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ABSTRACT

This thesis reports a study of 2650 publiched chemical
analyscs of nmembers of the amphibole group of nminercls with a viaw to
deriving a satisfactory nomenclature for the amphiholes, to outline
the overall chemical verlation cexnibited by the group and ths '

relation between amphibole composition and mode of occurrenca,

To achieve these aims a computer prozram wzs developsd o
calenlate atomic formulae and siaplified or 'basic atomic formulae!
from chemical analyses using an allocation scheme of cations between
groups of sitec derived from publiched experimentally determined
cation distrihutlions, The concept of the basic atomic formula was
also used to make esltimates of the iron oxidation state in electron

micreprobe anzlvses of amphiboles,

A large computer datza base uging 2 relstional model of dzta
is described and the value of such a data base strategy for the

Geological Sciencez is briefly discussed.

In order to achieve a simple and rsztional nomsuzlatcere an
amended and extended version of 'amphibole compogitional spacc! was
devised in which celcic (Na™ < 0,66, ng'< 0.,66), coda calcic

X < 0.66) alkali (NaX > 1.33) amphiboles uere

(Na¥ 0.66 ~ 1,33, Mg
named according to the dominant component of their bagic atonic
formulae, Naztural amphiboles close to miyashiroite and sundiusite
were located and the validity of both previously diccredited names
discussed. An extended compositional space was devised to indiczte

the relation between calclc, soda caleic, alkall and Fe}gMm

(Mg™ > 1.33) amphiboles,

From the observed distribution of basic atomic formulae in
amphibole compozitionzal space and extended compositional spsce the

importance of coupled isomorphous substitutions within the amphibole
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structure and the extent of solvi within the amphilbole group wag
considered. When the mode of occurrence wasg considered a number of
interecting aspects of the complex relationship between amphibele

composition and mode of occurrence hecame apparent.
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SYIMOTS AlD ABRREVIATIONS

Site nomenelatuvce,

Ay, L, w2, M3 , MW, T1, 12,

o1, ©02, 03, O+, 05, 06, 07. '

A

A grounp = A site,

L group

i
[y
=
O
by
i
o
T
t
ct
[}
(]

LY ]

Y group = two M1, two M2, one M3 sites,
Z group = four T1, four T2 sites,

0H group = *two 03 sites,

Ionsg
v 3 . e qas
Fe ion and oxidation state,
Vi . Ay s
Al ion and co-ordinaiion ruaber,
Y sum of the ions normelly present in the .Y ToUp
O vacaney,
Recalculating hases,
23(0) anion base of 23 oxygens
24 (0) anion basc of 2k oxygens

D Ha =

> Ha
. . ot < s

Z:Ca = 15 9ll cations except Mz ', K normolised to 15

Y i

i
;_J
(o)

cation base of 16 cations, A site full

i
=
i

cation base of 15 cztiong, A site vacant

]
t
W

gll cations normally present In the Y and Z groups
normalised to 13.

Bagic stonic formula

o * ¥ ,
e, Ca, Ka¥, Mg, AlY, si A1% 0Opp (OH)Z

n

Givtended bagic atomic {orimla

13 o * r &
- i ~ N1 .{ I Y . Y ~ &
1\'3“, Jaxp MgTe lig . : 1T S

b

guriag tyning X, ¥V oeand Z heve occociciglliy teen ghown in lower
ConCa
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Lagie atomice formulsge gomponante,

fereie iron eomponent of AlS,

Y -+ -Y -..Y-. A 3+
Al( excluding Fe3, S AT = Al +tre
1
oy s 11y bl A Co s g
Chenge in A17 with change in iron oxidation

»

ag
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amphibelie anbhhon

formiis of thne 1a
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The reader unfan

the amphiboles i

of

degeriptions

(1969)7 &

Fapilte

Amphib

']'lﬁn.':..) oo

neluding

ks

roc of diverse

in sedinm entary

[al
el

from neteorit

a1l

T At
oll ouLng

rocks,

- L.

Lo LivmonuSTl o
inoles are sn imeortant zZroup of hvidrous mon>eliini:
haitn silicates,. The nanz amnphlbole was first

-

in 1801 from the uresk meaning

sion to the then of the mineras

# the Tirvet X-rey goructure investications of the
pola tremolite (Warren 1025) and the orthovhonble

hyllite (Usrren & Fodell 1920) the general structural

mphinoies wes shown o ve

eclag in eacy groun of sites are as followo:
Y Tyvpilceal lonic syerins
Na N
~ y 9] D
L+ 2+ ., et 2+ e +
1\'8 5 C P | ) M g }"e ) 1 s 4 Ll
24 24 4 3. -
F e ANV s Y o [ )_ - +
I v s ' R Fo R Al i L Mna

Ty +
cr3 3

P

L1iar with the structure and site nomencla

s referred to Appendiy 1 or to tho excallent modern

I3

specific crystal structures by Papike, Ross & Clourk

Roes (1970) and Hawthorne &

Grundy (1973 a,h).

~

found

TR

a

les 3 in a vwide range ol geologicel environ-

contact and reglonzlly meilamorphosed rocxs, igneous

character, and less coanonly as on authigenic jineral

In addition, voTted

-

aripaiboles hsve been

U‘U'IE’R—QJI ,
Ho
z‘r 76>

pum“
L1z AR

I'c

i
OLI

3 21,

Qlsen o 31,

P

(Olsen 1067 Plant 1960
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1973), the moon (~grell ef al. 19Y0), =nd hnve heen svggested as

5 possible phase in tne wordth's mantle (Ozbargh 196W:  Tason 10691},
Ths coempogifinonzl varlsztion exhibvited by tue amphiboles is vary
great, Mozo of the majer and many of the ninor elemante of the
Sartats crust can enter the amphilbole struciurs and becauss of this
the group has vssn variomely described ag “wosztebssitat™ (Srust 12068)

113

or “earpet bag" minerusle (Gun 1%972), These [eitures of widespread

occurrence and variable composition moke the amphiboles pohentiially

very important in the interupretatlion of the poveical and chewicsl

conditiong of formation of the roeks in which thsy ocenr, Howaver,

\is

Feadn
[
\.')
O

even thougzh Lezkn 58 estimated that several thouszid amphibnles

rad
0
[
o
.
o~
s

had bean analyse 1y, no clear understanding of their overnll

chemicsl voriztion and its relatiuvnsaip to mode of occurrence hag

emerecd.

The chemical complexzity of the smphibolee is vallected in

™
—

thelr nomenclature, Fellx 070) catalozusd ovar 300 names which

had been provnged for varieties of amphibole., Add to thig the dif-
ficulty in deriving an atomde foraula due to the presecrnce of w=tler

in the structure, the frequently incompletc nature of ths chemicsl

(.’7

analyvses, and the possibility of variations in order = disorder with
temperature of crystallisation (Ghose & teidner 19723 Ecifert &
Virgo 197%) and it can be scen that the smpniboles, even today, live
up to their name, Tt is the zim of this worx to propose aids {o the
interpretation and classification of chemicsl data relevant to the
ampniboles and to use tinese and a large collectinsn of published
chemical onalyses, to outline the overall chemical variastion of the

group and tne relation betvoen smphibole couposition =nd mode of

ocgurrerice.

calrable Lo be able to

As a prercquisite Lo this 16 is a
recast Lhe weignl per cent of the constituent oxides in a cheumicsl
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antlysis inkto the ralative numbers of lons present and to distribute
Chess between the avallavle crystsllogrsphic sites, or

sites in the structore, The derivstion of an stewic formala frowm 2

chemical enalvels is complicated in ths swpbiboles for the following

14}
o
L
(O]
-
iy
o
=
[©]
-
‘4
=
3
[
—
]
«
(@)
=)
>
1
[l
>
!
P )
wn
jae
b
(W)
-
D
[}

(1) Chemlcol analyse
in particulsr to deterninations of Hy0+, F, Cl 2rd the oxidation

state of multivalent cations, in perticular iron,

whieh the munbers of cations and aniosns present wsy be calceulated.

hel

) The leck of o lruly satisfactory anlon or cation base from

tlhen accuraele valugs for the density and cetll volume of & swnecimen

4

are known, an atomic formuls can be calculated without recourse to

an assumpbion concerving the nawber of caticns or aninrs presen

(Hay 1939, 1954), TIousver, thic addition2l data ig only rarely
available and accursts values for wvhe dsnsicy 2re difficult to achieva,

(32 The alloeztion of ions to the crystallogrenhic sites, or
grouns of ecites, reonires a knowledge of ihe digtribution of ions

in investigeted specimens and how this 1s affected

-
—
)

pullk chiemiatry,

and externsl nditions during crystallisation,

Considering the first two poinits together, Frovided water

and fluoriue hzve becn determined a chemical analysis of

JAb)
(@]
[
o
f;-.
s
D
—
g

an amnhibole can be reczleulated asstwing 2n anion base of twenty
four oxygens, 24(0), (02o+ (”pu OH,®712), Zrrors in the value for
H, 0+ or F will affecet the resulting proportions of all cations,
lMiyashiro (1957) susvested that when 20+ and I were absent or
inzcecurately deternined a hydrvoxyl free onion base of twenty three
oxygens 23{G), (0on + & (OH)p = iz0) vwag to be preferrcd. When

using the 23(0) base it is tactily assuuaed that the sum of hydroxyl

and fluorinz is tuo

hrroneous atomic formulae resuvlt if a 23(0)

<




b

, . ] y . o

pase ig applizd to analyses of oy@mpULboles in which % is
deficient in the hydroxyl vroup, or to those in which rretons
enter the A site (Fhilljoes i963; Witte et ol. 1669). dith the
advent of othe wifescread use oi thedection ndcroprobe, the nusher
of analyses witnout water deberuined has Increased and with it the

use of the 23(0) anion bhase

Bornoman =~ Starfnkevich (1960) suggested certszin cation sums

as slternatives to anion bases viwe, Y + 4 =135, X + Y + 72 = 15,
i 3 , B+ ,
o + AlY = 8 and Si = 0« Other caticn bases are plangible for

example & + X + Y + Z = 16, ¥ = 5 but there is little justilication

for the general applicability of zuy of these (Phillivs 1903).

Nowever, as deveribed Lelow coticon poses have been employed in order
to estiwate tne iron oxidstionm state in zleciron nicroprobe analvzzs

(Stout 19723 rady 19%% ).

-

In the lest decsde a corslderable number of conplete and
partial site populiaticns have becen punlishsd for a variety ol smphe
ibolec compositicons (sce Appendices 2 and 3). These have been éetor-
mined by X-ray diffraction, infrared and Mossbauver SuECLroscony .
Starting from known site populations Hbitteker (16560), rhillips (196
and Ghose (1965) developed schenss whereby ions are c2llocated to the

most approuvriste siite, or group of sites, in the crystzl structure,

H)

Further, one of these snhemes has heen incorvporated in an vnpubliched

compubsr prozram entitled MIFDATAZ (R, Phillips 1965 pers. contle)e

a
9,

The vriter svaluated rhillips!' scheme by comparing publisie
experimentally determired site populations with the site populations
calculsted for the same specimen from its chowieal analysis alone

The schems was found not to be entirely ecztislfecltory. Starbting from

3)


http://cati.cn

published zite populationg a general schnere for allocation of ions

betwsen sroups of site

(n

o (A =4y X = two My, ¥ = two M2, Lwo Ml,

c‘
~0
N
t

Lo

Tl, four T2, O = two 03) was devised, sec Chapter 2

and ircorporated inte = cowputer wrovras entitled KILDaATAD,

Fajlure to detorawre the oxiwdation suvobe of mualtivslent. iong

is most joportant with respect to iron, whicn iz both uvbigquitous and

LA

guantitatively imporvant. Wit

a2

the electron micronrobe lu the 2nzlysgls of amphibholeg there exisr:

a need for a sotisfactorv melhod vheveby estimntee of the iron

.

s of the relative intonsitles of the LCX and T B

-
Ly

mada by znelve

L)

emission lines (ilbes & Choldos 1S7¢

and nokine certein assumptions as ragards the crystel chemistey o

tlic iron oxidation state has noat been determined, water and {luor

are absent alco. Stezrtine with what may be colled stoichniometric

metnodsy theso agsume a cation base fvrom walch an stomic formula

see zhove., The sum of the number of oxygens associated with the
cabiong is normally less than 23, the deficlency being taken as a

measure of the e, 03 contribution,

(i) 16 cations, 4 site full, (ii) 17 cations, A site vacant, (iii
cations normally veesent in the Y and % sites tetal 13 znd (iv)

cations normaily wvresent in the X, Y ané Z groups totzl 15 exclud

T S

There exist in addition a nuwrer of nethads by vhich estins

for the chemical anslysis (all iron tezxen ag Fed) may Le calculated

the advent of the wideceyuraad uge of

cxidation state can be mode, & semi-nuanlib-tive esltiuncte has beoan

of Lthe iron oxidetiocn state may be n2de givern tne total iron content

r
L

the amphiboles. It snould be noted thot for most anslyses in vhich

ive

Stout (1972) suggested four such cation bases. These were,

i)

ing

L.
. T . - - - - vr'i’ N - . 2 _ . - 1 a
all e’ (and presumably 21l ¥ also). Stoul fovoured the fourlh of
these bases, Bracy (1974) has followed a cimilar approach, Any
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recaiculation in terms of & cation base assumes that (i) all the

Ch

remaining cationg arve determined accurately, (ii) the cation base is
meoaningful, see aboves(iji) bthere are no anion vzconcies other than

those associatzd with undelermined Feo0, and (iv) that the emphltole

(%)

is not an oxyuzninibele, IU cen ba shown thal thesz agsumptions do
not hold in generzl, Tne cholce of the recalenlation vasse used denends

a priori on 3 knowlaedgs of the »pprovimate comnosition of the zmphinole

e wde

tota
et
i
-
O
=
s
bl
©
®
w

under considerstion. Thus, for example, the appropri
of Stout (19%4) for a rumber of simple atemic formulae are set out
below.

appropriste cation hasc.

.8 “ ; LR + oy e N T . e € 408 s
tremolite 0OCa%p ligtg Sik+072n (OH )5 (ii,iii,iv)

. . . ¥ 2 -+ 24 o D =
richterite N2 Ca“" Wa MzTy S1 a0 e (CHT),  (4,1i1)
[~5
L 2 b 27 o
cumiingtonit:  OMZ'2 Mg g 81 g075n (OH )P (ii,iv)

1 T

e L~ 1 _
Faprther, PRilline (1963) has sug

UL . 2+ W o3t D+
type Ti'" + G = 2Hg™", o1 less comamonly 223% &+ O = 387, may

csted that Y group vecancies of the

occur in the amphibolse. 1In practice steichiometric methods often

~y

lead to oxyzen totlals in excess of 23,

Secnndly in what Stout (1972) called chemicel methods, an
anion base of 23(0) is sssuned, Atomic formulae are calculazted with
all bhe iron alternatively in the ferrous state (moximum number of
cationeg) and the fervic state (minimum number of cations). The
corrcect atomic formula is brzcketed somevnere bevween these extremes,
It way prove possible bto apply certain constraints based on enphibole

crvsbal chemico2l congiderations (e.r, Sih+3< 8,08 ntoms) to delimit
the most likely »xidation state, Mowsver, as in the gtoichiometric
method, a nuwbzr of assumptionz wust be nade, (1) =211 the remaining

iony are determined sccurately, (il) there are no oxygen vacancies



aseocisted with the anion bace and (iii) th= ¢

oxyauphinole, Caticn vscancies are permitisd howevor.

One furtner possibility of determining the ireon oxidation

state is provided by thne 'basie 2tomic forrula' (Phiilips & Layton

< “ad

-

196N; Phillivs 1964), The brsic atonice formula was developed as
an aid to the c¢laszsiriezbion of the calcifarcus and alkali amphiboles

LEE RS MO AN :_,_"' .~ N - N .
(with Ca=", wNa occunying the ¥ zroup)., 7Toe dsvivation is cons

LN

~

in greater detzil belovw., To maintsin charge balanrce in an accureie

< / ':I:'. D d

Y . ) wm L
slysis tne suin of basic atomic formnlz Ngo + ALY eguals Na  + A17,
I..

a 3‘ 3 > 2 i V ~ n 2+ L4 r ’
ks Re is 1nclu1ea in AlY but e is not dir

L]

cily included in either

Lo

i t
.Y . ; - . . o . .
Na 3 A1 4 Ha™&~ or qW (bnt see Chapter 3), colculoticom of basizc atonlic
formulae for variouns iron oxidztion ststeq (tolul lron consitant) mizht
ha expechted Ly indicate only limited values For which the conilition

; and hernce provide a ussinl eghlinets of the iron oxids

' L
<3
r i
3
—
]
"
cr
A
P
(2

in the snalysis. "The netnod vas first suzie Ziech & tmrnsavs
7’ . - B ) . .
(1959) but zs far as the autnhor ig awere uns never heen implemanted,

In Chapter 3 this method has been evriuated, initially for simple

L
~
<D
O
L—‘
f' ]
(-L
S
o
9
-
o
Q
5
kS
a
'.-l
i
e
[#]
—
-
(o]

g with known oxicdation st=tes and hhen for

genuine antlyses,

Brief wmention hss alresdy been wade cornecriing the nomen=

clatural ¢ifficulties assccisted with the classific:tion of the
amphiboles, Mineralg are normally clagsified in terme of chemicel
comporition end crvelal stiructure vul ampihidole varvisties based on
opticsl and physical properties or the wodg of oc
in vozue., Tnus for exainple actinolite hrs besn used fcr green
amodhibeles with atomic formalae spuroachin: O Cagi(ﬂg2+ Fe2+)r“iug

odgg(OH")Z ant tremolits for the colouriess type, wnile amdsite is a

'y Y . - . . . 9 - 3. 2
TJDq/ous variety of cummlngtonlte = grunerite (CJ‘rq“*,Fe“‘)p(yg,‘r

’ - . v . ~ he r e - ~, ~ =
Fc3+) nihé i) S (OH )g) and carintnine =nG basyolsite nhave neen confinsa




- R - - -~ ey ) by r ) r
Lo eclosLite oceurrenexz (Koribnig 19
[\ o

ne derivation of a nome Tov » pingral Tronm its chemicel
cnalysis, usvally recast 55 an atemic forauls, irvelves a comparisgn
2f the unznown wilh compoagitiong numed cccowvdéin: to gore classgif-
iceoion, When thess neooed cowpnsitions reoreqcnl exbtreuwes of

varisticn in the minzral group znd winen any oataer composition can be

decerited by 2 unicuac Minear cowbinction of positive contributions
from these, the erureme cowmpositlons wive relenea to s end wembers
01 the group. ‘iheu the nuabee of 11V1et\uv;a11L chemicel variables

H ~

necescury to describcs bthe chemical voristlon of 4 minzral zroup is
se2ll, bhe compariscn is normally madés graohically. A uine 1e given

to the unknown by notinzg wasrve tue anal

compasibiong, Alltevnroively. tac wilindua ¢23n te concidored ag =

—

linger coulia,tlon, o s01id solution, o tne avsilsble end mermber
P N DY Glas mlym S sy . g . L S T SN VAR X
compusitions, Ths chsulesl cenplexity of the aimphivoles ninders boih

— Ty

avproaches Lo the naning of awvnibole snslyses,

(1967) demonsivated thet il is posciblia Lo describe unicuely bthe
chemistry of an amphivole, originslly gsiven as m oxides, in teras

of g linear combination of ag wmost m-1 amphibole compositions, How-
ever, in general, these c-1 compositions canaot bLie considsred as and
menbers Lo the amphibolsz grouu ag negative contribations [roam ons
or more are requiced Lo describe the unknown. Ferry (1967, 1960,
1970) has suzggested that it may be possible to determine the true
eod wmembers for bhe amphiboles bat these wovld not obey amphibole

trve. Tnhere vould clso bz were than mtl of these becsusge

tihe same cabion cin enler more than one strvcetur:l positinn. As
sucelinctness is one of the nain reacons for dzriving a name for

< Lo

L9

o chemical anslysis there seems 1lilttle value in a method vhich reaulres
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Pi1lips & Lavbton (1904) and Phillipe (1965) prowoused an

elzgant chemical clagsitication of Ll anPICHSuS snd slkall
auphiboles,. Stacting frowm tremolite spd applylag six counled ionic
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Lzeh of these was congistent with the zenerally ececepizd gtoichionmatry

1 [l T Ly v b h .{!. . s :1‘. s
of the e=lciflevous &nd zlkali awshibelas, 0<WNa g 1.0, 0 < Ia™ g 2.0,

=

Pwo of the compositionz, (Su) sundiusite and M) mivashiroite we:

o~
N Paeae R 2 R ~

sugrzested {or the {irst time 2nd ¢id ot correspond to knoun awmphiholas.

6).

ON

These nzmes vere later discregited by Pleischer (1965, 19

caleiferovs or alkali amphibole may be

[

yaig of =a

v

AN 5n7

[#51

comiared with the coupositions iF it is firet convarted to what Fhillips
and Layton termed a basic atomic forsvia. In its sin

is coleulnted by converting all wmonovalent catinng in the A end X

[

grouns to equivalient and Lrivalent (lueg tetravelent cztions in

(e g
-4

the ¥ groun and trivalent cations in Lhe 2 group Lo eoulvalenk Al

L)

4

Divalent cstliong in the X =2nd Y groups are yrcturned as equivslent Ca

ana M 3 ol

_— o X .
maanl (Cawa™)  (idp!

o=

J

4
-
A

Wy (51l 4yo o

2

Mg respectively. The deneval Tora of the basic atomic forwula ic
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L=

¢ oversll compoeifion o
(19359) recornised bhot

M -7
J .- . . AR ~
saould equal (Na™ + A1°). Ones
deteroined, ToZing the three
to thrsa orthnioaal zyes, oll

a

of

unfortunately is it frecueantly
comnogitionsl snace into g2nsy
v Whittaker (1668) on the zrounds

Sing S
O 2

by

ten

51"
<

ee lle in a defined regica, termed
(Fig. 1.2). Ta¢ ning compositior
While theso virtices rearsrent
ile Torpuls compositions they are
@ Lroup siace in any thress dioens
moct, only four ond memburs (Whit
nnicue linezr wination, ilhe
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Fig 1.1. Amphibole compositional space after Phillips (1966),

Abbreviations are as follows t- Tr tremolite, Ts tschermakite,

G glaucophane, &d edenite, Pa pargasite, Su sundiusite, M

miyashiroite, lLic eckermannite and R richlerite.



The relative werite of aupinlbole cowmposibional space and

topolozically ecuivalant clasgsificslions provosed by frbries (1965H)

/‘-
(o)}
oo
S
‘—.J
p. |

and Whithtager be discusced in Chupter 5. Obbher closs-
illcations of thg ealeifernus (Hniliaond 1943 winchall 1945 Royd
19592), caleiterous ongd gubealciferons (Leake 19458) end alkali

aaphibolss (Miyvasbiro 1957) will he desceribed relative to amphibols

coipnsitionsl sunce,

drwamination of the subdivision of zmonibole couwnositional

=

space Into gansy exfenzn reglons, a8 orieinslly sugzecsten by Fhillirs
(1946), revealed = number of inconsicltencies., An aliernstive suba
division is susgestced ond o method whereny 2 caleifevous or alkszli

amphibele ri2y be degeribed uniouely in cerms of 2 linear combinabion

of ‘end mewmpers!' is ouslined, Usiuy the concest of ¢ha Lasic ztouie

formla an sdditiomal thres dimensionel compositional spoce capabie
| )

g the relationchln héetween the calciferous, aliiall and

=

et/glin (cumaingtonite-gruncrite, =nthophylliie, gedrite) amphiboles

is deseribed, Lastly, in Chapter 5, uesing a lorge colleation of
ampulbole enxlyses, sze below, the status of the diccrediled 'eng

mewberst niyeshiroits and sonduisite and the additional ‘end menmbers!

of the exlended comedsitionul spoce are discuused,

[

A comprehensive and represencative collection of =zmphibols
chemicsl analyses would be of particular value in ocutlining the
overall cheiclesl vsrislion end degree of isomorphous substitution in
the amphiboles as a group., Using suvch a collection, sroposed nowen-

clatures and classificatioons of the awphiboles can be evsluated, 'fhe

b

attention of experimenial petroloziszts can be focused on those com=

progitions which occeny corrwnly in notere and on hhoce vhere, posslibly

a b

becauge of niscibillity relotlions, amphinoles are either rare or ahuont,

L0 inferasscion concsyping the poragenesis of the analyvsed amphibole is



providad the datz can be used to “evaluste the significance of a

newly analysed amphihole ©y comparing this with other siwilsar

compositious and with asnclyses from similar paragensses, The
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also becone apparent.

]

To thoegse ends

s}

v nuaber of previous vorkers (fditel 16

Kunitz 19303 Tellimond 19435 Sundiuve 1946; kabbib 19404
Jiiyashiro 1957:; Deer, Howie & Zusgaan i963; Paiilips & Layvlon

7

Lo 1 4 - v 7 . = - = 3
19670 Leake 1962, 1965%52,n, 1953, 1971; Kostyuk &

c,r-

1956% 3 Bory
Soholev 1659y Saxena & Lhstrom 19703 Robinson, Koss & Jaffe 19
have accumulnted analyses of amphiboles, Unlertunately, these

collections were either mmerically small or restvricted to spacific

63 of amphisole cowmposition apd as sunn vere unregsrasentative

o s

-

of the eamphivolcs 2z 5 group. In order O obtain 2 reovesanbative
collection of ampnibole snalyses, data rcelevant to as many amphiboles
ag could pe found in the literasture wzre collecled., 11 soon beeaue
apparcent that the volume of data was considerable. A total of

2050 analyses were located by the middle of 1972, Like saochemicsl

data ip gener2l (willkinson 1070), informstion concerning

)
<

amphibolies
is inereasing at an alarming rate, see Fig. 1l.2. At the =ame time
Lhe existencce of '"type speciwens' neans thot the total information
is increasing accumulnatively rather than possessing a short 'half
lifet!'s In order to cope it became obvious that a computer based

¢ata filc would be resguired.

In Chenbter 4 the merits of verious data base straterics sre
discussed, Syperience wibth a data bage wiitlten bv Lthe author is

brielly describel, Thonke 1o the

('r-

enerosity of Dr .G, Hotley of
the IBi United Wingdom Screntific Centre il has been possible to

pleaent the amgsnzibola deta file under a prototyps general dota

base strategy. The gensrality of this duta base ir dewmonstrated for
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-1
geologlceal data wiktn ex w - las laven Trom sbtratisvapny and mineralo:ry
and in Sgotions 4.2 to MW the inpleaentotion of the amnnibole

data fi7e is descrihed,

(T)

|
R

dvomic forralae 2nd baslec atomie forawlias havas heen

0

-

calated for all 2550 anzlyecs in btps amphibole data file. Since

this 1s the Tirst time th~t lrrge numbars of becic atomic formulae
have heezn czleiilabed, the churacteristice of She charge halance

acihievad by natoral ampghivolec and various features of the method

usag to ca2leulate the basic stowmic formulae are discussed (Charter 6),

Two axlis plobs have been nzed previously to illustrate Hhe

variation of either the crlciferous (Mallimond 19433 Winecnell 1245

Sundius 10465 Royd 10%9s  Leake 1642, 10865b, 1963, 1971), sllkali

(Miyashiro 1057) ov orthovborbic anphinoales (Rahbit 1940), In
gddition, Ssxen? & skstron (L970) have used principal componenk

F)

anzlysls Lo inveeiijote the substitutlonsl replacensents in the

L]
]

calciferous smphivoles and itobinson, Ross & Jafie (1971) devised a
metiod {or showins how orthorhombic and caicifercus amshiboles
departed from the idesl 'end nenmbers! anthophiyllite and tremc

respectively,

Using the three dimnensional representation provided by
alaphitole compositicnal space and the #3dditioral space wevised b

the author, the distrivution of basic stomilc formulae of naturally

yecurring monoclinic and orthorhombic zuvhiboles is illustrated and

,

described in Chaplbor 7, While Deer, Howie & “ussman (1963), Zrnst
(1968) 2nd dhittoaker (1968) have discussed the chemical variation

of the auphibole group, using small nuabers of anaelyses, it is
belicved thnezt thiz iz the first time that the major chemical variation

cxbibited by the zmonibole group has been iliustrated in a granhical



mznner, Froa the observed distribution of basic atomic formulce
(8

the importance of prepesed coupled isomorphous substitations

vithin bz zpphibole shiuecture are discuss:d ond lhe rossilility of

a golvug or golvi within tne calicifaroug and alali snphiboles is
t

A nurber of workers ircludiag Haltilmond (10h3), Mivasairo
( 59Y, Dezr, dowie & Jussmen (1963}, Loake (106
1971, end Kogtyul & Sobolew (196%) nave enown that thers is s
general velationship botween awphibole comuosibion and rode of
oeenrrence, Uolng the basic atonic foraulae and the wode of

occurreree of analvees contrined in Lhe gats [ilc the

momenclistuve and Jdistvivution of basic alomie formulac from bhe

wa jor lengong apd petonsvrnhic uvars:znescs includin: vitransfice -

Fé
1 1., ey 3 r von By -1 ¥ - 4 i s T 3 ~ -
he venainioe wstbaucrphice narzceneses is deseribed in Chapter 8.

Finally, the general festures of thz relstionshine baiween host roox

-
1

type end samuhiibole cownosition are discussed,


http://ir.clucu.ng
file://a:/iro

Iy
1
-

T R L T T Mt
1T (1t !\" "3 E'C 3 .‘“.t_.:‘ LJ‘ \p Tl’“h‘\; ’?;‘ﬂ?"“.‘_f_’;_":!'\i
'
i

\<‘| |‘I"T1.

In order (o be able to czlculele an abomic forauia for au
ampitibole froo 2 chemical osnslysia 16 i1 necessary to be sble o
digtribute the nmumber oi icnsg, csleulated frou on anicn or cation
hase, botwaen Lhe ceystallographice sites, ov groups of sitsg, in
the eryebal structure., Millivs (1963) rrowosed a scnene [o7 the
allocation of ions to groups of sites in toe amcnhibole structure

The sen2nme was hased on cryvetal cnemical congiderations a

from previouszsly debarnired X-ray cite populations

v
("\
o
(@]
o
—
—
O
Q
—
\_

schame was Jagter Incorporstad into nn unpublishad comvuter wrogran
entitled WIkDATa3 (B, Foillizs pers. comn, 1285). In LTUDATAR (e
17 manre EAN | i S3743 a2 | .]r £y . ‘-‘ e ) o ,.] s e ‘t".—.'_\
nunters of ions 21e caelculsced from 2 ¢hemiculdl analyesis using the

ANion voses 2(0) and 23(0) and dilstribuied betwssn the A X.V,0

and hvdroxyl aroups (for defiviticn of iLheso s=a Chanier 1) accowdla
te the {ollowing schaeie,

1) Caleulate un atomic formula veing anion bases of 2L(0) =2nd 23{(%),
) AT et SR T - T T , - =t

2)  Alloccate OHy, Frand CI” to the hydroxyl group, any excass B in

the z2nalyecis catering the 4 group. Should the suw of OM + 27

o
n

+ Cl™ be less toon 2,0 the hydroxyl zioup is wade up to 2,0 by O
provided there is sullicieont ferric iron aveilable fo bLalance the
substitution Fe™  + 0H = re- + 07 . warnings are given il there
is eitnsr incuificient ferric iron, oo+ C1” is greater than 2.02
or F~ + C17 + O is greater than 3.03.

. SRR PR . . .
3) Allocute 5177 to the £ group zand make ud Lo 54 total of 8.0

with 317 o Any remaining 5137 is trensforred to the Y group.

L+

wWernings are piven if the total $1 exceeds S.08 or the tetal

' N
Jhy o 34
Bl R

Al ig Jess thin 7.95%,

()

. )i -
] nNLLially cate a1l A1V4E T LT o 3+ A i
1) Indtislly allocuztie all Al i, dr 4 Cr7 4, V7, pe , Li




- 10

e 24 2+ L 2+ 24
HIST, Co™Ty nTT, WnETy Fe© , i to the Y group a2nd sum tha

total nunber of bthege catlone, I the sum exceeds 5,05, ions sre

-, o . 5. , o 24 \ ok [N
transferrves fo the X group Iu the order Mn™ | Fe™ , Vg™, (M7 »

2+ w A e " .
e J, but only if the zmwovunt off individusl ¢.tion is greater

-

<y N
tamn

;4
! 0" 7 LA g .- - -t 4 - r T o
bire excess. Thug Tor exawule 1L the sum wee 5,0 »nd vin” was only
O,b, manvanese wnruld not be transferrved io the X group,
: J (

If the sum of the ¥V croup ig¢ less thon 5,0 the porsibility of

R
~

vaconcies agsociated with tetrovslent or (rivelent cations is

L+ p

considerad. The cubstitutiosons TL + 0O = Dhg
BT ars weua ia the above opder until the swm g roised to 5.0.

If this faile to rolise the Y gioup totel to 5,0 & warning is rivaon.

In addition EJ in the ¥ group is bolonsed by trivalant cationg

bl 4~ . -
Li NS Ay 3 jund ’) In’"’+ 13 + “+ l||,_)

-p
t
¢
il
)
-
[

le olvendr in excess of, or eouzxl to, 2,0 all

y 9Py Ay A, enters the 4 silc.

7) II the sum of the X group is less than 2.0 the frour is made up

- [0 BE tr ‘g - 1 ".\- [ 1 ) - 2
to 2,0 with Ca” y Ba®, SeT o, Wa', KOy in that order, with any

exceas centaring the A site.

Y

Since the scheme wos devived in 1963 the number of publiched

site populztions of amnhibdles bae increzved zreztly dus to the

advent of infrarod and Mossbruer spectroccopy, In addlition ampniholes

’-—I
-
7
]
-y
1
=
L

with aporcciazble =mounts of caticne not included in Fhi

for example, cobalt in Ns =~ Co anpaibole (dier, Covw & Youns 1964),

\
[\
8]

snithite (licore 1969), hsve becn described,

O
v

lead anc oerylliwnm in
Tt Gherelfove sgecimed apironriate to ve-cramine the alloeziion schen?

cnploysda in RIVLATLI 2nd to evtend and amand Lais in tre Llight of

recent dnfociotion{rite populetions, Ths resder tnfawiliar with

- o . .- . e
tecimicues of Z-rav ¢iffraction. infrarsd ond vogsebauer gpectroscony

~

Lor debermining crtion distripubions L¢ referved to Appendix 2,
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ITn ovder to check wie aljocezvion scheme cmployved in MILDATAR

P2l

the sroup npopulations of eations, caleudoizd from chamiesl analiysos

aloneg, were comrared witn publisbed experiment«lly detz2rmined cttion

ai itutions for the same gpecimtng. The comnrrison vag nade '
betusan grovps of sites, for «11 the published experimentally

2 caTion (vl { niy y]1 i e vt el Y +tva aubhe 1o
determined cotion dlztribationg (conplele or partial) tha autnor vas

-

aware of, orovided s chemlceal anolysis was aiso available for the

digtrihviion waz gilven for csuions begwesn dndividual sites, group
pepuiations were derived by svaaning e content »f individual ections
in the siteo comnricing a groun to facilitste diveol comparigon with

czlculatod grouy vepulations of PIGaTa3,. sforvendix 3 lists the

soures andg evuvsrinentally detepminzd cotion

PP 1 . Lol L - - L ee e PREFUR S, . -~ - - v AP ..
oaG0 iviens uesn alue Tre CoLion ST > n pruianions ¢Llculowen Lo ibhe
T A T Savs TITTY MY v Fhess s doagd
SOt SPCCLONNS SOl GndlT 2Nnddyosd using I PA) onG Ty amanldaed

allocaticon scheme incorpovated in 101Dalah (see below), Since this
wos writlen a nuuber ol additionzl sité ponutsilons tsve coma to
the author's =zttentizsn but cre not incluted in Azrendix 3. These

include Libtvin, Yesorsva & vepikin (1071), Hitawsur: & lloricoto

(1972). Litvia, Yaiorevs & Kuts (1G7%), Rauineni (19%73), Litvin

Miehnik & CQstajeako (1973), Hizitins, Tethcvicn & Sverdlova (1972),
Sueno, Czmeron, Pavike & rrewitt (31973), Finzer <& Ohashl (1974)
and Seivert & Virzo (L974).

While it is oifflicult to interwret the results of such 2n

approsc) since lhere may be errors in the original snalvsis, ths
"

allocation senemc end Lhe vublished <ite vopulaions (Appendix 2)

it become apperent tost the czlenlaten and experiwmentally determined

populations at group level cliifered in a syetematic weraesr, Sectlon

2.L. Using the observad site vopulations an smended alloesbion

scheme w2 devaived in Secetion 2.2 and entznded bo inelude 2d4ds Biopol
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- 20—

chemi22] conglidera2tions, sScotion 2.3. This

0
[«
-
<
Q
L
5
[}

alloextion sencnoe was incorvporated Lngo a conputeor oroIraw entitisa

Vlations. Dirsily & stmoiz messvre »f the difTorence hofwsen {he
euperiaennally determined and caleulated volue of each eution in

A croup of aites,

(1) e Gy ooz 7+ T
(L) o i ‘¢ale. T esdet,

leatm = eylealebed value fov cation I, in groun i

[0

st T Gxerimaatally oot e ited volue 1UHor s sion
C i - - hd

Lodn proun i,

Sa should aooroach 2ero ag the einiiariiv belwcen the ersevimont.ily

" s N

deternined and caleculniad velues Inereascs,

To measuce tneg ginmid]
exrerimnsntally deilermined values Tor &1l tne cstiong in an analyeis

measure Sh vwas enployad,
T

(2) e Sh = YUyt —1

p_h41_Na calc. “ex.det.

5T NI

1—M

where

it T ars o oaes (1)

~ sd’te

1]
o
]
-
~

Moo= to6sl naebsr of c2tiong {or whiech « comperizon

1 hoins rale
LE Do !..:.a;__, Z-IJ\.‘(.-,
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amber C1
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hMeEasure re ¢ongid

FeOWs
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o
L1

atwaen

the calculatzd and exserimentslly deterained popuiations for all
the caticne over «ll grouve fovr one specinen. SbH can only hake

positive values, ¥For a 2o0od agrecuwent

.,

deternined ond c¢zlculzled values Sb awnp

I () Al . -~ - ] e 1 -
Both 3a £a0 S are Sepsndsng on
* =z
2
in a groap and as such are deosen J:ﬁi on

in calculaving the nuaber of cationz in

rigngurss 50 andé S5t owersa dofin
Affer norweiising for the cite

CALinon in one groun

cation jn 2Ll «roups yields &

S2nme

Lhe catinn,

1/ mi

vhere i
I

= value fovr cation I

mh = site

nt

= {he

mupber 0i Zrouw
The ratio esucls 1.0 1L I 3g ordered i
from a group 2nd 0.7 i rardonly ordcre
comporative purp2ses mersura Scoany he

ConnaL

M gy -
Gans -~

Lreen erimcntally

IR Y

reachies ©ero.,

D { Ie a .
The onount o_=‘/\ cabion oreeant
tne recezlceulotinn base uwzcd,
uration base hzs bheen usged
i
Iﬁalﬂ ftrom Gheh uszg for
5 comsticotion wwo sdditionnl

meltiylicits

PRI
ALY

n indlczting the ordsring of
in groun i,

ol greup i,

ps ¢ibion T is found in.,

nto one groun, 0,0 if absent

a between two ¢roups, Hor
defined.



~r
on (It

(B) meee Beo= Ry T - I

waare
~cale, _ex,det,
1t and HI“

are tne ordering factors ior c¢rtion I Iln groun i

—e

derived from Lig calenlazied znd axuvsrimentzlly
determined cuotion dlstriputions
Valuec clioge to zero nad te 2 ¢close cCrMnn -1 orn bheatwvea the evoep
HAUES RReEC Q2T ngica 2 ¢lore NAT LS00 DETW2EN LN2 €406 =
e

imentalily determined and calculaled cictribution OCAu,idJne

Lasbiy measars 340 was deiined.

cam ex.detl
(5) =rwem 58 = Z Z Ryi =Ry

vhepra

1 9 R i a1e gce (h) ’

84 Ls the menn absoluve diflcrence vetweon the c=lculaied
ang experimentslly detarmitied ordering fachors for 211 the cations

over all the groups for one scecimen., It beare ith

(&3

oD

same velation
to Sc es measure 5b Cfoes to Sa., The meosure csn only take positive

values,

Using MIsDATAI groun wopuiations were caleulated for each

of the analyses include¢ in &ppendix 3. In every case a recalculsatl

bzse of 23(0) wes used. For those analyses with either H20+, T or

Cl determined group posulations ware also calculated to 24{0), 'The

resultant greup ponulatis-neg are  listed in aveendix 3. Using bhsse

(&)

caleulnted valuss end the experimentslly determined cation distribe

uwtions valuese ioc the Jour wmeasures werc derived,

on



Irc order teo Jllugtrote bLhe cvtent 2f the agreemant between

the calenloted and exnpsrimentally determinad grou) populatione o
numhor of staltistics 2nd diqgrows were used,

The suatievices,

n, the number ol values,

9
-

Xy bLhe gr

%] 9 the mean deviction from zero,
of mcasurcs Sa and Se for euch esztion in cach Froup ere glivan
in Tables 2.1 and 2.2, The meon devizooion from zevrn wag inbr»oduoeed
hecause zan aritouetic mean nesr zero Jdoes nov n2cescarily imply thot
values for 8z snd Sc o2re gazil since ermu I nunmbive of lavse pogibive

4 an eribthmeble wzan neer

zaro, Hisziooraws of meagures Sh oond &0 are given iy Wige, 2,3 aad
o v B aaT N S 2t
2e2. Valucs Ior Se 1 Zy FbTh, Ce™' ja A (Jjoeswithite), Co in

XY (Ha « Co amphibole) and Li in & (protoompulbole) which werce

cutside the scoope of MIWDATL] have been omitted

The histograws deronstreate that for the mojority of comu-
ositiong included in sppendixz 3 the diffevences bhetween the
cxperimentally determined and crleuleted groupn populations vere smzll
However, a nuuber of analyses nave values jfor Sb or Sd in excess of
0.5, With regard to neasnre Sh this representes an average discrepancy

of 0.5 Tor

-

¢ach cition in e2ch group, JFor measure Sd, 2 value in
excess of 0,5 indicates o considerable discrepsoncy in the ratilo of
cations between groups, These anaslyses include anthophyllite, (2,3),
heluguistite, (&), cumaingtonite - srunerite, (9, 27, 38, 42) and

two tremolites (45,53), (s2e Appsndix 3 for further details). 4&n
exanination of these anslyesys sungested thot the discrepancy could

be attribnted to errcrs In the gecuence in which cations normally

present in the Y group enter the X group (it cites) when the sum of
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tabla 2.1, Stutlistics of measure Sa calculsbed using IINDATAZ,

R el L]

2:(0) 23(0)
ation group X o it n X o x|
sitt 0.074% 0,231 0.132 9 0,018 0.263 0.150
Aliv Z ~0,009 0.667 0.058 7 0.061 0.086 0,07
ity 0,635  0.073 0,044 7 0,028 0,071  0.037
a1y 0,024 0,075 0.05% 13 -0.083  0.105 0,085
AN 0.018 0,115 0,081 22 0.023 0,115 0,082
pe?t Y 0,05 0,371 0,227 L6 ~0,055 0,331 6,201
2T Y 0,140 e 0,140 1 =0,200 - 0,200
M52+ Y «0,192 0.50% 0.311 26 0,143 0.k26 0,256 2
Felt X 0,020 0,508 0,282 2% ~0.010 0,259 0,225
Hn2T X -0.196  0.403 04268 5 -0.198  0.406 0,270
Mgt x 0,20 0,985 0450 1% 0,200  G.56%  0.429
Li+ X ~1.1%0 0,650 1,150 2 =1.1%0 0,650 1,150
Ca® X 0,023 0,106 0,051 18 -0.02% 0,108  0.0h9
Na™* X 0.013 0,233 0,136 15 0,027 0,210 0,10k
x* X =0 ,020 - 0,020 1 0,020 - C.020
Na™* A -0 ,030 0,119 0,163 6 =0.,058 0,168 0.1721
+ A 0,000 0,01% ©,01¢ 4 0,010 0,035 0,025
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Fig, 2.1, Histograms of the measure Sb,

(a) Calculated values taken from MIMDATA3, recalculation
base 24(0), 53 analyses, Protcamphibole (7), Na =~ Co
amphibola (68) and joesmithlite (59),see Apperdix 3,
have been excluded as these analyses lay outside the

original scope of MINDATAZ,

(b)  Coalculated values taken from MIEDATAS, recalculation

base 24(0), 56 analyses.

(e) Calculated values taken from MINDATA3, recalculation
basa 23(0), 83 analyses. Values {or analyses (7, 68,

69, Appendix 3) have been excluded, see (a),
(d) Calculated values taken from MIKDATAS, recalculation

base 23(0), 86 analyses,

The hatched column represents the number of analyses with values of

Sk in excoss of 0.5,
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. 2.2,

(a)

(b)

(e)

(a)

Histograms of the measure Sd,

Calculated rotios taken from MINDATA3, recalculation
base 24(0), 53 analyseg. Protoasmphibole (7), Na = Co
amphibole (&é8) and joesmithite (69),see Appendix 3,have
been excluded as these analyses lie outside the originsal

scope of MINDATAZ,

Calculated ratios taken from MINDATAD, recalculation

base 24(0), 56 analyses,

Calculated ratios taken from MLUDATA3, recalculation
bzse 23(0), 83 analyses. Values for analyses (7, 63,

69 Appendix 3) have been excluded, see (a).

Calculated ratios taken from MINDATAY, recalculation

base 23(0) 86 analyses.

The hatched column represents the number of analyses with values

for 8d in excess of 0.5,




(O

(]
L
o | <
f
o~
o
—_ l
!
i i
Y ¥ T —
N o
o
W .
o .
O 1o
o~
o
J
i S L 1) L)
© o o o o
~r o o~ —
sasAipuy JO "ON

b
T L} 11 1 1 L)
mm /.w
h
—
!
_ ;
1 I
r T T v * ) L3 L]
o O O o o O
' ~ ™ o~ —

S9sA|DUY }O "ON

0.2

T
72|

~3
L]
O

N
O




s AL l'g 139 Fe 5 Hg o, ¥nT , Li exeedes 13,0,

Siwilorily on ingpeetion of the statiglics Ler measure So

-

and Se, (Teples 2.1, 2.2)y revaals numerie2lly susll values fov
¥y o arafXl for nearly 211 the c:tions. (Identicel expavimentally
mlationg will vield values of
zero for all three ztetistics.) In detsil the statistics for

ceriain of Lho cabiong deviste considerzhly frow zero, 'This srplies

2+ 2+ a2+
ioular to Fe 4 Mg 9 ¥, In bogwih the ¥ and X groups

-
H
—

L]
{22
H
ot

L1 in the X group vhich azein suggzets that the wain difference
between the experiaentally detercirad ond calculated group ponulabions

imolvas those cstions winich cnn ceeuny sites in boath hhe ¥ and X

cabion

'

i

Gie cRLZTPIwent LIy gotoraine isbhrlibubions 1T

o

hias proved peossible to amend and exbtang the allozation scheme of

L T m

NIWDATE 3,

2,24 Derivakion of 2 genaralised alloar-lizn sghona ol croup laval

Lrow erpevivenhally coterined gite nooulotione,

An alloecatlion scheme has beeon censtructed iroa experimenially

datermired cation digtributions, by scsuming that the ordering iactor

"

(3$§‘ﬁ@t-) of 2 cation in 2 group reflects the preference of the
CEIL”H for the group, katurol a2nd synthetic zmrhiboles belonging

to the spece groups C2/m, P2¢/m, F2/a, Pour, anG Frun have been
included in the congtruction of the scherne. The situation is
coisplicated by varistion of ordering factors with bulik chemistry and

p0s5:ibly the temperature of crvstallisstion,

In derciving the allocation scheme the dichribution of
cationg bebfwaon sites within individual sroups, for exaianle betveen
the L1, N and K3 cites of the Y group, wis not toksn into account,

Por moszt muirposes an ajtouic [forwiida at group level is satisfactory.




e
0]

At the same btime this grently siuplifies the crleulation of t

Tt

e
N

~3

atomic formula since there is increasing evidence (Frentice

~e

[

~a

Burns & Prentice JQS‘ Raneroft & Burng 16 ) arnst & Wai 197

Burns & Greaves 19713 Litvin et al. 1972) thst ordering wilhin the

Y group may be related 1o tha physical conditlons of formation as

vall as the chamistry o2f the mincral

To enable a groupn populatinn to be caleulated from o

S

chemical analysis along, possible varintion in cordering as a
fvnction of teanmerature or crystoallisavion hag to he neglected.

conniderstion of varialion of ordcy - digopder at croun level as »

J

datferred until Section 2,5,

,_..
Nt
«

result of thla foctor will

+ -

e
In Tavle 2,3 the ransecs of the ordevin: faztors 34

Tor the major eations hotween gronps of sifesz are tahulzied. Inespec-

N
-+
4

b

: ; , T D oLRneT : - Aave
tion revenls bh~t only Si , Rsg ang kh ale consictzenily ordared

into a single group. Daiz {for Be sud b7 sre tzken from & singla

~

A=ray wpopulation for the unlgue amphibole, joeswithite (i.oore 1000),

Thne remaining caetione sre citnaer n2t fully orderad into one groug, O3

albernztively, shiow a range of orderinz wibth bulk chemictrv. The

) R
gingle values for 313 s T1 &

o,

n

S . ._ .oy
e’ in the 4 group ere 23ll takan 1

the sawe X-ray refinement of giereatite by Kitamura & Tokonami (19

} . _, 2+ _ 3+ 34 2+
in wnich ¥e  , F27 , al y M

W]

ws

Y4
and Ti in the X grouy were not
distinguished, 2ecauge 9f thisg it 1s teutatively suggested that none

of thnese three occuny

A

site in thns X group.

b+
Takinz the 4 group first. All Si mzy he allocated to the
. 2+ . . . -
group. Any Be ls tentatively assigned to the group zlisn, The onl)
remaining cation raported from the groun in tha g¢ite copulations in

Apprendir 3 1s aluminivm, It is common practice (leake 1958) to




|||

e

2+

=
&

Y

anle 2,3, Hange of

orderingg

The

f a

SOUT(

chors (ex.det)

ce of dsts is €

lmentelly determined cation distri

Tne number

4

based is

l')

shown in parenthesi:

cf cati

(014

\41

Group

for

aken from

¢xtions hetween

oublished

stributions on which ezch range

oy
~ .,.

vroauns

butions in Appendiz 23,

Lmobibole
type*

0,C. K
bi
0
c
1
K
C
1

0

14
0 0

fa
2

ma

0,38(1)

.0:0.98

0.28(2)

0.21-1.00(2)

1.00(2)
1.,00(3)

o

-ed

00(8)

Ou5’2"'0 09’7(3) OQOE}"C:

0.23(1)

1.00(1)
Q,.89-1,03(20)
Ce16=1,00(N)
<H5(25)

0089"1000(36)

Q.00 =C

0. 00-0,12(3)
0,00-1,00(k)
0,55-2.87(5)
0,78-0.97(%)
0.83-1.C0(16)

0.72(1)

!

1.00¢(

1)
LE(D)
0,77(1)


http://OoO.pO.9S

-5

M 0.00-1.00(3) ) 000 =1 ,00(10) - -

i 00wl C0(YH) 1.0C(1) = -

24

b 1.00(1) - - -

—
p

* smphibnle +

es 2re abbreviated as [n1lousy O = orthorhombic, C

monoclinie, Fe” lig, Mr rich omphiboles eg cumwiangztonite - grunerite and,

(5 0

M = wonoclinic ¢saleiim und godivg ricl: sanhiholed,

il

-

+ Data not included in Aprveriix 3, szo text.




complebe the Z sroun to 3,0 atows with sluminiuww and this hae bean

followed in tns present work,

~ ~, . .
2.2.2, I FTothe. '
Fo R Seliill 4

o- N - p: 24 -
From Table 2.2 it con Le seen that A1Y 4 Te” , 73 Pa
MOy HEoo, Co y and ILi have beon reporhaed [rom Ghe ¥V ogroup. wWith
the excapbion of L‘e‘)', P ond the l"iflliﬂj.ri:_]'ig alwainiow (.'-'-.l_‘lil)‘) the

P

sumc caciong have also bzen reported from tne X group (I sites) for

o hr 2+ s 24

thoge campositions in which the sam Al Fad™, Ti e, ¥ Ve
* SO BRI

- L . - o - .
Co 4 Li excecds 5.0, (i.e. E:Y > 0.0)., vee Mieo 2,3, (nly forric

L L] () -

iron, tituniun and the reweining wJuminivw muy be a2llcesbed to the ¥

. . - - . ~ ~ - _ 1 . ~ . - .. L. KR
Pelcrence 0 Taple 2,3 shows ool L1 Lhe csonasclainice

~

Jgr Lhen copmingtonite = grunerite, the ovdering fuclhorsg

g ) o2 .ok . A
for Fe™ y Mg~ , Co and L1 in the X group arce either cm2ll or zero,

1
t

anphiboles, ©

Y groun Tor tazse buaik chemlistries in winlenh tne san V3 Fe3+ Ti

2+ 2+ . 24+ 2k o -
g Ty Li o ig less than or equal to 5.0 atoue,

MHagnesium and ferroug iron arz noroally asccepbed as occupzutbe
of the Y group ss is cobalt in ¥a = Co amphibole (Gibbs 1064). as far

- e a ey . - - Pl TR 4 ~
as the autaor is aware the aicvribution of L1 has bgen reportod {or

—

only two clinowmvhinsles, boavy riebzckites (Zolville & Gitbs 196H; datz

takeon from Gilbs 196063 addizon & shite 1208). In both these wnslyses

A |
-
su
2
=

oundd in tne Y zwoup contlirwing the prediction of Thillipe

(=

(1963). However, whitizazer (L9717 lLes sugresied from a consideration

i~
A | - [ . . - . T
21T oany e jon gnould ghoaw a nreference for Lne

\ A
3 s LR,

s

5

Ludeluns cnersies,

Mh eito in hydroxy ond oxv clirosmphibolec, Frecumshly this prefercnce

: D vyamgn A E - . + . -
roxYora tn the lorger a2ng guznbtitzviy meres jnoortsnt g2 1ona, liere
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Fig, 2.3, Variation of the ordering factors,
ex-dat ex-dat ex-det enudct ex~det
R R X R

re*r  Pug™  Fun®»  HpyXs  and R x with

the sum of the c¢ations normally present in the Y

L+ 2+ 2v 2+ +
group (Ail’, FuJ+, Ti , Mo 4 Mg co™ 4 Ll Do
ortiiorhomhic monoclinic monoelinic

r . 9
Fea*g Mg, ln Fe“+, Mgy Mn Ca, Na
amphlboles amphiboles amphihclas
obs
X () o o)
e
obs m
1% Iy
Rng 0
obs S o
I\Mnx
Obs
R x A
Li
obx Vv
bo

ex-det — '
The low value for R X at) Y = 7,7 refers to proto-

+
amphibole in which L1 has been reported from the A group in addition

to the X group.The C—— at R = 0,0 represents overlapping

eA=aot ex-~det

hb ’ Ry % = 0,0 for large numbers of monoclinie Ca, Na amphiboles
Vig

which could not be shown individuslly on the figure,
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o o . a
Ll Baz been Laxen 28 an ncecupant of bthe ¥ groun fov thoee compo iticons
in which YU < 5.0 ateng. (Sec also Mobinson, Ross & Jaffe 19710
Aanganese nhas been revorted Lo he ordired completely into
the Y zroup of 2 rieatavite ( Papibz, Ross & 2l-ck 10A9), put in ithreo
other ¢iindomueaiboales (mitchnll ef o1, 1671 Teuthorne 5 Grundv
[ L ] - - el

19734.b) 0 lg veporved Iron the X gronp. Tn these threa eompseition
o eén .
> Y zxcodes 5.0 atoms and bae tolzl vusber of In=t ionz ig swail.

A

. R TR P B S A T [ T T Y < 2 A TN
It hen been assumed thahk MHn eptcrs the Y groun Jor thoae compos

l' e
-~
"
=
a

in which Y ¥ £ 5,0 atoums,

Based on th

T

above congiderztlone an allocabion genaemes for

the ¥ #roup 2pplicable t0 thosc cownasilions in which Z:Y < 5.0,
m2z be inferted 25 (e
“~ ) <2 ~
Vi R \‘:‘-{- — ;i i _,_{.-+ 2,!= . 2’ . !._\ <4
A1 = e =T 2 lig 2RO 2N 20
2.2,3, A ownd X ogrouns,
Calelurm Jg restricted bo ihe ¥ yreowvon for 2 wide 1ange of

compositiong, Thaig ig in accuercannce with Lhesreticsl coneiderabiong
of whibtbaker (1971), The only exception is Joessmithite in which tha
24 . A )

Ca content excceds the tolal for the X group ard the excess enbors
- hoo- 3N Nty 11 o ]—+ [ - .
the 4 zroup. Both Na and X have baco rvecorded in the X groupr. It
: " - o [ d + (A
is generzlly scceoted that the emaller la  shows a preference for the
smaller 1k co~ordination polynedra (cgec S:zcbion 2,3), oniy entering

tioe A group when the Z group becomes fuil. The allocation schewce for

- N " Kl 2] v 2 "' . =t B e b ’24'
the X group may be inferred a2e Ca™ > iat>E", In additicn, Fb™ hag

been recorded iron the ) site of jJosonithite,

Considaring the cunwingeenite - srurecitce, Mo - Co amrhihelie
and the orthornowhic amphipoles gedriie, holunuisbtite, anthophyliile

ang protezrphibole i vnich tha sun of Fhe catlony rnopa2lly pregent in

.1 ;o -
the Y 2ronp exocadon 5.0 . . 0~
A S e GXecaaQny NI I e T b [ -
‘\\;.:_,..; )5\—, (l‘l.._"l_l:"\_'ak:l]".?]f', I‘JOO In l'il& }"_.1-01"()”"-'-.)”],lole

53]


http://th.it

the excegs of catlong Narmally prseent In the Y group are found (o
enber the L sroun (MM sites) in a fairly vell delined secuence,
T4

b0y and Mossbauer ovidence (1) indicrte thab the ordering of Pa’

A :
s 1 . s o . - /oA 5N Lt Lot .
intoe the £ yroup ls grecher to-n ropdom (K17 J,3)y wonlle Mn in
manganese rich cummivifonites (Bancroeit, Burng & Naodoek 10670

Pupike, Ross & Clark 1962) is even =worg hichly ordered inbo the X
LAt . . 2w 2+
;reup than e, (Fig. 2.3 On the obier band Yo" ang Co”7 sra
- L { s 7 . T O - LI | rn 3 ? . .
rdcred inlbo the Y group. While, with the exception of dMa®", it isg

sxeaeantlonal for these crsicns tu he oricred combpletely into Lho 7
grouy and therslore absent froa the Y grovwe (Plg 2.3) an order of
vrefercnee for tac X group has heen inferrzd {rouw the observed ordaring
Coe i e g 0F ;‘).‘l-‘>> W ‘Zi- (Y 2" T ')“"'
LoeLors 1L 0 e > (o = LT,
T o bhiyToaeaq s RN SRR PN e S ietgn .- ©
Ir toluwiculstite (Whittoler 1905, ilkive, Deovidson & Bogs
e \ +
N1 a1 1073) 15 3 . : .
12/vy Law 19Y3) Li ie found erclveively in the X sroup (b siies),
.
idlkins N e AP 1t wt W PR S iy ! " H -1
viidlkins gk al., repert In presert in vae Y group of the holpouistile
they investizoted suzzoesting a2 vrelersnce for the X ceoup (B osites)
+ o IR a4 oy ~
oYy r e o' ¥y 2+ HEPAL o - ,
of Li > m®>> TFe” > Co™ 2 1pft, mowesver in the holuguistite
. T C T e _ £ - oo
investizated by vhittoker (1969} and Law (1%73) nagnesiuw :nd not irvon

was found with 1ithium

errg

ubhove schene culion

[#2}

unareaby are

has been enploved

with

total ig¢

sroup

ou 5.’ °

trancierre

Ppilliy

Deapite this discrepaney the

from

[

the Y to the X zroup

Q

-
—t

ps (1963) =

error of up to

allowad. TFor snalyscs

Fincar & Zoltsi (1907), whitfield

3ancrolt

(1661),

Burns & 1m06d

167 W e 166
& Froeman (19407), Fincer (10€0),
¢ & Hows (1970), Buckley & wilkirs




sum of the 7 groap exe=eds 5.05 ateas, catlions should be transforred

v in the order outGlined anove until the sum is radioce

s for probosunhibole in winicho bha surm ol the catlonsg
nerealliy nrasent In toe Y iroun exerads 7,0 ( } T > 7.0) bhoth the
Y and A zroups arce fully cccuried. In accorance with Gibbs (1809)

creess Ll dg troncferrved o ths A group,

2.3 Setonsinn of Lhs 5110z fifon goliioe Lo itelnng entiors
aro o puids ogopenrditiong Do oubich pe velavianb gvvaric onyciy
Aetepoingd gils dpoulaiion dufa avg pyoiinhla,
In the vrevious szetion ‘7”1Lt011 on scheme was outlised
. . \ . T o T T . .
unich couplied wilh orgcrved dletrinutionz of 1% ¢stiong, ¥hile thnasc
S 2y T
ey ba termsd major cabions in anphiboie cherigshry (3B77, #e™ , 2o~
ayeluded) thay src Ty 00 L3ons ezhsusilve,  Ar exominsilion of the

snalvecs ineluded in the amvhibole datn {ile (sea Chanter b)), ravesn)

e

Lhat 49 cations hod been recorvied. Boat of tnese only occur in trace

- . _)“_ - + - T4 - S - EED - - -
amounts (457, Bi-", tedt, Dyo ) FroT, B , Tr, Ga X, qa™, no-"

"l-‘ Ry " . iy » - T4
X7 oy Y ), bhut 2 nusiter st b censidered ag potentinsl conponents of

: o a . + 2
le strecture. Tnese incinie &Y, Ba7 o, C4=7, Cr- Cu”',

2 5+ 2 3.
1 ! T / 2+ : F . 24 )I "I‘ . . . . .
' y &I, oy In the present work Luc 2llinczilion

gchame wee cxtendad 1o include these lacter cxtions.

trjihe-

L]

Starting from the euwperim:nlslly detervined cotion di
utlons it hos beon sssuned thal catinag of similar size and charze woulc,
il present, occupy siwilsv co=crdinncisn polyhaodra and hence groups in
hipnle skracture, The ilonic rsadll of whittoker & Muntivs (1970)

vhe au

rd ‘.,\ - .~ W~
have Leen uced,

e sitec of the o orovn ore ot the cenilres of slighbly

Lt ( . e 34
ygen bebrahedrs (foperdix 1) Only 5i , 417 and
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e
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C
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2
ct
s
)
Q
=
panr
{
W
-
k3
d]

3
T
=
I3

ce occunanb or the Y {roup,.

The ¥ sroup calicny arse aoproximately central in sli

distortzd oclanedral co-ordinntion vorynedrz (Appendix 1), Zn

S r 3+ 3 b
] o 0y e ‘g . « o « 4o s -
i, V2O, Cr LTy 4] Dave gppropriate icnie r2dild and charses.
~ \
2+ 3+ 34 2 It
I Tas ~ - P 7 ¥ - 3 .
cu oy, G vy, NA and 2y have been detected frecuently bualb in
only small conecentratlions (for example, Dodge & Ross 1971 Roornwall

1972),  Zinc, hzs been repdried a5 2 wajor ennnongnt in someunat
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considerationg this scheme has bezn extendzd to include in and
Dy
Cu viz.
N ~ 2. D4 24
. a - ¢ . 7 2F 2+ 4
W > ®n >> e > Gt =2 In >Cu > Mg

2+

The position of Zn“" as

the Y to the X group is
et
<

Grundy 1973c).

Lastly the 4 site,
-+ + ~
e 3 WA
ag K 4 Ha', vpe", cCact, B3

as possible occupants, Phill

(protons) may occupy

congsistent

in the Y group of a =ziac lunganesc

the 4 site undayv

cavions to te transfer

with the repnrted oeccurrencs of

cummingtonite (Hawthorne &

when occupied, acceuts Iarge ions such

7

J+ D

3nd Sr mry be coneidered together

4

ips (1963) hag further susgestod that H

execentional circumstances

[
2.1, MIFDATLS: A compuber oresram incornoratins ihs ived
alloecp Linon ggenena,

The gl

incorporzieq

PL/1, is

has been into a

program, written it

MLWDa

and the arithmetic base altered to floating

listing of ths

Appendix %, A briel sumusry

form of the allocx

1) and 2) as MINDATA3, (see
+ D4

3) allocale 211 Sr 56°
total of 8.0 atoms with

to the Y zroup. ALrrors

T43 in which the allocsation scheme has

rograim including

tion scheme 1s inclue

deseribed in the provious sections

computer program entitled MIIDATAS, The
a modified version of R, Phillioes!
been amended, lengthened
3 =
point zrithuwetic., A
operalbing instructiors is given in
of the program logic giving the complcte
ded below,
pag 17 Do
T w3t -
and B2 to the Z groun and wuzke up to a
x-13-f- . . « a 3-{- . "
A7 o dny romaining Al is transferrec
. TR L >
ralged 1f cither 1 4 or sit Re” "
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1 -
b 2+ 3+ ek L+ o4 + 3+
or S5i + Be + B excedes 5,08 atoms or Si + DT+ 33 + A1~
is less thau 7.95 atoms. A warning is printed if phogphorns i
present.
3 1 - Yo 4~ ] -~
. vi . Ht o, o1 3+ + . e
W) Initially a2lloeate o211 AY ~,Ti , Zr , Cr s V7, F33 R Li*, Nt
< 2+ . 2+ , o+ D 04 24
Co , Zn 4 Mz, Co” , Fe” , Mn  to tha Y sroup =nd sum the
. th
tot2l mawber of cstions. If the sum excedes 5,05,cations ave trons-
—T N

. q
) - . s gt , ot - 2+ =4 24 2
ferrcd to the X ¢roup in the order Li", Mn , ¥e , Co , Zn" y Cu

ok
. ‘- : & o - . - ?
Mz™ until the ¥ group total ig lowecred & 5,0,

5) Ag MIKDAT2?,

eda
6) In the unlikely event that the X group total zxcedes 2,0 atoms
" - 2 24 2 sy 5 - .
( 2% >7.9) all Ca”™"y Da“ e B2, CATT, PRI, i, K+9 enters

the A greoup. o test is wmede to see 1f the arnalysis reszcubles pro&oe

v c o itne O . iy e . .ok .

amphibole (Gibbe 1909) by comraring the Li7 contert ir X with Lhe
) ) + b

excess of the X group. I Li" excedas th

b W g &

I .
gxcess, L1 1is transferred

to the A4 group until the X group total Le¢ rsduced to 2,0,

7) 1¢ the sum of the & group is less than 2,0 =he group is made up
2+ 2+ o4 2 2
.ot i 5 . . - ~v (..+ .\_'i' N
to 2,0 with Ca , Ba , 5r" , Pb™ , £d7 o Any excess of these
) D 2+
24 g,

cations is trunsferred to the » site in the sequence €A™,

2 o+ +

. ; NN .
Sroo, Pboo. ALl Fa', K enters the A group.

-t

- s 2+ . )
8) Instly, if the X group total including Ca™ , Ba®", sr s C&7 , Pb

] : : ok
is leszs then 2.0 the group ig cowpleted in the order Na , K, any

o
~
Q
(5
m

3 entering the 4 group in the reverse order.

MINDATAS aleo caleulates 2 basic atomic formula from the

atomic formulae ~ceceriine to the method of Phillips & Layvion (1L
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was written in the light of the

i
experimentally determined cation dlstribuyons histopzrums of weasures

Sb (FPige 2.1) and 83 (Mg, 2,2) show a higher proportion of analvses
clogse to zero then osteined using WIWDATA3, Only three osnalvses, a
cumriingtonite (27) and two tremolites (43,53) (see Lppendix 3) have
discrepancies ofelther Sb or Sd in excese of 0.5, A check wss made
to sce if values for Sh znd 54 uvere consistently lower than those

for the same uanslyses vsing MINDATAR, With lhe excepkinn of seven

analvses thig was faund to be the case,

[€7]
ld
—
(o |
m
o
-
[¥p
Y
2
b

B

]
[#3]
<
[

p
w
[4a]

2
o
%)
U

5¢ are given in Tables 2.k,
2.5, Values Tor the statistics ave all c¢lose to zero indicating in

general an exccellent agresment botusen evperimentolly delermined and

calculuted grouvy, yponulations. A couparicon with the sawe stotisiies
caleulated uoing MINDATAZ (Tables 2.1, 2.2) ghows o congiderablce

.:2"' 2 -4- ~
improvement, This applies in prrticular ©o Feo , Mn, Mg upg 147t
A comnzrison of the variences (o

- . 2+
MoToy Mgty Li using Lhe F vavience retis test, demonstrated thut

) of measures S and Sc for Fe o,

the reduction in verizuce hetween MIEDATAZ snd MIERDATLS wag stotist-

. oo o W e N 2+
lcally significznt at ths 1 per cent level for Mn , pg”™  and ac

i\

ks - - [] + » 13 [ v
5 per cent level for ¥ and Li . The remzining cations are essent-
ially uraffected by wodifications to the allocztion cchene 2nd so too

are their respective mezsures.

In detail there remsin minor digcrop=ncices hatween the
expcriventsliy dstermined and caleulat groun ponulations, These ex
not wholly unezpected connginering the siuplifyving ossunptions wiich
were maoe in dariving thc location schaus (Section 2,2). However

in e

(¥4

N\
—
fo))

dy no fewer thzn 79 per cent of sunlyses show s mean

sbsolute difference bsiwcen the caleulated »nd experimentally

determined group population of lease than 0.2 atoms and 91 per cani leus

than 0,3 atoms (73 and 91 per cont Lo 2H(0) respeciively, Fig. 2.1b).
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Tahle 2.4, Statistics of measure Ss calceulated using MINDATAS

24(0) 23(0)
Cation  Greup X o IX1 n B3 (o3 X
si™ 2 20,003  0.065 0.,05% O -0,060 0,100 0.059
Al3+ Z -0,021 0,054 0,047 7 0,061 0,119 0.070
pe?t g 0,010 - 0,010 1 0,010 - 0.010
'ty 0.037  0.07% 0,043 7 0,028 0,071 0.037
4137 Y 0,020 0,075 0,059 13 -0.083 0.12% 0.085
Fedt ¥ 0.010 0,144 0,096 22 0,010 0.142 0,092
Fee™t Y ~0 060 00189 0,140 46 =0.055 0,191 0,139
Mn2t X =0 51140 - 0,140 1 =0.200 - 0,200
Mgty 0,045 0,130 0.078 26 0,035 0.162 0,001
ce?t ¥ 0.180 - 0,180 1 0.180 - 0.180
Fect X 0.116 0.19¢ 0.176 24 0,026 0.241 0,172
et X 0.028 0,053 0.04% 5 0,026 0.077 0.046
Mgt X -0,111  0.157 0.119 1% =0.1lk 0,168  0.149
Co?* X 0,540 - 0.540 1 =0.530 - 0.530
Li* X 0,020 0,030 0,030 2 =0.005 0,025 0,005
ca®® X -0.001  0.05% 0.029 18 -0.001 0.046 0,027
Na X 0,007  0.192 0,116 15 0.019 0,165 0,087
K+ X =0 .020 - 0,020 1 =0,020 - 0,020
Na© A 0,038  0.121 0.111 6 =0,057 0,170 0,123 6
K" A 0,00 0.01% 0.01 % 0,005 0,027 0,020 4
ca” A 0.010 = 0,010 1 0,010 - 0,010 121
rht A 0,00 w 0,00 1 0,00 - 0,00 1
Li”* A -0 4300 - 0,300 1 =-0,020 - 0,020 1




Lable 2.5,

Cation

Mn

()

Mn

Group

Y

<

Eo T - S T o

~

R

’ory
-l e

Statistics of measure Sc calculated using MINDATAS

24(0) 23(0)

X o 1X| n X o IX| n
0,00 0,00 0.00 8 0.00 0,00 0.00 8
0,010 0,096 0,062 11 0.070 0,104 0,79 11
0,00 - 0,00 1 0,00 - 0,00 1
0,011 0,028 0,011 7 0,011 0,028 0,011 7
=0 .07 0,271 0,134 14 ~0.127 0,260 0,137 14
0,002 0,010 0.002 21 0.002 0.010 0,002 21
-0 ,091 0.197 0,117 47 -0.071 0,181 0,100 975
-0 ,040 - 0,00 1 =0,050 - 0,050 1
0,037 0,092 0.053 25 0,040 0.091 0,053 26
O 0190 b O 9190 l O 0190 = O 0190 1
0,081 0,222 0,148 18 0.017 0,155 0,074 39
-0 .010 0.043 0,030 4 0,002 0,03+ 0,022 L4
-0 ,061 0,120 0,093 313 =0.,077 0,112 0,096 14
=0 ,190 - 0,190 1 «0,190 - 0,190 1
-0 ,040 0.0k0 0,040 2 ~0.027 0,029 0,025 2
-0 067 0,228 0,067 18 0,00 0,067 0,00 18
~0 145 0.374 0,208 15 -0.103 0.247 0,135 15
0.00 - 0.00 1 0.00 - 0.00 1
=0 ,070 0.089 0,080 6 ~C.073 0,103 0.080 6
0,00 0,00 0,00 4 0,040 0,080 o0.040 L
0000 - 0.00 l OoOO - 0000 1
0,00 - 0,00 1 0,00 - 0,00 1
0.080 - 0.080 1 0.050 - 0.050 1




It is sugzested that for most purposass this is adequate.

ajlloceation scheme 1t hes been assumeq

ct
=5
(4]

In describin

s s o2 Y - s 1
tnat variation in orlering was dependant upon bulk chemistry alone

L"_.V\.Z’ ’

and was independant »f the physical conditions, in particular tempera=-

——ne

Q
D.;

ture during crystallisation and subsequent cooling. Various degrees

-

of order - Gisorder betwseu the ll, M2, and M3 tcites of the ¥ greoup

have heen revorted, TFrentice (1967), Burns & Prentice (1948) and

o~

Bancroft & Burns (1909) suggested that wmegnesicriebackite from
pegnatites siowed more disoviéered Y erovup cations than crocidelites
or glesucophancs frrom lower temperstuare metamorphic envirorments and

Litvin et =1, (1972) vut forwsrd evidence for differences in Fe<'s

3+ 3t . 2+ , . o as : 0 pe
Fe- 4, AL- lig ordéering beitween the M1, 12y M3 sites of the Y group
in 'hornblendes' from the empiibolite and granulite facles. HNoroover,

,
MOss

saver studies of cuwmmingtonite (Ghoge & weldner 1072) and

anthophyllite (Siefcert & Virgoe 197N)7 heated under controlled oxygen

L%
Al
fuzacities nave demonstrated the temuperature and time denendance of

e

Y ...+ —lf'i- ~ s RS . Zyr - - e e -
the Mg ~ Fe=" Gistrihuticn hetwsen the X (M4) and Y (ML, ¥M2, h3)

groups for suach amphiboles. These latter findinzs sre of particular
lwmportence in the present context since it indicates variaztion of

order - disordar between groups of sites,.

Site populationg for liwe trnree unhested cummingloniles

idnes

6
o

er (1972) 2nd the =nthophyllite studied

o

investiguted by Ghoue
by Szifert & Virgo (1974) are ircluded in Appendix 3 (specimens 9, 38,

~

39 and 3 respectively)., Valuas for the measure Sp and &4 for both
the unheated @nd heutcd ampnikcles are given in Table 2,6, The

difference betwaern the vzlues for Sb a2nd 34 for the unhezted zupniholes

’-)J

ditionsl

he Deated e2nnles is 2 neasure of the a

a9

varistion in ordering introduced by heating ard preserved by subsequent

guencning under experimental conditions, Comparsd with tne observean

dizerepancices in £

m#wﬂ sd obinired from the resuite of WINDATAY the
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Table 2,5, Measures Sb and Sd for experimentally heated cummingtonite

and anthophyllite,
Cummingtonite (Ghose & Weidner 1972)

.0 -
No. Measure Unheated 39000 500 C 600°C /OOOC

9 Sh 0.490 0575 0,590 0,670
9  sd 0.115 0.133 0,143 0,160
38 Sb 0,180 0.375
38 sd 0,055 0,155
39 Sh 0,200 0,210 063159 0465 0.520
39 Sd 0.032 0,033 0,071 0,100 0,113

Anthophyllite (Seifert & Virgo 1974)

No., Measure Unheated 72000
3 ) 0,105 0,370
3 s 0,040 0,160



adgaitlonal variation 1s of a

present natural amphiboles

4 an
a1

refinement of MINDATLS using

211d

gini

bullk

Seifert

lar magnitude, see Fig, 2,b,, and
would act as a limit to further
chenistry alone, However, bnth

tenmperatures above zonraximatcly hcﬁ C f~71 cumpirctonite ang 270

L & 14

for onthophyllite the rats uf caticw exchangs betwzen tha X and Y

grouns ig largze compared withh tne rste of cooling under ¢=olozical

[=) + (¥ Py )

conditicns, Since, with cne exception, the hesabing exserinents ware
9 ! ’ g

verforwed zhove

in ordering dus

lesg pronounced tnon in the cmenc

it is of interest to note Lthat

Gifference in

curmingtonite in 2 rhyclibic

tonite, snd Wiltkine (1970) could
24+ 2-

Mg 4 e orderinrr between tha }

actinolites from grecnscanist anud

suggested that lhermzlly induced

naturasl rclatively

oy
aAmy

populations,

gae cewperatures it is t

cooling hi

tna ordsring of Pe” betuvesn the ;

pulal

0 ho cxpzctad That varistion
story of natural amphiltoles will be

hed zmohitoles., In this cornnceetion
Ruekley & YWilking (1971) found no

Toand Y grour

ce hreacls end a metancrphic cummirg-
find no systematic difference in the
2, M2 and H3 28 in trewolite -
amphibelite fzeies. It is tcnﬁUw]y
ordqering between zroups of 51tes in
minox cowpared with the remaining

discrepancies betwcen exverimentzlly determined and c¢slculated site




Fip, 2.4,

(a)

(bl

Variation of the measures Sb and Sd due to thermally

induced order - disorder,

’

Variation in Sb produced by thermz2lly inducea order -
disorder (hatched) compared with the residual dis-
crepancies between experimentally determined cation
distributions and those calculated using MINDATAS,
23(0), data from Fig. 2.1d.

Variation in Sd, as above; data from Fig. 2.2d,
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pention has been made in Chapter 1 of the difficulties
involved in deterwmiring the iron oxidation state in the growing number
of amphiboles analysed by elcctron wicroprobe, & method for making
such estimates based on the bhasic atonice formula of Phillips &
Layton (196%4) and Phillips (19%06) was hriefly outlined. In the
Present Chapter the nethod is dcescribed in detail and evaluated
using simple theoretical analyses with knowm oxidation stzate,
(Section 2.,1) and published 'reall! analyses of known oxidation stute

(Section 3.2).

The use of the bssic atomic forrmula in the estimatiza of

the iron oxidation state assumes that:-

1) The remainirg cations hove been determined accurately.
2) The analysis is of a calciferovs or alkali amphibole in the
sense of Phillips (1966). Oxyamphiboles are excluded.
n _ r\'v — - X A L
3) The basic atomic forimula condition (Na~ + AlY) = (Na™ + 417)
holds for amphiboles in which the iron oxidetion state has baen
determined. An examination of 3 considerable numoer of basic atomic.
formulae of published analyses of amphiboles (Chapter 6) shows this

to ba the cacse,

3.1, Theoretical analvses of known oxid=tion state,

In order to evaluate the method, estimates of the iron
oxidstion state were made for a number of theoreticsl amphibole
atomic formulae of Ynoun iron oxidation state, see Table 3.1. ror
each of the atomic formulae (Na® + a1¥ 1%+ 412
aciy of the atomic foriulae (Na Al7) ecuals (la®™ + A14), 1t
should be noted that these stomic formulae, while fulling within
amphibole compositional space (Phillips 1956), do nob necessarily

correspond to known amphiboles. For siuplicity, all the forwmulae



Table 3,1. Atomic formulae and nomenclature, after Phillips (1966),

Number

1

2

10

11

12

13

14

of theoretical compositions used to evaluate the basic

atomic formula estimate of iron oxidation state.

Atomic formula

ONa™p Fe*y Fed*, s1ttg 0275, (0ﬁ32 5

Na© Naéé Mg2+2 Fe2+2 P “*8 02 (OH")2 EC

aNa’, Foo 3 Feot 413" Si“+8 027, (OH‘)2 G

Na© Ca2* Na’ Pe 2+r Tha 8 2-02 (OH')é R

Na*caZtNa’ Fe®t) Fe3+ Slh+7 413" 0% , (OH7),  Re,Sugy

NaTCa2+2 Mg2+3 ret Fest Sih+6 A13+2 02‘22 (OH'>2 Pa

0ca®*, Hg?t Fe2*, Fe3, si'ttg 413%5 0275, (0u7),  Ts

Na" Na', Fe g Fe ', s17%, a13* 02, (o), M

Oca®*, Fe®"y Fe* A13f 51”+6 a1t 02—22 (OH')2 Tg

oma® Ca* Fe2*, Fe3* m3" st a7t 02y, (oﬁ’)2 Ts g0y,

Na ca2y &a+l.8 Fe2{:°2 Fe 33 N A13+ 81 “g I (on=),
Eegofug

Na;.s Cazz.s Nagos Mgag Fe2t pedt p13% Sih+6A13+2 02-22 (057),
TSSOSuSO

Na' Na+2 Fe2+3 Fe3g°5 13l 5 ° ”*7 a13* 02; (087), M

+ 2+ 2+

L 2 o 3+ L+
Na e 2 Fe 0.25 Al 0075 Si 6

Al

3+

Basic formula’

2- -
5 0% 5o (oH )2

Pa
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group vacanciss occwr, Atomic Yormulae

9
=
IJ
n
A
6
@
[43]
=~
=,
L
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o}
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sre Li

with these

i =

catures will be considered in Scechion 3.1.h.

Each atomic formula was converted te weight per cent of
the congtituent oxides. T2 simulate an electron microprebe analysis

all iron was convertsd to enuivalent FeO and water wuas neglected,

Basic atomic formulre were calculated ucing HINDATAS at varioue

TETOR"S . . . ,
/(Fe”" + Fe’') retios, with totol ivon remaining constant. The
+ A4,
ratio Fe /(ﬂh + Fev") ig here referred to as the 'reduced iron

ratio! and ie related to the more comwpon 'ircen oxidation sbtate! by

the relationship

~

reduced iron ratio = 1 ~ iron oxid=tion state,

The reduced Lron ratio wags defined in thig way in order that the
value of the ratio inereasad as the Fes™ component and the numerical
value of the cations increﬂ:nb (for details see Section 3.1.2.).

. . Y D S/ . . . .
Plots of the value (Fa™ + Al*) = (Wa™ + A1%), with reducsd iron ratio
for theoretic2l atomic formulae are given in Fig. 3.1 (dashed line).

The actual oridation state is included for comparison,

Examinzation of Fig, 3.]. { dashed line) reveals three

tvone

(')

s of analyses, (i) those for which a unique reduced iron ratio

k.'

is indicated, viz. 1 to 4, (ii) those for which a limited range of
reduced iron ratios are possible, viz. 5 to 11, and (iii) those for
which all reduced iron ratios are possible, viz. 12 to 14, 4s 2
neans of estimating the lron oxidation state of snalyses of tie
third type the basic atomic formula, at least in its simplest sense,

is not directly zpplicable, The significanc

(]
)
mmba

o) ohe go0lid curves in

Fig, 3.1. ig discussed below.

[
o . . . ., , . A
At first sight the existence of 2analyscee vhich yield (s

4 Y/ i . . . .
+241%) o cqual to (ka™ + AL7) for all reduced iron rabics appears to

be something of an anomaly, However, a more detailed exawination of




A
Plots of the variation of basic atomic formula (Ha +
AlY) - (NaX + Alé) with reduced iron ratio for the

theoretical atomic formulae listed ir Table 3.1l

The dashed line indicates the variation of (NaA +
AlY) - (NaX + Alz) directly, while the solid line shows
the variation assuming that the substitution 2r3* + O =
3R2+ is inappropriate. Upward pointing arrows indicate
the actual iron oxidation state (as a reduced iron ratio)
and downward pointing arrows the lowest reduced iron ratio
at which one, or more, of the following constraints arvre

A
violated, (8) Na < 1.01, (b) Sig 8,08, (c) Ca < 2,02,
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the method used to caleniszte the basic atomiec formula and the
alloeation scheme of ions indicates that a similar situation holds
for thz majority of amphibole analyses. At the same time it is

RS

possible to demcnsrruate that the differing types of plots observed
in ™ig. 3.1 ars not haphazard but are reiated to the location ~f the
anaiysis in =mphibole comnositional space2. In Saction 3,1.1 the
derivztion of the basic atomic formula is described in greater
detail and in Secctinsn 3.1.2 a notation ig develoned to describe

the variation in tne vasic atomic formula with reduced iron ratio,
In Jection 2,1.3 the 6(t“ut of the reduced iron ratio over whien

A Y . . .
+ 41%) = (NaX + ﬁl ) 1s outlined in terwg of bhulk cheuistry,

(Na
The method is extended in Section 3.1.+r tu theoreticz2l compesitions

3+ '+ l\‘)"{"l' ~ < . " : \ ] [ ] -
wigh Li , Ti and Y sroup vacancies and in Section 3.1.5 the wmethod

is cvzalusted.

3e1.10 The bhasic atomic formula,
The basic atomic forrula wayr be written as
NaA

‘f‘ 4 4 . . ’7\
(Ca Na™), (i AlY)rj (o1 41%)5 022 (0H)p

where
e 7 + .
a1% = 3% 4 24 in 4,
g L b
\CJ. = I)l ,

L TS
AL = M7+ 28 in Y, (excluding any MY , M included in Mg,
see below).

Mg = HM in Y nlus any charge balancing substitutions of the
type
+ .+ 24 3+ . ~e D
Al3 + Li = 2Mg Fe + 1i% = dhg“+,
2+

Til” P s R Y 2R3t + O = 3

- ’.l— 2+ "y
Fe3* + 0°" = Fe© | + Of

>~

Na MY in X,

e+ . .
i in A,

Ca

T 2+,
Moo+ 2M in A,

Ka®
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Arveluding the oxyazmphiboles, ferrie iren enters Al™ unless
+ -
Li is present, or there are Y group vazcaencies. Ferrous irvon is
adl,
included in Mg unless the sum of the Y srouvn evcedes 5,0

A2t

, (see

r s L3 1 il ':+ } Fal o1
Chaptar 2), in which case Fe’ mawbe trensferred to the X group ang

included with Ca. Wwhen this has occurred the cmpnibole has moved

out of amphibole conpositional space. 1t should be noted that the
ceneepts of the basic atomie forpula and amovhibole compositional

-

space ware oricinalily deviased [or calcilferous and alkusll amnhibholes.,

Tare, tine former concept is implicitly extended to cover coinpositions

2 - [P 1 - . HeT ?+ i | ?+ L4 :).+ J. ~ 4 v
in which excess M, Fe” 4 liZ ete, 1ron Y may enter tne X <roup.
Jele2Ze Variation of the comnonzubls of the basic atorde formuls

vith rcouced irvrosn rotio.

By calculating an atowmic foraula {ron chemical analysis

Wy

using tine 23(0) anion basc the gum of the positive cherges is constanig

at 46, The change from Fe,0q Lo FeQ rich compositions (weight per

By

cent of &]1 remzining oxides constant) must corrcespond to an incroase

in the numbher of all the other czticns preosent, The increase is

Qs
e

el
dependant on the zmount of each cation = nt an

~

L9)]
1]

S

m

irzady ore

not

wn

designated here by A o In the following discussion it i
nccessary o know the numerical value oA . To maintain a constant
total charygc of W46+ the decrcase in charge associated with the

o 3 2v :
i'e to Fe is equal to the sum of the increments

D

conversion of
(A) of the remsinineg cations wmultinlied by their charge, Using

the basic stemic formula rather than individual cations, to wmaintaln
charge neutralily thne chanze in chsrgo essociated with a change in

the anount ol Fed* ‘t:,yA is given by:i=-

3A7e3* = - Awm® - 2Acs - Ana® - 2/ - 3A81Y - BASL - 3A217,
3+

ang the associated chionge in the arount of Fe is
- A X . Y A
vedt = - JAM" - 2AC2 = AR « ZAwg A1l -4 AL - A7,




Ag the numericel values lfor the cations increase from low
to high reduced iron ratios the allocation of cativuns also varies,
4 detailed description of the allocation scheme has been given in
Chapher 2, 45 a couvention the change in the azmount of an ion, A. ,
is taken as an unsign=d number. Ain increase or decrease in the

amount of en ion 1s indicatsd by a pogitive or negntlive sign

respectivaly., 'l'husAl FA:? -A_; meang bLhat the totzl change in

the components is tne sum of the increases of 1 and 2 minus the

e | L} )

dacreszgse in 3 by thelr vespective deltsa values,

For cowvenience basic atomic formula A17 bhas been spiit
into a component dus to ferric iren alone, re>" and the rennining
contribution A1, (A1¥ = a1” + pe3*'), The folluwing chanses ocecur
as repuy is converted te rel, (i.¢. Inow to nigh roduced ivon ratios),
84, si = +/\si,

414
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2 )
Yar®T v 51" < 8,0,

. L Ti 4 ' K
(i1) X ALY + 8" > 8,0, 517t < 8,0, (fransfer of 41”7 Lo A1Y)

(iii) Si > 8.0,
0

—
5
H
+
>
K
<
+
?
st
N
+
|_>
-
o

(98]
4

o
[
=
N’
™M
piis
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1 . ]
Al = +A.=a Y .
Fa (i) Z ¥ + Z grovups > 13, no Y group vzesncies,

Miﬂ = .,A'aa‘ ~42/A\Ca - ‘—Aun - A% Mg —A:".l"{' -
- .'\.l

w[n
>

(ii) > Y+ Z groavs <13, Y group vagancies,
, 3+
An amount of e ecunl to twice the number of ¥ group vzcancles is

P

. - . . L2t - 214
converved to zscuivalent lig by the substitution 20 +0= 3R "7,

€]



ignily the apuropriazte change in
bhat tha chznee in the number
of Y group vacaneles devends on changes in the amound of Mg,Al-" snd
Fe” , the change in the swount of ferric iron involved in the sinove
gnostitubion is given by

. . q. - Ve
1) .. -~ 2Afe3t £ 2 ANe o+ 2Aa1C.

2

The chz2nge in Fe~”
Q 3+ 3 Lt - T e - ] - . - 1 5 7 -
‘e plug the e noe longer required to balance ¥ group vacuncliss

- e
; + 1 2t . 2 \ . . AT
i?eJ = - A e 4 ( __;zA Te 3t 4 1’-A]‘E‘C “ D Af\ i Yo ) 5

ig therefore the change i=n the total amount of

5 3+ 4 X¢

4) 00 o ?A-DGJ + EA:‘-"' + 2 ‘!*Jo

Considering a numerical ex=mple of an amphibole with ¥e” = 2,0,
Yo 4

- /7 - '~ - . -

Hg = 1.0, A = 0,8, O.@é greuy vaczncies, 1,72 atoms of F93

- \ . P 2
halancing these oud therefore Fe
Co s - YO s , s . 37
If Mg and 51%° increase by 0,5 and 0,% re¢peciively and 737 decreases
by 0.8 the numver of vacancies redues Lo
5 ang o i g W 2
sO anid e 15 Now R

iron reqguired to compansate for these is

0,6 = 0.6, The chung2 in the amount of ferric iron required to

1

comnensate

0O
S

+3

the vocancies ig therefore 1,2 -~ 0,0 walch is eouivalent

3V : :
Ire Ly 0,0, Thc same result is achieved by

to an increase in
substitution in (1).

- 2X0.,8 + 2%X0,6 + 2X%0,Yy =

(&}
[-]
ON
Q

However because Fe has decreasad by 0.8 the total chanrze (
[] ' ) .« 4 1 . L 13 r
in Fed*' (0.8 + 0. ) is glven by substituting valucs of A in (2),
2XO.5' = "0.29

Mg (1) ZZY + 4 groups >13, no Y group vacuancies,
(transfer of ¥z to Ca)

. N £o) . 3!
Mg = = /Ail + Awed
(11) Y Y + 2 groups<13, Y groun vacanciss,

A
>
i Cp : 503 o, 2t . . -
Here ggain the subetitution 2R + 0O = 38 et be considered. For

j)

o
.

each change in the number of vacancies g changes by thrae times
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n

mach, The chanue (decresse) in kg nssociated with the chance in
vacancies 1s glven hy

- 3AF€;3+ + 3\l + 3A-"‘\1Y0

znd the chenge in Mg as a whnle is the diflerence

+ 7 grougs < 13,

‘J“
Ca = +A0a
ii) Y Y + Z groups > 12. (transfer of Mg to Ca)
ar .
ca = +Doa +Dug v AT Al
-9

22t + 33t < 2.0,

1 o \ L
ii) ZY + 4 < 13, Z(‘.a + Ha > 2,0, (transfer o 1\ Kt
1o I*ul

> i
N3 - - .a

ahe
131) Sy + 2z >-13, YeaF 4 > 2.0, (transfer of ia

A

to Ma® increased by transfer of bg t

AT+ Awed”
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™
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I
>
Q
bV
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>
=
(M%)
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S
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2,0, (transfer or ¥z
to Nat)
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The factor 2 is inftroduced bhecaunse divelent cations are entering

A group.

tr
‘
4N

. > 2,0, Ca?*t < 2,0, (tr:
Na™ to iI8” incraased by transfer of i
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3ele30 Yapiation of Lhe pance of rednced irom patiog faor phicn

(Ha? + 81%) ecnnla (Me-s 4+ 412) with bulk chemigtys,

Knowing how the compenents of the basic atomic formula

vary with the raduced ivon ratio it i

cl’

possible to explain the dif'-
ferences in the resulte for the various theoretical compositiong
noted in Fig. 2.1. The explanation which follows is sbtricbly only
o ) A TS . i
applicable to theoretical Li , Ti frce amphiboles but the resulting
¥ oy ) cAt e U
generalisations may be extended to theoretical Ii , Ti amphiboles

and actual amphiboles and are discussed in Sections 3.1.4 and 3.2

espectively.

v
The range of reduced iron ratios over which (NaA + A1l7)

X Z
equals (Na™ + Al ) will be oublined for easch of the following ganeral

am»nhibole compositinns in turn.

Z X

81% 5 0,0, m¥>o0.0, M3 o0.,0, W >o.0.
Z v X A

A1 > 0.0, A17 > 0.0, Ha > 0,0, Na = 0.0,
%

Al = 0.0, AlY > 0.0, Va > 0.0, NaA > 0.0,

m? =00, a1¥>o0.0, wF>o0.0, ¥ =o.0,
Z Y A

41 » 0,0, 41 = 0,0, Ma®> 0.6, Wa" > 0.0,

For illustrative purpnses it is convenient to subdivide

. s . ) . b4 !
theoretical compositinns into two groups, those with A17 = At .
3+ I+

, - 3+
Fe and those with A1Y = e at the ‘correct' reduced iron rstic
. Y _ y!
Starting with a consideration of analyses wnere Al Al

3+ . . A ¥

+ Fe . For a general composition with 41 > 0.0, A1~ > 0.C,

X A

: Natirut 2+ . 24 . 2+ + 2
Fa®™ > 0,0, Na©~ > 0,0, such as Na (Na™ Ca )2(hg"+ wez Fe3 A1°h)

’ + ._ 2 hilN . A Y T . Z
(sitt A1 ) g0 OQ(CH )5 (Na” + A17) equals (WNa Ly A1l7) for 211
reduced iron ratios, At low reduced iron ratios the rate of change

A . C . Z . -
of (Ha  + AlY) is the same as that for (Na2% + Al ), see equetion (3).

~



=64

Wa™ =+ AHRa® + ACa + Ala
[N + At o« Asio+ Aaa
PNy |
Fe”'= ~A¥ad -~ 2AcCa - ANat - 2Are - 3A32Y S WA 8 - 3AT
+ 2Avg + 2AA1Y F 2Asi + 2 AN
- Aca SARE
v
Na™ = -Aca
A1% = -Nss

~Aca - Asi

¥ The vaiue for Fe3+l is derived from = 3AFe3+ + 2AI~£§; + 2 A;‘alyo,
vhere AF@3+ = --‘S-ANaA + 4\ Ca + -};—AI‘Iax seosves @te, &nd AA].YO =
Aa1¥' o+ Asi + Am®,

Similarly for high reduced iron ratios in which the sum of the Y
group excedes 5.0, both terms change at the same rate, cquation (%),

A

This occurs for compositions in which ¥a” is equsal to, or greater

than zoro,

4) =me
7 A - A b x < - A Y' (e ¥ \ Z
MNa = + ANa + AC. Aua + Ahg "A.—sl + A,_,l +A.—.l

- < o

- yAa® - FACa - A8% - 2ANMg ~As1T - EAs 2Aa”

a1t = +A21Y o+ Asi +Aar?

F ! A _ 2 \ X YU 2
e” = « $ Ama® - 2ACa - 5 /\Na 2Avg -Aal” - FASL -AsL

[}%]
+

s 3AR = 3Aca ¢ AT - sAKe - A\ st
NaX = - Aca - Aug - A" - Ast - Aar”
* SANak + BAC, + AN + ANz + Au1Y' $An + Aan?
Z
A1 = -Nss

A

*sA¥a - $ACa + FANaX - L Aug ~ZA\S1.
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From the definition of the theoretical compositiong, =t
. s . . Y
the 'correct! reduced iron ratio (Ha + Al

therefore as both sides of the equation are changing at the sz2me rate

ct
e
[&]
Q
[
3
[N
}_J
ot
-
o]

1 will hold for all renaining reduced iron ratios, se=s

Fis;; 3:1 noa. -‘._-:-)-, 13, lhu
) - . o . 4 X
Less genersl compositinns with u]L'>O.O, 417> 0,0, #a” >
0.0 but Na® = 0.0 yvield only a limited range of reduced iron ratics.
. s 2+ + 24 24
This can be illustrated for a general formula O (Ca Na )Q(Mg Fe
4+ )
L3t 3+, 4

4+ J
Fe” Al )S(bl Al )80

the sum of the Y group less than 5.0, (Na

(0H7). At low rﬁduced iron rafios, vith
7
+ Al ") and (Ha + A1 )

change at diffevring rates, see equation (5).
(5) mmem

AlY' = ‘I'A_A.'] : R

n
i_l-
+

95}
H-
+
N

|95}
=

> B>
2w
1
(")
> >
jt
L

~ 2Aca - Ara? -

Na® = + Ava®

X
+ A¥ia - Nsgi

Howcver, for high reduced iron ratins as soon as the sum
+

. g . 24 . .
of the Y groupn erxcedes 5,0 (and EZCa + Na >2,0 allowing an overflow

N . . s A Y
from the X to 4 groups) equation (W4) applies, Provided (Na + A1)
X LD : .

equals (Fa™ + 41 ) after thece transfers have begun it will hold

for all instunces at higher reduced iron ratios, rFig. 3.1 nos. 9,10,

. . VA cn o a Y
Congidering analyses 1lving in the plane A1l" = 0.0 with al-

C T QU N .
> 0.9, ¥a™ > 0,0, ¥a" » 0,0, These may be included in the formuls

1 2+ ‘|' 2+ 14— + )- 2 hiad
\f " et - A astt 1t 8
Na (Ca Na ) (Mz e Fe nl3 )5 Si 80 55 (CH )2. Taking

low reduced iron raitiocg with Si less than 800, and the sum of

- . ) i A >’ )
the Y group less than 5,0, the vate of chunge of (Ma™ + Al ) equsls



v
that of (¥a™ + Al ) from equaticn (3). However, for high reducct

PR TR
iron ratios with Sl 0

@
L

O
[p]
w2
n

of 8.0 snd the sum of the Y group

in excess of 5.0 this ic no longer the case, see equation (6).

A A
Na® = + Ata + Aca + Atfax + Avg + Aa s
- X '
- {;AI‘?Q“ - -”—A 5\ Na Ak - A'!lY -%A Si

\17
I
]

L3+ ] X
Fe™ = - Arw - AGa - IANaT - 2Awg - Aart -5 As
+ 3 A - 3Aca + 2ARa® - 1Ak - %51

Tt

HaX = - Aca - Ang - Aaz?t
A
+ 4 /\lia N\ca + -};AN&X Awg + Nary b s

+ 5 N?«A - '}}ACa + A‘:‘TaX -+ Aug +

+

e

51

Nss
A

i
Wl § Wl

1t is pos“blc to have a limited range of reduced iron ratios for

O
vhich (lla + 515) eouals (Fa® + 417) but thase ave =t low values,
see Fig. 3.1 no. 11,

Z Y
gerieral type A1 = 0,0, A1 > 0,0,

|.._|
[AV]
=
W
—
A
72}
D
(6]
o]
L—-’
<t
oy
[¢))

L - A : . X . : X
Na > 0.0, Na"=0,0, give 2 unique reduced iron ratio, This comes

N

about for low and high reduced iron ratios, equations (%) and

—~
N
~

apply rcspectively, ®ig,3,1 no, 3,

lastly anzlyses in wvhich Aly= 0.0 have only one possitle

. .. X 2+, . 2% + -
reduced ivon rstio and that is for Fe / (e + Fe3 ) = 1.0, In

(3 L) " n.$ 2 a 1) V
specific regions of reduced iroa r=2tiog for analyses with Al- =

The szme aporoach may be applied to theorelicsl compositions
. . Y 3+ A .
in which Al™ = Fe ané the resulting extent over waich (Ha + 41+)

X & VA
equals (Ma + &1 ) is given in Fig. 3.2b. 17 is abeent frowm low

(=

reduced iron ratiog and is present only at high reduced iron ratios




(a)

(b)

-6'7-

Amphibole compositional space showing the extent of

A

reduced- iron ratios for which (Na~ + AlY) equals

(NaX + A1%).

3+t

Theoretical compositions in which A1Y = a1Y' + Fe

Unique sclutions are found in the plane Tr - Ed = R

(verticai shading) and long the join Tr - G, Over the

remainder of the plane Tr =« R = Ec - G (diagonal shading)

a limited range of solutions at low reduced iron ratios
are possible, In the plane Tr = Ts = G (dotted) a
limited range of solutions are possible at high

reduced iron ratios, Elsewhere in amphibole compo=-
sitional space (NaA + AlY) = (NaX + Alz) for all

reduced iron ratios.

Theoretical compositions in which 1Y = Fe3*'. Regions
in which a unique solution 1s possible are shaded.,
Throughout the remainder of amphibole compositional
space a limited range of reduced iron ratios is

poessible.
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Ed
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when Si + Al ig grester than £.,0., This means that

conpositions, only a linited rance of reduced iron ralios yield bal-
—————— e —

anced basic atouic fornulae Fig.3.1 nos. 5,6,7,8. When t!

3+

Al™  prescent (hL = 0,0) a unigue solubion ig poszible, see Ficg,

&

3.2h and ¥ig.3.1 nns, 1,2,h,

- O

It can be sean from the above dliscussion that the use

of the bagic steoric formula to estimate the iron oxidation stste

for thaoreticol cowmpositions, and by inference sctuvzl compesitiogs,

will be unsuccessful for the great majority of analyses. The melhod
by
. . s A1l =
tc be most successful for couwpesitions in which Al” = 0,0,

for examnle riebeciite.

we
-

For ferric rich compositions of 21l these titenium free,

theoretical, analyses, the sum of the Y group is less then 5,0. The

3+

resultant Y group vacancies are bhalanced by the substitvtion 2R
2+ s

+ 0 = 3R"". Phillips (1983, p. 709) suggested that this was an
uncommon substitution, If instead the substitution is prohibited

! . . . T amn _‘3+l .
and the amount of ferric iron involved added to Fe the variationr

i Y o y : : N :

in (hd + A1) = (Jla” + A1%) shown as a s50l1id line in Fig. 3.1 is
obtained, The estimated reduccd iron ratio is now eithar a uniogue

value or refers to only a limited rense including in every inctnneo

(.

the origzinal iron oxidation stzte., Again it is pocsible to define
[&] [

“"'5

the region in amphibole compositional spzce in which unique or =2

limited range of soluticns will be obtained. Remembsring that

s ) s E + r r
I'e no longer rezuires the additional term - 2A}i‘e-5 -+ 2[§hg +
Yo - : . . .
2ZXH1 to account for cnanges in the number of vacancies in the Y

group, it can be seen from equations (3) and (5) that wher the sum

a1

A .Y R ¢ Z
of the Y grouv exc edes 5.0 Doth (Na  + A17) and (Ka© + Al ) change
at differing rates., The resultant distributions of analyses with
o
Y _ .Y 3+ - . . .
41T = A1 4+ Fe is the same as that shown in Fig. 3.2b. By
making this additional assumption of the inapplicabilit: of the

. " _-2“' . . 1 ~ e
substitution of 2 + O = 2" it would appear to be rpossibdle toO
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eatimate the reduced iron rztio and hence iron oxidation stetie in

a successful manner. The possibility of Y group vacancies
L

+ -
sceiated with titanium (T1 + 0 = 2Hga+) is not excluded.

1 42]

(23

[an

In some instences the vange of reduced iron ratios mav be

further constrained by crystsl chemiczl consideraticns. Taree
constraints which can be applied arve, (i) Haﬂg; 1.01, (ii) 81 ¢

8,08, (iii) Ca < 2,02, It is recogaired that (iii) 1s violated

in joesmithite (boore 1%6G) but is prohably otherwise of genera
validity (Leaxe 1948). Where appropriate the lowest reduced ircn ratio
to violate eacn of these constraints has been indicated on Fig. 3.1.

It can be scen that s combinztion of the basic stomic formula con-

s . A 4 X <
dition (Ha~ + al%) - (ua” + a1%) = 0,0, assumiry the inapprooriaynacs

o 3 . . oot Al e .
of the substitution 2R”" + 0O = 3R"", plus the above crysival chemical
constraints allows an accursatz reduced iron ratin and hence iron

oxidation state to be estimated for theoretical compositions.,
1

3elok Theoretinal astomic formulase of <nown ovidation ctats
with Jiinium, tibk2aium or ¥ group vagcancies.

ions considered so far have

- + 2+
L Y T A

o)
42}
!—l .
+

All the theorstical com

excluded substitutions of the type Fe

3+

2+ 2+ o : .
2rg 5, or 2R + D= 3R . 4 number of theoretical stonic formulse

with these substitutions are given in Tzble 2,2, To simulate an

electron microprobe analysis all iron was converted to euulvalent

el

s . A Y
Fed and water neglacted. Plots of the veriation of (Ne™ + Al1%) -

X Z . A . X . . ‘s
(Na" + A1) with reduced iron ratio are given in Fig. 3,3. Using

] . . . N .

the crystal chemical constraints outlined above and assuming
3+ ,)+ jl’]'

that the substitution 2B + 0O = 3ReT is, appropriate estimates of

L8P

the reduced iren ratio (so0lid line) can be made sctisfactorily for

lithiun bearing, 1%, 16, and titanium besring analyses, 17, 18, 19.

Houever, tnat this assumption is incorrect with respect to
A Y -\‘r Z
analysis 20 can be seen because (ka” + al1*) - (Ha™ + 417) nowhere
3+ -3
, b P -
equals zero (solid line) unless the substitution 2R + O 3R
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Table 3,2, Atomic formulae and nomenclature after Phillips (1966),
of theoretical compositions with lithium, titanium, or

Y group vacancies,

Basic formuls

Number _ Atomiec formula Nane
+ o+ + + + _ + + L+ 27 .
15 THa Wa'p wg? Fet ret 11”217 s g 0" o (0HT), Ec
+ L+ + 27 -
16  Na' Na', Fe2h Li%g 5T 3 1.5 a3t 51 ) a13" 0% ,, (oH ), M
L+ -
re o T 3+ . 3+ A2 -
17 Oca®; Mgy 5 Fe?’y Fedj . Ti'] o AL, 8L g 8197 075, (0BT,
Ts
+ N O+ 2+ o 2+ o 3+ 3+ Y+ h+ I+ 427
18 Na” Ca® o Mg™ Fe®  TFe~y 5 ALl%, 5 i 500.5 5177 ALS7 07 5,
(0H™ ), _ Ps
. + - -
19 0a? Fe°" po3} 1t o sif 4135 027, (0BT, Ts
L2+ o 24 o 2+ o 3+ 34 3+ h+ A13*
20 Na® Ca~ Na™ Mg®, Fe~ Fe 0.5 Al 0.5 Fe 0.66 0 0. 33 1

2- L]
0 29 (OH )2 RSODUSO



Fig, 3,3. Plots of the variation of basic atomic formula (NaA
+ AlY) - (Nax + Alz) with reduced iron ratio for the

theoretical atomic formulae listed in Table 3,2.

The identification of the curves is the same as

that usged in Fig. 3.1, 1.2, the broken line indicates

A

the variation in (Na~ + AlY) - (I--Iax + Alz) directly,

the so0lid line shows the variation assumling that the
substitution 2r3" + O = 3r®* is inappropriate.

In addition for atomic formulae 17 to 19 the curve
(== +o == .o ==) represents the variation of (Nah +
AlY) - (NafX a1%) assuming that both 2R3+ + 0 =

2+

3r2* and Tih+ + 0 = 2Mg“" are inappropriate, Upward

pointing arrows indicate the original iron oxidation
state and downward pointing arrows the lowest reduced

iron ratio at which one, or more, of the following

constraints are violated, (a) NaAs; 1,01, (b)

hae !
Si +\< 8008 (C) Ca\< 29020
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.
actuully occurs (dashed line).

Just as with ferric iron, titanium vhen present need not
be balancing vacsncies in the ¥ group., However, for ferric rich
compositions () ¥ < 5,0) titaniuam will, if present, be considerad

L 2+
as taking part _in the substitution Ti + 0 = 2157, gee Chapter 2,
] i - £ 40 n {. --1.Yl - "A Pl Y vx

Thig will affect thes value for Al and (Fa™ + &17) = (§a™ + A17),
In Fige 3.3 a third curve ( == , o == ., , ==) is plotted for analysss

. . 3+ 24 ).
17 to 19 assuming that substitutions 2R + D = 307 opng 7i%t + O
D% , . X s
= Mg”" are both inapproopriate, The presence of the substitution
g P £
. v . 2"' . » ) Pl Ly n .
Ti + O = 2ug is indicated for anzlyscs 18 and 19 by the fzilure

o A Y X Z
of (fa + A1%) - (Wa® + 81%) to equal zero for any reduced iron ratio

3.1.5 Comnaricon of thq bacie abcmie forunla and
Stoiritionactrice rathodg Fou GCLl““%*@? Lhz diron oxidsiionm

state of theoretzcﬂl comrogibiong,

It can be sean Frowm the above discussion that reduced iron
ratios can be estimated from the basic atomic Tormula and, where
appropriate by applying ’ . crystal chemical constroints
plus assumptions concerning the applicebility of substitutions
involving ¥ group vacancies, Hhesults obtained for theoretical
analvses 1 to 20 by the present method are compared in Teble 3.3 and
Figs. 3.%, 3.5 with the reduced iron ratios for the same analysss
estimated from the four cation bases of Stout (1972), see Chapter 1
for details, The estimated and actual reduced iron ratiog esre
consistent when calculated by the basic atomic formula method, although,
unless a crystal chemical constr2int can be applied to those conp-
ositions with A1Y>'O.O, Alw > 6.0, or Y group vaczancies (nos. 5 to
10, 12 to 20) a ranga of reduced iron ratios is possible (Table 3,3,
and Fig, 3.,t), Reduced iron ratios calculated from the four cztion
bases are not in every casge consistent with bthe original value, see
Table 3.3 #nd Fig. 3.5. The cation base in which the sum of the Y

and Z groups is assumed to be 13 (2FM = 13, Stout 1972) is the most
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Table 3.3. Comparison of the actual and calculated reduced iron ratios
for the theoretical atomic formula numbers 1 to 20

calculated from basic atomic formula and stoichiometric

methods,
Actual Calculated Calculated reduced iron ratio,
PoeT redggiioiron (iiiﬁﬁeitiiiﬁ §§§iﬁla> S Na=16 éf%EiE? b%fﬁills > FM=13
1 0.60 0.60 1.0 0.60 1.0 0.60
p 0,66 0,66 0,66 0,0 1.0 0,66
3 0.75 0,75 1.0 0.75 1.0 0.75
n 1.0 1.0 1.0 0.0 1.0 1.0
i 0.80 0,80=0,.83 0,80 0,19 1.0 .80
5 0,50 0.50=0,52 0,50 0,0 0.50 0.50
y 0.50 0.50=0,56 1.0 0.50 0,50 0,50
B 0,60 0,60-0,.66 0,60 0.0 0,50 0.50
0.75 0.75=0.78 1.0 0.75 0,75 0.75
0.75 0,75=1.0 1.0 0.75 1.0 0.75
0.91 0,90 0,90 0,25 1.0 0,90
0,50 0,50=1,0 1.0 0.0 1.0 0,50
0.85 0,85-0,90 0.85 0.0 1.0 0.85
0,89 0.89-0,92 0,89 0,0 0.89 0,89
0,50 0650=0,72 0,50 0.0 1.0 0,50
0.57 0,57=0,.62 0,57 0.0 1.0 0.57
0,86 0.86~0,91 1.0 0.86 0.86 0.86
0,80 0.80-0,86 1.0 0.19 1.0 1.0
0,33 0633=0.50 1.0 1.0 1.0 1.0
0.46 0,0=0,54 0,91 0.0 1.0 1.0

> Na=16, cation base of 16 cations, 4 site full.

2> Na=15, cation base of 15 cations, A site vacant,

}:ca=15, All cations except Na+ and presumably K+ normalised to 15

E:FM=13, All cations normally present in the Y and Z groups normalised
to 13.



Fig. 3.4,

-7 6m

Comparison of the reduced iron ratio calculated from
the basic atomic formula with the actual reduced iron

ratio of theoretical amphibole compositions.

The diagonal line corresponds to equal actual
and estimated reduced iron ratios, Where two or more
analyses have the sameé actual reduced iron ratio the
estimated values have been drawn slightly separated

for clarity of representation,
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Fig, 3:5. Comparison of the actual and calculated reduced iron
ratios c¢alculated from four catlion bases., The nomen-

clature of the cation bases is taken from Stout (1972).

(a) Y Na = 16, cation base of 16 cations, A site full,
(b) 2 Na = 175, cation base of L5 cations, A site vacant,
(e) 2 Ca = 19, all cetions except Na® (and presumably K+)

normalised to 15,
() 2 FM = 13, all cations normally present in the Y and Z

groups normalilsed to 13.

The diagonal line corresponds to equal actual and

estimated reduced iron ratios.
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applicnblae but [ whien congidering compositions with Y groun

vaceneies such as 18, 19 and 20,Fig. 3.5d.

1 o]

te of the

It is illustrastive to compars the relabive mari

catinoh base Z}Wi==l3 2nd the basic atomic formula method. Both

indiecsate the iron oxidation state for celeiferac and alkall ampnie-
bolcs in which the sum of the ¥ and Z groupns is 13, at the actusl

iron oxidation state., However, for calciflercus and alkali smphibolss
. T - . . .

in woich al* > 0,0, 21 > 0,0, 2 range of reducad iron ratios is
possible with the basic atomic formmla mstheod, As mentioned rrevioug=

i

ly this 1g usssociated with Transfer of cutions bstveen components
in the bacgic atomic formula, in parlicular lg from ¥ to Ca in X,
as the suwm of th2 Y and Z grouns exceeds chirleen. On the CLH(rhsno

the basic atomic formula is zpplicable to eralyses with Y sroup

o

vacancies whnile the cation base is not, Both methods are inapplicable
o compositions in which the sum of the Y group avcedes five atl the
actualio;idation state (i.e. Tor non—calcjferous//——a]kall =uphibolcs
In toe case of the Lesic atomic formula a considerable range of iron

sxidation states extonding from the ratio at which E:Y = 5,0 towards

higher reduced iron ratios (Jower oxidation st=tss) is to be axpected

-

ag a result of the transfey of cations batween groups,

It is suggested tnat the basic atomic formula is superior

to the ucse of catich haseg in the estiration of the reduced iron r=tio

and hence iron oxidation state. However, like tha cation bases the

wt

basic atomic formula nsthod is dependant upon the accuracy of Lhe

—_—

detevrmination of all the other ions present,

3.2, Heal analvees with known iron oxidalion state,

In order to evaluate the bhasic atomic formula method under

the oxidation st+tae wers

b

more realisktic circumstances, cstiwales o

5

made for a nuwber of publisbad enalyces of calciierous ard aikali




-Gl

amphiitoles chosen at randan from the amphineole data £ile (Chaptee W),

o0

ietimates made in this way were cowpared wilh the knoun actusl iron
¥idation sbate, »nd with cskimates madse using Stout's cetion bases,

ne analyses chogses

1423
e

[

- .

To avold usinrg incowplets ov iunlerior anaiyses
following criteria,

conformed Lo all the

-~ A\

1) Iron oxidalion state determined,
N A - - ot T e . .
(2) 0™ + 7 + C17 + I ecalenlated from the 2%(0) base, in the
ronge 1.8 = 2,2, to exclude oxyamphiboles

3

3) 4nalysis totzl in the range 99,5 - 120.5 per cent,

—
=
o
»,.
*
-+

When c2lculated to the 23(0) base basic atomic formula (1

4
AlY) - (Ha X +a1 ) was less than 0.01.

All lron was counverted to ecuivalent Fed end H,0 4 ¥, C1
nezlected. Hstimates of the reduced iromn ratio were made fov 18
analyses, sce Table 3.4, For those anslyses in which 2 complets
ranze of reduced iron ratios was possible it was asswied that ths
snbstitution 2R3+ + 0O = H2+ was inzpplicabls. Tihe three crystal

chemical constraints mentioned in Section 3.1.3 were =lso apoliad

wirere appropriate, The results are given in Tsabl

¢

where they are comwvared with the actual reduce? iron raiioc,

Wihile it can be seen that the reduced ircern ratios estimated
using the hasic atomic formula method do not yield unique and entirely

accurate vazlues they are consistent with the value of the actual ratio,

&)
(0]

Results for the same analyses obtained using tne Zour cation bzses

'._J

arc given in Tab

e 3.4 and illustrated in Fig 3.,7. It can be seon
that none of the calion bhasss are consistent in indicating the
lcorrect! (actusl) reduced iron ratio. In particular it is worthy

of note that the ) FH = 13 estion base (Fig. 3.7d) tended to cive

values for the reduced iron ratio whicn in almost every instance wer

Ll

too hirh (ferrons riech), It is suggestad thorefore that the basic

-
-]

atomic [oremla method of estimating the iron oxidation ratio described




Table 3.t Comparison of the actual and calculated reduced iron
ratios for a number of amphibole analyses taken from

the amphibole data file,

a base Actual Calculated Calculated reduced iren ratio
‘erence reduced reduced iron ratio (cation bases,)
ber¥  iron ratio (basic atomic formula) >SNa=16 S Na=15 S Ca=15> Fh=13
09 0,52 0,50=0,72 1.0 0.55 1.0 0.55
191 0,79 0.88-1.0 1.0 0,75 1.0 1.0
92 0.82 0.78-1,0 1.0 0,71 1.0 0.81
93 0.83 0,70=1,0 1.0 0,23 0 49k G670
9l 0.66 0,660-1,0 1.0 0.37 1.0 0.71
Ol 0.78 0.80=1,0 1.0 0.30 1.0 1.0
13 0.70 0.57-0.95 1.0 0,20 0.98 0.85
30 0.71 0.57=0,92 1.0 0.0 0,8% 0.80
7 0.56 0.92-1.0 0.98 0.0 1.0 0.0h
35 0.68 0.55=0,65 0.86 0,0 1.0 0.93
37 0,79 0.77-1.0 1.0 0,34 1.0 0.93
R9 0,72 0,72-0,.97 1.0 0.0 Q.97 0.86
9 0,67 0.57-0,.87 0.87 0,0 1.0 0.70
EH 0,76 0.,92-1,0 1.0 0,12 1.0 0.96
32 0,80 0.62~0,97 1.0 0.35 0.95 0.83
h8 0,79 0,72-1,0 1.0 0,25 1.0 1.0
89 0.86 0.85-1.0 1.0 0,75 1.0 1.0
8 0,81 0667-0.97 1.0 0.27 0.98 0.83

2> Na=16, Caticn base of 16 cations, A site full.

> Na=15, Cation base of 15 cations, A site vacant,

> Ca=15, All cations except Ha+ and presunably K+ normeliced to 15,
EzFM=13, All cations normally present in thy Y and Z groups normalised

to 13.

¥Details of the source of the analyses can be obtainad from Appendix 8,




ig

Comparison of the reduced iron ratios calculated from
the basic atomic formula with the actual reduced iron
ratiog of a number of amphibole analyses taken from the

amphibole data file,

Calciferous and alkali amphiboles are indlcated
by a solid line, and amphiboles outside amphibols

compositional space by a dashed line.

The diagonal line corresponds to equal actual

and estimated reduced iron ratios,
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Comparison of the actual and estimated reduced iron

ratios calculated from four cation bases.

The nomenclature of the cation bases is the same as

Fig. 3.5.

Calciferous and alkall amphiboles are indicated by
closed circles, and amphlboles out=ide amphibole

compositional space by open circles,

The diagonal line corresponds to equal actual and

estimated reduced iron ratios,
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above is as zood asg, and probably superior, to alternative ceotion

As meationed in Secltion 3.1 the nethed described here isg

hiiboles in which the hydroxyl group is fully
occupied by on- s F_, or C17 and which belong to the c¢alciferous or

alkali amphibolas, Attempts 1o eytend ihc mathod Lo ampniboles with

evan minor auounts of ¥ group cations in the X zreoup 2t the 'eorroct!

oxidation st:te (or rcduced ivon TJTlO) resulis in evtended ransges of
A - : o N Y. X 4

redquced iron ratinsg comsgister ch (e -+ Al = (I'a” + A1 ), To
luskrate this. three s ol Tag. apalvasag 280 1LAc 697 ( fan

illustbr this, three such am hiholas, analyses 209, 1Lcld, 1627 ({27

details see Aspendiy 8) with resypectively 0,21, 0,00 and 0,21 Y group
cations in the X group have been plotted on Fig. 3.6 (dashed lines).
In cach instzance tne rargs of estimated reduced iron ratios is L=arge

O~

zinal,

Z
-

and extends to values consider=2bly lower than the ori

This bebazviour may be attributed to the transfer of c=iions,
from the Y to the X group, In Section 3.,1.3 it wse chown that for
amphiboles in amphibole compositional spuce this evant resulied in

alnost a3ll compositions having (¥gh + 21Y) enuzl to (Tad + 417

K—J.
c—f'

all higher r=duced ivon ratioe, For compositions ide amphibela

compositional gnace this situniion will occur at reduced iron ratios

v

lover than the actual value and explains the extended rangs of pessible

c-l

reduced iron ratios. Ratios cslculated for the same analyses using
the cation bases (open circles Fig. 3.7) indicate that cation bases
are also unsuccessful in coping vith sucn situ=tions.

Fal

Examination of Fig. 3.+ indicates that vsing the basic

atomic foraula method the range of poscible reduced iron ratios extends
in a number of iInstzncecs to 1.0 even though the actuazl valus was lower,
This introduces an intercsting corollary of using the basic atomic

formula method to estimste oxidation states. The mere balance

of the basic atcnic formula of an electron microprobe analycis »f an




amphibosle with all iron veportad ag Fed (reduced iron ratio = 1,2
. ” RNW“\-L‘ PL
aoes not nacsassarily imply that thare is onlyl\triviszlﬁ‘a263 rrasent,

) g




%, 4 COMTLT K DaTA PLis POL Wiy AMPHIDOI S,

is oart of the sbtudy of the chemistry of the amphilboles it

+as8 declided vo cnliecy as many published and unpublished analvses of
ampniboles as was f{easible, A total of 2650 anzlyses was obtained and

-

it soon became obvious tinat a cowpuler data file would be reguired te

f

cope with such a large amount of data, The collectinn, transcription

L6]

[
-
b

o

and punching of z2ny largs body of information is a costly an He

conguming operation. Often in the past the resultant data file

has been of interest only to a limited numbher of other vsers. 1t

vwas envisaged at the outsst that 5 dava file of information about
ainphiboeles would he of interest bto mineralopgists, igneous and
metamerphic petrologiste provided the information concerning individ-
val amphiboles was extensive, To accomplish this as much infcvmation
as possible about each specimen has been included in the dats file

To be of maximul velue as a secondary source of information the data

s clo

in the dets file should be in a form

W
(.’)

e o the original as

pessible, This necessitates the use of a versatile data base.

In Section h,1. the merits of various types of dsta
bases which cen be implemented in FORTRAN or PL/1 sre describzd,

1 a2 data base written in PL/l by the author is

ig=-

[o]]

Experience wit
cussed priefiy. Thanks to the generosity of Dr. l.G. Notley of the
IBlM United Kingdom Scientific Centre it h2s been possible to implement
the amphibole deta file under a protolype general data base strategy.

The generality of the date base is demonstrzted for geological dats

~

vith examples from stratigraphy 2nd mineralogy. In Sections 4.2 to

4.4 the implementation of the amphibole data file is described,

b1, Choice o) a dzt> base stratevv,

The following can be recognised as busic requiremente of a
successful dats base.

1) The data base chould be capable of handling eny data in » mannervr


http://amphj.bo.les

m
m
-

ag cloze to tha external form z2nd organisation as possible,

hv
s

The form in winich the desta jis stored should not inhibit the
setting of weaninzful cqusries,
3) Once created the data basc shovld be simple to update delete

ete. and be efficient in time snd sterage, or both,

Reqguiremens (1) deserves nore attention., YTwo aspects are
important, Firstly, to be of the greatest value data incluged in the
data basze should he in a form as close to Lts originel as poscible
(Huboux 1969, p. 49), The use of often arbitary codes, fixed vocub-
ularies, ete. should be avolded as this imprints the prejudiceos s#nd
opinions of the coder onto the dats and requires the use of bhulky

books of codas. TFor examples of thesc sae Harrison & Sabine (1970)

1972). The maintanence of the data in a form close to

AT

and Chayes (

the criginal is taken here as a wajor objective., Gecondly, Lo
comply successfully with requirements (1) and (2) the data base nust
be designed around an appropriate 'medel of information'. By 'model
of information' igs rieant an attempt to recognise and preserve the

inherent structure of the external forn of the data within the

data hase itself.

In the simplest case mineralogical data consists of 2

number of 'objects'! with various !'properties' (characters or attributes
which can have 'responses'. The responses can be in either alphan-
vmeric, integer or flecating point mode, Take for example the

mineral tremolite as an object, It may possess, 2mong others, the

following properties:-

(1) 31027 MgO, Cao, mmm—m—————————— e tC,

Eu’ C‘..l, ZI', hakaheh e e etCQ
I'.i. a ] roic B ] I'.i. Y ] 2\’.

Pleochroic schemes X, Y, Z.

ete,




More complicated

than one possible res

responses are

scheme may simultaneously take responses of

auantitative indication of

Y,1.1.

po

not mutnally

situations arise in which there

nse for a property,

N4
198

exclusive, The
the type

the colour,

Vector oreanigation,

The simplest model of info

and responsges Ry to Ry

rmabion of opertie

proper
Je

is in the form of a vector (2

(2)
Fl p2 —_— = — Pn
Ohject | R1| R2 f— —| = | = |un
Vectors are very convanient for computer processi
is especially thec case if the mode of all the responseg ig
same. The external vector organisation can be transferred directly

to an internal vector organisation,

the

sane
data

handling Facilities a

In ral

gen

in example (1), the nleochroic scheme, X, Y, Z, are cheracter string

the refr

the trace eclements either intezers or non=inte

gt

~ v

typer can

processed in a sequential

somewhat m2re complicaten

mode,

Many forms of

vector organic2tion,

igneous petrology,

nuaber of properties

r

all the resnonses are not of

active indices

are KRIFHS

Sequences of vectors

in the same order and

mode may be incorporated into {two dimensional arrszys.

e

efficient in programming languages.

and the ma2jor elements are non-intege
28rs.

than when responses are all

lyvellou!

all of the

is

That 1s to say the

D

na
-~

11 be considered as vectors externally and may be

manner but the programming involved

Array

more

axis of the pleochroic

and, a

§ Py to Py

N

i

each with

sSome

ang
Lire

Data of this

is

in the sarme

Possibly the best known examples, hoth in

IS
\

3, (Chayes 1972) and CLAIR,

(Letnitre

l'ﬂ

the same data nmode,

alvwave the

o
S
w

geolopical dsta have been made to comply with

?
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1973), Vnackor orcanisation has been used extensively because of its

simolicity from a computational viewpoint (Loudon 1G70).

The disadvantages in the use of vectors stew from thrse

gources, (i) ¢éata dependenze, (ii) deta redundancy 2nd (iii) the -
vector may be an inappropriave model of the ewiernal orgenisation
of the data. aonsidering the first two points togsther. A4t the
ou,set of any desta collection process all the possible properties

for which information is to be stored must be recognised, Tiis ig

because ths processiung programs are normally dependent upon the

1
-

»,

number, node and order of ihe responges, The inserticn of an addition.
al respongse involves alterations in the processing vrograms. The
outcome of having te recognise all the possible properties of a group
cf objects in advance 1s a Jarge number of properties only a few of
which ever take responses for any individual object, and hence a

high level of dats redundancy. Taking as sn eralnple a vector orzan~
isation to represent the opticsl properties for silicate minerals,

to include every possibilily cach vector must contain the propsrties,
n, o, ¢,Cl , B 4 and Y » refractive indices. A high level of
data redundancy is involved. Worece still the no responses are 0f

twe types, come represent 'not determined' e.g. Q » [3 Ly

determined, others 'not appro ate! e, g, n, 0, &, if B determinrad.

4,1.2, Trea oruvanisation.

Closer examination of mineralcgical data indicales that 2
hierarchical structure is present, Hierarcnical structures are

normally referred to as ‘'irees' (Louden 1970). The vropertics of

the silicoate mineral in (12ﬁay be shown in the form of a tree, sece2

Fig. W.l.

In a tree the following notsation ls used:




~9 5.t

/ \y
: \ o

PLEOCHROI SM —
Z

MINERAL SToo
\ \ MAJOR /AL203
CHEMI S TRY-//’//‘EL“urmi\\\\~bE203
\ | =
\-
\ etc,

Eu
\ TRACE = ¢y

ELEMENTE XN, Zr

etc,

Fige, 4.1, A hilerarchical, or tree, organisation of some

properties of a silicate mineral,



(3) Level

@ node.

o elementary lavel,

Responses to prozerlies can only be enlered in the elementary lovels

liodes indicate tie inter-relutionship betwesn elementzry levels and

<

other nodes, they themselvas can not take responses,
w

If the external form of the data is in a hierarchicsl form

many of the guerizs are themselves hierarchicsl in nature, There is

1

an advantage th

o

refore if the intern2l orgenisation is zlso hier-

o~

arciical, Suppose for the sake of an examnls a query ssking for(éll)

the major clement chemistry for a mineral is set., If the data is ,.
el

organised in a non=-nhiersrchical manner it is necesgsary to definre
explicitly in the query which propsrties are included in 'major

clements't,

High level progranning languares, for example PL/1, offer

hierarchicsl facilities. The form of the tree, the mode of the

eleuwantsry levels and the nomenclature of the slementarv levels =and

’
IR

nodes is dsfined explicitly. Unlika arrays there is no limitation
on the use of mixed modes at c¢lamentary levelse, In fsct a PLA
structurce of only two levels may be considered as a vector with
1ized modes, Dasta manipulation can b2 mads in terms of the whole

structure, part of the structure, or elementury levels. 'The main

-

advantage in a PL/L structure liss in the ability to cope easilv vith

data of mixed wode. However like arvays PL/1 structures are explicitly




defined and are of fixed shape and length which leads in turn to

bl

dats dependence 2nd large scale data redundaney. In 2ddition quariee
can only be seb of tha elementory levels individurlly and not of

nodes so that

o

hierzrcnical guery ic impossible.

5P

To avoid tne difficulties of Jdata redundancy and data

fode
[ 6]

dependence a data base was written in which storage apace

&

not,
allocated unless a resnonse is actuvally present and the data structure
(provided it is a tre ){lPdOuuujiﬁé of the loading and query prograns.
In the case of the amphibnle dota file a large znd complex trec was

used as the data structurs (Table 4.1),

Lte
:

A data structure in the form cof a tree is defined externally
to the 1lo24inz ard ouery programs which then becoms independent of
the data structure in vogue at any time, This is accomplisned by
describing the noGes and elementary levels in an n - level tres in
terms of a unique combination of n-l integers, rig. 4.2, These n=l
integers define the hierarchical inter-relationships of the elementary
levels and nodes. For each node or elementary level the n=1 level
nuwbers, property name and the data modse are read into the losding
program (see Appendix 5 for details). Thus fer example the entry

for the elementary level COUNTRY (Fig 4.2) which is a2lphanumeric
(wode = 1) is 1,1, COUNYTRY,l. Alternative names for nodes and

elementary levels are allowed but duplicate names are not.,

Esch item of datz (response) consists of three parts,

~~
e
e

the reference number of the object, so that data concerning the same
objeet can be vecognised, (ii) the name of the elementary lavel to
which the data ere to be directed, (iii) the response itseli. Thus
the country of orizin of object nuwmber 49 is input a2s;- 47, CUUI'TRY,
BRGLAND . In the leading program the elementery name is matcehed with

the names in the data structure and replsced by n-1 level numbers,
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AMPHIBOLE

(0,0)
GEOGRAPHY ROCKNAME MINERAL = NAME
(1,0) (2,07 | (3,0)
COUNTRY COUNTY  LOCALITY
(1,1 (1,2) (1,3)
Fig, 4.2, An exampls of a threz level structure showing the

derivation of level numbers for the nodes and

elementary levels.




To save stzvope space toe n-l level numbers are combined uniaquely
into 2 single composite infteger value and the responss stored
sequentizlly in four perts, the object numter, ths compound level
mueber, the dsta mode, and the response. By veing integers the
amount of storage space reguired is veolduced. 1In theory the made neeld

nst be storved.- In thise wsy 'no rasypouses! aro not stored and o

hicrarchical structure is retained in taras of the level numhar.

Quasrias of the data arce underieken by o query progrsan
(Apyendix 5) ir which the query in the form of o modified 'Ir state-
ment! andé the nawmes of the ficlds for wbich ¢data is t2 be outyut are
read in as data, The program actes as a simplified compiler and
interprets and sets the cuery, In this way the progrzm is indshendent

of Lhe data structure and the (uery,

As mentioned sbove the major advantage of such a data basc
lies in ite ability fteo cope with data redundancy and dats deverdernce,

Provided the propartion of 'no resporses' inherent in the data are

l

large the extra storaze requircd for the integer object number,
compound level number and data moede are likely to be less than the
storage of 'no responses'. Sxazmination of Table W,1, shows that a
large and complex tree is recuired for the amphibole data file 2n3d
experience has shoun that, on averesge, resyonses occur in only 25

per cent of the elementary levels for each amphibole, It would
appssr therefore that the data base is well suited to the amphibole
dzta file, The d2ta indepsndence of the loading and query prograqs
allows adaitional responses to be added without altering the proszromsg
snd provided the lavel numbers of ezisting nodes and elementzry lovels
are nol affected without having to raeload the data. Although not

implemented, siaple presence / absence cueries of a hierarcnical

nature could be set,
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The major disadvantagze of the data bace i1e that it iz not
particularily efficiant in time. This mwayv be atiributed to the use
of 2 high level nrograming lanzuage and the necessity of scarchin
through all the data in a sequential mannsr to obtain responses o
queries. Loadinzg of lsorge 2mounts of data is tedious in that the
name of tha clenentary level nust he specified for esach response,
The work inveolved can be reduced by either (i) specifying an zquiv-

alent but shorter name for the eleuantzry level or (il) wodifying

N

n ~ it

the ro2dinz program so that if large nunbers of rasponses for the

4

same properties in different objeacts are to be input the elementary
level naue need not be repested, However this latbter modification

has not peen undertaken becauss soon afler the data base was written
a more versatile general data base stratezy became availabhle for use

~

by the author (Section 4.1.3).

tela3e Relation2l or~anisation,

While a hierarchical view of the externzl form of data is
satisfactory for mineralogy it is not satisfactory, or appliczahle, to
every brancn of zeologv. In weny forms »f geological date it ig not

true to simnlynstate, as vreviousl) that data coneists of 2 series
; \__,...J ) ]

of 'responses!' to 'properties', Often complex spatial or temporsl

relationships exist. Consider for exaownple statements of the tvpe:-

I
(5)

B overlics A& and both are intruded by

The order of crystallisation was £, Y and then Z,
Informwation of this type Dixon (1970) terucdé ‘natural geoloziecal
structure!, and suggssled that it could be interpretsd in teris of

a rclationship beifween objects A and B of the sort :
OV—‘IP]I'JL) ( B’ A )

A completely zeneral data base straotegy canable of

nandling just such relationships using s relaticonal model of -Tota




‘

was firet sugrestad by Codd (1970). dhile a relational model of data

is able to deserive 'natur:l zeoloyicenl structure' it will be shovn

in the {ollowiny nzragraphs that tho amodel ig anplicabla to
" " = nal end nineralozieal Aata 31 cannms A wAaTc e ey ey ey ey
genlogical end nineralozical data in general. A working orototveg

data basc lncorporating a reiztional model of dabts bacame availiable
for use by the autvhor in 1972, The datva bassa has bean described by
Notley (1972) and is at present imglemented at Lhe IBH United
Kingdom Scientific Centre, bPaterioc, o, Durhom. The ampnibole data
file has been implemented using this relational model, see Roper,
Osmoan & Fnight (1973). A brief descristion of the ral:tiorncl nedel
is given velow, T7For a more detailed zccount sce Codd (197C) snd
Notley (1972). whiie a rolational medel of daba is nsw to the
geological sciences a greszt deal of wnressnt day rase=rcih on compulzr

data bases is following 2 similar aporocch (e.g. Chamisrliain ¢ Boyce

19745 Steuwert & Soldman 1974).

Within any bodyv of data objects mayv be 1

[t

‘_J-
'n
(o]
{u
L]
=
<
@

coun
thzt objects =ay themselves consist of nuwcrous responses to propeviics
In a later section properties and resvonsss will be shown to take the
sams role as objects in the present context)., Using the cxam>lss in
(5) A 3B 4Cy2and X 4 Y, Z, are objects, A rzliationship is an
associztion of more than onc objsct. The relationship 'overlics!

gcts A and B, The objects making up a relationship
are called a tuple and the number of ohlects in a tuple its degree,

two in this cuzse, A relation, as oppcsed to a relationship, is a
collection of evary valid instance of 2 sgecific relationghin., The
relationship 'intrudes! nolds between € andg A, =2nd bebween C znd 3,
Provided the objects in eacn tuple are in the same order a relation

may be envisaged as a data tahle (5), The rows are

<o

r

(6) IRTRUD=S  ( 1HTRUSION, SOUET

VSITK)

Q
b=

Q
[es
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tupleg and the coluws are termed domains, The number of tuples is
called the cardinality of the relation. Normally the domains are
given unique names as (6). Provided there is no duplication of
tuples and their orlering is immaterial the table may bz consideré&d
a relation in 1ts mathematical sense and a2 poverful series of set
operations become avoilaple for use., For a simple discussion of
set operations see Appendix 6 and liotley (1972). A more detsiled

discussion of set operations may be found in Cedd (1970).

a

8
As an illustration of_the use of the relational medel of
data to describe complex inter-relztionships, the relations racuired
to describe the information present in the stratigraphic cclumn,
Fig. 4.3, are given in Table 4,2, Dy applying set operations it is
possible to set complex queries of the data in relstional {orm. As
an example consider the guery, 'what is the age of rocks intruded
by both X and ¥ ?', One of the possible alternative ways of setiing
the query in terms of set operations is :=~

Select from INTRUSION all rocks intruded by X.

SELECT (IGNAVUS-ROCK = X) yields
A (IGNEOUS-ROCK, COUNTRY-ROCK)
X A
X B
Seject from ILTRUSION all rocks intruded by Y.
SELECT (IGME0US-NOCK = Y) vields
B (IGHZOUS-ROCK, COUNTRY-20CK)

Y B
Y .C
Y D

relaticns A and B3 on domain

=y

Take a projszction o

URHAM UMY
“ BCIE® n[(k

27 0CT 1974
Bterion
L’PhARY
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E Jurassic

o Carboniferous

Al Cambrian

A A X dyke seen cutting A.B

X X X Y " " " " B,C,D

Fig. 4,3, A simplified stratigraphical column,
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Table 4.2, Relstion necessary to describe completely the data

in the stratigraphic column illustrated in Fig. 4.3,

OVERLIES (LOWER~-STRATUM, UPPER=-STRATUM)
A B
C - D
UNCONFORMITY (LOWER-STRATUM, UPPER-STRATUM)
B C
D E

INTRUSION (IGNEOUS-ROCK, COUNTRY-ROCK)

X A

X B

Y B

Y C

Y D

EQUALS (NAME, PROPERTY, VALﬁE)

A AGE L.CAMB.
A ROCKTYPE SANDSTONE
B AGR, U.CAMB.,
B ROCKTYPE SHALE
C AGE L.CARB,
C ROCKTYPE LIMESTONE
ete, ete, ete.
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COUNTRY-ROCK. (The command for a projection is termed REORDER,
see Notley 1974).

REORDER (COUNTRY-RCCK) reln. A gives C (COUKRTRY-ROCK)
A
B
reln. B gives D (COUNTRY-ROCK)
B
C
D
Find the intersection (i.e. common tuples of C and D)
INTERSECT yields E (COUNTRY-RUOCK)
B
The age of B can be found by a seleciion of relation EQUALS
SELECT (PROPZRTY = AGE & NAME = B)
yields the result
B (U. CAMBRIAN),

So far the relational model has been described for a stratigraphieal
example, The problem now arises as to whether the model is
applicable to mineralogical data. Consider for example the major
elements in g silicate chemiesl 2nalysis. It is possible to include

these in two types of relations,

(92) EQUALS  (PROPERTY~-NAMZ, RESPONSE)
8102 44,99
AL203 11.21
FE203 3.33
ete, etc.
(9b) ( s102, AL203, FE203, = -, - - , etec, )

W4,99 11.21 3033 = -, - -, etc.,
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In the first of these there is a semantic relationship between

the domains, in the second there is only a dummy relationship.

Both sre relations in ithe mathematical sense (data table with unique
rows, in which row orderinz is immaterial). For convenience both,
relations may be termed MAJIR-ELIZMZLTS or some other meaningful name,

It has been argued that mineraiogical data displays a
hieracrchial structure. As can be seen from (9b) a relation may be
defined in such a manner as to display at least limited hierarchical
structure. Data manipulation can be made in terms of domains or
the relation as a whole, Hovwever, at leazt in theory, within a

relation domains can themselves be relations thus representing a

hieracrchical structure, see (10).

(10) OPTICS (SPEC.4 , PLEOCHROISM, COLOUR, R.I.)

PLEOCHROISH (SPEC.4 , X, Y, 2)

COLOUR (SFEC.d: , COLOUR)

R.I. (SPEC.# , QO , B,y )
In general much simpler data representation is possible if relationg
without =zierzarchical domains are used., Codd (1970, 1971) has sugzgosted
methods for deriving relations with simple domains from a hierszvchical
collection of relations., In the present context it has been foﬁnd
that sufficient hierarchical structuring can be achieved by a

judicicus choice of the definition of relations, see Section 4,3,

A data base incorporating a relational model of data has
been implemanted at the IBM United Kingdom Scientific Centre. Data
is stored in relations. The relation name, domain names and mode
are defined by the user outside of the data base. Queries of the
relational data base are written in a simple cuery language incorp-
orating set operations (Appendix 6). In addition commands to load,

store and list relations as well as commands to start or terminate

a query are required., These are described by Notley (1972). Apart
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from the simple nature of queries the relational model allows
complete data independence (Roper, Osman & Knight 1973) and by s
judicious choice in the definition of relations data redundancy
can b2 limited,

.2, Scope of the data included in the amphibole dats file,

To be of value in the envisaged use of the data file
(Chaptor 1), information relating to any amphibole must include 2t
leas% a 'major element chemical analysis'. This is defined as one
with silica plus at least three other major elements, Apart from
this no further distinction has been made on the usefulness or
accuracy of the included data., This was part of a deliberate attempt
to retain the amphibole data file as a secondary source of inform-

ation free from the prejudices of the coder,

The scope of the data included in the data file is

described below,

a) Literature Reference.

This includes the author's surname and initials plus thpsé
of the analyst if known, If there is more than one author each is
included separately as a joint author of the paper, Date of pub~
lication, journal name, volume and page numbers are included where
appropriate. In those instances in which a particular analysis was
designated by an identifier in the original source this is al=so
included.

b) Mineral Name.

The name given io the mineral by the author.
¢) Geographical Information.

Includes the country, state, province or county and the
exact locality of the specimen,

d) Petrological Information.

Because of the difficulties and time involved ln
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interpreting the available petrological information (see Chapter 8)
only the authors name for the host rock was included.
e) Optical Properties.

In transmitted light, the Q, B » Y refractive indices
and their.errors of determination, magnitude and sign of the optic
axial angle, and orientation of the indicatrix, pleochroic scheme
and absorption formula were all recorded,

f) Chemical Information.

Major elements with values in weight per cent and trace
elements in pom were included.
g) Techniques,

Information regarding the analytical technicue employed
was recorded along with the application of techniques, such as infrared
and Mossbauer spectroscopy which otherwise yield information not
included in the data file.

h) Physical Properties,

The hardness, density and specific gravity were included.
1) Structural Properties,

Space group symmetry, unit cell parameters A, B, C, B )
volume and their errors of measurement,

j) Cross-referencing Information.

Three different forms of cross-referencing between
individual amphiboles specimens were recognised, each implying that
sonme further information in the data file is relevent to the specimen
under consideration. The three recognised forms are, (i) the addition
of extra data to an item already in the data base, (ii) the re-
deternination of properties of a2 specimen already in the data file,
(1ii) reference to amphiboles which are known to coexist with the

specimen under consideration,

4.3, Definition of 2 relational framecwork for the amphibole
data filae.
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In setting up a relationzl fr
of data in the amphibole dats file, relations

kecp closely related dsta together, Thus for

GEOGRAPHY includes tnhe scope of the geographical information.

meaning of the REF.NO. is considered balow .

GEOGRAPHY (REF.MNO., COUNTRY, COUNTY,

of the domains is to be expected to contain approx

numbers of responses, data redundancy is limited

instances in which responses are not equaly common
. oL

Loru LITY)

across all

amework to include the considerable scope
were defined so as to

example the relation

(The

Bacause esach

m°telj ewual

However, in those

the

dowaing, closely related data has been distributed between more than
one relation to limit data redundancy. An example of this is the

specimen number given to the amphibole analysis by

tne original author,

The number of responses was considerably less than the rewmaining
referaence information and so two separatc relations REFRRENCT
ANALYSIS were set up.

EFEPENCE ( XEF.WO. , AUTHOR, AUTHORINITIILS, ANALYET,

FERSNCE, VOLUME)
, REF. CODE )

Lastly, where data redundancy is high and tuere are a
of possible properties, as-in major and trace element

relations of the general type

name (ref,.,no,, property, response)

have been used. The complete collection of relations

defined is given in Table 4,3,

Using MINDATAS (Appendix L) atomic formulae

formulas were calculated for all the analyses and the

two additional relaticns organised as (9b),

relstions is highly wasteful of storage but it

justified so that this dats could ezsi

u

ANALYSTINITIALS,

very large number

chemistry,

as criginally

results stored in

The organisation of these
was felt that this was

ly be processed as vectors by a ~


http://ref.no

Table 4,3,
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RELATICN NAME

REFERENCE

ANALYSIS

MINTPALNANME

CEQGRAPRY

CCCUPRENCE

CPTICS

Relation and domain names used in the amphibole data

file.

COCVAIN NAME

REF NG,

ALTHCR
AULTHCRINTIALS
ANALYST
ANALYSTINITIALS
CATE

REFERENCE
VCLUNME

REF.NO.
REF.CCCE.

REF.NC.
NAME

REF NG
CCUNTRY
CCLANTY
LCCALTITY

REFNC.
RCCKNANME

REF .NC.
ALPHA
ALPFAERRQCR
BETA
BETAERRCR
CAVMMA
CAMMAEFRCR
2V
CISPERSICN
CRIENTATICKN
CehaP,
CELTA.
CELTAERFDR
EXTal.



RELATICN NAME

CCLCUR

FLECCH-RCISH

CREMISTRY

TECHANIGQUE

PHYSICAL

STRUCTURE

SYMMETRY

CCEXISTENCE

EXTRA

RECETERNMINATICA

-1llo.

CCMAIN NANME

pEF'NC‘l
CCLCUR

REF N2,
FCENMULA
X
A
2

REFNC.
CXICE
VALUE

REF.NC,
ELEMENT
vaLLE

REFWNC,
EXEMINATICN
ANALYTICAL_METHRD

REF.NC.
PEKCPERTY
VALUE

REFJNC.
CELLPARAMETER
VALLE

ERRLCFR

REF.NC.
SYMNETRY

REF.NC.
CTHFER_REFLAC.

REFNC.
CTHEK_REFNC.

REFNC.
CTHER_REFNC.
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number of statistical and plotting programs, (Chapters 6, 7 and 8).
With the present implementation of the relational data base the mode
for each domain, once defined, must remain the same, A complete 1list
of the data characteristics for ecach of the relations is given in

Appendix 7.

As p;rt of the definition of a relation each tuple must be
unique. Examination of tﬁe relations in Table 4.3 suggests that this
in general will not be the case, For simplicity each amphibole
specimen hzs been identified by a unique integer (REF.NO.) starting
at unity an¢ increasing in the oraer of acquisition. The reference
number has been included as a domain in all the relations. It
renders tuples unique and acts as a method of cross-referencing

between relations,

No claim is made that these relations are the optimum ones
to describe the data succinctly and yield fast responsce times to
queries., However, one of the major advantages of the relational
model as implemented is the ability of the computer to re-arrenge
the data in relations to bring about such optimisation, This aspnect
of the relational model of data has been the subject of study by
Osman (1974),

Lk, Data cavnture, transcrintion and validification,

The methodology behind data capture and a complete list
of the sources of data in the amphibole data file are given in
Appendix 8. A detailed description of the method used in trans-
cribing data is given in Appendix 9. Throughout, the use of arbgfi£§

codes has been avoided and the data is in a form as similar to the

original as possible,

In all, data relevant to 2650 different amphiboles has been
included in the data file at present, This collection is by no means

exhaustive, with the emphasis on English language sources, see
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Appendix 8. However, it is considered that the collection is
probably reprassntative of the chemical variation exhibited by the

amphibole group.

Care was taken during the transcription process to encode
the source material accurately. All punched carde were listed and
the listing compared visually with the coding sheets. Violatidns of
datas modes or lengths were detected on adding dsta te the data bhase,
Offline programs, written in PL/1, interfacing directly with the
data bhase, were written to locate internal inconsistencies in the
data. The encoded analysis TOTAL was compared with the swm of the
major elements of the apyropriate a2nalysis in relation CHEMISTRY,

A discrepancy in excess of 0,01 per cent, after allowing for oxvgen
equivalences of F, Cl, was taken as an error. By far the majority
of 'errors'! located in this manner turned out to be due to inaccurate

analysis totals in the literature rather than transcription errors.

Similarly in relation OPTICS, a program was written to
locate internal inconsistencies in the optical data wnich mzy have

been attributed to transcription errors. Four checks were carried

out :=-
1) a== B =y
2) a < B <y
3) The sign of Fhe Optiqéxial angle cilcul?ted f?om tFe refractive
indices by equations +ve az- 32 < 32 _YZ
—ve b S [
C(2 82 B2 ,Y2

was ccmpared with the observed sign.
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4) The observed value for the 2V was compared with the value
calculated from the refractive indices using equations.
2 2 2 2/ ~2 2
2/ ~2 2 2 2 2
y (B —a) a(y—B)

In general it is to be expected that the ohserved and

calculated value for the optic axial angle will be similar but not
necessarily identical. This is because the refractive indices end
2V are determined indepen@ggfly and are each prone to errors of
measurement. The method of comparison used involved calculating the
range of 2V's consistent with the observed refractive indices and
their errors of measurement calculated from simple theory for the

error of a compound quantity (Topping 1962) and comparing this range

with the observed 2V.

Transposing equations for the 2V to the form

az(Yz_Bz) [Yz(BZ—C(z)

2V~ = 2.arctan B 2Va, =2 . arctan
x
Y \/C‘Z ( v2- B2 )

V(B0

and assuming that the errors e(, eB and eyin the determin-

ation of the refractive indices are independant and small compared with

—————

their respective refractive indices then the fractional errors are given

by e e e
fC(=% ) ff3=——g ) f'Y=%

The approximate maximum total fractional error F is given by

2 2 2 2
Yoty BT R iR a fa
Y + tY + 5

Y- B —qa

F= ta+
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a?(y? B

et T T U YAR o)
»YZ( BQ C(Z)

and Y = CL2( Yg pg)

then the approximate maximum range calculated for 2V is given by

(4a) 2V = 2-arctan (Xt F)

(4b) 2VY== 2arctan (Y+ F )

These approximate solutions were in very close agreement

with the maximum and minimum values for 2V obtained by allowing (Q ,
B and Y to vary independently bctween the limits (Qt eQ )
p + eB and 'Y + e'Y .

A value of ¥ 10 to 20 is common and ¥ 30 not impossible
in the calculated range for 2V. The resultant types of errors found
in the optical data are listed in column A,;;gie 4.4, Optical data
with errors of types 2,3,4,5,6, was checked carefully with the
original source and corrected, The resulﬁigg distribution, free
from transcription errors, is given in Colurn B, Apsrt from errorc
of type 2 (Banno 1964, table 7, spec., no, 3) and type 3 (Mathias
1952, p. 19), which represent impossible refractive index combinations
in 8 blaxial mineral, it can be seen that 2 considerable number of
published optical determinations arc internally inconsistent. The
discovery of inconsistencies in optical data is not new, for example

Larsen & Berman (193%) and Layton (1965) have stressed the importance

of checks of this type on optical data, To be fair many of the type
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Table U.k4., Results of data validification on relation OPTICS.

A B
Condition Before correction., After correction.
Either (,(3, Y or &v ' 678 679
not determined.,
Either =3, X -=Y or 1 1
B=Y
Either X >3, @ >Y or 10 1
B>y
The observed 2V within 37 33
the range of calculated 2V's
but of wrong sign
The observed 2V outside 36 18
the range of calculated 2V's
and of wrong sign.
The observed 2V outside 81 84
the range of calculated 2V's
but of correct sign. :
The observed 2V inside 337 364

the range of calculated 2V's
and of correct sign.
total 1180 total 1180
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4 errors are associated with the detesrmination of the sign on
material with high 2V, Even allowing for this the numbasr of

internal inconsistencies is disquietingly large,

The data in the amphibole data file has been used

extensively in subsequent Chapters.
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. CIASSIFICATION OF THE AnprHIBOLES.

U

In this Chapter the relative merits of proposed projections
and classifications of the calciferous and alkali emphiboles will he
discussed (Section 5,1)., The subdivision of amphibole compositional
space will be -reconsidered, an improved subdivigion will be given
and a method whereby a composition can be described in terms of
a consistent combination of 'end members' will bs discussed in
Sections 5.2, and 5.3 respectively., The nomenclatural status of
the 'end members' miyashiroite and sundiusite is discussed in
Section 5.4, An extended amphibole compositional space capable of
showing the major variation of all the amphiboles is described in
Section 5.6 and the nomenclature of the required additional ‘end

menmbers' is discussed,

5«1. Proposed graphical reoresentations and classifications for the
calciferous and a2lkali amphiboles.

Phillips' (1966) derivation of amphibole compositional
space, Fig, 5.1, has been described in Chapter 1. Independently of
Phillips, Fabries (1966) devised a topologically equivalent sysiem
for the calciferous and alkali amphiboles, Fig. 5.2a, Fabries made
no attempt to name analyses falling in the derived space. Whittaker
(1968) suggested a third topologically equivalent system, Fig. 5.2b,
in which,

2+
x =M « O in the X group,

+
y = M3+ +2MlH ~-M -« 20 in the Y group,

7 = Si1++ + O =~ 6 in the Z group.
Bach co-ordinate represents the increase in charge above the mininum
and the space so defined was termed 'charge distribution spacel,
Orthorhombic and cummingtonite amphiboles can also be included,

while oxyamphiboles may lie outside the space. Whittaker subdivided

charge distribution space and adjacent space into a number of named
and unnamed cubic cells.




Z R Ec

Fig 5.1. Aupnibole compositional space after Phillips (1966),
Abbreviations are as feollows := Tr tremolite, Ts tschermshite,
9 7

G glaucophane, nad ejenite, Pa pargasite, fu sundiusite, M

miyashiroite, Ec eckermannite and R richterite.



Fig, 9.2,

(a)

(b)
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Graphical representations of the calciferous and alkall

amphiboles after Fabries (1966) and Whittaker (1968).

Space occupied by calciferous and alkall amphiboles .
after Fabries (1966). Abbreviations are the same as in
Fig. 5.1 with the following exceptions: - Gl glaucophane,

Ek eckermannite and Rt richterite,

Charge distribution space after Whittaker (1968)., Abbrev=-
jations are as Fig. 5.1 with the following exceptions: -
Mb mboziite in place of sundiusite and (?) in place of
miyashiroite,
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The systems of Phillips and Whittaker both have many
points in common and it is of interest to discuss the relative
merits of the two systems at this point, Provided there are no

uncompensated vacancies in the X and Y groups the two systems are

related by
“Whittaker Phillips
X : 2 - Na®
y a1Y
z 2 = AlZ

At first sight the Phillips sysuem appears inferior in
two aspects, Firstly orthorhombic and cummingtonite amphiboles are
not included and csecondly the possibility that isomers of certain
compositions, for example richterite, may plot outside amphibole

compositional space,

The conceptsof the basic atomic formula and amphibole
compositional space were originally defined for calciferous and alkali

amphiboles. Orthorhombic and cummingtonite amphiboles can be
included if (Mg2', Mn°', Fe>') and Lit in the X group are included

+
with Ca and NaX respectively and any Li in the A4 group

A, in the calculation of the basic atomic

formula. Anthophyllite (3Mg2 24 581h+8 2 (OH')2, gedrite

L+ + o=
EJMg2+2Mgz+3A13+2Si 6A13 2 2 22(0H")2 and holmquistitp

CJLi Mg 3 13+ SJ_lH'BO2 22(0H )9 plot as tremolite, tschermakite

(protoamphibole) as Na

and glaucophane respectively in both systems.

Whittaker (1968, p.238) introduced the possibility of

+ 2+
positional isomerism of Na and Ca between the A and X groups in

compositions such as richterite Na+Ca2+Na+N0 5 h+8 2" (OH )

+ + -
'iso-richterite? 032 Na 2Mg2+5Siu+802

and
22(OH')2. Iso—rlchterlte
would plot outside amphibole compositional space, A study of the
Madelung energies of richterite and 'iso-richterite' by Whittaker

(1971) demonstrated that richterite was the lower energy isoner,
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X-ray refinement of the crystal structure of two synthetic
richterites by Cameron & Gibbs (1971), in which sll Ca-' was
arbitrarily ordered into the X group, yvielded low residual 'R
factors' indicating that the ordering used was probably correct,
Natural compositions may be expected to have Na+ and not Ca2+ in
the A group. This is in accordance with Phillips (1963) and the
calculation of atomic formulae in Chapter 2, There would appear

to be no evidence, at least at present, to require amphibole

compositional space to be extended in this respect.

Tre Phillips system may be considered superior in two
aspects, the treatment of oxyamphiboles and 'real' coapositions
subject to analytical error, According to Phillips (1963) oxygens
substituting for hydroxyls are balanced by ferric iron in the Y
group (Fe2+ + OH™ = Fe3* + 02_), although the validity of this
substitution has been questioned by Leake (1968). The resultant
ferrous iron is returned as Mg in the basic atomic formula. \I;_

this way oxyamphiboles plot within amphibole compositional space

nearest the end member they are most similar to. Thus for example,
Ao g3t - 02"
2+2Fe2+3Fe 3+ +/ ’;l 20 22(0}1 )O )2

h+ -
would plot as Pa and an oxyrlebenkitefjua of'e 2+2Fe3 3S 8 52

an oxyhastingsite Na'Ca 2ul
(on™ ,02 )2 would plot as G. The same two compositions according

to Whittaker have the co-ordinates 2,2,0 and 0,3,2 and plot as Ts
and outside charge distribution space respectively. The overall
relztionship of the oxyamphibole is not as apparent as offered by
Phillips' method. Secondly, when considsring 'real' compositions
it is apparent that negative co-ordinates are possible in the
Whittaker system if Sil++ is less than 6.0 and possibly also for the
X and Y axes if there are uncompensated vacancics in either group.
In summary, of the two alternative systems, that proposed by

Phillips is superior,



A nuuber of other graphical represcntations and
classifications have been suggested for specific groups of amphiboles,
Many of these may be considered as views of portions of amphibole
compositional space. The essentially similar plots for the cal-:
ciferous amphiboles proposed by Hallimond (19%3), Winchell (1945)
and Boyd (1959) are projections onto the aquadrilateral Tr - Ed =

Pa - Ts of analyses with low Nax. Leake (1958) has proposed a

classification of the calciferous (Ca2+> 1.5) and subcalciferous
2
(1.0<Cca"< 1.5) amphiboles in terms of a plot of Sil++ versus

2+

2+ ,
Na+ + Ca + k*t (site unspecified). The ratio Mg /(Fe3+ + Pe +

Mn2+ + Mg2+) was erected perpendicular to the base. The space so
defined was subdivided into a number of cells in such a manner ss
to maintain, as far as possible, the traditional use of nomenclature,
In Fig, 5.3 the relationship between calciferous and subcalciferous
amphiboles and the planes Tr - Ed -~ Pa - Ts and Tr - Ed - R
representing Leake's projection is incdicated. The major disadvantages
of the system lice in the choice of the three variables used to
define the name., In particular tho occupancy nf the Y group is not
indicated directly and all compositions with the same (value for)

iv

Al in the Z group and A site occupancy plot as the same point,

see Fig., 5.3.

The most freguently used classification of the alkali
amphiboles is that of Miyashiro (1957), This may be considered a
projection of alkall amphiboles (Nax:>l.0) onto the face NaX = 2,0
in Fig. 5.1.

1t is apparent from the above discussion that amphibole
compositional space offers a convenient means of  representing.
graphically the complex crystal chemistry of the calciferous =nd

alkali amphiboles,
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Tr

L

Fig, 5.3. The scope of analyses which project onto Leake's (1968)
graphical representation of the calciferous and subcalciferous
amphiboles. All compcsitions along the length of each arrow, that
is with the same 41% and NaA, project as the same point on the

planes Tr ~ Ed -~ Pa - Ts and Tr - Ed = R.
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Del, Subdivision and nomenclature of amphiholse comnositionnl
Space.

Whittakor (1968) suggested that chsrge distribution space
could be subdivided into a number of cubic ceils, each centred about
an integral c¢o-ordinate and extending : 0.5 units along the x, y
and z axes. Applying the same scheme to amphibole compositiongl
space requires 19 cells., These include 9 centred about each of the
'end members', 3 more at the mid-points of the edges of the triangular
face Tr - Ts - G and 1 at the centre of the hexagonal rface, The
remaining 6 are centred outside compositional space at 1,2,0;

0,1,0; 0,2,1; 2,1,1; 1,0,1; and 1,1,2 (Phillips co=-ordinates). Each
cell can be identified by the co-ordinates of the central point or
named after characteristic amphiboles plotting within the cell. An
unknown can be identified simply, but the requirement of such a large
number of cells is in the writers opinion prechibitive., In addition

the proportion of individual cells within amphibole compositional

space varies considerably.

Phillips & Layton (1964) suggested the term gensu extenso
to characterise compositions with greater than 50 per cent of a
specific ‘end member'! present, Phillips (1966) subdivided amphibole
compositional space into 'gensu extenso! regions. The apostrophes
have been included to indicate that the regions given by Phillips do
not correspond throughout with grester than 5C per cent of ‘end
members'!., For example, Phillips subdivision of compositions with
Na%< 0.5 is given in Fig. 5.4a and compared with regions in which
lend members! are each in excess of 50 per cent in Fig, 5.utb,

Further examination of Fig. 5.4a reveals that the three 'sensu

extenga! regions do not correspond with regions in which a specific

'end member'! even predominates. 4 composition such as

) Ca2+

o+ 2+ 3+ L+ o3+ 2" oy~ 3 (K
1,152 ¢ ote 3.5Al l.SSi 7,hAl 0.60 22( H'),, marked ()




Fig. 9.4,

(a)

(b)
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Subdivision of amphibole compositional space with
A
Na < 0355.

'Sensu extenso! regions after Phillips (1966),

Subdivision into regions in which each of the 'end
members! accounts for greater than 50 per cent of the
compositional variation, Three reglons each wlih the
same shape as amphibole compcsitional space correspond
with sengu extenso regions in the original sense,

The central region and three peripheral tetrahedral
reglons do not correspond to greater than 50 per cent

of any t!end member!',
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7
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in Fie. 5.%a, and lying in the [ield of Ts 'sensu extenso! is
S ] b

represented by the 'end member' combination Ts30Gu5Tr25 ..
Amnhibole compositional space with NaA> 0.5 is shown in
Fig. 5.5. Reglons with greater than 50 per cent of a specific
tend member' present are overlapping, (Fig. 5.5b). Three
tetrahedral regions, stippled in Fig. 5.5b, cannot be described
in terms of greater than 50 per cent of any of the available ‘'and

members'., The 'sensu sxtense' nomenclature of Phillips, Fig. 9.5a,

corresponds in this case with regions in which 'end members!

predominate only,

To the writer the subdivision of amphibole compositional
space into regions in which 'end members! either predominate or are
in excess of 50 per cent offers an obvious way of naming amphiboles
without extending the number of names reguired unnecessarily., I
the space is 1o be subdivided into regions which can be described
by greater than 50 per cent of a composition a number of additi&nal
'end members' are raquired., However, amphibole compositional space
can be subdivided into regions in which the nive 'end members!

dominate without the addition of any further namess. These regions

are indicated in Fig. 5,6a,b and the name sensu dominante (abbreviated

to s.d.) is suggested to distinguish these from gsensu extenso rezicns,

A sensu dominante name can be obtained by consulting Tsble 5.1.

The advantage of such a subdivision lies in its ability to
name an analysis in accordance with the dominant 'end member!
component of the basic atomic formula. The boundaries are parallel

A < 0,5 and I\IaA > 0.5 which was not so2 in

for compositions with Na
the original subdivision, The major disadvantage of the proposed
subdivision is that Phillips' (1966) boundary (Nax = 1) separating
the calciferous and alkali ampniboles no longer corresponds with that

between sensu dominante names. However any large scale boundary which

1s based on only a single variable (Nﬁx) is in many ways less




Fig, 5.9.
(a)
(b)
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Subdivision of amphibole compositional space with
Na > 0050

'Sensu cxtenso' regions after Phillips (1966). The
three boundary planes are parallel to the line of sight
in this diagram.

Subdivision into regions in which each of the t'end
members! accounts for greater than 50 per cent of the
compositional variation, Only two of the six over-

lapping true sensu extenso regions are shown, those

corresponding to R gsensu extenso and Ec gensu extenso.
Three tetrahedral regions, stippled, do not correspond

to greater than 50 per cent of any of the ‘end'members'
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Fig,5.6, Proposed subdivision of amphibole compositional Space
into sensu dominante regions.
(a) Nah< 0.5, (b) Nt >o0.5.



Table 5,]1. Determination of the gensu dominante name.
AlY Alz Unique Special A B
X -9,0

0-0.5 0-0.5 - - Tr R
>0,5-1.0 - - Tr =
>1,0-1.5 Eqg - - -
05=1.0 0-0.5 Ty - - -
| >0,5-1.0 - - Tr -
>»>1,0-1.5 - A+CTr Ts =
>1,5=2,0 Py - - -
10-1.5 >0,5-1.0 - A+CTr - -
>1,0-1,5 - - Ts =
>1,5=2,0 - - Tg =
5=2,0 >1,0-1,5 Ts - - -
1.5-2.0 - - TS =

= >0,5=1,0
0.5 0=0.5 - - Tr -
>0.5-1.0 - - - R
e5=1.0 0~0,.5 - - Tr =
>0.5=1.0 - - Tr R
>1,0=1.5 - - - -
LO=-1.5 0-0.5 - A+DTr - -
>0,5=1,0 - A+C+D Tr - -
- A+BG Ts -
- B +DR - -
- C+DEI - -
- C+BEc - M
>1.0-1,5 - - Ts «
>1.5-2,0 - - - -

Pa
Pa
Pa

ete

Ed

Ed

Ed
Pa

Ts
Pa
Pa

Sa

Ed
Pa

Su
Su
Su



b1 . 52,0 0.5-1.0
1,0-2,0

NaX 1.0-1,5
0-0,5 0-0.5
2.5=1,0 0-0.5
>0.5-1,0
1,0=-1.5 0~0.5
>0,5=1,0
>1,0-1.5
11,5-2,0 0-0.5
>0,5-1.0
>1.0=1.5
1.5-2.0

baX >1,5-2.0
0.5-1.0 0-0,5
1.0-1.5 0-0,5
>0,5-1.0
1.5-2.0 0-0,5
>0,9-1.0
>1.0-1,5

Conditions

A m

B
C Al
D

Su

Ec

+

Tr

Ts
Ts

Ec
Ec

Su

Ec
Ec
Ec
M
Su

Su
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informative than a nomenclature based on the dominant componunt

of the basic atomic formula, Tihe question of subdividing amphibole
3 . 2 ) X Y

compositional space in terus of Na™ 1is returned to in Chapter 7

after examining the distribution of natural amphiboles.

5e3 Deriv=tion of congistent 'end wembzr' combinations
_for bagic atomic forrmulse in gzmphihole compogitionai

space,

There are instaﬁces when a description of an analysis in
terms of a linear combination of ‘end memhsrs' is advantageous, as
for example in the study of the optical properties of amphiboles
along a join between two 'end members®, Compositions within amphibola
comprsitional space can bec described as a linear combination of the
vertices but for other than special instances (vertices) mores than
one combination of 'end members' is possible, (see Chapter 1). A
simple method is outlined below by which the most appropriate 'end

member' combination can be arrived at consistently.

Knowing the gensu dominesnte name for an analysis it is

logical to derive an 'end member' combination in which the scinsu
dominante component is a maximum. Oftan this single restriction as
enough to provide a unique combination. If an analysis can be

described by a numpber of combinations in which the sensu dominante

component 1is equally important it is suggested that the combination
involving the smallest number of 'end members'! is chosen., Where this
is still not unique then the combination involving the smallest
number of 'end members! to account for the highest proportion of

the composition is used. This is best illustrated by a formal

description of the method and some actual examples,

1) Calculate a basic atomic formula from the analysis.

2) Check that the a2nalysis lies within amphibole compositional space,

a1% > 1Y - maX, 414 < a1t - e+ 1, m% < 2.0, :1¥< 2.0,




X< 2,0, Na'< o Yy o 1 X 4
< 2,0, Nao< 1.0 and that (Na~ + Al7) equals (Na®™ + Al ).

Na
3) Determine one combination of 'end members' necessary to

conpletely describe the basic atomic formula of the analysis.

Normally this can be achisved by determining the maximum prop-

ortion of the sensu dominante component first (see Example 1).

If this is not possible, as in the case of Tr gensu dominante

(Example 2), it may be necessary to derive a combination by
first determining the proportion of 'end members' other than

the sgnsu dominants component.

5) Once an 'end member! combination has been calculated altsrnative
combinations which also describe the analysis can be obtained
with the aid of Table 5.2, In Table 5.2 pairs of ‘end members’
on each side of the equsls sign have the same combined basic
atomic formulaoe and are interchangeable. Thus a combination of
Suny ( x > y) becomesaccording to equivalence (1) EdyMySuX

and a combination EchuyRy from (2) becomes Ecy yPa

=y
v

In determining the maximum proportion of the sensu
"dominante component start at the top of Table 5.2 and find all those
equivalent combinations in which the required component does not
decrease. Once an alternative has been obtained return to the top
of the Table and check for any further alternatives to the
combination, Continue in this way until all the alternatives have
been exhausted.
6) Choose from the list of alternative combinations the one in

vhich the gensu dominante component is a maximum, or if this is

not unique the description, comoplete or partial, in terms of

the smallest number of ‘'end members?.

Example 1. specimen number 759 (see Appendix 8 for literature source).

Su sensu dominznte.,

Determine the maximum sensu dominante component.




Table 2

NV 0o 2 oo F ow v H [
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Equivalent ‘'end member' combinations,

Su +
Su +

Eq +

R
R
M

2Pa + R

2Su + Ed

e

+

e BRBER

Pa
M

+ R
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Ed + M

Pa + Ec

Pa + Ec

2Ed + Su

2Pa
2Ed

+

o+

+

M

Ec
Ed
Su

Ee

Ec

2Ec
2Pa
2Pa
2Ed
25u
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vad ca oma® mg  a1¥ si o a1® ogy(0m),
0,61 1.43 0.57 3.29 1,71 6,25 1.75
0.57 0.57 0,57 1.71 1l.1% 3.42 1.1% Su 57 per cent
0.0 0.86 - 1.58 0.57 2,83 0.A1

The only remaining ‘end members' with a full A sits

Arbitarily.

d was chosen next.

0,04 0.08 - 0.20 =~ 0,28 0.0% Ea 4.0
- 0.78 - 1.38  0.57 2.55 0,57
- 0.57 - 0,85 0,57 1,71 =~ Ts 28.5
- 0.21 - 0.5 - 0.8% -
- 0.21 - 0.53 =~ 0.8 - Tr 10,5

Q w
uu57Ts28.5Tr10.5_.dl+

From Table 5,2 it can bs seen that there is no more Su

rich equivalent combination, and only one SugnTspg, sTryp shay

(equivalenca 16) with an equal Su content,

Of

is chosen because the higher proportion of the

these two, the forwer

composgition is

represented by the smaller number of ‘'end members',

Example 2, specimen number 910, Tr sensu ¢ominant

(¢

Here it is not possible to remove the maximum sensu

dominante component first.

The choice of the components used is

arbitrary provided they comply with the basic atomic formula.

412 0,5,(0H)p

Na®  Ca NaX Mg A1Y st
0.4 1,86 0.1+ k4.5% 046 7.5% 0,46
0,1 0,1% 0.4 0,42 0,28 0.8+ 0.28
- 1.72 - L.,12 0,18 6,70 0.18
- 0.18 - 0.27 0.18 0,54 0.18
- 1.54 - 3.85 =~ 6.16 -
- LS - 3,85 - 6.6 -

Su 14 per cent

Ts O

Tr 77
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Tr 775\11}+T59

From Table 5,2 it can -be seen that there sre no alternative

combinationsg with eithcr an equal or greater Tr comoonent,

Bxample 3, specimen nuwmber 1483, Tc gensy dominsntie,

This ®xample is included to show that even if an initial

combination in which the gensu doninante component is not dominont

is obtained a combination in which it is dominant can be found with
the aid of Table 5.2,
It should be noted that in this exanmplz it would have been possible

to have removed the Zc component initially.

N2 Ca  Na Mg 51Y si 81% 0,,(0H),
0,01 0,55 1.45 L,31 0,69 7.86  0.1%
0.07 0,07 0,07 0.21 0.1% 0,22 0,1% Su 7 per cert
0.84 o,48 1.38 4,10 0.55 7l -
o.48 " o.48 0o.48 2,39 - 3,81 - R 48

0.36 - 0,90 1.71 0,55 3.60 -
0.36 - 0,72 1.k4 0,36 2.88 - Ec 36

- - 0.18 0,27 0.19 0,72 -
- - 0.18 0,27 0,18 0.72 - G 9

E036Su Rh8G9
From Table 5.2 the following alternative combinations are

possible., Only these with Zc grsater than 36 per cent are shown here,
B G
(2) ¢y 3Ry 18gPay

(13) Ec68R9Tr9Edll+
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(12) ECSORH162TS7

(13) ECSMR37Tr2Ts7

(13) E061R23Tr9Pa7

Lczak £d
The combination with maximum Be is HEcg8HglrgZdiy
Using Table 5,2 it has been shown now a combination in

terms of the maxinum gensu dominante neme can be obtained., Obviously

the same method can be applied to maximise any of the components
should this be riquired., For example as pzrt of a study of the
optical properties of amphiboles on the join Tr - Pa, amphiboles
with high Tr, Pa components would be rcquired. These may be found
by maximising the Tr and Pa components with the aid of Table 5.2.
For example the composition EdggTsqqIryy in the field of Ed s.4.
can be seen from equivalence (16) to lie on the Tr - Pa join at

Trypkagge

5okt Nomenclatural status of mivashircite and sundiunsite.

In deriving the sensu dominante norenclature for amphibole

compositional space Phillips and Layton's (196%) nomenclature for the
nine (M32+, Al3+ substituted) 'and members' has been used. It

can be argued that it is unjustified to name an ‘'end member' unless
corresponding synthetic or natural amphiboles are known, or amphiboles
occur with the 'end nember! component dominant. Six of the 'end
members' have been synthesised, Ts, Pa (Boyd 1999), G (Ernst 1961),

Ed (Colville, Ernst & Gilbert 1966), R, Ec (Phillips & Rowbotham
1968). Attempts to synthesise Ts (Ernst 1968; Jasmund & Schafer

1972) and M, Su (Phillips & Rowbotham 1968) have proved unsuccessful.

Moreover, Leal= (1965a, 1971) failed to find any natural amphiboles

close to tschermakite or ferro tschermakite and when Phillips ang
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Layton coined miyashiroite and sundiusite 'no minsrals close to

either composition were known to the authors'. Tschermakite, named by
Winchell (1945) for a theoretical composition suggested by Hallimond
(1943), is now in common use both for the original theoreticsl comp-
osition (Sundius 1946; Smith 1959; Colville, Ernst & Gilbert 1966;
Ernst 1968) and for various ferrous ferric iron substituted analogues
(Deer, Howie & Zussman 19633 Whittaker 1968), Sundiusite and
miyashiroite have not met with such approval. Fleischer (1965) argued
for the abolition of both terms on the grounds thst no amphiboles
were knowr.,, at that time, with either 'end members' as the dominant

component.,

In order to clarify the position as regards the terms
~miyashiroite and sundiusite, a search of the amphibole data file was

undertaken for analyses with either M or Su as the dominant composnent.

5.4.1. Miyashiroite,

A search of the amphibole data file located six basic
atomic formulae with M as the dominant component, five of which had

M in excess of 50 rer cent and therefore belong to M sensu evitenso

in its original sense, Atomic formulae to 23(0), and where appropriatse
24(0), and brief descriptions of the occurrence, location and source

of the analyses are given in Table 5.3. 'End menber! combinations
calculated in accordances with the rules given above are included.

Where it has not been possible to derive an accurate 'end member!
combination because the analysis lies outside amphibole compositional
space, or has an unbalanced basic atomic formula, only the sensu

dominante component is indicated,

Because of the unbalanced basic atomic formula of 2225
and the relatively small M component in 794 further attention is

2+ 2+
confined to the remaining four analyses., A plot of Fe /(Fe +

Mg2+) versug re’' /(Fe®" + Alv'), Fig. 5.7, shows that the three
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Table 5.,3. Source and atomic formulae of amphiboles with M as

*79L

* 919

1738

2158

2225

-

the dominant component.

M _G T Harker (196 from a strongly foliated
( 43%38.5 rll.5E07) y (1963), s gly folia ?
gneissic riebeckite granite, Carn Chuinneag, Scotland. A

balanced basic atomic formula is achieved to 23(0) and 24(0).

(M69Tr31) Holgate (1951) from a crossite quartz albite epidote
sphene schist, Llanfairpwllgwyngyll, Anglesey. The
analysed matericl is reported to have at most 1 per cent
of epidote impurity. While charge balance is achieved in
the baslc atomic formula the OH content is very low and

the Y group total (23(0)) is low.

(Mpy) Perchuk et al. (1967) albitised nepheline syenite,

- Dugda Massif, Tuva, USSR, No water was determined.

(approx., M76G15T59) Sutherland (1969) fenitized dacite or
rhyclite, Mt. Homa, Kenya and occurs as late stage veins of
amphibole after aegirine. The analysis was performed in
duplicate by rapid wet chemical methods and judging from

the atomic formula is satisfactory.

(M51) Velde (1971) late stage amphibole in a minette, St
Heller, Jersey., The analysis is probably inferior since
charge balance is not achieved using the 23(0) or 24(0)

bases.,

(MyoEcgRypTrm) Volkov et al. (1962) amphibole lujavrite, Mt.
Pargualv, Lovozero complex. The analysis is apparently

satisfactory.

In this and subsequent tables X signifies an amphibole which is

included in Figs. 7.1-7.28, Chapter 7.
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atomic formulae of amphiboles with the M component in excess of
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. . 2+ 2+ +
amphiboles from igneous parageneses are (Mg , Fe™ ), Fe3 substituted
while the single amphibole from a metzmorphic paragenesis is the

most aluminous.

With the recognition of basic atomic formulae with
NaNa,lig Al2Si7A1022(0H)2 not only as the dominant component, but in
excess of 50 pé; cent, there is, in tne writers opinion, strong
grounds for naming the coméonent. Miyashiroite is the obvious nane.
Thus there are natural amphiboles with miyashiroite as the dominant
component of the basic atomic formula but from Fig. 5.7 it is
apparent that natural amphiboles close to the specific stomic formula
Na+Na+2Mgz+3A13+2Sil++7A13+og;(on')2 have still to be recognised. It
is suggested that the name miyashiroite be retainsd for basic atomic
formulae near NaNagMg3A1281?A1022(OH)2 and possibly also for that

specific composition. This is analogous with the modern use of

tschermakite,

5,2, Sundiusite.

In the same yecar 2s sundiusite was first suggested Brock
et al. (1964) dascribed two amphiboles which approached the ferrous,

ferric iron substituted analogue of sundiusite, Na+Ca2+Na+Fe2+3Fe3+2

Sih+6A12+202-22(0H-)2. These they termed mboziite after the Mbozi
syenite - gabbro complex, Tanganyka where the type material was found.
Fleischer (1965,1966) recognised mboziite as a valid amphibole name
and Whittaker (1968) used it for the appropriate fend member' of
charge distribution space. Taking analyses from Deer, Howie & Zussman

(1963) Whittaker found only a single amphibole plotted in cell 120

closest to mboziite, This was one of the type taramites of

Morozewicz (1923) which like mboziite was ferrous, ferric iron rich.

A search of the amphibole data file for amphiboles with Su

as the dominant component located 115 analysss. Many of these had

only marginal Su dominance but 15 were found in which the Su component




wldDa

was in excess of 50 per cent. Atomic formulae, locatlion, occurrcnce
and source of these which include the type taramite (280) and mboziite
(1481) are given in Table 5.4. An optimum iron oxidation state has
been estimated for the electron microprobe analysis 2719 and the

e¢xtreme atomic formulze are given in Table 5,4,

Both the mboziites are apparently rellable analyses,
however type taramite (1%81) must be considered inferior, Ferrous
iron substitution for Mg2+ and ferric iron for A1Vi can be seen from
Fig, 5.8 where all fiftcen analyses have been plotted. There is a
marked concentration of analyses with ferrous and ferric iron sub-

+ : , . . . .
2 and A1VL yhich include the taramites and mboziites

stitution for Mg
plus analyses 11, (Ainberg 1930), 82,83,87 (Appi}ard in Leake 1968)
and 940 (Holm 1971). Two of these latter analyses 82, 83 have 78 and
74 per cent Su component. It would aprear that the ferrous, ferric
iron substituted analogue of sundiusite, that is taramite or mboziite
is not uncommon and occurs typically in nepneline bearing alkali
igneous rocks and nepheline gneisses. Only two analyses, Ohl
(Heritsch & Kahler 1960) and 1413 (Machatchski & Walitzi 1963) do not
3+

show substantial Fe>', Fe>' substitution.

The recognition of 115 basic atomic formulae with
NaCaNaMg3A12816A12022(0H)2 as the dominant component and fifteen
in which it is in excess of 50 per cent are strong grounds for
retaining the term sundiusite for such basic atomic formulae, The
status of sundiusite is further strengthened by the recognition of
analyses 8hlt, 1413 both with the NaCaNaMg3Al2SiéA12022(OH)2 component
cqual to or greatflier than 50 per cent and with Fe°* /(Fe2+ + Mg2+)
and Fe3* /(Fe3+ + AlVi) less than 0,5, It is possible that if such
analyses had been recognised in 1964 when the term was first suggested,

sundiusite might hsve met with general approval., The terms taramite

or mboziite can be retained for the ferrous, ferric analogue of



Table

# 11

¥ 280

¥ 281

¥ Lol

* gl

¥ 940

*'1ho3

F 1413

1481

~146.

4. Source and atomic formulae of amphiboles with the Su

component in excess of 50 per cent,

(Su5 ) Ainberg (1930), nepheline syenite, Ukraine,

9Ed2lT520
U.5.5.R. The OH™ content is very high.

(Supg), 83 (Su7q), 87 (Su55) Appleyard in Leake (19468),
nepheline gnelss, Kargus Ridge, Wolfe Belt, Lyndoch,
Ontario. '

(SugoRyp) Brock gt al. (1964) type mboziite from late stage
nepheline syenite dyke intruded into the Mbozi syenite -
gabbro complex, Tanganyka,

(approx. Su70Pa3o) Brock et al. (1964), late stage pegmatitic
nepheline syenite dyke intrusive into the Darkinale
syenite complex, Somali Republic,

(Su53Ts3pTryp) Couyat (1908), andesite, Wadi Abu Maammel,

Egypt. The analysis is an old one with Nay0, K50 expressed
as Nap0 and the water content is probably in error,

(Su57Ts2g9TrioEdy) Heritsch & Kahler (1960), vein in eclogite,
Saulpe, Austria., The OH™ content is very high.

Holm (1971, no. 3) , leucocratic nepheline gneiss, Ghana,
Despite the quoted high purity of the analysed material
(>98%) and the use of wet chemistry %he OH™ content is very low,
When recalculated to 23(0) the analysis lies well outside
amphibole compositional space so no 'end member'! combination

has been calculated.

(Su57) Lupanova (1934), phenocrysts in a monchiquite dyke,
Hibina Mts, Khibina Tundra U.S.S.R. The water content is
loss c¢n ignition and almost certainly in error.

(SugoTspgTrpp) Machatchskl & Walitzi (1963), amphibolite,

Stramez, Southern Koralpe, Austria. Ho0+ is assumed to

make total up to 100,

(Sugl) Morozewicz (1926) type taramite mariupolite dyke cutting



-l

alkall granite, Mariuopol, Ukraine, USSR. The analysis
grossly fails to calculate to a balanced basic atomic
formula.
*1482 (Su 68) Morogzewicz (1926), as above, The water content is
again too high.
* 1667 (Su55) Parsons (1930, no,l), the occurrence is not given,

The water content is very low.

2719 (SuéhTs30G6 to Su7oT323Tr7) Linthout & Kieft (1970), electron
microprobe analysis of 'magnesium aluminium mboziite!,
schilstose albiltiferous quartzlte, Sierra de los Fillabriles,
Spain, The iron oxidatlon state has been estimated and

lies between the values given in Table 5.4,



q 0

- lli—u-

1¢*1 1C*C
G721 99°*1
$Z2°C 96° 0
1#*2 g3°1
£3°0 €6°0
59°0
£€E3°0 £6°0
By G3*y
0G6°1 6%°1
22°0
70*0
PR T
w2 3e°2
Nmn. Z5°0
ge*1 e¢°1
L1° 0
ZL*3 5%°0
G 1 991
Gu*? b9
(C)wZ (0)gl
7l%
*

10°0-

[V
GL*0
€3°1
80°1

o

Z

Y

O.
Jc.

u

(C)wZ (Clte

¢3°¢
0L*0
73°1
g0°1

%0°0
K ASRY)

azeo
55°¢
gZ*1
9e°0

c0°¢
w L

w
[Tl

18¢2

L

J20°0 10°0
08°1 18°1
00°1 00°1
sl duel
¢0°1 20°1
AR

51°0

8L°1

96*0  946°D
IR0 99D
L1 a0t 1
55°*0 66°)
c0°0

gty

3¢°0 92¢°0
oe*"0 (0¢c°0
¢s*e 16°¢
26°T 5¢6°1
%00 ¢0°*D
SI*0 1°¢
08°1 18°1
J2°3 61°93
(Q)¥%Z (C)ed

Juge

t 3

cz*¢
S5°D
1471
93°1

“ren
2 B
HE*0
§2°2
923°1
11°0
v il

2 N
~
[ ] L ]
n Ny

{31l

61°0

2%k

G1°*D
YE*D
89°¢
i1
21°*0
82"

Za*?
B5°%

(R L L4

£
%

33D

53¢
KA A
L1
LI2°1

(01ed

e

3%2°0

£0*?
LL*D
9% °1
211

€2°0
5£°0
ae "1

£€2°0

11°0
E1°0
S °l
iv*Z
TZ2°1

ke "N

{(J)72 (D)2

22°0

90° 7
BL™O
1L°1
2171

870
¥9°0

gL
¢c¢°1

10°0
91°0
81°0
e
Q% Z
A AN

Z8
*

co°0

96°1
£3°0
€G6°0
90° ¢

214
Q¢c*¢e
€50

951
213

y0*0-

wl°1 21V
65°0 "N
2s°1 0¥
09°0yON

+Nw
HO HO

+H
bh* . M v
L€ "0 DN

66 * . DN
I#°*1 D) ¥

BL*T AV =
¢ty 1S

(0)%2 (0)¢€

11
¥




~

n o
N~
-

uy

TR RRVAY

OO W
~ W~ o
[ ]

—
.
oo

L ]
OO~

-

(W]
.
L2

16°1
%L°C
c0°¢

b9 0

o
-
.
LG

34
1

N O o
— A (]

. . .
— ot ed oD

«Z2 (0)g2

5T1L¢

5q°1 50°0-
12%¢ n9»Z°¢
2e°0 64°0
=T°E L1°2
93°*C 66°0
2¢*0
10 6£°0
5L J1°D
cFE*0 o0s°0
S7°1 iv°1
12°0

a¢* 0”
SatT Lol
BG*U YKL
cr® FA 2 |
290 ¢e° 0
he') 22D

{
TC*¢ we* 2
56°, JL*S
(C}72Z2 t0Y€2

L9391

*

uo*o 92°0
gl*1 I2°1
60°1 12°0
Z38*0 9¢g°
VAR | 43 e
00°¢
[%°0
3%°0 Lb*D
L9 53°C
2e*0 18°C
311 511
gI°z o
£L1*0 €1°
[i°> 1t°
I0*E tOC*°
5.5 1 9g *
QL1 1.1
et 3 52°
(0)Y¥2 (L)el
3wl

#*

%5°)

€51
Z¢9*°0
8¢°1
19°1

1A
T
L1*e
Dv*1
u0*0

(0)#%2 (0)ee
1371

- I
I~ T

LI ]
G L

3o
TN
e @
- O

w
W

]
[

51°0

12°¢
Zh*1
50°0

J0°*3 00°2
g83°1 66°1
£ES*3 G6°D
Z28°0 §6°1
5¢°1 06°0
20°¢
5%y
S1°0 61°0
Iz°¢ ge*n
£6°C 0¢°0
Lw°l 61
m.—..\..
1°0 €02
Ireeg 1¢°2¢
L5°0 10°1
31°0 L%* O

21°0
33, B0
B85 °1 66°1
Ze*?2 Gw* 3
(0YwZ (Q)el

elrl
»

Z8°d

EX
£E8°"

(0)%we
Cinl

90°0-

1 2 4
L5°0
6l°¢
SL°2

{d)1ed

[0°0~ 000
6L*g 92°¢
L0°T 60°1
11°¢2 2% °*¢
§2°l  95°0
se° 1
i9°0
96°*) b©5°0
Ly G Tw® )
L2°T 52°1
€6°0 L6°U
pe 1

A A
e0®) 61°0
1°) %1°0
6Z°0 %7°0
¢¢*1 81°1
90°1 6e56°1
91°2d
IL°Y 39%°0
63°2 32°¢
I6*s #L°6S
(2372 (D)¢ed

%5

Ct* 0

¢6°1
18°0
9c°1

INRA

Le*2
iB*0
g4°0
01°0
gg 2

26°1
B2*G

LT°0 M
##7°7 DN

LG*0 DN
€7*1 D0)
S

+Nmu

URW

(Axo
B

90° 0 mz;

GL® TallV
G¢*9 IS

(0)%2 (0)¢el

VAL
¥

HO




1.0 148252%8]
A 280
+ 1667 083
N o 082013
- o 424 940 %7g
'S . °g7
>
— ¢ 1403
<<
++
LL
N 01413
+ n]
™ ! 844
0]
LL
O T L T T | ) L] ] ]
0 05 1.0
2+ 2+
Fe® /{Fe"™+Mg)
Fig, 9.8. Fe2t/ (Fo2+ + M32+) and Fes'/ (Fe3* + A1"1) in vasic

atomic formulae with the Su component in excess of 50 per cent.

intermediate igneous host rock
alkali igneous host rock

basic alkall igneous host rock

o o b o

metamorphic host rock

eclogite host rock.




sundiusita,

5e¢5e Adjectival qualification of =ensu dominanta nomeneclatura,

The sensu doninante naie along with the co-ordinates of

the basic atomic formuls are likely to be a satisfactory means of
identifying, classifying and naming an amphibole for many purposes,
However, the gersu dominants name does not indicate the extent of

2+ +
substitutions such as F02+ for Mg and Fa3 for AlVi in the atomic

formula both of which arc ubiquitious and geologicaly important. This

—~—

can be remedied by adding adjectival qualifiers to the sensu dominante

name, It is suggested that the adjiective ferro be used when Fe<t

. 2+ . + :
excedes Mg~ and ferri when Fe3 excedes A1YT in the atomic formuls.
N \./\/\_/_

s . + + o, < .
Other substitutions such as K° for Na in A (evidence »resented in

+
Chapter 2 suggested that X 1s confined to the A site) and Mn2+ for

Mg2+ (this should be treated with caution since Mn2+ ¢nters the X
group when the sum of the Y group excedes 5.0) cculd also be treated
in the same manner. Highly titaniferous auphiboles are a specizal

. L. s s n +
problem and are considered below, An amphibole in Pa g.d. with ye2

3+ vi

. . 2+ - . . )
in excoess of Mg and Fe in excesg of Al can be described as ferro

ferri pargasite (ferro ferri FPa s.d.).

A number of alternative names which are in common use for
various ferrous, ferric iron substituted analogues of the 'end members'!

of amphibole compositional space are given below,

ferro Tr ferroactinolite

ferri Pa magnesionastingsite

ferro ferri Fa hastingsite

ferri G magnesioriebeckite

forro ferri G riebeckite

ferri Ic maghesioarfvedsonite (Andreav 1G57)
ferro ferri Ec arfvedsonite

teramite (Morozewicz 1923), mboziite
(Brock et al. 1964).

e

ferro frerri su




5.5.1. Kaersutite and highly titaniferous amnhiboles.

The term kaersutite was inbroduced by Lorenzen (1884%) for
brown highly tituniferous amphibole from Kaersut, E, Greenland. The
type naterial had a low aydroxyl content and this coupled with ité
colour led early workers to include 211 such amphiboles with the
oxyamphiboles,—_Eiamination of small numbers of analyses by Wilkinson
(1961) and Aoki (1963) showed that kaersutits represented titeniferous

2+ 2+
pargasite with limited substitution of Ig by Fe and a variable
hydroxyl content. A similar conclusion was reached by Leake (1968)
who with Aoki (1070) suggested that the lower titenium content should
be 0,5 atoms, In view of the use and acceptance of ksersutite for a
highly titaniferous amphibole it seemed worthwhile using the amphibole
datz file to outline the chemistry of amphitoles with Tih+ in excess

of 0.5 atoms and to consider the merit of kaersutite as an amphibole

haue,

A search of the entire anphibole data file for analyses
with Tihfa.O.S atoms to either 23(0) or 24(0) located 100 analyses
(1). Since Wilkinson and Aokl showed that kaersutites had variable
hydroxyl contents only those analyses with H20+, F or C1 deternined,
Ca2+ in A less than 0.2 and total A site occupancy less than 1,1
atoms are included in Table 5.5. These latter criteria were added
because Leake (1965a, 1971) has found that water determinations are
frequently low. This will lead to an increased number of cations when
calculated to 24(0) which tend to accumulate in the A site (c¢f Leake
1968, p. 18).

(1) 35 &« - 4o, 42, 43, 45, L6, soki (1963); 34, Yagi (1953);

39, Harumoto (1933); 41, Kawano (1934); 56, 58, 59, Aoki (1970)3 92,
Bancroft & Howard (1923); 155, 159 =~ 163, Best (1970); 183, Adams
(1903); 192, Binns (1969); 251 - 253, 255, 257, - 259, 262. - 265,

267, 268, Borley et al. (1971); 270 Bose (1963); 359, Campbell &

cont.
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Inspection of Table 5.5 shows that while NaA, Na™, and Al

are quite restricted =2nd range between 0,56 =~ 1.21, 0,0 - O.h, and
1.54% =~ 2,44 respectively a1Y is more highly variable and ranges
between 1,28 - 3,14, Thc variation in a1t coupled with the variation
in the hydroxylmconﬁent and the iron oxidstion ratio dhown by the
analyses in Table 5.5 suggested that the method used in MINDATAS to
balance oxyamphibole substitution may be in error. Phillips (1963,
p. 708) proposed that in oxyamphiboles enough ferric iron must be
available to balance the substitution of 02— for OH (F62+ + OH

= F83+ + 02_) and vhat no other ion was involved. Subsequently Leake
(1968) and Saxena & Ekstrdm (1970) found no simple relation betwean
the total Fe3+ content and 02 substitution in the hydroxyl group in
calciferous and subcalciferous amphiboles, but such evidence does not
exclude the possibility of the substitution envisaged by Phillips.

Phillips included the logic of his statement in MINDATA3 by depleting

A1Y by the amount of f

Ll R . T e

Schenk (1950); 367, 368, Carmichael (1967z2); 371, Carmichael (1967b);

erric iron involved and increasing Mg by an

492, Zdwards (1938),; 650, Fabries (1963),; 786, Kaiser; 797, 798,
Harrington (1903); 8%2, Schalder (191k); 850, 851, 855, Hermes (1970),
ok, Howie (1963); 1040, Kempe (1968); 1342, Laughlin et al. (1971);
1439, 1kk2, 1Whh, Mason (1968a); 1h5W, Mauritz (1911); 1493, Mottana

& Edgar (1969); 1565, 1566, Naidu (1954); 1603, Novotny (1949); 1667,
1668, Parsons (1930); 1746, Perchuk et al. (1967); 1828, Ridley (1971);
1982 -~ 1986, 1988, 1989, Schneider (1891); 2131, Streckeisen (1954);
2189, Tomita (1962); 2197, Uchimuzu (1966); 2200, 2201, Valiquette &
Archambault (1970); 2238, Vincent (1953); 2252, Wachington & Wright
(1908); 2309, white et al. (1972); 2316, Wilkinson (1961); 23u2,

Wolff (1929); 2399, 2400, 2403, 2404, Conguere (1971); 2ko7, 2410,
2kt12, Frisch (1970); 2662, Holloway & Burnham (1972); 2717, 2718,
LeMaitre (1969); 2720, 2721, 2723, 2724, 2726, 2727, Prinz & Nehru

(1970); 2761, iise (1966); =« = Data base reference number.
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equal amount. In those instances where ferric lron was insufficient
to comnensate the oxy-substitution an error was raiced and the sub-
stitution was not made., For want of any evidence to the contrary the
sane logic was iﬁcluded in MINDATAS, and may account for the high ﬂlY

values of many of the analyses in Table 5.5.

An approximately linear relztionship between the iron
oxidation ratio and the OH; + F~ + C1” contert in the analyses of
Table 5,5 is apparent from Fig. 5.9. Amvhiboles from plutonic rocks
have lower iron oxidation ratios and higher OH +F +¢C1” than those
from phenocryst, :ienocrysts and xenolitiis associated with extrusive
rocks. The one exception, 786 (Kaiser) is from a weathered monchiquite,
Closer examination of Table 5.5 reveals that in only three analyses,
34, 41, and 492 is the ferric iron sufficient to compensate the
hydroxyl deficiency in this way, and only in these three has the
above substitution been made by MIKDATA5, Failure to compensate
02~ is not because there is insufficient iron present for in none of
the analyses 1s all the iron in the ferric oxidation state. Perhaps
this can be explained by a failure to determine fluorine or chlorine
but this seems unlikely since in the three instances where fluorine
is determined less than 0,2 atoms are present, Saxena & Ekstrom

L+

(1970) found a negative correlation between Ti and OH . However,

2 . .
no relationship was found between the Ti)++ content and O substitution

in Table 5.5 which would exist if titaniferous amphiboles were

2% -
capable of crystallising with O  in place of OH Dbalanced by a

3+ L+ 2~

substitution such as R® + OH™ = Ti  + 0~ , nor does it appesr

3+ L+ L3+ =
likely that Ti~ was present and later oxidised to Ti  (Ti~ + OH

Tiu+ + O2 ), since the existence of 143* in terrestial minerals is

doubtful (Dowty & Clark 1973). It is evident from the above that the
3+

+ - N s s
substitution Fez + Qi = Pe + O2 ) is important in hydroxyl

deficient amphiboles and it 1s suggested that this substitution



Fig. 9.9.

L ]- "0-

Variation of iron oxidation ratio with the sum of
OH™ + F + ¢1~ in amphiboles with titanium in excess

of 0.5 atoms,

The parageneses of the amphiboles are as follows:=-

A Phenocrysts in sillca undersaturated extrusive

rocks

(] Silica undersaturated platonic rocks

\ 4 Xenoliths and xenocrysts including gabbroic,
ultrabasic and eclogite bodies.

+ Unknown parageneses.
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should be made irrespective of whether ferric iron excedes the

hydroxyl group deficiency or not, Perhaps the failure of the

available ferric iron to excede the hydroxyl deficiency may be
—

attributed to inaccurate water determination und if so emphasises '

the difficulties involved in using a 24(0) recalculation base and

the need for accurate water determinations on amphiboles,

After correcting the AlY for ferric iron balancing O2

the range of A1Y in Table 5.5 is 1.1% - 1.99. With four exceptions
. [} ol L) L] 1 [ )

all 100 analyses with Tit* in excess of 0.5 atows in the amphibole

7 “.
data file have Al” > 1.5, alY > 1.0, Naf < 0.9, NaA > 0.7 and Csz

+ NaX > 1.33. It is evident that these highly titaniferous
amphiboles form a well characterised and discrete group of ampnhiboles
with either Pa, Ts or Su as the dominant component of the basic atomic

formula., It is suggested therefore that the terwm kaersutite has sone

value in amphibole nomenclature for those amphiboles with Tih+ 2 0.5,

b ¢ X

21% > 1.5, 81¥ > 1,0, Nef < 0.5, Mg® < 0.66, Na* > 0.5 and

either Pay Ts or Su s.d..

Ferro kaersutite is appropriate for the three analyses 230,
1746, 2342, from syenites and the two from unknown parageneses, 492,
1667, which have Fet /(Fe2+ + Mg2+) > 0.5,

Two of the exceptional analyses mentioned above, 1565, 1566,
vere considered by Leake (1968) to be inferior and this is certainly
true of 1565 which yields a Z group total of 7.11 and an A site of 2,23.
1566 shows a charge in balance of 1,26 and nust be considered as
inferior algo. The remaining two, 367, 368, (Carmichsel 1967b), =re
electron microprobe anslyses which ressmble richterite apart from
their hizh Tih+ content, Neilther analysis gives a balanced basic

atomic formula and it was not possible to estimate optimum iron

oxidation ctates for these. Kaersutite is inappropriats for these

latter analyses.
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An exfended compositionel space for the amphiboles.

The basic atomic formula was originally developsd for the
calcirerous and alkali amphiboles but can be extended to include all
ampiiboles by incorporating all divalent cations in the X group as
equivalent Ca .nd lithium in the X and A zroups as ecuivolent Nax
and Na® respectively. All amphibolesshcould fall in awmphibole

-,

compositlonal space, Fig. 5.1,

Unfortunately in such a representation the important
feature of the occcupancy of'the X group would not be apparent.,
Tremolite -~ ferro tremolite, cummingtonite = grunerits and anthophy-
llite-ferroanthophyllite would all plot 2s the same point and the
miscibility relations bhetween the calciferous, alkali, cummingtonite
and orthorhombic amphiboles would not be indicated, It is generally

accepted that the occupancy of the X group determines the symmetry of

s . 2+ -+ . . . - . .
awphibolesy Thus Ca 4 FNa amphiboles including compositions in which
- sied fointly by Cal*. a2’ . .
the group is occupied jointly by Ca<™, Mg~ (P2;/m cummingtonite,

2+

Papike, Ross & Clark 1969), Ca“” , Li+ (f{luor lithium amphiboles

synthesised by Gibbs, Bloss & Shell 1960). Na+, Mg2+ (fluor magnesio-
richterite, Gibbs, Miller & Shell 1662) are monoclinic. Amphibolss
with Li”* (holmquisite, Whittaker 1969), lget (anthophyllite, Finger
1970a,b) and M32+, Li+ jointly (protoamphibole, Gibbs 1969) are
orthorhombic, Cummingtonite = grunerite and clino-holmquistite

(Ginzburg 1965) are monoclinic,

Therefore in deriving an extended form of the basic atomic

: s 1 et .+ 2+ + . N

formula it is apparent that lig® , Li , Ca and Ma in the X group
+
should be distinguished. Returning the substitution of it for Xa

. . . N\ . .
in the A site as equivalent Na~ an extended basic atomic formula can

be written as

A X . X

) - Mg i £ /TrrY X 13 Z
Na“y_; (Ca Na™ Mg™ Li%),(ug" Al )5(51 Al )8 0,,(0H),

.ol . 2t R+ 2t
Wheryg mgx represents small divalent cations such as Mg s "e , Mn
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L:'LX represents lithium in ¥, Lithium in the A and Y groups
A
is returned 2as Na or balanced by trivalent c=a2tions respectively,
The meaning of the rewmaining symbols is the same a8s in the originsl

definition of the basic atomic formula (sce Chapter 3). .

CombiningQNa‘ and LiX to bezin with and applying the coupled
X
substitution Ca = Mg to the nine 'end members! of Phillips & Layton

(1964 ) six additional extreme compositions are possible,

tr D CayligpSig0y)(0H), O HeoteggSigan(0H)o

Ts O Ca QM8 A1,81 L1, 0,,(0H), D KgoMEadl,51¢A1,0,,(0H)
R Na Ca Na MggSigO,,(0i), Na lg Na Mgg81g0,,(0H),

Ed Na CaplggSinhl 0,,(0H), Na MpolggSinAl 055(0H),

Pa Na Caphig, Al S1,21,055(0H), Na Hg, Mg Al Sigal,0,,(0H),

Su Na Ca Na Mg3dlpSigdlpOpa(0H)p Na Mg Na Mg4Al,81g81,0,,(0H),

Each obeys amphibole stoichiometry and the first three correspond with

previously named amphiboles,
O HgoMesSig0sn(0H)s  gngnophyllite (Anth)

In common use for orthorhombic amghiboles approaching this composition,
The 'end member! has been synthesised by Greenwood (1963). Cumming-
tonite may represent the monoclinic analogue, but it is uncertain wheth.
er anthophyllite and cumuingtonite are strictly isodimorphous.

Layton & Phillips (1960) suggested that they are not and that calcium
was an essential element in cummingtonite. Schurmann (1968) couid

not synthesise cummingtonite - grunerite without Ca2+ present. lMore
recent experimental studies by Cameron (1971) showed that cummingtonite
crystallised with a higher calcium ccnient than anthophyllite from
which it was separated by a two amphibole region. No natural or

synthetic iron free cummingtonite is known.
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C]MgzMg3A128i6FlaO22(Od)2 gedrite (Ga)

In common use for alkali poor, aluminium rich orthornombic
amphiboles near this composition (Ernst 1968). Compositions near

gedrite have been synthesised by Hinrichsen (1%68),

NaMgNaklgsSigOps(0H)p megnesio - richterite (Hg-R)

An amphibole near this composition has been synthesised by
Iiyvama (1963) and Schreyer & Seifert (1968). The monoclinie flvorine
analogue has been synthesised by Gibbe, Miller & Shell (1962), and
Fedoseev, et al. (1970) and named [luor magnesio\f/richterite by the

former authors,

The remaining three extreme compositions hzve, as far as the
writer is aware, not been named although NaMg,MzsSinhl 02,(0H), and
NaMg Mg Al 81,41,0,,(0i1); have previcusly been suzgested by Robinson,
Ross & Jaffe (1971). A search of the amphibole data file failed to
find any basic atomic formulae within ¥ 0,5 units of NaligoMg5Sinal
055(0H)5 and NaMgNaMg3Al,814415055(0t)ys However three analyses
were found within I 0.5 units of NaMg,Mg Al SigA1,055(0H),. The
source, paragenesis and atomic formulae for these are shown in Table
5.6, The maximum percentage of the NaMgoMey, ALSL AL 022(0H)2 component
in each of the analyses is only 51, 50 and 58 per cent respectively,

2+ in the A

although this latter value is reduced to 5% per cent if Ca
group is neglected, Robinson, Ross & Jaffe (1971) found that natural
aluminous orthorhombic amphiboles departed significantly from Gd
towards NaMg2thAlSi6A12022(OH)2. Despite the marginal dominance of
the component it is suggested that a nawme should be coined for the
extreme composition. Two names are appropriate, (i) soda gedrite, in
allusion to the substitution [JAlY = Ha® NeY from gedrite or (ii)
magnesic~pargasite, in allusion to the substitution Ca = va in

pargasite, cf magnesio-richterite, The former name is to be preferred,
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ble 5.6. Source and atomic formulae of amphiboles close to

Na Mgy Mg, Al Sig Al, Opp (OH)p

%1308, #1309 Lal (1969), from garnet, cordisrite, gedrite, biotite
and cordierite gedrite biotite metamorphic assembleges,

Fishtail Lake, Ontario,

2640 Stout (1972) electron microprobe analysis from a
quartz plagioclase, cordierite gedrite biotite garnet
chlorite magnetits metamorphic assemblege, Telemark,

Norway.

13C8 13C9 2640
23(0) 24(0) 23(Q) 24(9) 23{(C)
2 Si €.1& 6.1) o177 £.06  5£.C7
AlVl1.84 1.29 1.8 1.S1 1.63
AV'0.64 0.57  £.57 C.52  1.35
y T 0.06 0.06 0.9 0.09
FStn, 62  Q.¢1 .72 0.72
Fe2'0.08 0,19 0.34 Q.41 1.C7
Mg 3.()0 3.57 3-28 3.2{‘ 2058
Fe2*1.57 .15 1.2 1.73  2.C0
X  Ca 00T 0.07 .9 0,03
Na 0.C05 Q.17 C.10 0.18

Ca 5N
Na O.4¢ Co34 0.49 D.39 0.5
A K 0.05 0.C5 0.C2 0.02

Ht 037 ne21

OH oH 2.C0 2.00
NaA0.51 C.7¢ 0.50 Q.67 0.56
AlY 1.37 1.3n 1.47 1.42 1.35

NaX 276 0417 Daell 0418 0400
AlZ1.84 1.89 1.88 1.9] 1.93

(NA ATHNS+A 2. 2r

o]
.
o]
)
o
0
(@]
>
"
.

J
)

-0l
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h?

s . X X
Combinavion of Li™ and Ma in the extended basic atomic formula
Cos 4 . /A S ¢ X (ot
means that a minimum of four variables (417, 417, Ka®™ and Ca™ or Hg")
are reqguired to represent the analysis uniquely. A number of three
dimensional representations involving three of the variables at a .
time were tried., The most successful, Fig. 5.10, in terms of NaA,
X ) .
Ca” ang A1% plotted along three orthogonal axes, shows the relation-
,
ship between calciferous, dlkali and NgK substituted amphiboles,
Every point in the space, with the exception of M, is non-unique
-
but corresponds with a range of compositions, each with fixed Na“,
X Z . ) A . Y . .
Ca™ and Al™ but varizble Na and Al™ provided charge balance is
maintained. Such a diagram is simple to use and useful in illus-
trating the overall chemical and miscibility relations of the
amphiboles as a group, see Chapter 7. Since points within the

extended compositional space are not unicue, no attempt has been made
to subdivide the space into named volumes.,

wWhile it is possible to plot all amphiboles in the extended
compositional space it 1s suggested that to avoid overcrowding in
and near the plane Tr - Bd ~ Pa, Ts - Su - M - G, Zc -~ R that the
original amphibole compositional space will be the most appropriate
space for illustreting those amphiboles with NaX + Ca > 1.95
(ng < 0.05) and the extended compositional space for those with

X . X
Na™ + Ca < 1.95 (Mg > 0,05). This arbitary division is used in
Chapter 7 when the distribution of natural amphiboles over amphibole
compositional space and the extended compositional space is illustrated

and discussed.,

When lithiinm substitution in the X group is considered five
. Z aqY X X
variables (A1%, Al7, Mg or Ca”, Nax, LiX) are required to represent
the analysis. One more is required if lithium in the A site is to be

distinguished. Because of the number of variables required no a2deguate
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2 Na-Gd

?

0- S ™ >

7

_ Anth Mg-R G,Ec

/
2

o
—

NaX

Fig. 9.10. An extended composional space for calciferous, alkali

X
and Mg substituvted amphiboles.

Abbreviations are the same as Fig. 5.1 with the following additions
Anth anthophyllite, Gd gedrite, Na-Gd soda gedriie, Mg-R magnesio-

richterite, and (?) for the unnamed compositions,

The volume is enclosed within a cube,
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three dimensional representation has been found to show the variation

. . 2+ ; 2+ . 2+ +
between the calciferous, alkali, Fe , Mg , Mn and Li substituted

amphiboles.
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6o BASIC aTuMIC FORMULAS OF AMALYSHS IN THZ AMPHIROILE DATL PIIW,

Using MINDATAS, (Avpendix W), atomic formulae, basic atomic

) -4A
formulae and values of (HNa

+ AlY) - (NaX + AlZ) were calculated for
all 2650 analyses in the amphibole dats file, using both 23(0) and
24(0) recalculztion basés° When charge balance 1s achieved the valus
for (NaA + AlY) - (NaX + Alz) should be zero. In practice (when
dealing with real analyses) this is unlikely to he strictly the case
and it is therefore necessary to define limits between vwhich znalyses
may be considered as having zchieved charge balance. One approach

c s . - R ¢ 4
to this is to assume that the maximum values for Na™, Ne®™, 417, and

Z
Al are respsctively 1.0, 2.0, 2,0, and 2,0 atoms. A one per cent

A Z

: X
error in each of the FNa®, Na', AlY or A1™ groups will lead to a

compounded error in (Hah + AlY) - (Nax + Alz) of + 0,07. Using this

Ay Alf) -~ (Na®™ + Alz) nutside these

approach, analyses yielding (Na
limits may be attributed to errors either in the analysis, the
allocation scheme, or the method used in deriving the basic atomic
formula from the atomic formula, Leake (1965a, 1971) found that
errors in aupnibole analyses were commonplace, Histograms of the
distribution of (Na® + AlY) - (Nax + 41%) calculated to 23(0), for
analyses in amphibole compositional space (A.C.S.), defined as ng<:
0.05, and for 311 analyses in both A.C.S. and extended amphibole com-
positional space (2.4.C.S.) are illustrated in Figs 6.la and 6.1b
respectively. Both distributions are essentially the same and indicate
that approximate charge balance is the norm in the amphibole 2nalyses
recalculated using MINDATAS. However only 60 and 67 per cent of
analyses respectively fall within + 0,07, Examination of both
distributions suggests that a less rigorous limit of + C,15 might be

a more realistic criterion of charge balance as 75 and 77 per cent

of analyses fall within this larger limit.
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Y
Histograms of (NaA + A1) - (Nax - Alz) calculated
to 23(0) for (a) amphiboles in amphibole compo-
sitional space and (b) amphibole compositional

space plus extended amphibole compositional space.
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It is suggested that the positive skewness of the
distributions and the unreasonably large deviation from zero for a
small number of analyses may be attributed to analytical error.
Positive skewness is to be expected as a result of the dependance.
of the Y on the Z group and the A on the X group in the calculation
of the atomic formula, so that errors will tend to accumnlate in

Na® and a1t.

A comparison between ths charge balance achieved by using
a 23(0) and 24(0) rscalculation base was undertaken. Figs 6.2a,b
give to the base 23(0) and 24(0) respectively, the distribution of
(NaA + AlY) - (NaX + Alz) for those amphiboles in A.C.S. with either
H20+, F or Cl determined. TFigs 6.3a,b give the same for amphiboles in
A.C.S. plus E.A.C.S5. The 23(0) distributions, Figs 6.2a, 6.3a are
similar to those illustrated in Figs 6,la,b and show a marked
concentration (74 = 75 per cent) of analyses within + 0,15, However
when recalculated to 2ﬁ(0) the proportion attaining charge balance is
reduced to aosproximately 50 per cent and in addition in the case of
Fig. 6.3b a large number of analyses (in total 380) have (Na® + a1Y)

- (NaX + Alz) in excess of 1.0.

The failure of approximately one half of the amphiboles to
attain charge balance when calculated to 24(0) is disquieting.
Examination of those analyses with large positive deviations from

charge balance (to 24(0)) showed that in many the sum of OH™, F~ and

Cl™ was less than 2,0, In calculating the atomic formula and basic

atomic formula using MINDATAS hydroxyl group deficiency is assumed

to be due to the presence of the oxyamphibole substitution of 02 for

OH™. From evidence presented in Section 5,5.1 it was suggested that

the method used to balaace 02" in the hydroxyl group with Fe3+, only
when Fe3t exceded O2 sy may not be entirely corrcct. This would tend
— ~
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. . A Y X Z .
ig, 6.2. Histograms of (Na® + A1) = (Na®* + A1”) for amphiboles
in amphibole compositional space with either H 0+,

F or Ci-determined, calculated tn (a) 23(0), and
(b) 24{0).




-175-

600+
500- ]
n 975
) 5 0.012
400 g 0.367
+0.07 60 %
v +0.15 75°%
2. 300-
o)
[
<
© 200"
(o]
Z J—
100+
0 b VL]—h_L_‘_“_j D
-1.0 -05 0 05 1.0 >1.0
(NP ALY) - (Na*LAP)
300; n 689
] x 0.287
6 S 0.537
o)
,gzoo + 0.07 46 %
< £+ 015 56 %
©
o 100
Z ‘_r“— D

40 -05 0 05 1.0 >10
(N Ay - (NS4 AL



- 176

Fig. 6.3. Histograms of (NaA + AlY) - (NaX + Alz) for amphiboles
In amphibole compositional space plus extendud
amphibols compositional space with either HpO+, F
or Cl determined, calculated to (a) 23(0) and,
(b) 24(0).
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to lead to high Alé values and may account for the strong positive
skewness observed in Figs 6.2b, 6.3b. By subtracting the Fe3*

content from those analyscs in wiich 02- > Fe3+ it is possible to
determine the effect of this program feature on the distribution pf

X A1%) without reprogramning MINDATAS, The

(va” + 1Y) - (Na
distributions for A.C.S5. and A.C.S. plus E.,4,C.5. are given in Figs
6.ta,b respectively. A comparison of the proportion of analyses
within + 0,15 in Figs 6.2a, 6,4, and 6.3b, 6.4b indicates only a
marginal improvemsnt of 2 to 5 per cent and suggests that features
other than this idiosyncracy of MIWDATAS must be invoked to explain

the failure of many basic atomic formulae to achieve charge bhalance

when calculated to 24(0),

According ' to Leake (1965a) many water determinations
are low because an insufficiently high temperature was not, and is
still not, being used to remove all the water in routine analytical
techniques and failure to determine fluorine or chlorine will exag-
gerate this deficiency. Where the hydroxyl site total is in-~
accurately low the calculated number of cationes is high and with
the present allocation scheme will tend to accunmulate in NaA and

A1Y, This may account for the positive skewness exhibited in Figs

6.2b, 6.3b, 6.4,

While only Figs 6.32,b and 6,4b are based on the same
analyses and therefore directly comparable it is apparent from the
evidence presented above that when considering large numbers of
analyses of mixed analytical quality a 23(0) base is more likely to
yield balanced bssic atomic foriulae than a 24(0) recalculation base
(see also Robinson Ross & Jaffe 1971). For this reason and the fact
that many analyses of amphiboles do not have water, fluorine or
chlorine reported a 23(0) recalculation base has been used

preferentially throughout the remainder of this work. However, it

must be pointed out that a 23(0) recalculation base assumes that
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Histograms of (NaA + AlY) - (Nax + Alz) for
amphiboles in (a) amphibole compositional space
and (b) amphibole compositional space plus
extended amphibole compositional space with either
H,0+, F or Cl determined, calculated to 24(0) aEd

assuming that ferric iron always compensates 02

in the hydroxyl group.
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OH = 2,0 and Borg (1967 a) has shown that the better agreement
between the number oi =2toms in an atomic formula with theoretical
limits when calculated to 23(0) may be more apparent than real
especially where an error in H20+ is associated with a compensetiqg

error in another oxide,
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7. TES DISTRIRUTITON OF BASIC ATOMIC FORITULAE OF HaTURAT, AMBHIIROIES

IN AMPHIROLIG COMEOBTTINN L SPACE _hDk SATAIDED AMPHIPOLAE

COMEOSITIONAL SPACH,

In the present chapter the dictribution within amphibole
compositionsl space and extended amphihole compositional space of
basic atomic foriaulae calculated to 23(0) for natural amphiboles with
either H,0+, F ;r Cl determined is illustrated and discussed (Section
7.1.), The distribution of basic atomic formulae for amphiboles
from the major izneous and metamorpnic parageneses is also illustrated
(Section 7.1), however discussion of this aspect of the amphiboles
is deferred until Chapter 8, Using the observed distribution ihe
possibility of a solvus or solivi within amphibole compositional space

is considered in Section 7.2,

By including only those analyses with either Ho0+, F or Cl
determined the great majority of modern electron microprobe analyses
are excluded. Only in special instances where these are of particular
interest have optimum iron oxidation states been estimated, since the
representation of ranges of basic atomic formulae would have 3added

further confusion to the somewhat overcrowded illustrations which

follow,

7.1. The distribution of bagic atomic forrmulsae,

In order to indicate the substitution of Fe2+ for Mg2+ and
+
Fe3 for AIV1 in the Y and X groups of atomic formulae, the bacic
atomic formulae have been subdivided into four categories based on

2+
the rotios Fe2 / (Fe™' + Mg2+), and Fe3+ / (Fe3* + 8171y vig,

Feor / (2t + uz2*) Fe3* / (Fe5T + A1) abbreviation.
< 0.5 <0.5 (mg2*, a1vi)
< 0.5 > 0,5 (Mg2*, Fes™)
> 0.5 <0.5 (Fe2™, 41V

> 0.5 >0.,5 (Fe2*, Fe*)
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To siuplify the graphical representation of large nuwbers of
analyses in threec dimensional A.C.S. and E.,A.C.S. both spaces have
been subdivided into slices bounded by uppsr and lower planes nornmal
to A1” and each 0.5 units thick, Four slices are reoquired for exch
space bounded by 41% 0 - 0,5, 0.5 - 1,0, 1.0 - 1.5, 1.5 - 2,0, An
additional slice has been added to both spaces to accommodale analyses
with 41% 2,0 - 2,5, Each slice in 4.C.S. is projected onto a two
axis plot of £1Y versus Na* and for E.4.C.S8. onto Ca¥ versus Na*,
The intersection of the upper and lower faces of each slice with the
boundaries of the appropriate space are indicated by full and broken
lines respectively. Four plots ere given 1or each slice corresponding
to (Hg2*, a1v1), (1g®*, Fed), e, 11"1), and (Fe2*, Fe3*) sub-
stitution. There are thus 20 two axis plots for A.C.S. and E.,A.C.S.
The distribution of basgic stomic formulac is illustrated in Figs
7.1 - 7.20, It was shown in Chapter 5 that all amphiboles should
plot in L.A.C.5. with the amphitoles from A.C.3. in the planc "1 -
EQ - Pay Ts - Su - M - G, Ec - R, To avoid plotting analyses with
ng < 0,05 twice, amphiboles with lig®t < 0;05 have been plotted in
A.C.S. and those with Mg*> 0,05 plotted in E.4.C.3. The zone

corresponding to ng<:0.05 in 5.A.C.S,. is(vacigpf%hereforel

Other views of A,C.S. and E.A.C.S. are given. Amphibtoles with

Nax:s 0.66 (the choice of the boundary is discussed below) are
projected onto two axis plots of Al% versus 41¥ for 4.C.S., (Figs
7,21, 7,22) and 41% versus Ca* for E.A.C.S5. (Figs 7.23, 7.24). The
former resemble the plots of the calciferous amphiboles given by

Hallimond (1943), Sundius (1946) and Leake (1962). Basic atomic

~7

T ea

. . Z s
formulae in 3.C.S. are projected onto plots of Al" versus ka™ (Figs

7.25, 7.25). Lastly those in z.i1.C.S5. with Na=X < 0,66 =2nd Ngx > 1.33

~

are plotted as 41% versus A1Y (Figs 7.27, 7.28).
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An attempt has been mede to indicate, in a general way, the
nature of the host rocl from which amphibdles with balanced husic
atomic formulse (Chapter &) were recorded. Amphitoles from igneous
rocks 2re shown by cloged symbols and those [rom meta2morphic rocks
by open symbolis. Further the following more specific categories nave
been recognisedi—

Igneous
¢ ultravasic and ultramafic:- hornblendite, pyroxenite, webcterite,

agriegite, wherlite, dunite, peridotite, anorthosite etc,

~, -,

— N

B basic: -~ tioleiitic basalt, gabbrc, norite, dolerite, eucrite,
allivalite etec,
(Vhere it is not been posgsible to distinguish between 2lkali
olivine basalt and tholeiitic basalt hosts froa the authors’
descriptions the amphiboles have been arbitarily ircluded
in this cotegory).

® intermediate: = andesite, diorite, tonalite, monzonite etc.

v acid: - rhyolite, dacite, granite, granodiorite etc,

® basic alkali: = alkali olivine basalt, basanite, tephrite,
trachybasalt, trachyandesite, alkali gabbro, teschenite,
theralite, lugarite, shonkinite, essexite urtite, ijolite,
camptonite, monchiquite etc,

A 2lkali: - trachyte, phonolite, syvenite, foyaite, perthosite,

pulaskite, mariupolite, carbonatite, fenite etc,

Xenoliths have been included with the apvroprizts rock type and
xenocrysts for want of a better method have been included with *the

category of the host rock,

Metamorphic

O general metamorphic assemblages: = typically metzbagalts or

metapelites from regional and contact metamorphic facies.

0 eclogites,
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A calcareous paragenesaes: - marbles, limestones, dolomites, skarns.
X ferruginious parzgeneses,
s serpentinrites,
4 unknown parageneses,

. . . A Y - X y7
. unbalanced basic atomic formula with (Na + A1) -~ (Na™ + 41°)

> 0.15 (see Chapter 6).

These categories have been chosen in order to distincuish
amphiboles from rocks with cither markedly differing bulk chemistries
or which have been subjected to different physicsl conditions during
crystsllisation, -The allocation of an amphibole to one of the above
categories is based on the name for the host rock used by the original
author as included in relation OCCURRENCZ, see Chapter 4 and Appendix
9. Conseduentialy, it should le emphasised that the allocation is
based on the rock type the amphibole was reported to occur in and
does not normally toke into account whether the phase was primary,

secondary, in equilibrium etc, The distribution of besic atomic

formulae from the above categories is discussed further in Chapter 8.

Where specific analyses have been mentioned in the text thoy
are accompanied by the data base refzrence number and the name of
the original author, The analysis is also numbered on the appronriate
figures and the original data can be located with the aid of Appendix

8.

Considering the large number of points plotted (979 in A.C.S.
and 982 in 2.A.C.S.), the chemical complexity of the amphiboles, the
wide range of host rock chemistry and the r%nge of physical conditions
during crystallisation, perhaps the most striking aspect of the
distribution is the concentration of basic atomic formulae. Amphiboles

2

. . . . + .+ L+
are found clusterad in three regions with either high Ca® , (Na , Li ),

2+ 2+ 2+
or(Fe” 4y Mg , Mn ) in the X group.

X
A mgjor compositional brealk in £.A.C.S. between Mg 0.4 -
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Flgs. 7.1 = 7,20, A1Y versus Nax for basic atomic formulae

in amphibole compositional space and CaX

X
versus Na = for basic atomic formulae in
in extended amphibole compositional space,

Substitution in the atomic formula and Alz

content are as follows:=

7.0 (aget, A" m%o - o.5.

7.2 (MgeT, Fe2¥) "

7.3 (Fe2+, Alvi) "

7k (re2*, Fe3") u

7.5 g2t a' 3% 0.5 - 1.0

2.6 (M82+’ Fe3+) "

7,2 (Fe2+, Alvi) "

7.8 (Fe2, Fe3™) 0

7,9 (g2t 'Y 212 1.0 - 1.5

7,10 (Mgz+, Fe3*) "

7,11 (Fe2*, a1"Y) i

7,12 (Fe2t, Fo3*) "

213 (Mg2+, a1'h) a1% 1.5 - 2.0

Coah (ig®t, Fed) 0

7,15 (re?*, a1'h) i

2.6 (F92+, F62+) 0

247 (g%, ar™h) a1% 2.0 - 2,5

7,18 (Mg2+, F32+) “

249 (Fe2t, a1Vl "

2220 (F62+, Fez+) "
The meanings of the symbols are described in
the text. The intersection of the upper and
lower faces of each slice with the boundaries
of the appropriate space are indicated by full

' and broken lines respectively.
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2o Alz versus AlY for basic atomic formulae in
amphibole compositional space with Nax:s 0.66., Sub-

stitution in the basic atomic formula is as follows:-

Z.2a.  (Mg”, m"h)

2:21b.  (Mg2*, Fedt)

7,223,  (Fe°t, m'i)
22b ,

2+
2:22b (Fez+, Fe )

Symbols are described in the text. The short
bars on Fig 7.21a indicate the range of basic atomic
formulae for the apparently co-existing pair of
electron microprobe analyses-1155 « 1156, see
Section 7.2.1. The solid and broken lines outline
the limits of amphibole compositional space with
Na* = 0.0, and NaX 0.66 respactively.
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Figs, 7,23, 7.24.
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Z
Al versus Cax for basic atomic formulae in

extended amphibole compositional space with Nax.g 0,66,

Substitution in the atomic formulae is as follows:-

b

(g™ m't

2+ _ 3+
(Mg Fe )
(Fo°* a1"%)
( Fe2 Fe3 )

Symbols are described in the text. The

solid lines represent the boundary of extended

amphibole compositional space,
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Z versus Nax for basic atomic formulae

g 26. Al
in amphibole compocitional space., Substitution in

the atomic formulae are as follows:=-

7025 (gt a'h
2,25 (Mg2*, Fe3*)
7,26a (Fe2+, a1v1)
Z.26b (F62+, F93+)

Symbols are described in the text., The
solid line indicates the boundary of amphibole

compositional space.
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28, Alz versus AlY for basic atomic formulae in

extended amphibole compositional space with ng:> 1.33,

X

Na* g 0.66, Substitution in the atomic formulae is as

follows: -

2+ vi
7.2%a, (Mg 4 A1 )

7.27b. (Mg2+, Fe3*)

7.28a.  (Fe?*, a1"h)
7,28y,  (Fe2t, Fed')

Symbols are described in the text., The

501id line is the 1limit of balanced basic atomic

X

formulae with Na®™ = 0,0,
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1.4 (Ca + Na® 1.6 - 0.6) separates the FelMgtn from the calciferous
and alkali smphiboles., Only four asnalyses, 358 (Callegari & Monese
1971), 609 (¥skola 191h), 1990 (Schubert 1969) and 2102 (Jeibull
1896) may be considered as intermediate., Of these 2102 with no Céo
reported mvust be considered inferior and according to Leake (1968)
358 is probably impure, The purity of the remaining analyses is not
known, Anslyses, 166 and 2560 appear intermediate on Fig. 7.23b but

this is on account of their high NaX content, see Fig. 7.2b,

The major compositional break hetween the FeMgln and the
calciferous and alkali amphiboles is consistent with what is known
of relevant miscibility relations, PFrom experimental studies Cameron
(1971) demcnstrated a two amphibole rejion between cummingtonits and
tremolite and exsolution textures in natural amphiboles have been
reported for host and lamellae of P or C cummingtonite and tremolite
or actinolite, P or C cummingtonite and 'hornblende', P cummingtonite
and so called 'riebheckite = tremolite'. (Ross, Papike & Shaw 1969)
and between lin cummingtonite and magnesio-arfvedsonite (Robinson,
Jaffe, Ross & Klein 1971). The anelysis of host plus cummingtonite
laniellae of the 'riedeckite - tremolite', 2560 (Klein 1966) is shown
on Fig 7.2b where it plots near richterite, In addition, the
apparently stable coexistence of ssparate grains of gedrite and
hornblende (Stout 1971), anthophyllite znd ‘calcium amphibole!
(Robinson, Ross & Jaffe 19713 Stout 1972) probably indicate further

miscibility relationships.

Considering the FeMglin amphiboles in greater detail, Figs
7.27, 7.28 show that these amphiboles lie in a narrow almost straight
band extending from Anth. to Gd50 Na - GdSO' Thus the coupled
substitutions of 41Y 417 for Mg¥ Si (inth - Gd) and Wa® A1% for O si

(verticsl on Figs 7.27, 7.28) are the most important in the basic

PN Y s 1 . . " .
atomic formulae of natural Felighn amphiboles, There 1is a hiatus in
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the besic atomic formulne near Alz 1.0 2nd this may be connected with
reports of exsolution between gedrite and anthophyllite (Ross, Papike
& Shaw 19693 Robinson Ross & Jaffe 1971), Substitutions oa1Y =

NaA ng (horizontal on Figs 7,27, 7.28) and those involving Ha .
are less important when describing natural FeMgdin amphiboles. Riobinson,
Rngs & Jaffe (1G671) described an almost identical variation for a
different collection of analyses including analyses not in the
amphibole data file and Habbit (1948) noted a gap betweon low and

high 41504 orthoamphiboles.,

Within the calciferous and alkali amphiboles in A.C.S. and
the adjacent portion of IL.A.C.S5. analyses are concentrated in two
regions, one vith NaX less than 0.6 and the other with Nax greater
than 1.3 separated by an intermediate region in wvhich analyses are
less numerous, The majority of all amphiboles plot in a zone
extending from Na* 0.0 - 0,6 parallel to the Tr - Ed ~ Pa - Ts face
of A.C.3. and extending into %.A.C.S5. up to approximztely ng 5,6
(Ca + Na* 1.,4), Within this zone natural amphiboles lie in a broad
band between (Tr5oEd50) - Pa and Tr - Ts hut amphiboles close to
the vertices Zd and Ts are uncommon, Just as in the Feiiglin amphitoles,
the most important coupled substitutions in the basic atomic formulse
of these czlcium rich amphiboles involve 11Y41% = Mgy 81 (Tr - Ts

on F gs 7,21, 7.22) and Na alz = 51 (vertical on Figs 7,21, 7.22) with

A 4 (

norizontal) increasing in importance relative to the

DA1= otz
Feliglin amphiboles, Principal components anzlysis of Leake's (1568)
collection by Saxena & Zkstrom (1970) also showed the importance of
these three coupled substitutions in the caleifercus and subcalciferous
amphiboles. A number (160 or approximately 8 per cent) of basic

atomic foraulae, in particular from igneous 2nd skarn paragensses,

2 . ~
have Al™ in excess of 2,0

=

p to an upper limit of 2.5, This can be

seen from Fig 7.29 which is a histogram of the 412 content of those




Fig, 7.29 Histogram of AlZ in basic atomic formulae with
X X
Na™ < 0.66 and Mg < 0,66 calculated to 23(0)
for those analyses in the amphibole data file with

either H,0+, F or Cl determined.

Symbols are as follows:-

[] metamorphic, host rccks excluding calcareous

and ferruginous host rocks.

igneous host rocks.

[J metamorphosed calcareous host rockse

metamorphosed ferruginous host rocks.

[] host rocks, not knowu.
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hasic atomic formulae with hn < 0,656 and ng < 0,66, It is
sapparent from Fig 7.29 that the czleiun rich amphiboles display a
bimodal distribution with respect to d] with modes at 0,0 - 0,1
and 1.6 = 1,7 and a minimum 2t Ooh - 0.5. Leake (1962) observed
a similar bimodal distribution with a minimum at Sih+ 7ol = 7,3
2 24
(41 0.7 = 0,9)-1in a collection of calciferous (Caz > 1.5) and
subealciferous (1,0 < cact < 1l.5) amphiboles from various paragensses,
ilowever it ig a noteworthy feature of Fig 7.29 that the bimodal
distribution is not due to the sum of individual bilmodal distributions
in each paragenesis, Only amphiboles from calcsreous metamorphic
rocks displey & bimddal distribution. imphiboles from general
matanorphic and ignsous paregeneses are unimodally 