 6-2 the chemistry of the amphibole (core and rim), pyroxene, 

and phlogopite are compared. • 
The calcium is concentrated in the core oft he amphibole with very 

little entering the other phases. Sodium reaches a maximum value in the 

aegirine (12. 09}6),. where it is the sole :M2 site occupant,. it is also 

present in the alkali amphibole both core and rim at an identical 

concentration (8.17,%). Potassium prefers the mica structure (8.54%) and 

builds up from 0.47}& in the core of the amphibole to 1..3~ in the rim. 

Iron is in the trivalent state in aegirine because there is no· calcium 

present to balance the charge if ferrous iron were present. The 

concentration of iron is low in the core ofthe amphibole (7.07%) and 

much higher in the rim (15 • .30%). 

TABLE 6-2 

Amphibole 

Amphibole 

Aegirine 

Phlogopite 

Comparison of chemistEY in ferromagnesian minerals 
in fenitised dyke. 

Ca/ca+Na x 100 Mg/ Mg+Fe x 100 Ca/ca+Na+K x 100 

core 25.6 77.9 24.5 

rim 4.1 53.4 .3.2 

0.9 0 0 

]f 

(1.3.6) 65.1 0 • .3 

lE very small amounts of Ca and Na 
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As the valence state of iron increases from two to three from 

core to rim so the potassium increases and a probable substitution 

involved is:-· 

Evidence for this substitution is shown schematically in figure 6~4. 

The zoning in the alkali amphibole is discontinuous, there being no 

gradient from core to rim but the zones are not as abrupt as in the 

Assorutit Syenite (Fig. 6-2). The overall chemistry ofthe mineral 

together with other analyses are shown in Table 6-3 •. 

Discussion 

J.B. Thompson (1959) states that duririg metasomatism there is a 

tendency to reduce the number of phases present in a rock. In the 

present study three phases are reduced to one (amphibole) with minor 

calcite present. If this situation is truly metasomatic there is 

the possibility that one or other or both of Korzhinski's (1948) 

classes of metasomatism: (1) Diffusion metasoma.tism (2) infiltration 

metasomatism are operating. In Diffusion metasomatism the boundaries 

between zones are not abrupt as they are in infiltration metasomatism 

and solid solution in minerals takes place uniformly; therefore 

infiltration appears to be dominant in the present study. 
/ 

The Gr¢'nnedal-Ika example of fenitisation appears to involve 

the addition of sodium, potassium, ferric iron and fluorine to the 

system. 

The first zone of fenitisation involves the formation of pyroxene, 

colourless amphibole, and phlogopite by the addition of alkali metals 

and oxidation of the ferrous to ferric iron. The next zone develops 

deeply coloured amphibole and tetraferriphlogopite by the continuation 
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of the supply of the fenitising solutions. The stable development 

of the amphibole may be due to the high volatile content, particularly 

fluorine,, and the presence of magnesium in the original rock. This 

situation is summarised in Table 6-4 and the likely mineralogical 

changes in Table 6-5. 

TABLE 6-4 

Original Magma Zone lA Zone lB 

Syenite 

Carbonat it e aegirine, tetraferriphlogopite, 

mobile + + T.,-Na , K , On , Mg - magnesia- Fe - magnesio-

elements arfveds on it e, arfvedsonite. 

phlogopite. 

TABLE 6-5 

Likely mineralogical changes in the fenitic zones. 

AEGIRINE. 

AMPHIBOLll / J.G- MJ\GNESIO- __ ......;)~ FE- MAGNESIO­

ARFVEDSONITE 

....... 

BIC1riTE 

ARFVEDSONITE 

PHLOGOPITE ------''>~ TErRAFERRI­

PHLOOOPn'E 

Zone 2 

Fe - magnesio-

arfvedsonite. 

PLAGIOCLASE --~)" ETJ!}METI'frS DISTRIBlJrED AMONG THE ·NEW PHASES. 



PLATE 5 

Co-existing glaucophane and hornblende from 

modified eclogite lens, Phouria, N. Syros (Xll72). 

Glaucophane forms rims to the hornblende-cores. 

Light areas are chlorite. (x 35) 
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later growth on an already formed amphibole nucleus. 

Pgysical properties of the amphiboles 

l. G1aucophane 

Pleochroism 

o( colourless 

~ violet 

r blue 

cell parameters 

0 
ao = 9.588A 

bo 
0 = 17.801A 

co 
0 ' = 5.299A"· 

l = 103.66° 
0 

asin/ = 9.317A 

Vol. = 878.83A03 

2. Calciferous amphibole 

Pleochroism 

o( green 

jf olive green 

Extinction 1 ..t e = 7° 

cleavage angle (110 A liO) = 55°14' 

absorption j3 ,. 1 /' o( 

composition from Borg's (1967) curves 
Glaucophane 68 

Riebeckite 32 

Extinction rA C = 18° 

r colourless 

absorption ;S,.. r .._,.o( 

ChemistEY of the amphiboles 

The calciferous amphibole has been called hornblende because of the 

larger content of sodium (3.3Q}b) and aluminium (4.9~) than actinolite 

(Table 6-6). 

In figure 6-5 a tieline distribution is shown for the two amphiboles. 

The Mg/Mg+ Fe is higher in the hornblende than the glaucophane and the 
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Ca 
Ca+Na gap is from • 25 to • 70 (hornblende), a closer parallel to Kl.ej,n' s 

(1968) data for co-existing hornblende and glaucophane than for 

Si 
glaucophane - actinolite (.10 - .85). The Si+Al ratio is lower for 

hornblende than glaucophane (Fig. 6-5b) but much of the aluminium in 

glaucophane is in six-fold co-ordination. 

Discussion 

Klein (1968) and Himmelberg and Papike (1969) have determined the 

chemist~ of discrete_co-existing amphiboles from Glaucophane schist 

facies rocks and conclude that the amphiboles which form are co-existing 

pairs and are in equilibrium and that the compositions represent points 

across a miscibility gap. They found textures such as in the_present s~vdy 

ruch more difficult t.o interpret. 

Lee et. al. (1966) suggest that gross chemical adjustment in 

calcium and sodium are needed if one amphibole replaces the other~ In 

the present study petrographic evidence shows that rutile, typical of 

eclogites, is breaking down to sphene, more typical of glaucophane 

schists and therefore the original rock ~ have been an eclogite. 

The glaucophane always rims the hornblende and therefore appears 
. 5 

to be formed later (Plate ,). There are sharp optical and chemical 

discontinuities between the amphiboles but they never occur as 

discrete grains. 

If the rock was originally an eclogite the glaucophane is 

' 
replacing the hornblende and the calcium liberated is going to make 

up sphene which is developing from rutile. The garnet has been 

replaced by chlorite and the pyroxene by hornblende and glaucophane. 

Eclogite Glaucophane schist 

Garnet - P,Yroxene - rutile glaucophane - chlorite 

~ sphene 

amphibole - garnet 
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Some of the eclogites described by Coleman et. al. (1965) show 

features between the above mineralogy and eclogites. 

6-4-2. Co-existing riebeckite - arfvedsonite and astrophyllite from 
Ekerite, Oslo Fjord, Norwgy. 

Riebeckite-arfvedsonite and astrophyllite (K,Na)3(Fe,Mn)7TiZSi8 

(0, OH)31 occur together, often intergrown, in many late stage per-

alkaline environments. The two minerals are both intergrown and occur 

in discrete grains in the rock under study. 

From Table 6-7 the chemistry of the two phases can be compared. 

The sodium, magnesium and aluminium are preferentially incorporated 

into the riebeckite structure whereas potassi~ manganese, iron, and 

titanium are concentrated in the astrophyllite structure. The 

titanium is very low in the riebeckite-arfvedsonite (0. 7~) and very 

high (10.81%) in astrophyllite. This is probably due to the special 

position of titanium (Ti06 octahedra linking Si04 chains) in 

astropbyllite (Woodrow, 1967). 

6-5. 
A Amphiboles f~om peralkaline dykes, Tugtutog, S.W. Greenland. 

A suite of amphiboles from a differentiated set of peralkaline 

dykes has been analysed by the electron probe to reveal a new 

fractionation sequence in the calc/alkali and al?ali am~hiboles. 

These rocks from the island of Tugtut1lq, S. W. Greenland, have been 

described by Upton (1962) and Macdonald (1966 and 1969). 

Macdonald (1966) describes the sequence of rocks which vary from 

trachydolerite composition (slightly anorthite normative) through a 

set of syenites to microgranites (acmite normative). Nepheline also 

appears in the norms Qf the tracbydolerites. The dyke swarm therefore 

possesses a peralkaline trend. 

The trachydolerites contain fayalite and augite in the mode 
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whereas amphiboles are the sole ferromagnesian minerals in the 

microsyenites and earlier formed microgranites~ aegirine is present 

in the latest differentiates. 

Macdonald (1969) discussed the petrochemistry of these dykes in 

which the major fractionating phase is alkali feldspar. With increasing 

fractionation there is a decrease in MgO, CaO, Ti02, P2o5 ; an overall 

decrease in FeO + Fe203 + MnO; Al203 falls steadily from a point where 

potassium feldspar first precipitates; Si02 increases from 49 - 7~. 

The Na2o + KzO increases from the dolerites to the microsyenites but 

decreases in the microgranites. Macdonald advances several causes 

for this. 

The description of the separate rocks are assembled in order of 

crystallization:-

T.78. Microsyenite. 

Thi.s microsyenite contains phenocrysts of alkali feldspars and in 

the groundmass alkali feldspar, amphibole and ore. The amphibole is 

often zoned and the two zones have the following pleochroic schemes:-

y 

(1) light blue green light blue 

(2) olive green - mauvish brown 

The optics of the zoned crystals can be correlated with the chemistry. 

The li0ht blue-green zones are calcic ferrorichterites and the darker 

varieties between alkali ferrorichterite and arfvedsonite in.composition. 

The zo~ing in these early phase amphiboles is discontinuous, the 

blue-green variety containing up to 8.10}b CaO and 5.80% MgO compared to 

the brovvn amphiboles 7.03.% and 1.74% respectively. The calcium rich 

amphiboles have smaller amounts of alkali metals ( l. 96% Na20, 0.62fo K20) 

than the ferrorichterite-arfvedsonites (3.2~ Na2o~ 1.2~ KzO). The 
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overall amount of ferric iron must be low because of the low alkali 

values. The chemistry of three crystal pairs are shown in Table 6-8 

and also in figure 6-6. 

T.256. Microsyenite. 

Alkali feldspar and ore are phenocryst phases in this micro-

syenite and in· the groundmass small amounts of quartz are additionally 

present. The amphiboles in the rock posse.ss darker hues than T. 78 and 

have the following pleochroic scheme:­

cl. = yellow brown 

/ = brown 

r = olive green 

Compared to the earlier amphiboles the amount of aluminium has 

increased (2. 09% max.) and so too has the ratio of alkalis to calcium 

~Table 6-8). The crystals are very occasionally zoned to a pale green 

variety rich in calcium and iron and much lower alkalis. 

The analyses indicate that the amphiboles lie between ferrorichterite 

and arfvedsonite. 

T.306 and T.l42. Quartz microsyenites. 

Alkali feldspar phenocrysts and modal quartz are present in these 

dyke rocks. The amphiboles present are occasionally replaced by a brown 

micaceous. mineral or contain blebs of ore. The pleochroic scheme of 

the amphibole is:-

J = yellow brown 

I = brown 

1 = olive green 

The chemistry of the amphiboles in these two dyke rocks is similar, 

the major differences being in calcium and potassium~ T.306 has smaller 
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amounts of these two elements (CaO = 4-40% and 0.7&,tb ~0) than T.l42 

(6.67,% CaO, 1.3~ K20). Fluorine and water have been determined on 

bulk amphibole for T .142 and are F 0.59% and H2o+ 1. 06}&. The minerals 

are early members of the arfvedsonite group. 

T. 202. Micro granite. 

Both Quartz and alkali feldspar occur as phenoc~sts and among 

the ferromagnesian minerals amphibole is dominant. Aegirine is present 

in the groundmass but there is a complete lack of ore. 

The amphiboles are typical members of the riebeckite-arfvedsonites, . 

variable amounts of calcium and sodium are present (Table 6-8) but 

they appear to be mutually exchangeable. Magnesium is low with a 

maximum value of 0.38}b. 

T .136. Micro granite. 

This microgranite contains phenoc~sts of quartz, alkali, feldspar, 

and riebeckite-arfvedsonite. The same minerals are present in the 

groundmass together with aegirine. 

Chemical analysis of the phenocrysts of amphibole show them to 

·be more highly evolved alkali amphiboles than the previous members. 

The chemist~ of each phenocryst is fairly uniform but changes in 

composition occur from c~stal to crystal. Three phenocrysts .have Qeen 

presented (Table 6-8) for comparison and elements which va~ are 

sodium, calcium, and a;Luminium. 
i>y ,..,e.~oas 

This mineral has been analysedt wet chemical I. for ferrous. iron 

(21. 75%), ·water ( 0.30%) and fluorine (2. 7.5}&). 

Discussion 

Both Macdonald (op. cit) and Upton (1962) have mistakenly called 

the amphiboles in the microS'Jenites "hastingsites" because of the 
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similarity in optics of the ferrorichterites to hastingsites. There 

is too little tetrahedral aluminium or ealcium for these amphiboles 

to plot any:where near hastingsites.. Therefore the amphiboles in the 

early members of the microsyenites lie along the tie line ferro-

tremolite ( Ca2Fe5Sis022(0H)2) -- ferrorichterite (NaCaNaFe5siso22(oH)z). 

Recently Nicholls and Carmichael (1969) have described an analysed 

ferrorichterite from a Kenyan pantellerite with similar chemistry to 

the Tugtut~q dyke amphiboles. 

There are seve.ral prominent substitutions in these amphiboles 

from peralkaline dykes:-

(1) Ca Fe++~ Na Fe+++ 

( 2) Ca Al IV~ Na Si 

With little tetrahedral aluminium present in the early stages of 

differentiation (T. 78, 256, 306, 1.42), the second coupled substitution 

appears to be·minor. 

A third substitution may be present in the earlier formed 

amphiboles and appears feasible from the chemical analyses:-

(3) Na Na 

There is no direct experimental evidence to suggest whether 

ferrorichterite could co-exist vvith'liguid. Indirect evidence may be 

supplied from a comparison of the data available for tremolite,. ferro-

tremolite and richterite. Ferrotremolite (Ernst, 1966) is stable to 

543°0 at 3000 bars pressure using the Quartz - fayalite - magnetite 

buffer ( QFM). Above this temperature it breaks down to fayalite, 

quartz, hedenbergite, and fluid. At higher oxygen fugacities the 

assemblage magnetite, hedenbergite and quartz is stable.. Ferro­

richterite would be thermally more stable than ferrotremolite; the 

magnesium equivalent richterite-K breaks down at 1075°0 at 1000 bars 
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pressure (present study) compt'red to 835°C for tremolite (Boyd,, 1959). 

Therefore ferrorichterite wouli be expected to be stable at magmatic 
. G 

temperatures >750 Cat 3000 blrs probably defined by a maximum 

oxygen fugacity equivalent to :;he QFM buffer. 

The trachydolerites appea::- to have a petrochemistry similar to 
/ 

the parent augite syenite of l:Limaussaq (Chapter 5). From this 

c.ommon parental magma two tren.ls have been followed:-

/ 

(1) an undersaturated trend (1 Limaussaq) and (2) a saturated trend 

(Tugtut~q). 

The amphiboles from these tio fractionation trends exhibit two 

patterns (Fig. 6-6):-
/ . -

(1) Ilimaussatt: kaersutite ~ katophorite ~ 

arfvedsonite + riebeckit e - arfvedsonit.e. (2) Tugtut~q: ferrorichterite ~ 

arfvedsonite ~ riebecki.te- arfvedsonit 3.,. 

In figure 6-7 all the amphibole analyses from the Tugtut(jq dykes 

are plotted showing the trend from ferrc1richterite to riebeckite-

arfvedsonit e. 

The concentration of water and fluor:'.ne appears to be complementary 

i.e. h;igh water, low fluorine in the early members and high fluorine 

low water in the microgranite amphiboles. This concentration is 

/ 

opposite to the· Ilimaussaq amphiboles where fluorine is filed early 

in the differentiation. 

6-6. Study of amphiboles occuning in late stage differentiated rocks. 

6-6-1. Riebeckite-astrophyllite granite, White Mountain Maptna Series, 

New Hampshire (D.U. 13170). 

The amphibole in the granite is discontinuously zoned and the 

chemistry of the two zones is compared in Table 6-9. The core 

amphibole is more arf'vedsonitic than the rim which is a riebeckite­

arfvedsonite. The core has larger amounts of aluminium (1.20}& max.), 
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titanium (0.64,%), calcium (2.47;%) and presumably ferrous iron than the 

rim (0.61~, 0.3;.%, 0.6~ respectively). The rim contains more sodium, 

potassium, silicon and probably ferric iron; magnesium and manganese 

do not vary. 

6-6-2. Riebeckite microgranite (G.G.U. 86163) and Grirudite (Grey) 
dyke (G.G.U. 86157), KGngn~t. S.W. Greenland. 

These rocks are the last phases of intrusion in the Kungn~t 

syenites _and the microgranites occur as sheets cut by the grey dykes 

(Upton, 1960). Alkali amphibole is the only ferromagnesian mineral 

in the earlier soda granites and microgranites and in the Gr~rudite 

dykes aegirine appears in the mode. 

G.G.U. 86163 

The riebeckite microgranite consists of quartz, microcline, and 

albite.. Quartz is late and is replacing the alkali feldspa_rs and the 

amphibole, which occurs as anhedral grains, is the only ferromagnesian 

mineral and has the following optics:-

G.G.U. 86157 

o( dark blue-black 

;J yellow-brown 

r grey/blue 

The grlrudite dyke contains quartz, microcline and albite, with 

aegirine and amphibole as the dark minerals. The amphibole is anhedral 

whereas the aegirine occurs as subhedral needles. The optics of the 

pyroxene are:-

cJ green 

Y pale yellow green 

and the amphibole has the same optics as in the microgranite. 

1 2 JUN \975 
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Chemistry 

The alkali amphiboles in these rocks have the optics of 

riebeckite but from their chemical analyses (Table 6-9) it is 

apparent that the values for the alkali metals are too high ~ 3.00 

atoms to be riebeckites and in fact are riebeckite-arfvedsonites. 

The grorudite dykes are knovm to be later than the microgranites and 

· this is borne out by the chemistry. Higher contents of calcium and. 

aluminium are thought to be good indicators of temperature (Miyashiro, 

1957) in amphiboles and they are lower in the dyke .. amphiboles ( 0. 06 -

0.5q% CaO, 0.12- 0~6,% ·Al2o
3

) than in the sheets (0.18- 0.7~ CaO, 

0.67 - 0.8~ Al203). Also the total alkalis (Na2o + K20) are higher 

in 86157 at 9-5~ than 86163 at 8.11%. 

Discussion 

In the New Hampshire riebeckite-arfvedsonite gran·ite reaction is 

still proceeding in the amphiboles towards a calcium and aluminium 

free amphibole i.e. 

Ca Alrv ~ NaSi 

Indeed this substitution appears to be the dominant one in addition to 

increasing ferric iron in late stage amphiboles. This sequence of 

events appears in all the examples quoted by the .author throughout 

the text .. 

The appearance of aegirine in the mode indi9ates the highest 

degree of peralkalinity reached in the alkaline rocks and the amphibole 

"co-existing" with this phase is riebeckite-arfvedsonite with 2.5 atoms 

of Na2o and up to 0.40 atoms of K2o. Therefore the 'A 1 5i. te in_ these 

amphiboles is either completely filled or nearly _so, thus support:ing 

the experimental evidence of Bailey (1969) and Ernst (1962) that pure 

riebeckite cannot co-exist with liquid but that it only occurs as a 

secondary or metamorphic mineral. 



SiO 
A12§3 
Ti02 
Fe203 
E'eO 
MnO 
MgO 
ZnO 
GaO 
Na20 
K20 
Li20 
F 
H2o+ 
H2o-

Si 
Al 
Ti 
Fe+++ 
Fe++ 
M'n 
Mg 
Zn 
Li 
Ca 
Na 
K 
F 
OH 

TABLE 6-1 

1(Sundius) 
57.10 

6.19 
0.}5 
8.01 
2.69 
0.34 
9.13 
0.59 
0.31 
9-77 
2.38 
1.15 
2.69 
0.50 
0.08 

101.28 
1.13 

100.15 

8.02 
1.03 
0.04 
0.85 
0.32/4.90 
0.04 
1.91 
0.06 
0.6 

0.05} 2.66 3.14 
0.43 

l.l9}1.66 
0.47 

Comparison of recent analyses of Ebkermannite, Norra KMrr, Sweden 

2(Howie) 
57.62 
7.90 
0.27 
6.36 
2.65 
0.63 
8.01 
0.45 
0.37 

10.04 
2.56 
1.64 
2.84 
0.42 
n.d. 

101.76 
1.20 

100.56 

3a(Howie) 
51.91 

3.61 
0.95 
9.88 
6.15 
l.ll 

10.04 
0.02 
2.15 
9.02 
2.80 
0.54 
2.78 
0.73 
n.d. 

101.69 
1.17 

100.52 

3b(Howie) 

57.97 
7-99 
0.26 
7.05 
2.00 
0.66 
8. 01 
0.50 
0.50 

10.03 
2.62 
1.64 
2.78 
0.20 
n.d. 

102.21 
1.17 

101.04 

4(author) 
57.01 
4.04 
0.81 

12.49 
2.63 
1.01 
9.08 
n.d. 
0.05 
9.92 
2.67 
0.84 
2.70 
0.50 
n.d. 

103.75 
1.13 

102.62 

Reca1cu1at ion of analyses to the basis of .24( 0) 

8.00 
~ 
6.5) 
0.66 

~:~~}4.99 
1.66 
0.05 
0.92 
0.06! 
2.71 3.22 
0.45 
1.25}1 £:1 
0.39 •VL+-

7.57 
~·.lr~ 
0.10 
1.09 

~:i.t}4.77 
2.18 
o.oo 
0.32 
0.34} 
2.55 3.41 
0.52 
1.28} 
0.71 1.99 

8.03 
1.31 
0.03 
0.73 

g:;§\4-.99 
1.65 
0.05 
1. 91. 
0.07} 
2.69 3.22 
0.46 
1.22} 0.18 1.40 

7.77 
~~~~ 
0.08 
1.28 

. 0.30 
0.12(4.50 
1.84 

0.46 
0.00} 2.62 3.09 
0.47 
1.16} 
0.45 1. 61 

E.P .M. (author) 
core 

56.23 
l. 97 
0.80 

15.99} 
1.04 
9.84 

0.11 
8.24 
2.09 

8.'0'9 
0~33 
0~09 

l. 72 (4.39 
0.13 
2.12 

0.02} 
2.29 2.69 
0.38 

rim 

56.75 
4. 93 
0.26 

14.24} 
0.85 

10.18 

0.01 
8.54 
2.24 

7.97 
0.81 
0.03 

1.50~4.55 
0.10 
2.14. 

0.00} 2.32 2.81 
0.49 



TABLE 6 - 3 CHEMISTRY OF THE FERROMAGNES~ PHASES IN 

FENITISED AMPHIBOLITE 1 GR9)NNEDAL IKA 1 S. W. 

GREENlAND. 

ELECTRON PROBE X.R.F.+ 

CHEMICAL 

AEGIRINE PHLOGOPITE AMPHIBOLE AMPHIBOLE 

~ 
CORE RIM 

Si02 53•98 40·79 57 ·91 55·88 54·20 

A1203 1·ll 10·09 0•90 0•83 0·98 

Ti02 0•01 

Fe203 36•08 13•00 6·75 14·47 ll·39 

FeO 4·24 

MnO 0•03 0•17 0•26 0·14 0·26 

MgO Tr. 24·20 24·95 17·54 16·29 

cao O•ll 0·03 2•81 0·35 1·51 

Na2o 12•09 0·19 8·17 8·17 7·85 

K20 Tr. 8•55 0·47 1·39 1·51 

H20+ 0·71 

H o-2 0•10 

F -2·35 

TOTAL 101·40 

TOTAL 



TABLE 6-7 

Si02 

Al2o3 

Ti02 

Fe2o3} 

FeO 

:MnO 

MgO 

CaO 

Na2o 

K20 

Partition of elements between riebeckite­
arfvedsonite and astrophyllite in 

Ekerite, S. Norway. 

Rieb. Ast. Rieb. Rieb. 

51.37 37.08 51.82 51.88 

2.28 0.37 1.14 0.56 

0.71 10.76 0.94 0.94 

27.71 35.02 28.09 29.21 

2.05 4-77 1.95 1.67 

5.09 1.06 4.09 4.73 

1.15 0.99 0.97 0.77 

6.83 1.99 6.87 6.93 

1.22 5.09 1.38 1.54 

Ast. 

37.51 

0.27 

10.79 

34-53 

4.75 

0.90 

1.07 

1.99 

4. 76 



TABLE 6 - 8 

T78 

Si0
2 

51•01 

A1
2
o

3 
0·58 

Fe
2

o
3 

29·58 

MnO 0·74 

MgO 5·56 

cao 8·24 

Na2o 1·82 

K20 0·63 

ELECTRON MICROPROBE ANALYSES OF AMPHIBOLES FROM 

TUGTUTOQ PERALKALINE DYKES • -

48·78 51·83 50·84 50·20 

1·34 0·73 0·62 0·60 

34·96 33•01 37·37 37·15 

0·84 1·06 0·82 0·85 

1·62 4·95 1·75 1·34 

7•20 8·88 4•32 6•35 

2·95 1·32 3·25 2·31 

1·24 0·47 1•06 0·46 

50·10 

0•79 

37·09 

0·77 

1·66 

4·71 

3t18 

1•10 



T.256 

1 2 3 4 5 6 I 7 

Si02 48•76 48•09 48•89 46•61 47•20 47·23 47•08 

A12o3 1•60 1•85 1•04 2•09 2•03 0•92 1•50 

Fe
2

o
3 

38•17 37•33 38•79 35•51 36•81 38•40 39•80 

MnO 0•70 0•73 1-•02 0·61 0•64 0•90 0•78 

Mgo 1•49 1•43 0•52 2•90 1•52 0•89 0•84 

cao 5•89 5•85 5•24 6•04 6•02 5•30 7•36 

Na2o 3•92 4•08 4•19 3•66 4•01 3•99 1•27 

K20 1•02 0•97 0•93 1•12 1•12 0•85 0·35 



T202 

1 2 3 4 5 6 

Si02 49·99 50·36 50•94 51·67 50·58 49·14 

A1
2
o

3 0·77 0·56 0·51 0·90 0·52 1·10 

Fe
2
o

3 
35 ·88 . 35·57 35·58 37•65 35·81 35·53 

MnO 0·52 0·40 0·57 0·41 0•48 0·64 

MgO 0•13 0·01 0·02 0•38 0·01 0·01 

cao 2·71 0·33 0·94 0•09 0•43 2·13 

Na2o 4·88 8·85 5·27 5·84 6·45 4·98 

K20 1·05 1·15 0·75 1·62 1·33 1·10 



TABLE 6-10 Electron microprobe analyses of manganoan magnesioarfvedsonites (Juddites) Central Provinces, India 

A B c D E F G H 

Si02 57.06 57.52 56.89 56.95 57.20 56.88 56.34 57.91 
Al203 0.51 0.4-6 0.4-6 0.77 0.97 0.54 0.61 0.37 
Fe203~ 8.29 11.67 5.82 5.88 9.53 8.55 10.24- 12.82 
FeO 
MnO 4.26 2.71 5.04- l. 76 3-43 4-.4-l 0.63 2.02 
MgO 16.56 17.37 19.23 19.55 16.65 16.19 17.23 16.98 
CaO 1.53 1.18 0.63 2.22 1.26 0.89 0.73 1.64 
Na20 8.4-6 7.25 8.03 7.88 6.85 8.23 6.4-8 7.32 
K20 1.09 1.24- l.Ol 0.97 1.80 1.06 1.29 1.97 

· Li20 0.88 

Recalculation of analyses to the basis of 23(0) 

Si 8.07 7-9Bs oo o.o . 8.05 8.03 8.04- 8.08 "8.13 7.93}8 00 
0.06 • 

Al 0.081 0.031 O.OBJ 0.12J 0.16} 0.09} 0.101 Fe+++ g:~j 4-.90 1.21 5 l4- g:~~ 5.35 
0.62 ~:~t 5.06 g:§~ 4-.96 

l.ll 1.32} 
Mn 0.32 . o. 21 5. 05 0.07 4-.98 0.23 5.01 
Mg 3.4-8 3.58 4-.05 4-.10 3.4-8 3.4-3 3.70 3.4-6 
Ca 0.23} 0.17} O.OlJ 0.3'-'} 0.191 0.15} O.llJ 0.2L.} 
Na 2.30 2.4-3 1.94 2.33 2.19 2.31 2.15 2.66 1.86 2.37 2.26 2.60 1.81 2.19 1.94 2.53 
K 0.20 0.22 O.ll 0.17 0.32 0.19 0.24 0.35 
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CHAPl'ER SEVEN 

Cell Dimensions of the Alkali Amphiboles 

7-1. General Statement. 

The variation of the cell parameters of amphiboles depends upon 

the cations occupying the octahedral and tetrahedral sites. In 

general the larger the cat ions the greater will be the cell dimensions. 

The monoclinic (C2/m) amphiboles can be divided into three groups:-

i) Cummingtonite-grunerite series. 

ii) Calciferous amphiboles~ 

iii) Alkali amphiboles. 

These three series have distinct cell parameters and recently 

several workers have reported their findings: Frost (1963), Binns (1965), 

Viswanath~ and Ghose (1965), Colville, Ernst and Gilbert (1966), Klein 

and Waldbaum (1967), Borg (1967), Coleman and Papike (1968), Ernst (1968), 

Colville and Gibbs in Ernst (ibid.) and Kempe (1969). A short summary 

of the conclusions to be obtained from a study of the cell dimensions 

is included at the end of the chapter. 

7-2. Cummingtonite Series. 

In the cummingtonite-grunerite series the M(4) and hl(l), M(2), M(3) 

sites are occupied by ferrous iron and magnesium. Occasionally, 

manganese substitutes up to 4.00 atoms (Klein, 1966) for ferrous iron 

and magnesium. The variation of cell dimensions in this series is shown 

in figure 7-1 (after Klein and Waldbaum, 1967). The data extends from 

37.5 molecular percentage Fe7Si8022(0H)2 to lOq%. The b0 parameter is 

shown to be the most sensitive to compositional variation. The ;6 angle 

lies between 102.17° for a cummingtonite with 37.7% iron substitution 
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to 101.99 for a grunerite with lOq% iron substitution. The c
0 

axis 

varies the least of the cell parameters. 

7-3. Calciferous amphiboles. 

(a) Tremolite-ferrotremolite. 

The cell dimensions of six members of :the tremolite-ferrotremolite 

series are plotted against composition in figure 7-2. This diagram is 

only tentative because certain of the errors on the parameters are not 

stated by all the authors. It will be noted that the b0 , c
0

, a
0

, a
0
sin;B 

and cell volume increase with the amount of ferrotremolite in the 

molecule. Again the b0 axis increases most and could possibly be used 

for a rough approximation of the Mg/Fe ratio in this series. The;8 angle 

tends to decrease from 104.7° to 104.6° as the iron increases. 

(b) Common hornblendes and ferrohastingsites. 

There are very few cell parameters for the large area of 

compositional space where most hornblendes (edenite, pargasite, and 

tschermakite) occur, no systematic work has been attempted for these 

compositions. Eighteen common hornblendes were analysed by Binns (1965) 

and their cell parameters determined. Frost (1963) published the cell 

dimensions of five analyzed ferrohastingsites. 

It is difficult to demonstrate the variations of the cell dimensions 

within the hornblendes. In general the b0 axis repeat distance increases 

with an increase in ferrous iron content and the I angle increases with 

the calcium content. 

Ferrohastingsites have much higher concentrations of ferrous iron 

and total iron than common hornblendes and have larger a0 , b0 , a0s~ 

and/ angle than hornblendes. 

Barroistic hornblende (Binns, 1967) is a calciferous amphibole 

close to the compositional plane X=l i.e. calciferous and alkali 
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amphibole dividing plane and has a;8 angle (104.50°) between hornblendes 

(104.85°) and alkali amphiboles (103.6°-104.28°). 

7-4. an le variation in the monoclinic am hiboles. 

Whittaker (1960) discussed the relationship of the ;1 angle in the 

monoclinic amphiboles to the radius of the cation occupying the M(4) 

site. He concluded that if~ is controlled by inter-chain contacts 

they must be controlled by those that affect the relative translation 

of the chains parallel to the c
0 

axis and where the interlocking of the 

chains is considerable. The most favou;able contact is the 11(4) cation 

at the outside of the cation "strip" with 0(4) of the chain. Figure 7-3 

(after Whittaker) shows the -relative positions of 0(4) to M(4). The 

lines connecting atoms are not bonds but linking atoms of the same chain. 

As 0(4) approaches M(4) (i.e. as the cation at 1I(4) becores smaller) the 

j1angle becomes smaller. 

The} angle for the cummingtonite-grunerites is 101.99°-102.17° 

(Klein and Waldbaum, 1967), between 103.2° and 104 •. 28° for the alkali 

amphiboles (present wrk) and between 104.50° and 106.0° for calciferous 

amphiboles (Colville and Gibbs, in Ernst, 1968). 

To test Whittaker's conclusions all the;1 angles of analyzed 

calciferous and alkali amphiboles were plotted against calcium content 

(Fig. 7-4). The Jf angle shows a strong positive correlation 

(correlation coefficient 0.97) with calcium content. \Vhen the 

calciferous amphiboles are removed from the least squares calculation 

(Fig. 7-11-) there is still a strong positive correlation (correlation 

coefficient = +0.85) between;d angle and calcium content, but there are 

additional factors controlliDgf. 

Borg (1968) and Klein and Waldbaum (1967) published cell parameters 

for the glaucophane-riebeckite series and cummingtonite-grunerite 
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series respectively. Examination of their results (Figs. 7-1 and 7-7) 

shows that thej angle is greater for the magnesium end-member than 

the iron end-member. 

Colville and Gibbs (1969) considered the structure of magnesium 

and iron rich alkali amphiboles and conclude that the double chains of 

the iron rich amphibole (riebeckite) approach a more regular six-sided 

figure than magnesium rich amphiboles (glaucophane) and consequently 

becomes smaller. 

Colville and Gibbs (ibid.) also devised a scheme to separate the 

amphibole group into sub-groups. They plotted a0s~ against the 

angle for the various amphibole compositional ranges. The a0 sinj5 

parameter increases as the size of the cations in the octahedral strip 

increases thus splitting up the sub-groups (Fig. 7-5). 

7-5. Cell Dimensions of synthetic calciferous and alkali amphiboles. 

The cell parameters for many synthetic monoclinic amphiboles are 

set out in Table 7-1. Ernst (1961, 1962, and 1963) and Colville, 

Ernst and Gilbert (1966) have synthesized amphiboles whose bulk 

compositions were always such that the structural 'A 1 site should have 

been either completely full or empty. The author has suopeeded in 

synthesizing amphiboles of intermediate composition where the 'A' 

site is only partially filled. The compositions of these two amphiboles 

are 75 richterite- 25 tremolite (Na0•75ca1• 25Na0•75Mg5si8o22 (0H)2) and 

25 richterite- 75 tremolite (Na0•25ca1•75Na0• 25Mg5Sis022 (0H)2). In 

addition to amphiboles with different occupants of the 'A' and 'M' 

sites Colville et.al. (op.cit.) have synthesized amphiboles with (i) 

all silicon in the 1 Z' sites i·.·e. tremolite, (ii) 12.3% aluminium 

replacing silicon i.e. edenite and (iii) 25,% aluminium in fourfold 

co-ordination. The author has synthesized amphiboles in groups (i) and 
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TABLE 7-1 Cell Dimensions of Synthetic MOnoclinic Amphiboles 

Name 

Tremolite (Boyd 1959, 
Colville et.al 1966) 9.833 18.054 5.268 104.52 9.52 905.3 

Fluortremolite (Kohn 
and Comeforo 1954) 9.78 18.01 5.27 104.5 9-47 899 

Ferrot remolite 
(Ernst 1966) 9.87 18.34 5.30 104.5 9-59 939 

Pargasite (Boyd 1959, 
Colville et.al 1966) 9.906 17.986 5.265 105.30 9.51 904.7 

Ferropargas it e 
(Gilbert 1966) 9. 95 18.14 5-33 105.3 9.60 928 

Tschermakite 
(author) 9.823 17.921 5.272 105.51 9.466 894.3 

Magnesiohastingsite 
(Colville et.al 1966) 9.925 17.982 5.289 105.61 9.56 909.1 

Hastingsite 
(Colville et.al 1966) 9-979 18.152 5.325 105.20 9.58 930.8 

Edenite (Colville 
et.al 1966) 9.853 18.005 5.236 104.40 9.51 899.8 

Fluoredenite (Kohn 
and Comeforo 1955) 9.85 18.00 5.28 104.8 9.52 905 

Ferroedenite 
(Colville et.al 1966) 9-999 18.217 5-314 105.50 9-59 932.8 

Magnesioriebeckite 
(Ernst 1963a) 9-73 17.95 5.30 103.3 9.47 901 

Riebeckite 
(Ernst 1962) 9.73 18.06 5-33 103.3 9-47 913 

I 

Riebeckite-Arfvedsonite 
(Ernst 1962) 9.85 18.15 5.32 103.2 9.59 926 
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TABLE 7-1 (Continued) 

Name 

Glaucophane I 
(Ernst l963a) 9.75 17.91 5.27 102.8 9.50 897 

Glaucophane II 
(Ernst 1963a) 9.64 17.73 5.28 103.6 9.37 877 

Fluor-magnesiorichterite 
(Prewitt 1964) 9.677 17.914 5.274 102.95 9.429 890.8 

Richterite 
(author) 9.892 17.958 5.263 104.28 9.586 906.0 

Eckermannite 
(author) 9.762 17.892 5. 284- 103.17 9.505 898.6 

75Richterite25Tremolite 
(author) 9.895 17.985 5.259 104.40 9-584 906.5 

25Richterite75Tremolite 
(author) 9.812 18.010 5.237 104.69 9.517 900.3 

Sundiusite 
(author) 9.921 17.921 5.305 105.39 9.565 909.4 

75Eckermannite25 
Richterite(author) 9.803 17.947 5.254 103.72 9.523 898 .. 98 

25 Eckermannite75 
Richterite(author) 9.866 17.965 5.270 104.09 9.569 905.9 

50Edenite50Richterite 
I 

(author) 9.907 18.025 5.267 104.68 9~583 909.8 

Fluor-richterite 
(author) 9.817 17.956 5.263 104.35 9.510 898.8 
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(iii) above i.e. richterite, ecker.mannite and the intermediate compositions 

in group one, and sundiusite and tschermakite in group three. In addition 

an amphibole with 6.25% aluminium in Z has been synthesized namely 

50 edenite ~50 richterite (NaCal. 5Na0•5Mg5si7. 5Al0.5o22(oH)2). 

7-5-1. b0 axis variation. 

Whittaker (1949) stated that the octahedrally-bound metal atoms 

comprise two distinct types (i) the smaller cations which prefer M(2) 

and (ii) the larger cations which prefer the M(l) and M(3) sites. These 

conclusions have been substantiated by recent structural refinements. 

Colville et. al. (op. cit.) concluded that the b0 axis repeat of the 

amphiboles must be a function of the mean sizes of the lateral cations 

occupying the M(2) and M(4) sites and not the cat ions within the body of 

the chain, M(l) and M(3). In the amphiboles which they synthesized the 

M(4) site was occupied either by calcium or sodium and not mixed therefore 

the control on this parameter depends upon the occupancy oft he M(2) site. 

Indeed, in several amphibole studies (Klein and Waldbaum, 1967; Borg, 

196a; and Ernst, 1968) the b0 dimension has been shown to be the most 

sensitive to compositional change. 

Colville et. al. have shown that the substitution of ferrous iron 

for. magnesium increases the b0 axis 0.29A0 from tremolite-K 

(Ca2Mg5Si8022( OH)2) to ferrotremolite (a Ca2Fe5Si£022( OHh). To correlate 

the b
0 

axis repeat with composition, Colville et. al. computed the mean 

ionic radius (FM(2)) of the cations in M(2) by summing to 2 cations per 

24 anions, in sequence, AlVI, Ti, Fe3+, Li, Mg, and Fe2+ as necessary, 

assuming complete preference for this site of the smallest cations. This 

assumption has recently been proved by structural refinements (Papike 

et. al., 1969; Pap ike and Clark, 1968). Theoretically, the b0 axis of 

ferrotremolite should be 0.32A0 larger than tremolite. Colville et. al. 
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observe that in the synthetic amphiboles the replacement of magnesium 

or ferric iron by aluminium causes the b0 axis to decrease by 0.30A0
• 

The diagram (Fig. 7-6) of b0 axis variation against rM(2) is 

modified from Colville et. al. (op. cit.) and Ernst (1968~ The 

author's synthetic amphiboles are plotted together with other synthetic 

amphiboles. Richterite-K with M(2) occupied by magnesium has the same 

b0 axis repeat as magnesioriebeckite where the M(2) sites are occupied 

by ferric iron which is marginally smaller (0.64A0 compared to o.66A0
). 

In figure 7-6 the calciferous amphiboles lie along one curve and 

the alkali amphiboles along another. These two curves support 

Colville et. al. 's conclusion that the b0 axis variation depends upon 

occupancy of the M(4) and M(2) sites. Introduction of sodium into the 

M(4) sites decreases the b0 axis as shown by the folloiv.ing four 

compositions:-

Tremolite-K l8.054A0 (Colville et. al., 

75 Tremolite - 25 Richterite 18.010A0 (author) 

25 Tremolite - 75 Richterite 17.985A0 (author) 

Richterite-K 17.958A0 (author) 

1966) 

Forbes (1971) has stated that sodium entering the 'A' site 

decreases the b 0 axis from tremolite to richterite and not the sodium­

calcium substitution in M(4). Shannon and Prewitt (1969) have 

calculated that in eight-fold co-ordination sodium and calcium have 

similar radii and-Forbes (ibid.) put this forward to explain that the 'A' 

site occupant affects the length of the b0 axis. Substitution of 

potassium for sodium in the 'A' site would also be expected to produce 

changes in b0 • This parameter increases by O. 009A0 from sodium­

richterite-K to potassium richterite, a value much too small if the 

sole criterion is ionic size. 
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same as for eckermannite-K (NaNa2Mg4AlSi8022(0H)2) and the former has 

a b0 axis of 17.986 and the latter one of 17.892. Tschermakite~ 

(cCa2MgJAl2SiGAl2022(0H)2) has the same F.M(2) (0.51A~) as glaucophane 

-II-K (. Na2Mg3Al2Si8022( OH)2) and the b0 parameter of tschermakite-K 

is 17.921A0 compared to 17.73A0 for glaucophane-Il-K. 

Therefore the b0 axis length decreases as the rM(2) decreases for 

both the alkali and calciferous amphiboles but with sodium in M(4) in 

the former this too decreases the b0 axis. These observations are in 

agreement withthose of Colville et. al. (op. cit.). The plot of 

FM(2) against b0 vnll separate the calciferous and alkali amphiboles 

where ~he former have a b0 dimension O.lOA0 greater than the latter. 

The exceptions to this will be in adjacent compositions across the 

plane X = 1 (Phillips notation, 1966). 

7-5-2. Aosin)5 variation • 
• 

The a0 sin;8 dimension represents the unit repeat across facing 

double chains, these chains are cross linked to each other by strips 

of octahedrally co-ordinated cations. Colville et. al. (1966) 

conclude that the. value of a0s~ will be a function both of the 

sizes of the atoms in tetrahedral co-ordination and octahedral 

co-ordination between facing chains. In addition to the M sites in 

this a0 sinf-b 0 plane there is also the 'A' site. 

The a 0 sinJf dimension reaches a minimum of 9.30A0 where silicon 

occupies all the ·tetrahedral sites and aluminium occupies both M(2) 

sites and magnesium in M(l) and M(3} sites as in glaucophane-Il-K 

and a maximum of 9.60A0 where ferrous iron occupies these sites as in 

ferrotremolite-K. The a 0 sinJ value for tremolite-K is 9.52A0 which is 
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0.32A0 greater than the value for glaucophane-K. The occupant of M(2) 

affects the a0 sinf more than changes in M(l) and M(3). 

Richterite-K has an a0 sinf dirension of 9.586A0 compared to that 

of tremolite~K (9.52A0 ) which indicates that sodium in the 'A' site 

increases a0 sinf • Pa pike et. al. ( 1969) determined the cell parameters 

of a potassium richterite with 4.5 atoms of magnesium and only _0.28 

atoms of ferrous iron. This mineral has an a0 sin;1 parameter of 9.721A0 

which is larger than richterite-K. Therefore alkali in the 'A 1 site 

expands the a0 sinf parameter. Huebner and Pap.ike (1970) reported cell 

dimensions "of synthetic potassium ferrorichterite with a0 sin}' l0.03A0 

i.e. the highest reported value ~or a clinoamphibole. 

7-5-3. ,8 angle variation. 
7 

Whittaker (1960) plotted the mean size of the cations in M(4) against 

the;8 angle and found a linear relationship using ionic radii after 

Goldschmidt (Fig •. 7-3). The minerals which have calcium in M(4) have 

the largest)1 angles (104.50° for tremolite-K to 105.60° for 

magnesiohastingsite-K), alkali amphiboles have intermediate values 

(103.2° for riebeckite-arfvedsonite and eckermannite to 104.28° for 

vo.lv<LS (Klein and Waldbaum, 1967), where magnesium and ferrous iron 

occupy the M(4) sites (101. 8° to 102. 7°). The/ angle values for 

certain synthetic alkali amphiboles are lower than those for the 

equivalent natural alkali amphiboles (e.g. glaupophane) and this cannot 

yet be explained. 

Support for Whittaker's conclusion is contained in the following 

amphiboles where calcium ~&creases from tremolite-K to richterite-K:-
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richterite-K 

75 richterite - 25 tremolite 

25 tremolite - 75 richterite 

tremolite-K (Colville et. al. 1966) 

tremolite (Zussman, 1959) 

7-5-4. c0 axis variation. 

The c0 axes for the author's synthetic amphiboles vary only very 

slightly and not systematically. The c0 axis increases about 0.05A0 

where Fe2+ replaces Mg in all the metal positions. 

7-6. Cell Dimensions of natural Alkali Amphiboles. 

The cell dimensions of a number of alkali amphiboles are tabulated 

in the appendix. These minerals have been subdivided into five groups, 

although limits of solid s.olution between these groups have yet to be 

delineated:-

(a) glaucophane - riebeckite series 

(b) arfvedsonite - eckermannite series 

(c) richterite series 

(d) katophorite - magnesiokatophorite series 

(e) mboziite - sundiusite series 

7-6-1. Glaucophane-Riebeckite series. 

This series has been the subject of two studies (1) Borg (1967) 

and (2) Coleman and Papike (1968). The low-temperature minerals have 

been shovm to be well ordered (Papike and Clark, 1969; Burns and Strens, 

1966; and Burns and Prentice, 1970).· The smallest cell parameters are 

found when aluminium is the sole occupant of the M(2) sites; magnesium 

in M(l) and M(.3) and sodium in M(4). The variations in the cell 

parameters are sho~n in the appendix. 
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The dimensions of glaucophane are smaller than those of crossite 

and riebeckite with the exception of the J' angle. The j1 angle has 

been shown to decrease as the ferrous iron content rises by Borg (ibid.) 

·.and by Klein and Waldbaum (1967) for the cummingtonite-grunerite series. 

Figure 7-7 shows Borg's extrapolations of the cell parameters for 

this series. Coleman and Papike (op. cit.) have also generated a set 

of curves for this group of minerals and the two sets are similar. 

The main difference between these two sets of curves is the value for 

the b0 axis repeat for the glaucophane end-member composition. Borg 

takes a value of 17 .67A 0 , whereas Coleman and Papike use t.he b0 axis 

of synthetic glaucophane II (Colville et. 81., 1966) which is 17.73A0
• 

A magnesium rich glaucophane (gastaldite, Val d'Aosta, Piemonte, Italy; 

B•M. 1924, 689) has a b0 axis repeat of 17.73A0 the same value as 

Colville and Gibbs end-member composition. An infra-red spectrum of 

the hydroxyl stretching region of "gastaldite" indicates the presence 

of ferrous iron, therefore the author prefers to use Borg's values 

extrapolated from natural amphiboles. 

From the two sets of curves evaluated by Borg the most useful 

parameters for the determination of composition are a0 sin!, b0 ,. and 

cell volume. The c
0 

axis becomes larger as the larger cations (Fe2+, 

Fe3+) enter the lattice and as the chains begin to unkink (Ernst, 1968). 

The variation in the c0 axis is only a ha;Lf that of the a 0 sinj dimension 

and hence not so useful. 

The;8 angle is larger for magnesioriebeckite than for riebeckite 

therefore the occupants of M(l) and M(3) must affect this parameter 

more than the neighbouring occupant of M(2). Klein and i(aldbaum 

( op. cit.) also noted the decrease in/ as the amount of ferrous iron 

in the cummingtonite-grunerite series increased. 
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In figure 7-7 the ferrous iron substitution for magnesium is shown 

to affect the b0 axis more than the a0 axis. This is revealed by 

reference to the magnitude of slope in the curves representing the 

substitutions Mg3Al2 ~Fe32~e23+ and Fe3
2+Al2 ~ Mg3Fe23+ in the case 

of the b0 axis. In section 7-5-1 the occupants of the M(2) sites in 

synthetic alkali amphiboles were sho•vn to have a large effect upon the 

The curves (Fig. 7-7) for the magnesioriebeckite-riebeckite series 

are derived from Borg's (1967) data. The four parameters a
0

, b
0

, c
0

, 

and volume all increase from magnesioriebeckite to riebeckite but the 

~ angle decreases. 

The large j3 angle could be correlated with the magnesium content 

of the amphibole and to a lesser extent ferric iron. The change in;f 

from glaucophane to magnesioriebeckite is 0.20° and corresponds to two 

atoms of ferric iron having replaced two aluminium atoms at M(2). The 

;1 angle decreases 0.40° from magnesioriebeckite to riebeckite where 

three ferrous iron atoms have replaced three magnesium atoms at M(l) 

and M(3). This is unexpected as the M:(l) and M(3) sites are within the 

cation strips and not at the edges. The;9 angle has already been 

shown to increase in clinoamphiboles as the radius of the cation at M(4) 

increases (Whittaker, 1960 and present study). The M(4) sites in the 

glaucophane-riebeckite series are almost always completely filled with 

sodium. 

The c~stal structure determinations of magnesium and ferrous iron 

rich amphiboles (Ernst, 1968; Papike, Ross, and Clark, 1969; and 

Mitchell, Bloss and Gibbs, 1971) show that the T(l)-o(6)-T(2) angle is 

smaller in magnesium rich amphiboles than in ferrous iron rich amphiboles 

i.e. magnesium rich amphibole chains are more "kinked". llhittaker (1960), 
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Zussman (1955, 1959), Papike et. al. (ibid.), and Mitchell et. al. (ibid.) 

have all demonstrated that amphibole chains are not as regular as in 

Warren(s (1928) original structural analysis of tremolite. The projection 

of the riebeckite and magnesioriebeckite chains on (100) (Fig. 7-8) 

shows that the magnesioriebeckite chain is less regular. Mitchell et. al. 

(ibid.) conclude that one of the causes of slight differences in structure 

of the amphiboles is the average electronegativity of non-tetrahedral 

cations. This factor may explain the larger j angles for magnesium rich 

clinoamphiboles. · 

7-6-2. Eckermannite - 1fugnesioarfvedsonite - Arfvedsonite Series. 

a) · Eckermannite - Magnesioarfvedsonite 

In this series sodium completely fills the M(4) sites, the 'A' 

site is filled with sodium and potassium, magnesium occupies M(l), M(3) 

and one of the M(2) sites; the other M(2) site is occupied by either 

aluminium (eckermannite) or ferric iron (magnesioarfvedsonite). Many 

of the samples for which there is diffraction data (Appendix 4) have 

been called juddite (manganoan magnesioarfvedsonite). 

One feature of the cell parameters of this group is the high value 

for the I angle (average 104°) despite the low calcium content. A 

possible reason for these values has been put fo~vard in section 7-6-1. 

The lengths of the b0 axes are shorter than those of richterites 

because of the Mg ~Al substitution at M(2) in addition to the 

substitution Na ~ Ca at M(4). Magnesioarfvedsonite has ferric iron at 

one of the M(2) sites and ferric iron and magnesium have similar ionic 

radii. The b
0 

axes of magnesioarfvedsonites are smaller than those of 

richterites indicating that the substitution 2Na~ Ca at M(4) decreases 

the length of the b0 axis. 

The mruganese content of the manganoan magnesioarfvedsonites only 
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reaches a value of 0.3 atoms which only marginally affects the cell 

parameters. 

(b) Riebeckite - Arfvedsonite S.eries 

In the riebeckite-arfvedsonite series the main substitution is:-

Fe32+Fe23+~Fe42+Fe3+ + Na (in the 'A' site) 

Calcium also enters the arfvedsonite lattice and to a much smaller 

extent riebeckite. The cell parameters of this series (Appendix 4) 

are among the largest for clinoamphiboles. 

In hydroxyl-rich arfvedsonites and riebeckite-arfvedsonites the 

cell parameters increase as the proportion of arfvedsonite ·in the 

amphibole increases. Where the substitution OH-~ F- has taken place 

the cell parameters a
0

, b
0

, and f are smaller. This affect was first 

noted by Borley and Frost (1963) and subsequently by Kempe (1969). 

Data for synthetic fluor-richterite (Huebner and Papike, 1971 and 

the present study) compared to the hydroxy equivalent show that a0 

decreases by 0.08-0.lOA0 and b0 and c0 by O.OlA0 • In amphiboles of 

riebeckite-arfvedsonite compositions b0 appears to decrease more than 

a0 • Huebner and Papike (ibid.) ascribe this contraction to the absence 

of hydrogen between the 'A' site and 0(3) allowing the alkali ion at 

this site to settle more deeply into the Si6018 ring and permitting 

the chains to approach more closely. This difference in behaviour 

between richterite and the riebeckite-arfvedsonites awaits further study. 

The cell parameters for both fluor- and hydroxy riebeckite­

arfvedsonites increase as the ferrous iron content increases but the 

values for the fluorine rich minerals are systematically lower. 

The magnesium contents of these minerals are extremely low 

therefore the J angle is dependant upon the occupant of the M(4) sites. 

Arfvedsonites with substantial calcium at M(4) do indeed have larger 
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/ ;S angles but several arfvedsonites from the lujavrites of Ilimaussaq 

have high~ angles (104°) but no calcium or magnesium in the structure. 

These amphiboles do however have high potassium concentrations 

(0.6 atoms). Huebner and Papike (op .. cit.) have prepared synthetic 
I 

potassium richterite which has a;S angle of 104°48 compared to a 

value of 104°15
1 

for their preparation of sodium richterite. Papike, 

Ross and Clark (1969) oonclude that as potassium substitutes for 

sodium at the 'A' site the chains are moved apart and the site becomes 

more regular increasing the;8 angle. 

7-6-3. Richterite Series. 

Small amounts of ferric iron often substitute for magnesium in 

minerals of richterite composition. There is also limited solid 

solution between richterite and ferrorichterite (Carmichael, 1967 and 

present study) but,there is no diffraction data for these compositions. 

The synthesis of intermediate members between tremolite and richterite 

(present study) and the distribution of natural amphiboles of these 

compositions indicate complete solid solution between tremolite and 

richterite. The lattice parameters (.Appendix 4) of this series are 

affected by the presence of manganese which becomes an important 

constituent; ferrous iron, aluminium and titanium are very low. 

The b0 axis is smaller for minerals of richterite composition 

than tremolite but is larger than the other magnesium rich alkali 

amphiboles. The;8 angle is also greater than other alkali amphiboles 

(values up to 104.50°). Fluorine rich richterites (Iron Hill, 

Colorado, I.H. 111, 121) have shorter a0 axes than than the hydroxyl 

rich richterites (Langban, Sweden, RLa 1, 2, 3). This observation 

supports shortening of the a0 axes in synthetic fluor-richterite. 
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Tirodite which occurs in the manganese metasediments of India is 

thought to have affinities with richterite (Dunn and Roy, 1939, Bilgrami, 

1956, and Roy, 1964) and also to manganoan cummingtonite (Segeler, 1961). 

The lattice parameters for a manganoan cummingtonite (Klein, 1964) are 

compared to those of richterite-K and tirodite from W. Tirodi in 

table 7-2. The main chemical differences between 1fu-cummingtonite and 

tirodite (analysis appendix 3) are the manganese, sodium and calcium 

concentrations. Manganese is much higher in the former (16.6~ MnO) 

than the latter (8.5~), and sodium and calcium much lower in Mn­

cummingtonite. From a study of the chemistry and cell dimensions 

tirodite is intermediate between the (Fe, Mg) clinoamphiboles and 

richterite/tremolit:e. These compositions plot· in the supposed 

miscibility gap in clinoamphiboles. 

7-6-4. ICatophorite - magnesiokatophorite. 

The cell dimensions of two amphiboles of katophorite composition 

(Kempe, 1969) have been determined but conclusions derived from results 

merely extend the observations outlined for arfvedsonite. 

7-6-5. Mboziite - Sundiusite. 

Two amphiboles close to the mboziite end-member compositions have 

cell parameters intermediate between ferrohastingsite and arfVedsonite 

(appendix). The a 0 axes of mboziite are similar to these amphiboles 

but the b
0 

axis is shorter due to the presence of octahedral aluminium 

and larger ferric iron concentrations. The~ angle (104.70) is higher 

than other alkali amphiboles due to the·larger calc~Um contents in hl(4). 



TABLE 7-2 Lattice parameters and chemical analyses of manganoan 

cummingtonite (Klein, 1966), richterite-K, and tirodite. 

Mn cumminp;tonite Richterite-K Tirodite 

ao(.Ao) 9.583 9.892 9-799 

bo(.AO) 18.091 17.958 17.993 

co(.AO) 5.315 5.263 5.289 

"0) 102.63 104.28 103.89 

a0s in}( .A 0) 9-351 9.586 9.512 

vol(A03) 899.1 906 .o 905.3 

Chemical analyses 

Mn cumrningtonite Tirodite 

Si02 55.27 55.84 

Al203 0.}4 0.86 

Fe203 nil 7.08 

FeO 4.52 tr. 

MnO 16.62 8.38 

MgO 19.18 17.34 

Ti02 nil 0.71 

GaO 1.19 2.78 

Na20 0.26 3-92 

K20 nil 1.00 

F 0.30 n.d. 

H2o+ 2.16 1.98 
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7-7. Parameters useful for the determination of alkali amphibole 
subgroups. 

7-7-l. The effect of M(2) occupancy on the b0 axis in natural alkali 
and calciferous amphiboles. 

Colville et. al. (1966) and Ernst (1968) have concluded that M(4) 

and M(2) occupancy affects the b0 axis. The present study substantiates 

the conclusion that M(4) occupancy in synthetic alkali amphiboles affects 

the length of the b0 axis. In figure 7-9 all the alkali and calciferous 

amphiboles for which there cue. X-ray and chemical data are plotted. 

There is a linear relationship of b
0 

with rM(2) for compositions 

between the glaucophane and riebeckite end-members, which must indicate 

the substitut,ion of Al3+ by Fe3+ in the M(2) sites. 

The introduction of fluorine into the 0(3) sites has been demonstrated 

to decrease the b0 axes of riebeckite-arfvedsonites (Borley and Frost, 

op. cit.). Alkali amphiboles of riebeckite-arfvedsonite composition with 

high fluorine contents have shorter b0 axes than the equivalent hydroxyl 
/ 

rich amphiboles. Minerals from the Ilimaussaq intrusion (high hydroxyl) 

follow the trend of increasing b0 axis with increasing average ionic 

size in M(2); minerals from Nunassuit and Nigeria (high fluorine) have 

consistently lower b0 axes. 

The calciferous amphiboles (Fig. 7-9) have longer b0 axes (O.l0A0
) 

than the alkali amphiboles for the same rM(2). Again there is an 

approximately linear relationship between hornblendes, actinolites, and 

ferrohastingsites. Both barroisite and mboziite, which plot close to 

the bounda~ between calciferous and alkali amphiboles (NaX = 1, 

Phillips, 1966), have intermediate values between the two groups. 

Riebeckite-arfvedsonites and arfvedsonites from Greenland have 

variable total iron contents. rthen these values are plotted against the 

b
0 

axes (Fig. 7-9) there is ascatter of the data points mainly due to 
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the variable fluorine content of these amphiboles. 

7- -2. The variation of a 

Colville and Gibbs (in Ernst, 1968) have plotted the parameter 

a0 sin/ against the f angle and have shown that the clinoamphiboles 

distribute themselves into their respective groups. Uhittaker (1960) 

and Colville and Gibbs (1969) have demonstrated that in mOnoclinic 

amphiboles the;Sangle increases from 101.8°-102.1° for amphiboles with 

Fe2+ and Mg2+ at ~4) to 103.3°-104.0° for 2Na at M(4) and 104.5°-106.1° 

for calciferous amphiboles. 

The range of angles for;& in the alkali amphibole group ought to be 

revised in the light of date for natural arfvedsonites, eckermannites 

and richterites which all have values greater t.han 104 °. A suggested new 

range of values for the angle of alkali amphiboles is 103.3°-104.40° to 

include the above minerals. The lower value (103.3°) has only been noted 

for synthetic alkali amphiboles and natural amphiboles occur in the range 

103.5°- 104.4°,.with rare exceptions such as mboziite (104.70°) and 

potassium richterite (104. 98°). 

The data for cummingtonite-grunerite series (Klein and Waldbaum, 

1967) and the hornblendes are plotted on figure 7-10 for reference. 

(a) Glaucophane-riebeckite series 

End-member glaucophane has a calculated value of 9.23A0 for 9osin~ 

and riebeckite 9.508 (Borg, 1967). Between these limits crossites and 

magnesioriebeckites have intermediate values. ThejS angle varies 

slightly but sigriificantly; 103.7° for glaucophane, 103.5° for riebeckite 

and 103.90° for magnesioriebeckite. The results obtained by the author 

(Appendix~) compare favourably with those computed by Ernst (1963, 1964), 

Borg (1967), and Coleman and Papike (1968). The a 0 sin;8 parameter increases 
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with greater ferrous and ferric iron in the octahedral sites. 

The glaucophane-riebeckite series can be subdivided by using these 

two parameters:-

a0 sinf (A0
) 10 

Glaucophane 9.23 - 9.34 103.7 

Crossite 9.34 - 9.40 103.7- 103.6 

Riebeckite 9.40 - 9.56 103.5 - 103.8 

Magnesioriebeckite 9-45 - 9.50 103.9 

(b) Riebeckite-arfvedsonite series 

The lattice parameters a 0 sin / and 1 of riebeckite-arfvedsonite from 

Nigeria (Borley and Frost, op. cit.) are ve~ similar to those from 

Nunassuit and Igaliko (S.W. Greenland) (Fig. 7-10). The;B angle increases 

from 103.6° to 103.95° and a 0 sinj9 from 9.525A0 to 9.600A0
• Increase in 

a0 sin;8 c~rrelates with increasing ferrous iron. Borley and Frost 

conclude that a0 sin/ increases with the amount of calcium, ferrous 

iron and fluorine but the data presented here indicates that fluorine 

and calcium decrease a0 sin;8. 

The variation in these two parameters for arfvedsonites from 
, 

Ilimaussaq are 9.600-9.675A0 for a 0 sin/ and bet;veen 103.8° and 104.4 ° 

for the/ angle. As the calcium content increases the/ angle does so 

too. The/ angle varies from 103.5°- 104.0° in alkali amphiboles with 

no calcium in M(4) and increases to a maximum value of 104.4° in 

arfvedsonites containing calcium. 

(c) Richterit e-tremolite series 

In the richterite-tremolite series the/ angle increases from 

103 •. 83° (Winchite, Netra, India - Appendix) to 105° (actinolite, Zussman, 

1955). Minerals of richterite composition can be divided into alkaline 
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richterites (affinities with alkali amphibole i.e. Nax 1) and calciferous 

richterites. In addition minerals of tremolite composition can be 

separated from the richterites. Richterite-K has a J angle of 104.28° 

therefore minerals with} angles less than this value could be called 

alkaline richterites, between 104.28° and 104.50° calciferous amphiboles 

and between 104.50° and 104.70° tremolite. 

The a0sin~ parameter varies from 9.47A
0 

(tremolites) to 9.60A
0 

( richterit es}. 

(d) Eckermannite-magnesioarfvedsonite 

In this series the a0sin~ dimension varies from 9.45 - 9.55A0 and 

the~ angle from 103.9- 104.2°. Minerals of eckermannite composition 

cluster around 9.50A0 (a0 sin)?) and magnesioarfvedsonite 9.55A0
• The 

angle distinguishes between this group and richterite. The eckermannites 

are readily distinguished from the arfvedsonites and riebeckite- · 

arfvedsonites by the lower a 0 sin;P parameter and from glaucophane by a 

larger a 0 sinf and f angle. The j3 angle also distinguishes eckermannite 

from magnesioriebeckite. 

7-7-3. The effect of total iron content on a 0 sin,8 and the cell volume 
I 

of the alkali amphiboles. 

Iron (both ferrous and ferric) is the dominant oxide in many alkali 

amphiboles and its variation is greater than other oxides. In iron free 

glaucophane there are two Al3+ ions in M(2), one in eckerma.nnite and none 

in richterite, in addition alkali ions occupy the 'A' site in the latter 

two. Therefore a
0
sinj1 should be greatest for richterites and smallest 

for glaucophanes for the same amount of total iron. There are three 

separate curves for the separate groups of the alkali amphiboles 

(Fig. 7-11). The curve oft he glaucophane-riebeckite series is joined 

to the curve of the eckermannite-magnesioarfvedsonites by the 

riebeckite-arfvedsonites. 
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The cell volume of the alkali amphiboles increases from 864A03 (glaucophane) 

OJ , 
to 942A (D.U. 10942 Il:imaussaq, arfvedsonite). The cell volume in common 

with the other parameters increases as-the larger cations fill the metal sites. 

' In figure 7-12 total iron is plotted against cell volume and there are three 

curves present for alkali amphiboles with total iron between 5-3~. In the 

riebeckite-arf'vedsonite series there is little increase in total iron but a 

greater proportion of ferrous iron and alkalis in arfvedsonite which increases 

the cell volume. 

Summary 

To summarise the main conclusions which can be derived from this survey it 

is proposed that we must have a starting composition and as the cell parazreters 

of tremolite are accurately known, this is a good starting position. 

If we look at substitutions which take place in the alkali amphiboles we 

see the follo;ving effects. The substitution a Ca ~ NaNa, i.e. tremolite to 

richterite the a 0 parameter increases whilst b 0 and ft decrease. Variations in 

richterite compositions often involve Na ~ K in the A site, Mn ~ Mg in M(l) and 

M(3), and OH~ F at the 0(3) site. Complete substitution of K for Na in A 

increases all the lattice parameters. Increase of Mn increases the b 0 

dirrension mainly and F decreases the a
0 

parameter. 

The substitution CaMg ~NaAl, i.e. tremolite to glaucophane and richterite 

to eckermannite produces a decrease in all the lattice parameters. The 

compositional points of eckermannite and glaucophane have four end members 

involving the substitutions: l) Al~ Fe+++ 2) Mg~Fe++ 3)-)~f&Al~ Fe++.Fe+++. 

The first of these substitutions increases all the parameters the second 

increases a 0 , b 0 , and c 0 and decreases~. The third also increases a 0 , b 0 , c 0 

and decreases /• The effect of K? Na increases a 0 and/ in arfvedsonites. 

Fluorine replacing hydroxyl in 03 decreases b 0 axis mainly, in contradistinction 

to the a 0 axis in richterites. The substitution CaAl~ NaSi which mainly 

affects members of the arf'vedsonites increases b 0 , c 0 , and the,$ angle and only 

marginally affects a 0 • The substitution NaMg~aAl (eckermannite to glaucophane) 

produces a decrease in all the parameters. 
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CHAPI'ER EIGHI' 

Infra-Red Spectroscopic Studies of Alkali Amphiboles 

8-1. General statement. 

Wave numbers are used, throughout the present study, to express 

frequency, and 1 micron (r) equals 10,000 wavenumbers (cm-1) 

The infra-red absor~tion spectra of silicates occur in the range 

4000 cm-1 down to very lo·w frequencies. All the silicates show a 

strong absorption near 1000 cm-1 associated with silicon-oxygen stretching 

vibrations. The position of this maximum absorption readily splits the 

silicates up into their various groups (Launer 1952, Fig. 8-1). The 

region of strongest absorption tends to shift towards $hod~,.. wavelengths 

and occupy a smaller range as the ratio of usilicon to oxygen increases. 

The amphiboles absorb strongly from 1150 cm-l to 850 cm-1 (Lyon 1962, 

and present study)! 

The silicon-oxygen bending vibrations occur at lower frequencies 

and vary more in their position in the various silicate groups than do 

the stretching vibrations (Farmer, 1964). These bending vibrations can 

vary within mineral groups (present study). 

The metal-oxygen stretching vibrations occur at still lower 

frequencies 100-500 cm-l (Lyon, 1967). These vibrations are very weak 

and are beyond the efficiency of normal infra-red spectrometers. 

Bending and stretching vibrations of silicates may mix making an 

accurate assignment of absorption peaks to specific inter-atom motions 

almost impossible. 

In hydrous silicates an additional motion can be observed, this 

is attributable to structurally bound water and may be termed the 

hydroxyl stretching frequency (Burns and Strens, 1966). This vibration 



-128-

-1 occurs between 3300-3750 em and in the amphiboles varies from 

3615-37~ cm-l depending upon the amphibole sub-group and type of 

cation bonded to the hydroxyl ion. 

The peaks in this region are called the fundamental absorption 

bands and additional weak bands may arise as sums or differences of 

the fundamental bands (Farmer, 1964). The fundamental hydroxyl 

stretching band occurs at 3600 cm-l and there is a weaker band at 

7200 cm-l called the overtone band (Burns and Strens, 1966). The sums 

or differences of these bands are called combination bands. 

There is very little published work on the infra-red absorption 

spectra of silicates. The study of Launer (1952) was of a very general 

natu~e and not until 1962, when Lyon presented his data was there any 

attempt to systematise the various sub-groups of the amphiboles. In 

recent years emphasis has been placed upon the fundamental hydroxyl 

stretching frequency of amphiboles; Burns and Strens (1966), Strens 

(1966), Burns and Prentice (1968), Addison and White (1968), and Burns 

and Law (1970) have assigned the various );eaks within the band to 

specific cation-hydroxyl bands. 

The present investigation was initiated in an attempt to produce 

a method of fingerprinting the various alkali amphiboles·by using 

infra-red spectroscopy. The second reason was to extend the work on 

the hydroxyl stretching frequency from the simpler ordered structures 

of glaucophane and riebeckite to other alkali amphiboles, notably 

those with 'A' site occupancy. 

8-2. Silicon-o3Ygen stretching and bending frequencies in 

alkali amphiboles. 

8-2-1 (a). richterite series both synthetic and natural. 

8-2-1 (b). richterite-tremolite series. 
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8-2-2. · glau9.oph,ane-riebeckite series. 

8-2-3. eckermannite-arfvedsonite series. 

8-2-1. Richterite Series. 

This is the first report of the infra-red spectrum of richterite 

and includes both synthetic and natural varieties. 

(a) Natural Minerals 

The infra-red spectra of two natural richterite minerals have been 

determined (Fig. 8-2). The specimens are from the type area of 

richterite (Langban, Sweden), and a richterite ( winchite) from Netra, 

Madhya Pradesh, India. 

Within the region of maximum absorption (1150-900 cm-1) four peaks 

are shown. These peaks are the silicon-oxygen stretching frequencies; 

the silicon-oxygen bending frequencies occur between 775 and 660 cm-1• 

The peaks at 745 cm-1 and 667 cm-1 are of equal intensity and this 

phenomenon is also shown in the synthetic varieties. 

(b) Synthetic richterites 

Synthetic sodium richterite is compared to fluor-richterite 

(Fig. 8-2) and potassium richterite (Fig. 8-3) and the resultant spectra 

are very similar. Fluorine, replacing hydroxyl, does not affect this 

region of the infra-red spectrum. 

In the Si-0 stretching region there are seven peaks in the sodium 

richterite spectrum with a maximum absorption at 970 cm-1 ; the potassium 

variety has one additional peak at 1016 cm-l which could be present in 

the sodium richterite if the spectrum were sharper. In the fluor-

richterite the peaks are less well defined but are present in the same 

positions. 

In the Si-Q bending region there are many peaks developed doivn 

-1 to 444 em • 
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8-2-l (b). Richterite-Tremolite Series. 

Intermediate compositions between the end-members richterite and 

tremolite were synthesized during the hydrothermal synthesis 

investigations (Chapter Two). The infra-red spectra for two of the 

intermediate c·ompositions are shown in Fig. 8-4. 

Richterite 75 - Tremolite 25 (R75-T25) has a spectrum extremely 

close to sodium richterite. Richterite 25 - Tremolite 75 (R25-T75) 

differs from the latter by lacking a peak at 1150 cm-1 and having an 

additional peak at 685 cm-l which can be correlated with the data 

obtained by Lazarev and Tenisheva (1962) for tremolite. In addition 

to these peaks R25-T75 contains a non-amphibole peak which appears at 

861 em -l and which can be correlated with diopside. This shows the 

high sensitivity of the infra-red method compared to X-ray and optical 

methods which did not detect this phase. 

8-2-2-.. Glaucophane-Riebeckite Series. 

The infra-red spectra of the glaucophane-riebeckite series have 

been the subject of various recent studies (Lyon 1962, 1968; Farmer 

in Hodgson et. al., 1965). 

The Si-0 stretching frequency region is the same for all the 

members of this series (Figs. 8-5a and b) and consists of five absorption 

peaks. The riebeckites all show extremely sharp spectra compared to 

members of the glaucophane group. In one sample of riebeckite 

(crocidolite from South Africa), in addition to the Si-0 absorption 

peaks
1 

there are two bands at 1430 cm-1 and 880 cm-l which are caused 

by a small amount of carbonate impurity (possibly dolomite). The 

glaucophane-riebeckite series have, therefore, two fewer peaks in the 

Si-0 stretching region than richterites. 

The silicon-oxygen bending vibrations occur between 800 cm_:1 and 
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650 cm-l (limit of spectrum) and are four in number. The magnesium 

rich varieties of this series possess a doublet peak between 695 and 

675 cm-l. which is not present in the iron rich varieties (riebeckite). 

8-2-3. Eckermannite-Arfvedsonite Series. 

The present investigation is the first report on the infra-red 

absorption spectra for members of the eckermannite-arfvedsonite series. 

Spectra for these minerals are shown in figure 8-6.. In the 

magnesium-rich members of this group ( eckermannite) t.here are four 

peaks in the silicon-oxygen stretching region whereas in the iron-rich 

varieties (arfvedsonites) there are three peaks, namely at 1~0, 1078 

and 963 cm-1• The maximum absorption of the Si-0 stretching frequency 

moves towards lower frequencies with increasing amounts of iron; 980 cm-l 

for eckermannite and 960 cm-1 for the arfvedsonites. There is also a 

change in peak position to lower frequencies in the Si-0 bending region. 

Dr. V. C. Farmer determined the spectra of some riebeckite-

arfvedsonites and arfvedsonites to reveal the position of one of the 

peaks in the 640 cm-1 region (Fig. 8-7). A large peak occurs at 644 cm-1 

" in an arfvedsonite from Ilimaussaq (D.U. 10951). This particular 

-1 specimen also has peaks at 536, 444, and 416 em • 

Discussion of the silicon-oxygen bending and stretching frequencies 
in the alkali amphiboles. 

All the infra-red spectra of the alkali amphiboles are sufficiently 

different from sub-group to sub-group to utilise this method as a 

"fingerprint" technique. 

In the Si-0 stretching region (1150-850 cm-1) there are seven 

peaks in the richterite spectrum, five in the glaucophane-riebeckite 

spectrum, four in the eckermannite spectrum and three in the arfvedsonite 

spectrum. These differences readily split them up into sub-groups. In 
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addition glaucophane possesses a peak at 890 cm-l and a doublet peak at 

698-678 cm-1 which are present in no other amphibole. The shift in 

maximum absorption of the Si-0 stretching frequency of the eckermannite-

arfVedsonite series has already been noted. 

In the Si-0 bending region the alkali amphiboles all have an 

absorption peak between 740-800 cm-1, this appears to be the peak most 

susceptible to v~riation with changes in chemical composition. 

Although this absorption peak changes with composition, it is 

difficult to assign it to a particular substitution. When the position 

of this peak is plotted against the b0 cell parameter, which has been 

shown to be sensitive to changes in composition, there are thr.ee curves 

corresponding to the three alkali amphibole sub-groups: glaucophane-

riebeckite, eckermannite-arfVedsonite, and richterite (Fig. 8-8). 

The above study indicates that· it is possible to determine the 

type of alkali amphibole from a study of the infra-red spectra. 

8-3. Infra-red absorption studies of the hydroxyl stretching 
frequency in alkali amphiboles. 

To date there have been a series of infra-red studies by Burns 

et. al. who have worked upon the fundamental stretching frequency ~f 

the hydroxyl ion in clinoamphiboles. 

Burns and Strens (1966) and subsequently Strens (1966), Burns and 

Prentice (1969), Burns and Law (1970), and Addison and \Vhite (1968) 

concentrated upon amphiboles with a vacant 'A' site. The present 

study confirms this work and, in addition, extends it to alkali 

amphiboles with partially or completely filled 'A' sites. 

The hydroxyl ion (0(3) site) lies in a hole formed by the linking 

of SiGOl8 units and closed at each end by (Mg,Fe 2+)3oH groups. The 

0-H bond projects towards the central void away from the metal ions 

' 
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(Burns and Strens, 1966). The orientation of this bond was determined 

using microscopic techniques in conjunction with the overtone bands 
-1 . . 

(7200 em ) of the hydroxyl stretching frequency, and only applies to 

amphiboles with a vacant 'A' site (Burns and Strens ibid.). 

The fundamental band of the hydroxyl stretching frequency shows 

a single sharp peak in iron-free tremolite (designated A by Burns and 

Strens). As the amount of iron increases additional peaks (B, c, and 

D) appear at lower frequencies; peak A decreasing in intensity simul-

taneously. Thus for the tremolite-ferrotremolite series the peaks 

-1 -1 -1 • -1 
A, B, C, and D are at 3673 em , 3660 em , 3648 em and 3625 em 

while in the cummingtonite-grunerite series they occur at 3665, 3650, 

-1 
3635, 3615 em respectively. 

The positions of these peaks depend upon the electronegativity of 

the element in the octahedral (M(l), M(3)) sites to which the hydroxyl 

is bonded. The magnesium ion has an electronegativity of 1•23 and 

ferrous iron 1•64, thus the ion with the lower electronegativity will 

form a ·~ea.l5,-ir~ ~ond with the hydroxyl ion and therefore raise the 

frequency of the absorption band. 

There are eight distinguishable ways of distributing Fe
2
+ and 

Mg over three inequivalent positions, reduced to six by the equivalence 

of the M(l) sites and further reduced to four by the pseudo-trigonal 

symmetry of the (M1M1MJ) OH sites (Burns and Strens, ibid.). 

The four peaks have been designated by Burns and Strens (op. cit.) 

as follows:-

A = (MgMgMg)l 

B = (MgMgFe2+)3 or (MgMgFe2+)1, (MgFe2+Mg) 1 , (Fe
2

+MgMg)
1 

c = (MgFe2+Fe2+)3 

D = (Fe2+Fe2+Fe2+) 

The superscripts refer to the number of indistinguishable 



(a) Hydroxyl stretching frequency (b) Hydroxyl stretching frequency 

of Glaucophane (Valley Ford,CaliforniaJ of Riebeckite (W. Australia J. 

Fi g.S-9 Fundamental hydroxyl stretching frequency of the 

Glaucophane- Riebeckite series. 
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distributions over the three sites bonded to the hydroxyl (M(l), 

M(3), M(l)) in the amphiboles. 

When three cations are co-ordinated to OH there are ten different 

three-cation groups,(Burns and·Prentice, 1969). 

If the assumption of random mixing of two cations between three 

sites is made then the calculated relative absorbances of the various 

bands are given by:-

A= LMi/3 

--2--
B = 3LP.tf LF~ 

--2--
c = 3LF~ LMgJ 

--3 
D = LF~ 

In section 8-3-2-2 the relative intensities of each peak in 

the natural minerals is calculated using the above formula for random 

mixing and then compared to the intensities and positions of the observed 

peaks. 

8-3-1. Hydroxyl stretching frequency of the glaucophane-

riebeckite series 

The four major peaks for this series are shown in Fig. 8-9. 

The frequency of these bands occurs between those for the tremolite-

ferrotremolite series and the cummingtonite-grunerite series. The 

major difference between these amphiboles is the M(4) occupant, calcium 

in tremolite, ferrous iron or magnesium in commungtonites and sodium in 

the glaucophane-riebeckite group. If the overall position is dependent 

9pon the M(4) occupant (Burns and Strens op. cit.) then the intermediate 

position of glaucophane is correct. 

Burns and Strens (op. cit.) have devised a method for determining 

the amount of ferrous iron and magnesium in M(l) and M(3) sites from 

the intensities of peaks A to D: 

Fe(II) = O.A + l.B + 2.C + 3.D 

~~ = 3.A + 2.B + l.C + O.D 
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This follows from the designations, given above, to each of 

these bands. Burns and Prentice (1968) determined the distribution 

of iron cations in riebeckite (crocidolite). They found that in 

addition to iron (II) and magnesium in M(l) and M(3), iron(IIUalso 

entered these sites to a lesser extent. The spectra for these 

riebeckites and glaucophanes are shown in figure 8-9 where the 

author's results are compared to those of Burns and Prentice. The 

additional bands E to J are the result of iron (III) replacing 

magnesium and iron (II) in M(l) and M(3) • 

. • ~ ;~ 

8-3-2. Hydroxyl stret.chfn~: :.i:t~quency of alkali amphiboles with 

'A1-,:~~~tf:%~~~;:J~) 
In the preceding se¢.tipP;~:~1kali amphiboles with no 'A' site 

·~ ..... tot.:..! ._.If ' . 

occupancy were discussed, in the present section the author sets 

forward results for amphiboles with alkali ions (Na+, K+) in the 'A' 

site. 

The 'A' site in the monoclinic amphiboles is surrounded by twelve 

oxygens (Ghose, 1961; Papike and Clark, 1968; and Papike, Ross and 

The A-07 distances are 

divided into two short and two long bonds (Papike and Clark, op. cit.). 

Papike et. al. (1969) conclude, from structural considerations, 

that sodium and potassium occupy slightly different locations in the 

'A' site (hypothetical position at !, o, 0). The electron density 

map of this site shows a distribution about !, 0 1 0 as shown in Fig. 8-lOc. 

The 'A' site (Fig. 8-loa, b, c) is directly above the 0(3) site 

which is occupied by a monovalent anion (OH 1 F 1 or possible Cl ). 

The sheet silicates are similar to the amphiboles and Farmer and 

Russell (1964) studied the effect of introducing potassium into the 

talc structure to produce phlogopite where potassium ions lie directly 
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above the hydroxyl ions. In talc the fundamental hydroxyl stretching 

frequency is at 3677 cm-1 , whereas in phlogopite it is at 3710 cm-1• 

This increase in frequency would _arise, according to Farmer and Russell 

(ibid.) because the hydroxyl would approach the alkali ions and move 

away from the octahedral cations. A similar situation would be expected 

for the amphiboles. 

Several synthetic and natural alkali amphiboles have been studied 

and the results presented here:-

8-3-2-1 Synthetic amphiboles 

(a) sodium richterite and potassium richterite. 

(b) richterite-tremolite series. 

(c~ richterite-eckermannite series. 

l(a) The richterite composition is particularly illustrative because 

one .can study the effect of changing the 'A' site occupancy whilst 

keeping the octahedral cations {Mg) constant. In figure 8-ll the 

. -1 
infra-red spectra for the region 4000-3000 em are shown for sodium 

richterite and potassium richterite. In both these specimens there is 

-1 
a small peak at 3672 em in addition sodium richterite has a large 

-1 -1 
peak at 3728 em while that of potassium richterite occurs at 3734 em • 

l(b) Several members of the richterite-tremolite series were synthesized 

during the hydrothermal synthesis experiments. Members of this series 

have had their cell dimensions determined establishing that they are, 

in fact, of one phase and not a mixture of the two end-members. The 

substitution involved.in changing composition from tremolite to 

richterite is, c Ca ~ NaNa. ·This substitution involves only the 

M(4) and the 'A' sites, the latter being vacant in tremolite. 

In figure 8-11 the hyaroxyl bands are shown for the end-members 

richterite and tremolite together with two intermediate compositions. 
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The peak at 3672 cm-l decreases in intensity from tremolite to richterite 

-1 . 
whilst the higher frequency peak at 3728 em increases. The peaks are 

very sharp indicating good ordering in the octahedral sites. 

l(c) Two members of the richterite-eckermannite series were sy~thesized 

during the hydrothermal synthesis experiments. Unfortunately eckermannite 

yields a very poor infra-red spectrum and further work is needed on this 

composition. Spectra for the two intermediate compositions are shown in 

figure 8-11. The fundamental stretching frequency of the hydroxyl ion 

. -1 
results in one peak at 3723 em • In addition there is a noticeable 

broadening of this peak as the amount of eckermannite component is 

increased. This peak broadening may be attributed to increased disorder 

in the M(l), M(3) sites due to the introduction of aluminium in octahedral 

co-ordination. 

Discussion 

The hydroxyl·ion lies directly beneath the 'A' site thus as this 

site is filled, some effect upon the fundamental stretching frequency 

would be expected. The hydroxyl would approach the monovalent cation 

and deviate away from the octahedral cations at M(l) and M(3) thus 

raising the frequency of the vibration. 
~ -

-1 
In the richterites there is a small peak at 3672 em which 

corresponds to unperturbed hydroxyl ion. The presence of this peak 

suggests incomplete filling of the 'A' site, despite careful preparation. 

The higher frequency of the perturbed hydroxyl in potassium 

-1 -1 
richterite (3734cm ) compared to sodium richterite (3728cm ) is due 

to its higher effective charge. 

·The theory outlined above is supported by the spectra for 

intermediate compositions between richterite and tremolite. The 

perturbed peak increases at the.expense of the unperturbed peak with 

the ·proportion of richterite component in the composition. The 
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intermediate compositions between richterite and eckermannite, with 

completely filled 'A' sites, show only the perturbed peak. 

8-3-2-2 Natural Minerals 

(a) Juddite (manganoan-magnesiearf~edsonite) Mahdya Pradesh, India 

The analysis of this mineral (appendix 3) indicates that the 

main occupants of the M(l) and M(3) sites are magnesium (2·73 atoms) 

and manganese (0·27 atoms) and the 'A' site contains 0·72 atoms of 

sodium plus potassium. In an infra-red spectrum of the region of 

the hydroxyl stretching frequency (fig. 8-12a) there are. three peaks; 

367lcm-1 , 3700cm-1 , 3727cm-1• 

The results of a calculation of the statistical frequency of occurrence 

of magnesium and manganese co-ordinated to the hydroxyl ions are as follows:-

(Mg)3 75•3% 

3(~)2'(Mn) 22•3% 

3(Mg)(Mn)
2 

2•2% 

(Mn)3 0•7% 

If we assume random ordering of the ions in M(l) and M(3) and a 

partially occupied 'A' site then four peaks should appear in the 

spectrum. In the observed spectrum only three peaks appear, of which 

. -1 . 
only one (367lcm ) can be assigned with any certainty to unperturbed 

-
hydroxyl co-ordinated to {MgMgMg). 

(b) Winchite (manganoan-magnesioriebeckite) Netra, Mahdya Pradesh, India 

-1 
The infra-red spectrum for winchite shows two peaks (3665cm and 

3693cm-1) in the hydroxyl stretching region •. The chemical composition 

(Appendix 3) indicates that magnesium (2•80 atoms) and manganese (0•20 

atoms) occupy the M(l) and M(3) sites and sodium (0•41 atoms) and 

potassium (0•12 atoms) occupy the 'A' site. 

A calculation of the relative intensities expected from the 

chemical analysis yields the following results·:-
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(Mg)3 = 81•2% 

:::_:_ 3(~)2(Mn) = 17•4% 

3{Mg)(Mn) 2 = 1•2% 

(Mn)3 = 0•2% 

If the 'A' site contains 0•53 atoms of sodium and potassium we 

should expect four peaks in the hydroxyl stretching frequency region. 

-1 
Only two peaks are present in the spectrum of which the 3665cm peak 

could be assigned to Unperturbed hydroxyl co-ordinated to (~~n~Mg). 

(c) Tirodite 1 Tirodi, Madhya Pradesh, India 

x-ray and chemical analyses of this mineral indicate that it is 

intermediate in composition between cummingtonite and richterite. The 

chemical analysis shows that i:.,.of the 'A'' sites are occupied by sodium 

and potassium. Assuming that magnesium (2•59 atoms) and manganese 

(0•41 atoms) are the sole occupants of the M(l) and M(3) sites, the 

following calcula~ion of the statistical frequency of occurrence 

ensues:-

(Mg)3 = 64•59% 

3(~)2(Mn) = 30•34% 

3(Mg)(Mn)2 = 4•82% 

(;Mn)3 = 0·25% 

we should therefore expect four peaks in the infra-red spectrum 

if 'A' site occupancy perturbs the hydroxyl- stretching frequency. 

. -1 -1 
There are three peaks in the spectrum at 3659cm , 3665cm , and 

-1 
The major peak at 3669cm can be assigned to unperturbed 

hydroxyl co-ordinated to (MgMgMg). 
-1 

The shoulder at 3659cm may 

possibly be due to a {MgMgMn) group of ions. 

In these three magnesium rich clino-amphiboles with partial 'A' 

-1 
site occupancy we should expect a perturbed {MgMgMg) peak at ""'3'1J30cm 

as in the synthetic samples. Only in the juddite is there a peak in 

this region (3727cm-1) which could possibly be assigned to perturbed 
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hydroxyl co-ordinated to {MgMgMg). 

·-1 

It remains difficult to assig~ 

the peak at -v 3695cm • 

{d) Riebeckite-arf,vedsonite (Nigeria) and arfvedsonite (D.U~l0951 

.Greenland) 

Two of the samples are from Nigeria (A6, AS, Borley 1963) and the 
, 

third (D.U. 10951) is an arf~edsonite from Ilimaussaq, s.w. Greenland. 

The Nigerian specimens contain very high fluorine concentrations (A6, 

O•SO atoms, AS 1•16 atoms) whereas the Greenland sample contains only 

0•16 atoms of fluorine. The main occupants of the M(l), M(3) sites 

are ferrous iron, ferric iron, and lithium. It is assumed that the 

amount of lithium in the M(l), M(3) sites is balanced by ferric iron 

according to the equation:-

A calculation of the statistical frequency of occurrence of Fe
3
+, 

Fe2+, and Li co-ordinated to hydroxyl groups is set out below in the 

order of expected appearance in the spectrum:-

10951 A6 A8 

(Li)3 0•06% 0•27% O•S4% 

3(Li)2(Fe2+) 1•73% 4•23% 7•36% 

3(Li)2(Fe3+) 0·17% O·S2% 2•52% 

3(Li) (:Fe2+>2 17•35% 21•77% 21•4S% 

6(Li)CFe2+)(Fe3+) 3•47% 8•47% 14•72% 

3(Li)(Fe3+)2 0•17% 0•82% 2•52% 

(Fe2+)3 57•S6% 37•32% 20•90% 

3(Fe2+)2(Fe3+) 17•35% 21•77% 21•48% 

3(Fe2+)(Fe3+)2 1•73% 4•23% 7•36% 

(Fe3+)3 0•06% 0•27% 0•84% 

The octahedral (M(l) M(3)) occupants are as follows:-

-----···-··-- ---~-

{Mg)3 = 0•2% 

3(~2 )(Fe2+) = 1·2% 

3{Mg){Fe2+)
2 

= 17·4% 

(Fe2+)3 = Sl•2% 
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The coupled substitutions MgFe+++~ Fe++Al and MgAl~ Fe++Fe+++ do 

not appear to be important in this compositional cell. 

In minerals of the richterite compositional cell none of the 

aforementioned substitutions appear to be important. The only 

substitution of importance is oCa~Na(K)Na and it indicates a complete 

solid solution series between richterite and tremolite~ Sodium and 

potassium are completely interchangeable in the 'A' sites of the 

richterites reaching the highest potassium contents in magnophorites 

(potassium richterites). 

Many of the analyses cited in the literature and plotted onto 

various diagrams do not show the extent of substitution between the 

compositional cells. A useful way of representing amphiboles of 

intermediate composition has been found by using those substitutions in 

the Y sites which are balanced by substitutions in Z and X (designated 

YZX) and plotting these against Y atoms. When these substitutions are 

plotted against each other they reveal complete solid solution between 

riebeckite and arfvedsonite; magnesioriebeckite and magnesioarfvedsonite; 

and richterite end eckermannite. 

A suggested. nomenclature :for these intermediate compositions 

could be: 

A) riebeckite 2.00 1.60 YZX 

riebeckite-arfvedsonite 1.60 - 1.20 YZX 

arfvedsonite 1.20 - 0.80 YZX 

These suggestions are in general agreement with those of Kovalenko 

(1968) except that Kovalenko accepts an upper limit in the A + X sites 

of 3.3 atoms and a lower limit of 1.5 atoms which are outside the 

limitation accepted by the author for a superior analysis. 

B) magnesioriebeckite 2.00 - 1.40 YZX 

magnesioarfvedsonite 1.40 - 0.80 YZX 
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The limits of these divisions are based upon the range of compositions 

of roagnesioriebeckites from crystalline schists. An alternative 

suggestion could be similar to the riebeckite-arfvedsonites. 

c) richterite 0.50 0 YZX 

eckermannite 0.50 1.00 YZX 

A survey of the possible substitutions within the alkali amphiboles 

has indicated that there are few areas of Phillips compositional space 

which do not have natural amphiboles within them. Two possible miscibility 

gaps can be found in the :ferro-eckerrnannite and the miyashiroite fields. 

There is no available analysis closer to miyashiroite than M6oG140• These 

may indicate two true gaps in possible amphibole compositions or that 

amphiboles of these compositions have yet to be found in nature. 
~ 

The·alkali amphiboles from the Iliroaussaq undersaturated nepheline 

syenite all plot in the arf'ved.sonite oornposition cell. The earliest 

alkali amphibole is close to katophorite in composition and the later 

amphiboles become more arf'vedsonitic. The fluorine content of the 

·amphiboles decreases with fractionation. This behaviour is in 

contradistinction to that oft he amphiboles from the Kungnat and 

Tugtut~q intrusions which show an increase in fluorine with differentiation. 

Apatite is an early c~stallizing phase in Tugtutoq and Kun~t and this 

will tend to take up fluorine. When apatite ceases to~stallize 

fluorine is then available to enter the amphibole lattice. Apatite is 
/ 

absent from the Iliroaussaq roclr..s and therefore fluorine can enter the 

amphibole lattice. 
/ 

The main substitutions in the amphiboles from Ilimaussaq with 

increasing fractionation are: 1) CaAl ~ NaSi, 2) CaFe++?NaFe+++, 

3) Fe++Fe+++# LiFe+++, 4) F ~ OH. All the substitutions have been 

ascribed to decreasing temperature and increasing peralkalinity. 
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In the late stage lujavritic rocks the amphiboles oontain high 

concentrations of potassium (up to 0.65 atoms). This element has been 

sho;vn to be exchanged between amphibole and nepheline in these rocks. 

The main factor which may facilitate the transport of potassium between 

amphibole and nepheline is the high volatile content of these late 

stage rocks. This is the first natural example to support the evidence 

of alkali exchange in amphiboles noted by Huebner and Papike (1971) in 

synthetic richterites. 

Lithium is considered to enter the M(l) and M(3) sites in these 

arfvedsonites and the charge deficiency made up by the introduction of 

a trivalent cation. Evidence for lithium entering M(l) ani M(3) may be 

cited from a study of the hydroxyl stretching region of an amphibole 

from a lujavrite which shows a small perturbed peak at 3690 cm-1. This 

peak is equivalent to that found by Addison and White (1968) in a 

Nigerian riebeckite-arfvedsonite. 
/ 

The Ilimaussaq intrusion is an undersaturated syenite whereas 

·Kungn~t and TugtutSq are saturated syenite intrusions. The behaviour of 

these extreme .examples is reflected in the amphibole compositions. 

Aluminium is available for incorporation into the ~phiboles in the 

" llimaussaq intrusions but in the saturated syenites quartz bee omes an 

interstitial phase early in the differentiation sequence, hence the 

amphiboles will be low in tetrahedral aluminium. The main substitutions 

in the Tugtut~q dykes are: l) CaFe++~ NaFe+++, 2) a Ca ~: N8.:"tfa, 

3) CaAl ~NaSi (minor), 4) OH-= F:- These amphiboles in Tugtutoq are 

ferro-richterites and arfvedsonites with late stage development of 

riebeckite-arfvedsonite. These, therefore, define a trend in amphibole 

composition from saturated and oversaturated alkaline bodies whereas 
/ 

Il~ussaq is typical of undersaturated compositions. 
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A study of all the cell parameters of synthetic amphiboles has 

shown that the variation of the b0 axis depends upon the occupancy of the 

M(4) and M(2) sites. This conclusion supports that originally put 

fo~vard by Colville et. al. (1966), and contrary to the conclusions of 

Ernst (1968) who maintained that the occupant of M(2) controlled the b0 

axis repeat and Forbes (1971) that M(2) and the 'A' site occupant 

affected ~he b0 axis. The role of the M(4) occupant is seen in the 

natural amphiboles where the calciferous amphiboles have b0 axes approxi-

mately 0.10 A0 longer than alkali amphiboles for the sane M(2) site 

occupancy. 

The a 0 sin;8 dimension represents the unit repeat across facing 

chains and appears to be controlled by the occupants of the octahedral, 

and tetrahedral sites (Colville et. al., 1966) and the 'A' site (present 

study). Alkali amphiboles with sodium in the 'A' site have larmer a 0 sin;8 

dimensions than those with vacant 'A' sites. Potassium substitution in 

the 'A' sites also increase this dimension (Huebner and Papike, 1970). 
/ 

The high potassium arfvedsonites from the Ilimaussaq intrusion have 

larger a
0 
sin/ parameters than the other arfvedsonit es. 

'Whittaker (1960) discussed the relationship between M(4) occupant 

and the,.& angle of monoclinic amphiboles. The/ angle shows a strong 

positive correlation w:it h calcium content but additional factors in the 

alkali amphiboles appear to be the magnesium content and potassium in 

the 'A' site both of which increase -the/ angle. 

The variations in the c0 axis of alkali amphiboles are less than half 

the other parameters and in general the longest c0 axes are in amphiboles 

with high iron c.ontent, and the 'A' site fully occupied. 

When the a0 sin/ dimension is plotted against the/ angle the 

amphiboles split up into their various groups. Indeed the a0 sin;1 
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parameter appears to be the most usefUl in determining to which series 

the alkali amphibole belongs when plotted against the total iron content 

of the mineral. 

The main effects produced by the following substitutions in minerals 

of alkali amphibole composition are: 

A) Minerals of richterite oo mposition 

l) a Ca~NaNa, 2) Na -+K, 3) Mn -+Mg, and 4) OH---+F-

ao increases a} 0 

bo decreases b. all bo increases ao decreases 

I decreases 
·c increase 

• p 

B) Minerals of glaucophane-riebeckite composition 

l) Al--+ Fe+++ 
' 3) MgAl~ Fe+~e +++ 

a. 

bo increase increase 

,8 decreases 1 decreases 

C) Minerals of eckermannite-arfvedsonite compo.sitions. 

The three substitutions in the glaucophane-riebeckite series 

produce the same effects in the eckermannite-arjedsonite series. 

aol 
ft { increase ~0} tJ increase b0 decreases 

Additional substitutions in the alkali amphiboles which affect cell 

parameters are Ca.Al---+ NaSi decreases h 0 , c0 , ani the j3 angle and 

NaMg-+ aAl produces a decrease in all the parameters. 
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It is possible to utilise infra-red spectroscopy to "fingerprint" 

the various alkali amphibole sub-groups. All the alkali amphiboles have 

a peak at ~ 1150 cm-1 in the Si-0 stretching region which calciferous 

amphiboles do not appear to have. The number of peaks within the Si-0 

stretching region appears to vary from sub-group to sub-group; seven 

in richterites, five in the glaucophane-riebeckite group, four in the 

eckermannite spectrum and three in the arfvedsonite spectrum. Glaucophane 

can be readily identified by the presence of a peak at 890 cm-1 and a 

doublet between 698-678 cm-1, which no other alkali amphibole possesses. 

The peak which appears most susceptible to compositional variation 

within these minerals is in the Si-0 bending/stretching region between 

740-800 cm-1. There are three curves corresponding to the three alkali 

amphibole sub-groups. 

The study of the OH- stretching vibration of alkali amphiboles ::h ows 

the peak positions (3673, 3660, 3648 and 3625 cm-1) for tremolite­

ferrotremolite indicated by Burns and Strens (1966) and ascribed by these 

authors to OH- co-ordinated to Mg and Fe++. Alkali amphiboles with 'A' 

site occupancy show OH- stretching peaks at higher frequencies (3728 and 

3734 cm-1) than those with vacant 1A1 sites. This frequency shift is 

probably due to the displacement of the Oh- group towards Na+ or K+ and 

away from the octahedral cations (displacement being greater for K+ than Na+). 

Natural amphiboles although they have high frequency bands between 3690-

3710 cni'they are lower than the synthetic minerals. It is possible that 

weak absorption of hydroxyl perturbed by (Na, K)+ in 1A1 sites is due to 

preferential association of these cations with F- or o= substituting for 

OH-. These lo·wer frequencies could arise in two ways: 1) a direct effect 

of trivalent cations in M(l) and M(3); 2) an indirect effect due to the 

displacement of Na+ or K+ due to F- or o= substituting for OH-. Evidence 

for trivalent cations in M(l) and M(3) is the interpretation of a high 

frequency peak in riebeckite-arfvedsonite from Nigeria (Addison and 

'Nhite ,{1968) and present study. 



APPENDIX I 

Mineral separation 

The rocks were ground in a Spex ball-mill and fractions were 

separated at: -90 +120; -120 +150; -150 +180. The alkali amphiboles 

were separated using one of two methods. 

l) Cooke Isodynamic separator 

Fractions were passed through separator until> 99}& pure amphibole. 

If present iron oxides were removed using the electromagnet. The 

mafic fraction of minerals from alkaline rocks consisted mainly of 

amphibole and alkali pyroxene ! aenigmatite ! eudialyte ! astrophyllite etc. 

Separator angles to separate alkali amphibole from other mafics:-

Longitudinal tilt 1.40 

Transverse tilt 

Amperage 0.4 amps. 

2) Heavy liguid separation 

Used when separator could not purify> 901& amphibole. This applied 

mainly to magnesium rich varieties. Liquids used were Bromoform 

(S.G. 2.89 ~cc), Methylene Iodide (S.G. 3.325 gm(cc) with a 

ailuent N.N. dimethylformamide (S.G. 0.948 gm/cc). 

n 
Eckermannite (Norra K~rr) separated using a density gradient 

consisting of methylene iodide and N.N. dimethylformamide. 



/ 

SOLUTION A NaOH 
fusion 

----- Si02 (spect.) Molybdenum blue 
complex at 650 m~ 

SOLUTION B l 
acid digestion with 

HF/H.3P04 

Spect. = 

Group III ppt. 
w~OH .. 

spectrophot omet:.::e::.:r ______ _ 

Na20, K2o, Li20 
(flame photometer) 

Fe203 (Total iron) 
(spect.) 

Ti02 (spect.) 

CaO, MgO 
titration 

FeO 

extract ion by 
chloroform 
- 8-hydroxyquinoline 
complex at 410 m~ 

2,2' dipyridyl 
complex solution 
at 522 mr 

H2o2 complexing 
reagent at 410 m~ 

Molybdenum blue 
complex at 650 m~ 

CaO-EDTA titration 
and indicator 
MgO-EIY.l'A titration 
and indicator 
Eriochrome black T 
indicator 

titration against 
potassium 
permanganate. 

(l) 

(2) 

Penfield tube 
method 
Riley furnace 
modified by 



X-RAY FLUORESCENCE METHOD 

All the major elements were determined using an automatic Philips 

1212 X-r~ fluorescence spectrometer. Standards comprised international 

rock standards and amphiboles ofvarious compositions (supplied by 

various workers). The operating conditions were as set out in the 

table below:-

Si Al Fe Mg Ca Na K Ti Mn 

COLLIMATOR Coa Coa Coa Coa Coa Coa Coa Coa Coa 

CRYSTAL P.E. P.E. LiF K.A.P. P.E. K.A.P. P.E. P.E. LiF 

COUNTER FLOW FLOW F+S FLOW FLOW FLOW 

COUNTS 105 105 105 3xlo4 105 104 

mA 8 24 8 20 8 20 

KV 60 60 60 50 20 50 

TUBE Cr Cr Cr Cr Cr Cr 

FLOW FLOW SCINT 

105 105 105 

8 8 8 

40 40 60 

Cr Cr W 

"' Zn was also determined in amphiboles from the Ilimaussaq intrusion by 

X.R.F. methods using addition standards. 

The samples and standards were made up into bricquettes by pressing 

the powder to 5 tons/sq. inch. 

The results were computed using the method by Holland and 

Brindle (1966). 



OP.riCAL SPDJTROGRAPHIC METHOD FOR THE 

DETEIDliNATION OF FLUORINE 

Sample preparation 

Three parts by weight of Caco3 added to four parts by weight of 

standard or sample. 

Internal standard Cu added as GuO to sample/Caco3 mixture in the 

proportion l : 14 by weight. 

Carbon powder added to sample/CaCOJfCuO mixture in the proportions 

9 14 by weight. 

Conditions of operation 

Stallwood Jet with Argon/oxygen atmosphere. 

Seven Step sector. 

Focus arc on slit. 

Glass optics 4600 - 9600 A0 

No pre-burn., 

30 sees. burn. 

Current 8 amps. 

Plate Development:- Type Ilford H.P.3. 

Measurement of Plates 

CaF bandhead 

Cu Int. Std. 

Standards 

Developer PQ Universal. 

T:ime of development 5 mins. 

5291 A0 

5015 A0 

Standards of synthetic amphibole composition were made up 

containing 4, 3, 2, 1, 0.5, 0.25,% Fluorine as NaF. 

in various proportions. Standards were analysed in triplicate. 



Samples 

Duplicate samples made up as follows:-

0.2 gm 

0.15 gm 

0.025 gm 

o. 225 l!Jll 

sample or standard 

CaC0.3 

Cu as CuO 

C as graphite 



X-RAY DIFFRACTION 

For the determination of amphibole cell parameters two methods 

were used:-

1) Powder camera (11.46 em diameter) 

Conditions 

-
Cu Ko( radiation Co Ko( radiation 

KV 40 34 

mA 20 10 

Exposure t:ime of 
Ilford Ind 'B' film 24 hrs 48 

Exposure time of 
Ilford Ind 'G' film 12 hrs 24 

2) X-r~ Diffractometer 

Philips l.KW generator. 

The specimens were prepared as smear mounts using amyl ~cetate as the 

mounting medium. Quartz was used as an internal standard in the 

pro port ions 1 quartz : 4 sample. 

Conditions 

Cu K o( radiation Co Kd radiation 

40 34 

mA 20 10 

filter Ni Fe 

29 range 5-50°26> 

Goniometer Speed ~0/min. 

Slit system Divergence 10 

Receiving .1 

Antiscatter 10 



Rate Meter X 2 

Time constant x 4 

multiplier X l 

Chart Speed X 10 

Proportional Counter 1700 v 

Discrimination used 

The specimen was irradiated three times and the average of the 2 

values were taken. Peaks were measured at 2j3 peak height, ~ peak width. 

Indices for the reflections were obtained either by comparison with 

other amphiboles (ASTM Index File) or by generating a set of (hkl) 

reflections from an approximate cell size using a computer programme 

"Genstruck" by Marples and Shaw (UKAEA. Int report AERE R52l0, 1966) 

on the S.R.C. "Atlas" computer at Didcot, Berks. 

The cell parameters were ca-lculated from- the indices obtained 

using a least squares analysis programme "Cohen" - reference as above. 

All the reflections were weighted equally because oft he small 

range of 29 and also because the most intense and most accurately 

measured peaks were in the lower range~ 

Within the programme a rejection level (sin 2Gobs - Sin 29 calc) 
A 

can be set in steps of ' Sin 29 of 0.0004 between 0.004 and 0.0004. 

The reject ion level was set at point 9 i.e. Sin 2s 0. 0008. 



JNFRA-RED SPECTROSCOPIC TECHNIQUE 

1.5 mg of powdered amphibole was mixed with 1.00 €!JI1 of KBr. 

Enough of this mixture ;v 400 mg is weighed to form a disc of a 

suitable thickness and then pressed in a vacuum die (30 tons/square inch). 

The discs were then irradiated using either a Grubb Parsons 

"Spectromaster11 double grating infra-red spectrometer or a Perkin Elmer 

157 spectrometer, the fonner was used for high resolution. 

The scan range was 4000 cm-1 to 400 cm-1 on the Grubb Parsons 

instrument and 4000 cm-1 to 650 cm-1 on the Perkin Elmer. 

For determination of the hydroxyl stretching region of amphiboles 

the chart scale was changed from 1"/~ron to 8"/~ron; scale was 

expanded x3; and high resolution (2.5-3.0) was used. This procedure 

was necessary to reoo lve the separate 0!1 peaks. 



ELECTRON PROBE MICROANALYSIS 

All electron probe microanalysis results were determined using 

the Durham University's Cambridge Instruments Geoscan Microprobe. 

Conditions 

15 

specimen current 20,.amps 

Counting time 20 sees 

~se height analysis set up each time different element determined. 

Elements : Na 

Mg 

Al KAP crystal 

Si 

~a l Quartz crystal 

Ti J 

Fe} Mn LiF crystal 

Standards used are lodged in the Geology Department, Durham University. 

Standards: P4 "amphibole" glass 

synthetic diopside 

jadeite 

AF 15 glass 

rutile 

manganese metal 



The reduction of the electron probe data was performed using computer 

programmes written by Boyd, Finger, and Chayes (Ann. Rep Director 

Geophysical Laboratory, Yearbook 1967-68)~ These programmes were 

modified for the Geoscan electron probe by G.H• Gale (Ph.D. Thesis, 

Durham 1971). 

Programme 1. "CONE" 

This programme averages the counts, evaluates statistical parameters 

and makes instrumental corrections i.e. dead time and background. The 

output .is the initial approximation to the composition. 

Programme 2. "ABFAN" 

This programme calculates the matrix corrections i.e. atomic 

number, stopping power, fluorescence, absorption, and backscatter and 

corrects the initial composition by iteration. 

These programmes are written in Fortran IV for the IBM 360/67 

Numac computer. 



APPEND IX II 

HYDRarHERMAL SYN'I'HESIS RESULTS 

Abbreviations for Appendix II 

R = Richterite, Ec = Eckermannite, Su = Sundiusite, Ts = Tschermakite, 

Fo = Forsterite, En = Enstatite, Ab =·Albite, Q = Quartz, T = Talc, 

Na( -Ca)mont = montmorillonite, Tr = Tremolite, Ed = Edenite. 

RUN 
NO. 

l 

2 

3 

4 

5 

8 

9 

. STARTING 
MATERIAL 

GEL 

"' 

" 

" 

II 

" 

II 

800 

800 

800 

800 

800 

750 

750 

PRESS. 
(bars) 

1000 

It 

" 

" 

II 

II 

II 

DURATION 
(hours) 

85 

85 

80 

80 

168 

168 

RUN PRODUCTS 

Fo+En+Ab+Na mont. 

" 

" 

II 

II 

II 

II 



RUN STARI'JNG TEMP. PRESS. DURATION 
RUN PRODUai'S NO. MATERIAL (oc) (bars) (hours) 

17 GEL 800 1000 72 Su+Talc+Na-Ca.mont 

19 II 84-0 II 162 II II II 

23 II 880 II 108 II II II 

25 II 880 II 84- II II II 

27 II 870 " 70 II II II 

29 II 875 II 188 II II II 

31 II 880 II 92 II II II 

33 II 875 II 30 II II II 

39 II 875 II 92 II II II 

45 II 885 II 68 II " " 
48 II 950 II 24 II II " 

52 II 1000 II 48 II II II 

62 II 900 II 48 Su+Na-Ca.mont(No Talc) 

77 II 1000 5000 24 Su+Ta1c+Na-Ca.mont 

89 II 1000 II 24 II II II 

91 II 870 II 68 II II II 

93 II 870 II 68 II II II 

104 II 870 II 68 II II " 
770 

" 
20 

" II· " 107 " 910 21 

II 770 " 
20 II II II 108 910 21 

770 " 
20 II II II 

122 II 

910 21 

1200 1 

Su+Na-Ca.mont(No Talc) 129 II 1000 2 
950 48 

1200 1 
II II 2 II II 

130 975 48 

1200 1 
II 2 II tt 

133 II 

900 24 



EXPERIMENTS OF RICHTERITE COMPOSITION (Na20.Ca0.5hlg0.8Si02) 

RUN STARTJNG TEMP. PRESS. DURATION RUN PRODUCTS NO. MATERIAL ( oc) (bars) (hours) 

10 GEL 750 1000 192 Richterite 

11 II 750 II 120 II 

12 II 750 II 120 II 

13 " 750 II 120 II 

40 II 875 ft; 68 11 (Richterite seeds) 

42 II 885 " 20 Richterite 

71 " 900 " 24 " 

72 II 900 " 24 II 

73 " 900 " 24 " 

74 II 900 II 24 II 

81 II 1000 5000 24 " 
82 II 1000 II 24 II 

95 " 870 "' 67.5 II 

96 " 870 " 67.5 II 

106 " 870 " 67.5 " 

. " 770 " 
20 II 111 910 21 

112 " 770 II 20 II 

910 21 

113 II 770 II 20 II 

910 21 

125 " 1050 1000 24 " 

126 II llOO II 24 Fo+Dp+Q+G1ass 

134 " 1075 " 24 Richterite 

168 " 925 5000 30 II 



RDN STARTING TEMP. PRESS. DURATION 
NO. MATERIAL (OC) (bars) (hours) RDN PRODUCTS 

15 GEL 800 1000 72 Na-montmori11onite 

16 II 800 " 72 " 
18 II 84.0 II 162 II• 

21 II 850 " 92 " 
22 " 880 II 108 " 
26 " 870 II 70 " 
28 " 875 " 188 " 

.30 " 
925 

" 
0.5 

" 880 92 

.32 . 11 875 II .30 11 

.34 II 885 11 20 " 

.38 " 875 11 92 11 

41+ 11 885 " 68 " 

47 II 855 " 68 " 

49 II 950 II 24 " 

5.3 " 1000 " 48 " 

61 " 
1150 

" 
0.5 

" 900 24 

75 " 1000 5000 24 Fo+Na montmorillonite 

78 11 1000 " 24 " " 

90 " 1000 II 24 Fo+Na.mont+g1ass 

92 " 870 II' 67.5 Na. -mont. 

94 II 870 II 67.5 " 

12.3 II 1200 1000 0.5 " 950 48 

" 
1200 

" 
0.5 " 124 975 48 

170 " 925 5000 .30 " 

183 " 925 " .30 " 



RUN STARriNG TEMP. PRESS. DURATION 
RUN PRODUG.rS NO. MATERIAL (oc) (bars) (hours) 

14 GEL Boo 1000 72 Ec + Talc 

20 II 850 II 92 II " 
24 II 880 II 84 II II 

41 II 875 II 68 II II 

43 II 885 II! 20 II II 

51 II 1000 II" 48 II II 

84 II 1000 5000 24 II II 

100 II 870 II 67.5 II II 

116 II 770 II 20 II II 

910 21 

127 II 1050 1000 24 " " 
128 II 1100 II 24 II II 

136 II 1075 II 24 II II 

172 II 925 5000 30 II II 



EXPERIMENTS OF MISCELLANEOUS CO:MPOSlTIONS 

RUN START JNG COMPOS IT ION TEMP. PRESS. DURATION RUN PRODUCTS 
NO. (oc) (bars) (hours) 

173 .75Na20-l.25Ca0-5Mg0-8Si02 900 5000 30 Amphibole - 75R-25Tr 

176 l.l25Na20-.75Ca0-4.75Mg0-.l25Al203-8Si02 II " " Amphibole - 75R-25Ec 

-
178 l.375Na20-.25Ca0-4.25Mg0-.375Al203-8Si02 " " II Amphibole - 25R-75Ec 

180 .25Na20-l.75Ca0-5Mg0-8Si02 II II II Amphibole - 25R-75Tr 

182 .75Na20-l.5Ca0-5Mg0-.25Al203-7·5Si02 II II II Amphibole - 50R-50Ed 



'-

Riebeckite - Arfvedsonites from Soda Granite Suite, Nunassuit, S.W. Greenland 

NUN.l. N.24-3 GGU20626 GGU20627 NUN.2. GGU31036 GGU30875 N.234 
OXIDE wr.% wr.% \'11' -% TIT.% WT.% WT.% WT.% WT.% 

Si02 50.84 51.68 50.17 49.68 49-55 49.47 49.24 49.81 
Al203 0.76 0.60 0.64 0.99 0.93 l.OO 0.91 1.09 
Fe203 12.11 14.60 11.02 13.71 11.25 10.88 10.55 12.92 
FeO 21.60 18.65 23.17 20.82 23.66 23.01 23.61 19.77 
MnO 0.67 0.95 0.59 0.70 0.71 0.61 0.64 0.77 
MgO 0.02 0.10 0.21 0.33 0.05 0.15 0.04 0.67 
Ti02 1.32 0.75 1.20 1.24 1.18 1.30 1.39 1.45 
GaO 0.42 0.12 0.57 1.28 1.40 1.87 2.08 2.56 
Na20 8.20 8.28 8.18 7-43 7.13 7.60 7.31 7-94 
K20 1.68 2.23 1.69 1.52 1.53 1.56 1.64 0.84 
H2o+ 0.80 1.22 1.06 0.60 1.34 1.20 0.95 1.76 
H2o- 0.06 0.04 0.05 0.11 0.20 0.08 0.08 0.05 
F 1.22 0.97 l.ll 2.31 1.15 1.25 1.47 0.70 
Total 99-70 100.19 99.66 100.71 100.08 9:1-98 99-91 100.33 
OF 0.51 O.L~l 0.47 0.97 0.49 0.53 0.62 0.30 
Total 99.19 99.78 99.19 99-74 99.59 99-45 99.29 100.03 

Recalculations of Analyses to 24 Oxygens 

Si 8.06 8.07 7.98 7.84 7.86 7;85 7.b6 7~74 
AllV --nil nil 0.02 0.16 0.14 0!15 0.14 0.20 
AlVI 0.14 0.11 0.10 0.02 0~'03 0 .. 04 0~03 n::j.l 
Fe3+ 1.44· l. 71 1.32 1.63 1.34 ·1.30 1.27 1.51 
Fe2+ 2.86 2!43 3~08 2!75 3~14 3.05 3.15 2.57 
Mn 0.09 0.13 0.08 0!09 0.10 0!08 0!09 0~10 
Mg 0.004 0.02 0.05 0.08 0.01 0.04 0~01 0~16 
Ti 0.16 0.09 0.14 0.15 0.14 0.16 0.17 0.17 
Ca 0.07 0.02 0.10 0.22 0.24 0 .,32 0.36 0.43 
Na 2.52 2.51 2.52 2.27 2.19 2.34 2.26 2.39 
K 0.34 0.44 0.34 0.31 0.31 0.32 0.33 0.17 
OH 0.85 1.27 1.13 0.63 1.42 1.27 l.Ol 1.82 
F 0.61 0.48 0.56 1.15 0.58 0.63 o. 74 0.34 





Fibrous Riebeckites and Magnesioriebeckites 

Magnesioriebeckite Riebeckite Riebeckite Riebeckite Riebeckite 
S. Westland (Medical R.C.) Wittenoom Hca.meril.ey Ranges Koegas 
A.J.R.W.I. r.u.c.c. W. Australia W. Australia - 10150 S. Australia - 12113 

OXIDE wr. % wr. % wr. % Vlr. % wr. % 

Si02 56.41 51.32 54.67 53.68 0 51.50 
Al203 1.82 0.52 0.53 0.53 0.53 
Fe2o3 14.84 16.16 16.36 17.01 17.17 
FeO 4.69 19.80 14.15 17.97 19.57 
lvinO 0.07 0.12 o. 07. 0.07 0.13 
MgO 12.65 2.71 5-54 2.56 2.25 
Ti02 0.21 nil 0.11 0.02 0.,06 
CaO nil 1.15 0.23 0.34 0.97 
Na20 6.95 5-94 6.75 5.80 5.33 
K20 0.49 0.07 0.04 0.05 0.08 
H2o+ 1.87 1.90 1.90 2.09 1.90 
H2o- n.d. ·n.d. n.d. n.d. n.d. 
Total 100.00 99.69 100.35 100.12 99.49 

Recalculation of analxses to 24 Oxygens 

Si 8.00 7.90 8.09 8.08 7.94 
AliV nil 0.09 nil. nil' 0~ 0'6 
AliV 0.30 nil 0.09 0~09 0~6.) 
Fe3+ 1.58 . 1.87 1.82 1.9'3 1~99 
Fe2+· 0.56 2.55 l. 75 2.26 2~51 
Mn 0.01 0.02 0.01 0.01 0~02 
Mg 2.67 0.62 1.22 0.57 0.52 
Ti 0.02 nil 0.01 0.00 0.01 
Ca nil 0.19 0.04 0.05 o~_i6 
Na 1.91 1.77 1.94 1.69 1.59 
K 0.09 0.01 0.01 0.01 0.02 
OH 1.77 1.95 1.88 2.10 1.95 



APPENDIX rJ' CELL DTh1ENSIONS OF THE ALKALI AMPHIBOLES 

A. Glaucophane - Riebeckite 

Specimen Locality and Index No. a(A0
) b(A0

) C(A0
) (0) asin (A0

) vol(A0 3) 

Glaucophane, Piedmont, N. Italy (35) 9.563 17.769 5.312 103.60 9.295 877-3 
Glaucophane, Tiburon, Pensn, California (36) 9-555 17.802 5.294 103.68 9.284 875.0 
Gastaldite, Champ de Praz, Val D'Aosta, Italy (50) 9.543 17.726 5.302 103.72 9.271 871.3 
Glaucophane, Susatal, Italy (77) 9.588 17.818 5.306 103.52 9.322 881.3 
Glaucophane, MUstang Pass, California (82) 9.585 17.794 5.306 103.69 9.313 879.3 
Glaucophane, Xll72, Syros, Aegean (83) 9.588 17.801 5.299 103.66 9.317 878.8 
Glaucophane ' ( 89) 9.550 17.783 5.306 103.62 9.281 875.8 
Crossite, Berkeley, Almeda Co., California (84) 9.662 17.919 5.312 103.62 9.390 893.8 
Riebeckite, Quincy, Massachusetts (21) 9.821 18.059 5.316 103.86 9-535 915.3 
Riebeckite, Ras Zeit, Egypt (78) 9.856 18.070 5-334 103.77 9.573 922.7 
Magnesioriebeckite, Gr~nnedal-Ika, Greenland (22) 9.781 17.984 5.29.4 103.88 9.495 904.0 
Magnesioriebeckite, Sheep Creek, MOntana (24) 9. 711 17.935 5.281 '103.92 9.426 892.8 
Magnesioriebeckite, Gem Park, Colorado (54) . 9.787 17.876 5.299 103.66 9.510 900.8 
Magnesioriebeckite, Pinon Peak, Colorado (55) 9.804 17.855 5.292 103.86 9.519 899.4 
Magnesioriebeckite, Green River (79) 9.826 17.927 5.299 103.69 9.547 906.9 
Magnesioriebeckite, South Westland, New Zealand (71) 9. 705 17.903 5.301 103.72 9.428 e94.8 



B. Riebeckite - Arfvedsonite 

Specimen Locality and Index No. a(A0
) 

l) Ilimaussaq, S. W •. Greenland 

D.U.l0917 Pulaskite - Arfvedsonite (31) 9.979 
D.U.l0943 Sodalite Foyaite - Arfvedsonite (25) 9.974 
D.U.l094l Naujaite - Arfvedsonite (37) 9.975 
D.U.l0942 Naujaite pegmatite - Arfvedsonite (29) 9.979 
D.U.l093l Kakortokite(Black) - Arfvedsonite (73) 9.938 
D.U.l0933 " (Transitional)- Arfvedsonite f69) 9.904 
D. U.l0934 11 (Red) - Arf'vedsonite 33) 9. 921 
D. U.l0936 11 (Transitional) - Arfvedsonite 70) 9. 920 
D.U.l0937 " (Pegmatite)- Arfved,sonite (72) 9.937 
D.U.l0957 Naujaite (Pegmatite) - Arfvedsonite (27) 9.944 
D.U.l2837 " (Pegmatite) - Arfvedsonite (86) 9.947 
D. U.l0930 Lujavrite - Arfvedsonite (23) 9.957 
.D.U. l0942a Lujavrite(Pegmatite) - Arfvedsonite (28)9.961 
D.U. 10951 II II. (26)9.992 
D.U. 10919 Arfvedsonite granite - Arfvedsonite (32) 9.876 
D. u. 10927 " II II (85) 9.901 

2) Nunassuit, S.W. Greenland 

N.l57 Soda granite (l) 
N.243 II II (2) 
N.l II " (3) 
N. 2 II II (4) 
N. 75 II II (5) 
N.88 II II (6) 
N.30875 (G.G.U.) Soda granite 
N.20627 (G.G.U.) II II 

N.20626 (G.G.U.) II II 

N.31036 (G.G.U.) II II 

N. 234 II II 

(7) 

~~~{. 
(68$ 
(74) 

9.817 
9.840 
9-845 
9.845 
9.888 
9.911 
9.878 
9.860 
9.878 
9.900 
9-843 

b(A0
) 

18.159 
18.132 
18.152 
18.171 
18.105 
18.151 
18.144 
18.075 
18.120 
18.154 
18.124 
18.111 
18.019 
18.070 
18.072 
18.095 

17.99.0 
18.013 
18.0}1 
18.083 
18.128 
18.118 
18.113 
18.055 
18.061 
18.123 
18.074 

c(A0
) 

5-336 
5.349 
5-336 
5.365 
5.330 
5.253 
5.328 
5.328 
5. 318 
5.339 
5.332 
5.320 
5-326. 
5.318 
5.329 
5.320 

5.321 
5.)12 
5.)11 
5.314 
5.318 
5.313 
5.308 
5 • .320 
5.312 
5.321 
5-336 

(0) 

104-.37 
104.32 
104-.09 
104.41. 
103.91 
103.70 
103.96 
103.96 
104-.12 
104-.17 
103.99 
104-.03 
104-.03 
104-.0l 
103.72 
103.74-

l03~8l 
10)~69 
10). 71 
103.81 
103.88 
104-.09 
103.81 
103.80 
103.62 
103.81 
103.81 

asin (A0
) 

9.667 
9.664 
9.675 
9.665 
'9. 64-7 . 
9.622 
9.628 
9.627 
9.637 
9.64-1 
9.652 
9.658 
9.664 
9.695 
9-594-
9.618 

9~531 
9~560 
9~565 
9.560 
9.599 
9. 613 
9-592 

~=5~~ 
9.614-
9.559 

vol(A o3) 

936.7 
937.3 
937·~·l 
94-2.2 
930.9 

.917.5 
930.8 
927.1 
928.·6 
934-.5 
923.6 
930.6 
927.4 
931.6 
924-.0 
925.9 

912.4 
914~8 
915~ '9 
918.7 
9'25.4 
925.3 
922.3 

~28:9 
927.1 
921.9 



B. Riebeckite - Arfvedsonite (continued) 

Specimen Locality and Index No. a(A0
) b(A0

) c(A0
) (0) asin (A0

) vol(A0 3) 

3) Other S.W. Greenland Intrusions 

D.U. 13170 Soda Granite, Kungnat (13) 9.836 18.058 5.323 103.80 9.552 918.2 
63702 (G.G.U.) Syenite, Igaliko (14) 9.858 18.072 5.327 103.79 9.574 921.7 

4) Kan~rdlugsuag 2 E. Greenland 

D.R.C.K. 1397 (38) 9.911 18.123 5.314 104.32 9.6o3 924.8 
II 2046 (39) 9.883 18.096 5.309 103.94 9.592 921.5 
" 4582 (40) 9.876 18.054 5.321 104.31 9.570 919~3 
" 4666 (41) 9.864 18.033 5.326 103.84 9.578 919.9 
" 4789 (Kempe) 9.875 18.004 5.302 104.23 9-572 913·. 7 

5) Younger Granites z Nigeria 

P.B. 92 (Imperial College) (15) 9.816 17.998 5.307 103.71 9~536 910.9 
P.B. 63 11 11 (16) 9.851 18.060 5.315 103.87 9.564 918 .. 01 
P.B. 20 " II (17) 9.862 18.066 5.319 103.80 9-577 920.3 
P.B. 37 II " (18) 9-940 18.202 5-346 103.81 9.653 939.3 
P.B. 30 II II (19) 9.840 18.028 5.327 103.67 9.561 918.2 
P.B. 50 II 

11 (20) 9. 850 18~105 5.330 103.87 9.563 922.8 
Riebeckite - Arfvedsonite (Warren Springs) (46) 9.829 18.012 5.313 103.78 9.546 913.1 

6) Jebel Si1eitat 2 Sudan 

J.S.l (8) 9.878 18.117 5.316 103.78 9-594 924.0 
J.S.2 (9) 9.918 18.136 5-316 103.85 9.630 928.4 
J.S.3 (10) 9.928 18.210 5-329 104.27 9.622 933.7 
J.S.5 (ll) . 9.913 18.145 5.312 103.74 9.629 928.1 



c. Richterite 

Specimen Locality and Index No. 

Richterite, Wichita Meteorite (Olsen 1967) (7) 
Richterite, Ravalli Co., Montana (51) 
Richterite, Iron Hill, Colorado (52) 
Richterite, Gem Park, Colorado (53) 
Richterite, Iron Hill, Colorado (56) 
Richterite, Langban, Sweden (59) 
Winchite, Netra, b~dhya Pradesh) India (60) 
Richterite, Langban, Sweden (61 
Winchite, Tirodi, M.P., India (62) 
\Vinchite, Kalijdongri, M.P., India (100) 
Imerinite, Imeria, Malagasy (102) 

D. Eckermannite - Magnesioarf'vedsbnite 

Magnesioarf'vedsonite, Grpnnedal, Greenland (34) 
Juddite, Chikla, India (4-9) 
Eckermannite, Norra Karr, Sweden (63) 
Juddite; Madhya Pradesh, India (64) 
Juddite, Nagpur, M.P., India (81) 

a(A0
) 

9.882 
9-798 
9.826 
9.84-6 
9.847 
9.912 
9.761 
9.914 
9.886 
9.834-
9. 783 

9. 84-3 
9.818 
9-799 
9.796 
9-752 

b(A0
) 

. 18.075 
17.988 
18.007 
17.94-4-
17.928 
18.026 
17.914 
17.985 
18.016 
18.062 
17.943 

17.915 
17.860 
17.833 
17.932 
17.820 

c(A0) 

5.324-
5.310 
5.302 
5.291 
5.290 
5.270 
5.286 
5.276 
5.282 
5.300 
5.287 

5.289 
5.283 
5.273 
5.289 
5.289 

(0) 

104-.4-7 
104.21 
104-.20 
104.10 
103.99 
104-.55 
103.83 
104.37 
104.4-3 
104.45 
104.07 

103.88 
104-.10 
104.18 
103.99 
104-.09 

asin (A 0 ) 

9.569 
9-4-98 
9.526 
9-548 
9.555 
9.594 
9.478 
9.604 
9-574 
9.521 
9.472 

9.556 
9.522 
9.501 
9.505 
9-4-59 

vol(A 0 3) 

920.8 
907.2 
909.5 
906.5 
906.3 
911.4-
897.5 
911.3 
911.1 
911.4 
898.6 

905.4 
89H.5 
893.4 
901.5 
891.4 

<"' 



E. Miscellaneous ~nphiboles 

Specimen Locality and Index No. a(A0
) b(A0

) c(A0
) (0) asin (A0

) vol(A0 3) 

Tirodite, Tirodi, Madhya Pradesh, India (57) 9.799 17.994 5.289 103.89 9.512 905.3 
Torendrikite, (type loc.) Malagasy (101) 9.801 17.988 5.235 104.98 9.468 891.6 
Iroerinite, Imeria, Malagasy (102) 9./P83 17.943 5.287 164.07 9.473 898.7 
Heikolite, Fukushin-Zan, Korea (103) 9.817 18.046 5.271 103.71 9.537 907.2 
Mboziite, Mbozi, Tanzania (95) 9.902 18.052 5.356 104.70 9.578 926.1 
Mboziite, Darkainle, Somalia (91) 9.947 18.062 5-348 104.73 9.620 929.3 

F. Synthetic Amphiboles 

Mineral composition a(A0
) b(A0

) c(A0
) (0) as in (A0

) vol(A0 3) 

Richterite - K 9.892 17.958 5.263 104.28 9.586 906.0 
Eckermannite - K 9.762 17.892 5.284 103.17 9.505 898.6 
Sundiusite - K 9.914 17.919 5.305 105.35 9.560 908.8 
Tschermakite - K 9.823 17.921 5.272 105.51 9.456 894.3 
Richterite 25 - Eckermannite 75 9.812 17.963 5.254 103.75 9-531 899.5 
Richterite 75 - Eckermannite 25 9.869 17.971 5.272 104.14 9.570 906.7 
Richterite 25 - Tremolite 75 9.812 18.010 5.237 104.69 9.500 896.02 
Richterite 75 - Tremolite 25 9.895 17.985 5.259 104.40 9. 5&.- 906.5 
Richterite 50 - Edenite 50 9-914 18.024 5.274 104.82 9.584 911.1 
Fluor-Richterite 9.817 17.956 5.263 . 104.36 9.510 898.8 

Standard deviations of all the cell parameters ·are less than the following: 

a0.~ 0.010 Ao b0 .!, 0. 010 A0 c 0 .!, o.oo6 A0 + 10' 
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Those compositions which have been normalised to 10()1;6 have been determined I 

mainly by X.R.F. methods (Holland and Brindle, 1966 ). 
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Na20 4~26 6.49 7.07 6.85 7.40 7.74 ' 7 .~27 I 

7 .Lt-9 8.09 7.65 6.33 7.61 7.95 8.69 8.58 8.03 
K20 1.37 1.49 1.86 1.69 l. 75 '1.48 1.81 1.87 2.04 1. 91 1.56 3.07 3.25: 2.87 1.42 1.32 \_ n2o+ 1.95 1.26' 1.3Lt- 1. 75 1.90 1.40 . 1.'10 1.30 1.~.6 1.09 l. 06 1.10 1.69 2.12 0.72 0.50 \.. H2o- n.d. 0.07 0.08 0.05 n.d. 0.15 o.!oo 0.12 0.07 0.10 0.25 0.16 0.10: 0.~. 0.10 0.12 
]31 n.d. 0.85 0.90 0.35 n.d. 1.47 . 0 .;30 O.L~o3 0.40 1.16 1.16 0.70 0.33; 0.30 l.L1.6 1.28 
Total 97.50 100.04 99.89 99.54 99.43 100.75 98.i81 99-54 99.79 100.22 99.97 .100. 0~- 100.36 '. 100.42 100.43 100.48 
0 :£11 n.d. 0.36 0.38 0.15 n.d. 0.62 o.:13 0.18 0.17 0.49 0.49 0.30 0.14, 0.1.3 0.62 0.54 
'rotal CJ7.50 99.68 99.51 99.39 99.43 100.13 98.68 99-36 99.62 99.73 99.4-6 99. 7Lt- 100.22 100.29 99.81 99 • 9Lt-

Recalculation of Analyses to 24 Oxygens 

Si 7.23 7.91 7.43 7.27 7-57 7-37 7-59 7.61 7.63 7-59 7-37 7-99 7.82 7-77 7.84 7-93 AliV 0.77 0.09 0.57 0.66 0.43 0.55 0.41 0.39 0.37 0.4.1 0.6.3 0.01 0.18 0.24 0.14 0.07 
AlVI 0. OLt- 0.15 0.02 nil 0.03 nil 0.12 0.19 0.18 0.15 nil 0.31 0.07 0.02 0.12 0.12 

I 
] 1e3+ 1.05 1.37 1.12 1.02 l.l-1'3 1.33 1.04 1.19 1.28 1.27 1.04 1.29 1.50 1.43 1.4Ll- 1.03 
Fe2"'· 3.80 2.99 .3.37 3.56 3.06, ).00 3.60 3.18 2.96 2.98 3•Ll-3 2.88 2.67 2.75 2.67 3.39 
Mn 0.11 0.08 0.11 0.09 0.07 0.08 0.08 0.12 0.11 0.10 0.09 0.18 0.17 0.15 0.13 0.13 
Zn n.d. 0.02 0.01 o.ol 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 o.o1 0.02 0.02 
Mg 0.05 0.06 0.00 0.0.3 o.oo 0.20 0.02 0.11 0.09 0.16 0.20 nil 0.01 nil 0.09 0.02 
Li n.d. 0.13 0.16 0.15 n.d. 0.13 0.16 0.16. 0.16 0.17 0.13 0.21 0.25 n.d. 0.15 0.13 
Ti n.d. O.lA 0.14 0.22 0.10 0.09'' 0.09 0.08 0.10 0.10 0.15 0.08 0.11 0.09 0.25 0.26 
Ca 0.90 0.25 o.~-8 0.4.6 0.34 0 .J-!4 0.J+7 0.29 0.2.3 0.30 0.62 0.02 o. 0~. 0.04 0.11 0.16 !-

Na 1._36 1.98 2.21 2.14 2.28 2.38 2.31 2.33 2.49 2.35 1.98 2.34 2.42· 2.64 2.62 2.4-9 
K 0.29 0 • .30 0 • .38 0.35 0.36 0.30 0.38 0.)8 O.L1-l 0.39 0.32 0.62 0.65 0.57 0.29 0.27 
OH 2.15 1.32 l.~-4- 1.88 2.02 1.48 1.20 1.39 1.55 1.15 1.14 1.16 1. 77 2.22 o. 76 0.53 
F n.d. 0.42 0.46 0.18 n.d. 0.74 0.16 0.22 0.20 0.58 0.59 0.35 0.16 0.15 0.73 0.65 

1\. 0.71 0.53 1.07 1.07 1.02 1.32 1.27 1.00 1.1.3 1.04 0.97 0.97 1.11 1.63 1.01 1.03 
X 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 . 2.00 2.00 2.00 2.00 2.00 2. 00 ' 
y 3.96 .3.72 3. <33 3.91 .3-54 3-79 4.56 ~-.13 3.96 3· 91 . 4.20 4.01 3-75 3.55 3-74 Lt-.52 
YZX 1.08 1.25 1.13 1.09 1.33 1.16 O.Lt-5 0.91 1.02 1.05 0.80 0.97 1.17 1.16 1.18 O.J+8 
z 8.00 8.00 8.00 7.93 8.00 7-93 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
OH 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 . 2. 00 2.00 2.00 2.00 2.00 2.00 



T136 MICROGRANITE 

PHENOCRYSI' 1 J. PHENOCRYST 2 PHENOCRYST 3 

Si02 49•75 49 •09 49•52 48•10 48•86 49•28 49•18 50•04 51·58 

A1203 0•58 0•42 0•61 1•27 1•02 0•70 0•70 0•66 0•36 
4 

Fe2o3 36•68 35•75 36•54 36•78 35•68 37•79 38•01 36•28 36•45 
f< 

MnO 0•61 0•54 0•66 0•74 0•67 0•67 0•57 0•58 0•63 

l'l!gO 0•24 0·•09 0•01 0•01 0•01 0•01 

cao 0•81 0•55 1•06 3•68 2•09 1•53 1•50 1•39 0•07 

Na2o 7•52 7•39 7•17 6•71 7•45 6•61 6•79 7•49 8•10 

K20 1•00 1•21 1•11 0•90 1•34 1•08 1•08 1•22 1•24 

·~ 



TABLE 6 - 9 

'01 

Si02 

A1203 

Ti02 

Fe2o
3 

MnO 

MgO 

cao 

Na2o 

1(2~. 

r 
t 

I I . 

COMPOS IT ION OF LATE-STAGE ALKALI AMPHIBOLES IN ! 
SODA GRANITES 

I 

AMPHIBOLES FROM RIEBECKITE AMPHIBOLES ROM RIEBECKITE 

GRANITE, N.HANTS, D.U.13170, GRANITE S! EET GGU 86163 

~ ~ 
CORE RIM COR}l: RIM 1 2 3 

(< 

46•42 48•68 46•65 46·75 49•95 50•84 51•00 

1•20 1•09 1•04 0•61 0•81 0•92 0•80 

0•64 0•28 0•60 0•33 

40•26 39•33 39•78 38•75 37•58 38•57 38·34 

0•99 0•80 0•98 0•69 0•29 0•31 0•36 

0•19 0•25 0•21 0•19 0•04 0•03 0•03 

2•47 0•23 2•45 0•27 0•46 0•18 0•34 

6•06 6•42 6•05 6•84 7•45 7•75 7•44 

0•50 0•98 0•43 1•23 1•29 1•17 1•12 

·~ 

AMPHIBOLES FROM RIEBECKITE MICRO GRANITE 

DYKE (GRORUDITE) GGU 86157 

4 1 2 3 4 

50•64 50•99 51•79 51-29 51•19 

0•70 0•20 0•13 0•18 0•46 

37•94 34•74 34•82 34•81' 34•78 

0•28' 1•33 1•50 1•61 1•41 

0•04 0•04 0•08 0•08 Tr. 

0•74 0•06 0•10 0•06 0•50 

7•14 8•04 7•86 7•32 6•47 

1•28 1•85 2•08 2•03 " 1•82 \ 



T.306 

1 2 3 4 5 6 7 8 9 

Si02 51•41 51•37 50•78 49·66 50•64 51•59 50•80 51•42 51•02 ..• 

A1203 0~46 0•53 4•39* 0•24 0•79 0•93 0•61 0•11 0•61 

Fe2o3 36•97 39 •11 37•20 38•53 37•05 
i 

38•33 37•16 36•47 37•44 

JVJn.O_c 0•66 0•94 0·92 0•78 0•94 1ioo 0•97 1•14 1•28 

MgO 0•48 0·30 0•49 0•36 0•90 0155 0•64 0•68: 0•65 
~· 

I 
cao 1·79 3•16 4•03 3•21 4•30 2•46 3•14 4•44 2•67 

' \_ 
I "- Na2o 6•21 4•37 3•98 4•40 3•69 3 ·~46 4•43 3•83 6•56 

K20 0•55 0•36 0•38 0•78 0•74 Oo(51 0•44 0•09 0•51 

,, 



T142 

1 2 3 4 5 6 .!-

~ -~ 
Si02 50•59 48•33 48•76 47•39 47•59 50•67 49 •71 51•08 

A12o3 0•53 0•97 1•32 1•27 1•18 0•92 0•71 0•35 

Fe2o3 37•26 34•81 * 35•21 34•74 33 •73 ;35 •00 35•47 38•38 

!Vln.O 0•97 0•72 0•64 0•63 0•55 . 0•57 
~ 

0•73 0•87 

MgO 0•33 1•09 1•37 1•30 1•16 1•42 1•24 0•51 

cao 3•64 4•95 5•44 6•67 5•76 ~- 5 •02 4•59 3•94 

\_ Na2o 3•98 4•91 4•78 2•74 3•84 ) 4•39 5•17 4•18 
" 

K20 1•19 1•07 1•31 1•18 1•25 1•18 0•94 0•46 

., 



TABLE 6 - 6 COMPOSITIONS OF CO-EXISTING GLAUCOPHANE AND 

HORNBLENDE, N. SYROS, (Xll72) 

GLAUCOPHANE HORNBLENDE GLAUC. HORN. GLAUC. HORN. GLAUC. HORN, 
,, 

~ ~ ~ 
Si02 56•51 53 •01 55•58 53•17 57•18 53•25. 56•18 53 •59 

A12o3 8·32 4•46 7•88 4•96 7•94 4•85 8•12 4•22 

Fe2o3 12•99 13•35 13•58 13•46 13•72 13•36 13•06 12•43 

MgO 13•65 16•70 13•48 16•09 12•34 16•27 13•16 16•94 

cao 0•55 7•43 1•74 7•23 ,1•21 7•18 1•90 7•65 

Na2o 6•09 3•19 5•78 3•22 5•67 3•17 5•64 3•30 

-

" I 

I 
·~ 


