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ABSTRACT

A rapid x-ray diffractj-on method usJ-ng single crystal
precession photography has been developed for deri-ving twin-

ning, phase nature and other characteri-stics of microcline

feldspars not obtainable by x-ray powder diffractometry.

Nine K-feldspars from the I-,ac du Bonnet granite, Manitoba,

and LJ pegnatitic and ? granitic specimens from Dryd.en, Ontario

were analyzed by this method. fnterpretati-ons of their pre-

cession photos, particularly of those K-feldspar specimens

with complex twinning patterns, were greatly erùranced by the

addition of Gandolfi powder-type photos of the sa4e crystal

and powder diffractograms of the same sample. Along with

these crystallographic investigati-ons are chemical variations

as determined by the electron microprobe on the same single

crystals which were supplemented lvith partial chemical

analyses supplied by Ucakuwun (f901). Qualitative optical
characteristics were derived from' thin sections.

There are four main characteristi-cs observed and in-

terpreted by the above methods: (1) tricllnicityt (2) nature

and. number of K-feldspar phases; (:) twinning pattern; and

(4) chemical. compositj-on. The K-feldspars may be classified

into three crystallographic groups based on reciprocal inter-
axial angle T o as measured in precession photos arrd comple-

mented with the triclinicity A,=L2,S(d.",fdfjf ) (range 0 to 1)
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f rom powder diffractograms and Gandol-f i powder-type photos:

( 1) metrically monoclinic (o'rthoclase/sanidine) with To=9Oo

and A=o; (2) intermed.iate microcline with 90'<T" < 9?o o'

and. O(A(0.85; and (:) maximum microcline with 92'o'<To < 92" !B'

and 0.85<A<t. No moncclinic K-feldspars (orthoclase) were

found in any of the author's specimens.

All L6 granitic K-feldspars comprise one of two major
The first group

K-feldspar groups, / consists of single-phase maximum

microclines (all perthitic) with one of four different twin-

ning patterns as interpreted in precession photos: (1) un-

twi-nned ß specimens); (2) aLbite-twi-nrred. (8); (l) pericline-
twir':ned (1); and (4) albite- + pericline-twinned (4). They

exhibit five different types of reflections which indicate

different types of interface rooundaries: (1) simple and

sharp reflections; (2) diffuse streaks between strong albite-
and strong pericline-twi-n reflections; (S) diffuse streaks

between strong albite- and weak pericline-twin reflections
(or vice versa), (4) streaks between transitional triclinic
phases; and (5) untwinned intergrowth reflections. These

microclines have Nar0 that ranges from Q,59 to 7,46 wt %

( anal-yzed by electron microprobe) .

The second group consi-sts of pegmatitic K-feldspars

(also perthitic) where precession photos have indicated that

they are of four different types of microcl-ines: (1) mixture

of a largely untwinned. i-ntermed.iate mi-crocline ({ "-90" L0'-



gO" 30' and O.L0<L<0,25) and a minor albite-twinned maxi-mum

microcline component (seven specimens ; in powder diffracto-
gramsr/photos, most of these multiple-phase specimens appear to

contain a monoctinic phase as well as a maximum microclj-ne

phase although some diffractograms/phots show only monocl-inic

phase). AII seven speci-mens show one type of reflection:

monoclinic-triclinic transitionaL streaki (2) singl-e or

multipte phase intermediate microcline showi-ng either sharp

or diffuse streaks (2); (Ð single phase maximum microcline

with reflections similar to granitic K-feldspars (2);anO

(4) single phase maximum microcl-ines showing diagonal

associatj-on (2). They have NaaO that ranges from 0.þB to

L32 wt % (from electron microprobe) "and Rb20 from 1.04 to

2,24 wt % (from partial chemical analyses) except for the

t¡¡vo specimens that are single phase maximum microcli-nes

similar to granitic K-feldspars which are low in RbrO (0,24

to 0,26 wt %) ,

There seems to exist a difference in the twinning

patterns between the Lac du Bonnet (largety albite-twinned)

and the Dryden (largel¡, albite- + pericline-twirured) granitic

K-feldspars. This may be due to the different cooling rates of

the related plutonic rock types that generated K-feldspars of

high and nearly consistent triclinicity. The present study

casts doubt on Laves' hypothesis that albite- +' pericline-

twinned (maxímum) microcline must have had a monoclinic pre-

cursor in all cases. The pegmatitic K-feldspars, on the other
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hand., are greatly variable in terms of chemical composition,

phase types, trielinicity, and twinning patterrrs. These

variations may be attributed to the high Rb content of the

pegmatites studied.
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CHAPTER I. INTRODUCT]ON

(A) cHEMTcAL composrrroN

Feldspars may be represented by the general composi-

tion MT40g where M - K, Nâ, Ca, (Rb, Sr, pb, Cs, Ba, MS)

T = Si, A1, (8, FE3+, F"2*, P, Ti)
with minor and trace-elements shown in brackets (Ri¡¡e , IgT5),

This thesis is mainly concerned with the alkali feldspars:

mi crocl íne/ ortho cl-ase KA1S i30g

albite NaAl-S i3Oe

perthites (f,t¡a) Al_Si30B

In the present study, only Rb, Ca, Ba, and Cs are i-mportant.

(B) CRYSTAL STRUCTURE

All feldspars have the same basic structural arrange-

ment, in which all the tetrahedra share corners in a contin-
uous J-dimensional framework with the M cations in large

cavities (nigure 1-1(a)). Each r atom is surrounded by four
oxygen atoms in a tetrahedral arrangement, and each oxygen

is linked to two T atoms. The four-membered rings of the

TOU tetrahedra, with alternate pairs of vertj-ces pointing in
opposite directions, share corners with similar rings to
form double crankshaft-like chains parallel to a (nigure

r-l (u) ) .

The unit cell- contai-ns four formula units of MT40 B'



)

whieh means that there are L6 T atoms distributed over the

available tetrairedral sites. Variations in tetrahedral

oceupancy and M cation sizes give rise to both monoclinic

and triclinic structure types; these are discussed in the

next section. The cell dimensions and space groups of the

principal alkaU- feld.spars are listed in Table 1-1.

Ø G
b

c stn p

o

ñ @

(o) (b)

Figure 1-1. Features of a ferdspar structure. (a) projec-
tion along x of the sanidinè structure with'the K atomsin the large cavities. (b) Cfrains parallel to X formedfrom four-membered rings (after papiÈe & cameron, 19?6),



Table 1-l-. CeIl dimensions and space groups of principal alkali feldspar polymorphs"
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(c ) silAl oRDER/DISoRDER

A feld.spar is said to be Si/LL disordered. when the'

two kinds of atoms are randomly distributed over the avail-.

able T sites. This is exemplified by the high temperature

sani-dine and high albite, in which the three Si and one Al-

atoms are randomly distributed over the two pairs of differ-
ent, and four different, tetrahedral- sites available respec-

tively (¡'igure L-7(a) ). An ordered structure occurs when

the Si and Al atoms are largely or completely segregated

such that Al has a certai-n preference for specific posi-tions

(¡'igure L-7(b) ). In the corresponding low temperature forms,

maxi-mum microcline and low albite, most or all of the A1

atoms are concentrated at one of the four T sites and most

or all of the Si atoms in the other three sites (Ferguson,

L979 ) (Figure I-7(b) ) .

There are two main interpretations of the ÃL/Si or-

dering process in alkal-i feldspars:
(1) ThC Si,/41 FULL ORDERTNG thEOrY proposed by Laves

(L952 a,b) and Goldsmith & Laves (f954 a,b) is generally ac-

cepted by most feldspar workers. At high temperatures,

there is a complete disorder of Si and A1 atoms and with

cooling, the atoms order themsel-ves until they are completely

ordered at the lowest tempei:atures. Low albite and maximum

microcline are interpreted as fully ordered and regarded as

the most stable 1ow temperature forms; partly ordered.
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intermediate albite and orthoclase are regarded as inter-
mediate*temperature forms that are metastable at ord.inary

temperatures.

ï T

Y

2 2
T2t

!'T

Ï2-

T

T
1

Tro

T T1' T1o

2 2 T2o

X

(o) (b)

(2) The BOND STRENGTH theorv proposed by Ferguson

(tg6o, L979) which is based on Pauling's second rule or the

electrostatic valency principle: in a stable structure, each

T T o At

o si

Figure !-2, A pro jection onto (Oof ) of the T atoms in the
f eld.spar framðwork. The amount of ALIS i f illing the
T sites is diagrammatic. The small o is the center of
symmetry. (a) Undistorted monoclinic feldspar struc-
ture when boih T, and To tetrahedra have the same occu-"
pancies of Al and Si, fôr example, orthocl-ase or sani-
dine. The dashed line is the trace of the mj-rror plane
across which the corresponding T sites on the left side
arè:'.relâied to the corresponding T sites on the rlght
side. (U) 0rdered feldspar structure in which A1
occupies the Tno site resultj-ng in a d.istorti-on to tri-
clinic symmetr$, for example, ñaximum microcline and
low albite. The dashed line is the trace of the pseudo-
mirror pIane. (after Putnis & McConnetl, 1980; Ribbe,
79? 5) ,

I

I
I

rT'
o-'
I

I

I
I
I
I

o

90

Iir
å)

a
<90
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anj-on such as oxygen woul-d be expected to received from a1l-

its neighbouri-ng eations a total bond strength equal to its

negative charge or valence of 2 (See for example Bloss , LITL).

Upon slow cooling, the si+4and A1+3 ions in the high-tempera-

ture A1-Si disordered polymorphs tend to rearrange themselves

to the extent that the bond strengths to the 02- anions from

the cations are ideat and the resultant structure is consi-

dered. to be low-temperature form for that particular compo-

sition. According to this theory, Iargely ordered tow al-

bite and partly ordered orthoclase are considered to be

the low temperature stable Na- and K-feldspars respectively'

and largely ordered maximum microcline is considered to have

formed. from some type of Na-rich precursor such that it is

observed as a stable low-temperature Na-poor K-feldspar.

Both theori-es agree with high atbite ordering to low

albite. Both structures are triclinic and the ordering only

involves Al,Si migration, which is extremely sluggish. In

ad.dition, because Na+ is smal-l- (as compared. to K+), the tri-

clinic nature of al-bite is preserved upon cooling. Monocli-

nic albite (monalbite) has been produced in laboratory

experiments at 1105o C (Prewitt et 41., L9?6) ¡ut it can

exist only above that temperatürê. Upon cooli-ng, it readily

collapses to à triclinic (frigh albite) structure below

1l-05" C. Monalbite does not occur in nature.

As the K+ cation is larger than the Na+cation, it
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distends the framework and tends to make the feldspar struc-

ture monoelj-ni-c. Both theories agree that sanidine is a.

high temperature disord.ered monocl-inic structure. The fulJ.

ordering theory, however, impli-es that, âs Si and AI proceed

to order with cooling, their distribution wil-l presently

beeome asymmetri-c and. the structure triclinic.with two pairs

of equivalent monoclinic T sites being split into four non-

equivalent T sites (eutnis & McConnell, 1980) (nigure L-2),

Putnis & McCorurel-l (fggO) also state that on the basj-s of the

large size of K+, the monocl-inic K-feldspar should maintain

a monoclinic structure upon cooling; this opinion conflicts
with the fulL-ordering theory.

0n the other hand, aecording to the bond strength

theory, in a potassium-rich envj-ronment, a temperature-

dependent seri-es exists from high-temperature A1-Si dis-

ordered monocl-inic sanidj-ne to low-temperature partly ordered

monocl-inic orthoclase in which each oxygen receives an ideal

oxygen bond. strength of 2, In sanidi-ne, the large K+ ion

distributes its bond strength symmetrically across (OtO)'

so that the resul-ting 1ow temperature A1-Si distributi-on is

also symmetrical and the structure monoclinic. This theory

also indicates that there exists a low-temperature K-feldspar

series that vari-es with increasing Na-feldspar: K-feldspar

ratio in the original environment from monoclinic orthoclase

through triclinic intermediate microclines to maximum micro-

cline formed in a K-poor Na-rich environment. This series is
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a consequence of the assumption that the triclinj-c nature

of mj.erocli-ne was imposed upon it by an abundance of Na+

ions randomly distributed in the K-feldspar structure
(Ferguson, 19Bl) during the stage of S i/AL (partiat) ordering.

(D) NATURE OF PRESENT STUDY

The primary purpose of this study is to establish a

rapid procedure for properly characterizing K-feldspars for
petrologic purposês. Specimens from a suite of granite rocks

from Lac du Bonnet, Manitoba and. another suj-te of granitie/
pegmatitic rocks from Dryden, Northwestern Ontario were

donated by Dr. Petr ö""rr1, Department of Earth Sciences,

University of Manitoba; K-feLdspar' analyses and detail-ed

field and geochemical data were available. The techniques

used. in the present study may be summarized. as follows:
(1) Crystall-oqraphy as determi-ned by single-crystal x-ray

precession photography and powder djfractometry to give:

(a) single K-feldspar component or multiple components

(U) triclinicity of K-feld.spars

(c) twinned characteristics of K-feldspars

i)
11J

(
(
(
(
(

untwinned
albite-twiruaed
peri cline - twinne d
albite- + pericline-twinned
gradational

r-r-r- )
iv)
v)
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(d) presence or absence of albite phase

i")
rr)
r-rr- )
iv)
v)

(
(
(
(
(

amount in K-feldspar
untwinned
albite-twinned
pericline*twirrred
albite- + pericline-twinned

(2) Chemi-cal composi-tion as determined by:

( a) el-ectron microprobe analysis of single crystal

K-feldspars

(¡) chemical analysis of K-feldspars

(c) whole rock analysis

(l) Thin section study to determine:

(a) presence/absence and. nature of observable twin-

ning in K-feldspars

(b) characteristics of K-feldspars and their perthi-

tic albites
(c) nature of non-perthitic plagioclases and their

relatj-onship to the K-f eldspars.
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(E) GEO],OGTCAL SETTTNG OF THE K-FETDSPARS
FROM TI.IE T!üO STUDY AREA: LAC DU BONNET'
MANTTOBA AND DRYDEN, ONTAR]O

The Dryden aJ1d. Lac du Bonnet study areas are in the

western Superior Province of the Canadj-an Precambrian Shield

(¡'igure 1-3). The Lac d"u Bonnet aTea' is part of the English

River Subprovj-nce (¡'igure I-4), which is characterized by

metasedi-mentary Sequences' and gneissic and plutonic grani-

toid rocks (Breaks et a1., L9?8), The Dryden area straddles

the boundary of the English River Subprovince and the Wabi-

goon Subprovince; the latter is made up of greenstone belts

separated by abundant granitoid gneisses and granodiorite

i-ntrusions (Breaks et al., 19?8) (¡'igure I-4). Both the

Lac du Bonnet and part of the Dryden study areas are in the

southern plutonic domain' one of the two domains of the

English River Subprovince (figure 1-4), where they are

generally metamorphosed to amphibolite faci-es (Breaks et à7-, ¡

L7TB), Portions of the Dryden study area that are in the

Irrlabigoon Subprovince are metamorphosed to greenschist facies

with amphibolite and hornblend.e hornfels facies adjacent to

batholithic intrusions (Ayres, Ig?B),

Although preliminary x-ray powder diffractograms by

the author show tittle triclinici-ty variation in the K-feld-

spars (al} maxi-mum microclines) within the Lac du Bonnet

grani-te, the fact ttrat the area had been subjected to de-

tailed geological and geochemi-cal studies and that the
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samples were immediately available, made it attractive to

do detailed single crystal work for possible crystallographic
variations. The Dryden pegmatitic K-feLd.spars were chosen

because of their vari-able triclinicities reported by Ucaku.wun

( 1981). A. number of samples from the surrounding granites

in the Dryden area were selected to provide K-feldspars for
si-ngle crystal analysis to compare with those chosen from

the pegmatites and the Lac du Bonnet granite. An adularia
(Department of Earth Sciences, University of Manitoba,

Mineral-ogy Museum Speicmen no. 3na) from Fierstal near

Iegishan, Switzerland, was selected as a representative

stand.ard. of a monoclinic K-feldspar.

( 1) Descriptions of rock units and sources of specimens

from the Lac du Bonnet area

Figure L-5 shows the location of the specimens and

their corresponding rock types. Intensive studies ¡V ð""tí
et aI. (1981) document five major phases in the batholith.
In order of decreasing relative ages, these are:

(a) Hornþlende:Þiqtite tonal-ite ( specimen no. AEC-20)

is a mesocratilc equigranular gneissic rock. The sample

studied is coarse-grained with abundant biotite and pink

to whi-te euhedral f eldspars.

(b) Porphyritic hornblende-biotite sranodiorite ( spe ci-
men nos. SR-97, SR-148) is a grey mesocratic gneissic rock

with quartz, biotite, feldspars, and abundant pink to white
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euhedral feldspar phenocrysts.

(c) Leucosranite (specimen nos. PG-I27, PG-1"52, PG-

L35) is a medium-to coarse-grained rock with quartz, biotite,
feldspars and. a subordinate amount of pink to white ferdspar
phenoerysts.

( d) Biotite sranite (specimen nos, PG-24, AF;C-26,

PG-L33) is largely rusty pink, equigranular, fine to medium-

grained and is composed of quartz, biotite and. feldspars
with an occasional feldspar phenocryst.

(e) Biotite sranod.iorite is a fine-grained porphyri-

tic mesocratic rock and is composed. of quartz, biotite,
plagioclase, minor amount of hornbl-ende and. abundant K-

f eldspar phenocrysts. No speci-mens from this rock unit were

studied by the author.
(2) Description of rock units and source of specimens from

the Dryden area

(a) Granitoid rocks

The granitoid rocks are divided into four units by

Ucakuwun ( 1981) (Figure I-6) z

(i) Biotite t hornblende quartz diorite rocks

(specimen nos. SG-OL, HG-OI), from which the analyzed. K-.

feldspars were taken, are weakly foliated and coarse-grained

with small- amounts of quartz and biotite and abundant pinkish

blocky feldspars.
(ii) Biotite eranite bathotith (specimen no.
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GPG-22) with granites of variable properties; the sample

studied is from an equi-granular, light grey, coarse-grained

rock with biotite, quartz and feldspars.
( iii) te biotite anodiorite lu

(specimen no. CG-03, ryIL,G-O1) where the K-feld.spars studied.

are from medium- to coarse-grained rocks with blocky feld.spar

crystals and subordinate amounts of quartz, biotite and.

epidote.

( iv) Leucocratic pegmatitic qranites ( speci-

men nos. APG-05, ZPG-07), The samples studied are from'

rocks that are crearny white with abundant feldspars and

quartz, and a subordinate amount of bj-oti-te.

(u) Pesmatites

Three pegmatites in this study area were studied by

Ucakuwun (f9gf):
(i) The Zealand pegmatite ( specimen fios. ZP-

O5, ZP-09) fras quartz, bl-ocky K-feldspar and saccharoidal-

aLbite as themajor constj-tuents, with accessory garnet,

beryl, tourmaline and apatite (taOte 1-2),

(ii.) The Mavis Lake pegmatite dykes (specimen

nos. IW,P/NZ 01, Ntr-,p/NZ ez, NU,P/NZ e5, Nr.p/NZ 23, ML?/NZ 24,

Nnp/Nz 3e, Nr,.p/NZ 42, Ivlr/NZ 4?, Nnp/sz 06, MLp/sz 10) are

divided into two zones ¡ Mavis Lake North Zone (IE,P/NZ) and

Mavis Lake South Zone (ltttp/SZ) , The mineral assemblages of

both zones are irregularly distributed in terms of



Table L-2, Minerals identified in the three Dryden area pegmatites discussed j-n the
text ( after Ucakuvrun, 1981) .

PEGMATITE

MINERAL MAVIS LAKE

NORT ZONE SOUTH ZONE

QUARTZ

K-FELDSPAR

ALBITE

SPODUMENE

MUSCOVITE

TOURMALINE

BERYL

GARNET

POLLUCITE

HOLMQUISTITE

COLUMBITE_TANTALITE

APATITE

SPHALERITE

TOT LAKE

X

X

'L

L

X

X

x

X

x

X

x

X

X

x

X

x

X

X

X

x

ts
co

ZEALAND

x

x

x

X

X

X

X

X

x

X

x

x

x

w

X

x

X
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paragenesis, grain size and locati-on, Suartz, bloclry grey

to pink K-feldspar, spodumene, albite and secondary muscovite

are the major constituents (tabte L-2). Preli-minary data

showed a wide range of tricllnicities in the K-feldspars,

and ten specimens (8 from NZ and 2 from SZ) were studied by

the present author.

( ri-l-J The Tot Lake pegmatite (specimerr no.

GPE-11) has quartz, spod.umexîe, K-feldspâr, albite and primary

muscovite as the major constituents (faUte 7-2),
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CHAPTER TT. X-RAY DIFFRACTIONT PROCEDURES

(A) INTRODUCTION

The bulk of this chapter is devoted to the single

crystal precession method because of its: importance in de-

riving the type of twinning and types of intergrovrth charac-

teristics that are not recorded by other x-ray methods. The

precession method is used by only a few mineralogists as

compared to powder x-ray methods. For the present investi-
gation, a procedure for single crystal precession photography

was establj-shed, and a step-by-step procedure for using

precession photography was deslgned for use by interested

geologists with tittle background in x-ray methods.

It was found desirable to take Gandolfi photos of the

same single crystals used for the precession photos. The

Gandolfi method is a modification of the more common Debye-

Scherrer powder camera. X-ray powder diffractometry of pow-

dered samples is widely used to characteríze K-feldspars and

the data in Chapter III are used to compare the results with

those of single crystal precession and Gandolfi photos.

(s) SEPARAT]ON 0F K-FELDSPARS

Separation of K-feldspars from other minerals in the

coarse-grained pegmatitic specimens was done manually under

a binocular mj-croscope (Ucakuwun, fg8f). For the finer-
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grained specimens of the granites, a different method was

used.:

(f) A rock was crushed i-n an automatic crusher and then

ground in a steel percussion mortar (also known as i'shatter-
boxi') for 10 seconds or less. 

,

(z) The resulting grai-ns, which range i-n size from very

fine powder to pebble-size, were sieved so that grains of

o,5 ø (0.?1 mm), that is, medium- to coarse-sand sj-ze, were

coll-ected for the steps discussed below.

3) With the selected grains thinly spread out along the

bottom of a shal-low plastic dish, the dish was placed inside

a covered plastic beaker (nigure 2-L) that was half-fu]l of

hydrof luor j-c acid.

(4) After the grains were etched by the hydrofluoric acid

for 15 minutes, they were put into a sodium cobaltinitrite
solution (f grarn of Nar0o(nOr)6 in 4 ml of distilled water

(Van der Plas, L966)) for one minute.

(5) The solution was rinsed off with water untll- clear and

the grains were set aside to dry.

(6) The K-feldspars could then be manually separated from

other grains under the bi-nocular mi-croscope by the fairly
strong yellow stai-n on the surface of the K-feldspars.

Q) Some samples needed to be stained again when the K-

feldspars had not been stained enough to distinguish them

from the other minerals.
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plostic cover

grot
plostic shoflow

dis h

lostic beoker

Figure 2-7, Experimental set-up for the staining techn:iqueas descibed in text.

This method. was recommerdedþ Petr ð.rnj (personal

communication) although it has been previously proposed by

Kaneko (Lg?4). Separation of K-feldspars by heavy liquids
is used as a standard procedure by many feldspar workers but

the staining technique descrj-bed above is much more con-

venient and less time consuming.

The Lac du Bor¡eet and Dryden granitic K-feldspar

crystals chosen for single crystal x-ray work were subhedral

and colourless, whereas the pegmatitic K-feldspars were

usually euhedral and cloudy white. All the crystals chosen

were about 0.J mm in size.
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(c) PRECESSToN PH0ToGRAPHY

(1) Tntroduction

Single crystal precession method was used here be-

cause it gave detailed information about the crystallographic

varj-ations in K-feld.spars including their twinning and inter-
growth characteristics. This method is descrj-bed in detaiL

in such works as Nuffield (1966), Buerger (t96+), Azaroff

(1968) or Henry et ar. ( L96o),

(2) Selection and mounti-ne of crystal-

(a) Under a binocular microscopê, a crystal about

0.J mm long showing two welJ--developed cleavages -90 to

each other (r'igure 2-Z) is selected. Larger crystals pro-

duce large spots whose centres may be difficult to measure

precisely. Fragments with poorly developed cleavage faces make

orientation very difficult and sometimes impossible to do.

(b) Under polarized light on a petrographic micro-

scope, the crystallographic ori.entation of the crystal

is determined by observing the extinction angles on the

two prominent cleavages. The extinction angles on the t'ro

cleavages for the principal alkali feldspars are listed in

Table 2-L,

(c) The crystal is mounted such that the rotational

axis is aLong yo and. the x-axis is parallel to the x-ray

beam. The crystal is mounted on a glass rod using vaseline,

such that the (OfO) face is normal to the glass rod, the
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Table z-L, Extinction angles on cl-eavage planes of arkal-ifeldspars (from Kerr, LgSg),

(00I) face is parallel to one of the rockers (Figure Z-3),

and the x-axis is parallel to the ottler rocker.

EXT]NCTTON ANGLES ON:
M]NERAL

(001) (oro¡
MAXIMUM MTCROCLINE

ORTHOCLASE

SANIDINE

LOI/IJ ALBITE

o
5

5-L2"
o

5

L5-2Q"

(t) 0rientation procedure Þ

( a) The crystal is oriented. such that the rotational
axis (trre presumed reciprocal axis, yo) is exactly horizon-
tal- and the precession axis (tfre presumed. di-rect axis, x) is
exactly parallel to the x-ray beam. These required orien-
tations are made by three i-nstrumentar angular ad justments:

( i ) drum read.ing on the instrument that con-

trols the principal vertical axis on the film;
(ii) vertical rocker of the goni-ometer head

which controls the angular d.eviation of the approximately

horizontal reciprocal axis from the true hori-zontal line;
(iii) horizontal rocker of the goniometer head

which controLs the fore and aft orientation of the reci-procal
axis in the horizontal- plane.
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x o 0.5 mm

Figure 2-2, Id'eal cç{q!?l size
áoo¿ cleavages !q1o) and (

ãnd Zussman, 1962) ,

mm) and. shape (two
(after Deer, Howie,

lor ger rocker

smatte2 r0cker

broSs

/oin

gloss rod

Figure 2-3, Gonj-ometer head with a crystal viewed through.a
collimator lens (tfre crystal is greatly enlarged here) '
The (OfO) face is perpendicul-ar: to the glass rod and the
(OOf) face is para11e1 to the larger rocker. The x- axis
is parallel to the smaLler rocker.
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(b) A Polaroid camera (Land diffraction cassette

#5?-2 (xn-7) with 4" x 5" Land Polaroid fiLm type 57 lnis]r.

speed. (ASA 3000) is preferred because of the faster time

(eommonly)exposed to the unfiltered x-rays for 5 to l0 min-

utes) compared with a standard ordinary x-ray film (t frour)

such as Kodak no-screen x-ray film. The prefemed x-radla-

tion is usually short wavelength x-radiation such as MoK.

(c) Initially, the first picture will normally pro-

duce two principal axes in two posJ-tions that are approx-

imately horizontal and. vertical (i.e. Figure Z-5, p. 3L),
Identification of the two principal axes is determined by

measuring the distance betu¡een pairs of two correspond.ing

reflectj-ons across the centre of the film, i.e , }po, and

halving it to give po (Figrr"" 2-4) and the d of the reflections
are derived and compared to the cl-osest computed d value of

an alkal-i feldspar listed in Table 2-2, The axes of the

precessi-on photos shown later in this chapter were identi-
fied by this means.

(d) Any axes may be identified by the procedure de-

scrj-bed in (c), but a set of standard precession photos, used

for comparison purposes, described in the end of this chap-

ter, makes this identification by measurement unnecessary.

If compari-sons do' not show any similarities to the photos'

that is, the rotational axis is not identified as y* , ,o, or
J+x , the crystal is best discarded. When the rotational axj-s
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Example of monoclinic lattices projected alorg
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( space ) tattice ( solid ]ines ) .and the reciprocal
(uroken lines) where pioo <I/drco and Proox

(tfre scales are arbi-trary) (after Nuffield'
(L966), fn this investigçrtion,where MoK"" r?diation
with wave-leneth À =0.711-Ã was used and F=60 mmr.. the
relationship Ïs piln =ÀF/dnu, =42,66/ano, where p* is
the reciprocal lattice distance on the film in mm.
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Table 2-2" Intensity, d(Ã) and. 2{ (mm) values and indices
hkl 0f the different reflections for the relevant
principal axes of K-feld.spar and.albite as discussed
iater in the chapter. The majority _o{ the d values .

were obtained. fróm Borg & Smith (L969) and the rest
inctud.ing 2p* were calculated by the author' The
intensitles-were estimated from the precession photo-
graphs a¡d for these the designations are.,rr=ver$', wEwealc,
m=moderate, s=strong.
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is identified as the y* axis, a vertical- rec.iprocal axis,

presumably the ,z* axis, is record.ed.. The angle between y*

axis and. the verti-cal arci-s is measured and. if the angle is
oooô

between 92 and 94 (i.e. 90 + 2 -4 ), the crystal is
identified as a plagioclase (usually albite) and is d.iscarded

if it is not being studied. If the measured angle is bètween
OOoo.

90 and 92 ( i. e , 90 t 2- ) , the crystal is 
.a 

K-feldspar and

the vertj-cal axj-s must be identified. The axís is usually
t&'z but if it is not, then the crystal is rotated around the

drum axis every 15' i-n order to locate the ,o -axis. Another

crysta1 can be quickly chosen and remounted on the goni-ometer

head within a few minutes after discarding the previous

crystaI
(e) Orienting the face (oOf) instead of (OfO) normal

to the glass rod gives a picture oriented 90" to the requi-red.

orj-entation. To correct this, the goniometer head is removed

from the canera and by checkj-ng the photo the crystal is
carefully turned 90" around the x-axis to 1ts original posi-

tion under the binocular mi-croscope.

(f ) Initial-ly, the y* -axis of the crystal will not

be exactly horizontal. There are a series of steps as dis-

cussed below that are necessary to bring the yo -axis in line
with the rotati-onal- axis of the instrument and the 

^o -axis
is along the plane of the fil-m such that the crystal is pre-

cessing around the x-axis.
(i) Figure 2-5(a) shows the initial orientation.
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The rotational- axis, that is Lzo off the true horizontal line,

is identified as the y* -axis. However, the so-called verti-

ca1 princi-pal axj-s is too far off to be identif ied properly.

The crystal is then reoriented'so that the i -axis is

exactly horizontal. This is done by measuring the correction
*

to be made on the vertical rocker Ar,, between the y -axis

and. the horizontal line (parallel to the border of the photo

as the carnera is exactly perpendi.cular to the x-ray beam)

through the centre of the photo with a measuring device.

(ii) Figure 2-5ft) shows that, in compari-son

to Figure 2-5 (a) , the crystal is closer to the horizontal

line and as weLl as to the vertical 1ine. The vertical
principal ancis was determined. to be z,* , At this stage, all

three i-nstrumental angular ad.justments are used. The y*-axis
oô

is þ.0- off the true hori-zontaL line, that is, Arv=4.0 .

Both the horizontal rocker, Arh, and the drum, Ad, are mea-

sured and plotted. on the Buerger error chart in FigUre 2-6,

For example, for the correction on the drum reading, the

d.ifference between the intersection of yo arrd 
^o 

axes to the

outermost streak on one side , 22, and to the other sid.e , ZL,

is measured to be ? mm which means an angUlar correction

(pfotted from Figure 2-6) of I,7" The angular correction

for the horizonta:- rocker is very similar to that for the

drum and. is found to be g" .

(iii) Geirerally speaki-ng, if there are two

or three large instrumental errors, it is difficult to
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achieve perfect orj"entation with only one set of corrections.
The writer found that it was more satisfactory to d.o each

correction as a separate step. Figure 2-5(c) shows that
the crystal is closer to the requi-red orientation. The

verticar rocker is now corrected and. the other two instru-
mental angular ad justments (Arh and Ad) have small correc-
tions to be made. Because of this, the two corrections were

made si-multaneously in the same fashion as described. Ln 6(iij_.
(iv) The crystal in Figure 2-5(d) is now

exactly ori-ented as required, with yJt horizontal and ,o
vertj-cal. This means that the crystal is precessing about

the direct axis x. The crystal is ready for the zero-level-
photo as described in (g).

(g) At this stage, it is necessary to make several
instrumental changes in order to take the type of photo,

namely a zero-1eve1 precession photo, that wilL provide the

maximum amount of information about the structural charac-

teristics of the crystal in questi-on. In this case, the

zero-level photo will be one about x that wirl- record. the

0k1 reflections.
(4) 0ther required orientation: precessins around z-ax].s

To precess around the z axis, (i.e. -to record. the hkO

reflections), the crystal is rotated through t]ne P angle of
the K-feldspar crystal of 116" on the d.rum (as shown rater
in Figure ã-LL), There are two possible orientatíons after
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rotatj-ng the d.rum through 116o . If the rotation is in one

sense (say cloekwise) then the required z-axis will be orien-

ted parall-el to the x-ray beam. However, if the rotation is
in the opposite sense ( counter-cloclcwise), then the axis

fz\l happens to be nearly para11el to the x-ray beam as

shown in Figure 2-7 and later in Figure z-LL. As the orien-

tation photo is readily recognized in the setting picture

with single or double V-shaped streaks of l3}2l" axis as

35

is no need to take a zero-seen in Figure ?-Lo (p. 58), there

Ievel photo to d.istinguish the y*

p1ane.

J+ ttplane from the y x

(5) 0ther possible ori-entations

(a) It is possible to precess initialLy around the

z-axis (by mistake) rather than the x-axis (tfris happened. to

the author at l-east 3 times). This resulted from mistakenly

orienting the wrong rocker, the one not parallel to x, along

the x-ray beam with the result that an axi-s roughly perpen-

dicular to x was parallel to the beam. In some cj-rcumstances,

this axis coul-d be suff ici-ently close to z ( despite f =l't6o )

that the z-axis was actually the roughly oriented precession

axis. If this is the case, then rotati-ng the crystal 64'

(180-Ê) one way results i-n x being the precession axis and

the other wâ$, because of geometry of the crystal, [101]

being the precession axis (¡'igure 2-B and shown later in
Figure Z-LL). Care must be made in identifying setting and

JS

r30?l
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showing the x.z, artd x* zo planeç to illustrate the two
axes mãking apþroximately !!6' to x-axis. The x-axis
of the crystal is parallel to the x-ray beam. Rotating
approxi-mately LI6" in the one direction gives the
direct axis izo31 whose normaL gives l3oz)Èin reciprocal
space. Rotating 7!6" (=þ) in the other d.irection gives
the required z-axis.
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zero-level photos taken around the [f01] axis as they are

very simiLar to the corresponding photos around the x-axis

in both setting and zero-level pictures (nigure 2-B). To

differentiate the zero-level photos about the x-axis and

the [I01] a¡cis, note that the former shows reflecti-ons in
a square pattern whereas the latter shows a d.i-amond-shaped.

pattern.
(¡) Another mistaken ori-entation that may occur is

il-lustrated in Figure 2-9, If the crystal ís exactly paral-

lel to both rockers but the wrong rocker is parallel to the

x-ray bea¡n, that is, the (001) face of the crystal is perpen-

dicular to the x-ray beam, the geometry is such that the

[fOZ1 axis is obtained with the verti-cal axis on the photo
.F

being [201] (Figure z-LL), The setting photo for preces-

si-on around I fOel axis is very simi]-ar to that for the x-

axis, but the zero-level photo around [fOZ1 shows a distinct-
ly different arrangement of reflections more similar to the

zero-level around the z-axi-s than that of the x-axis. When

this is recognized., the crystal is rotated 9oo so that the x-

axis is exactly parallel to the x-ray beam.

(6) Standard settins and zero-Ievel photos for the orien-
tation procedures

The setti-ng and zero-level photos shown in Figure

}-LO constitute a fundamental part of the orientation pro-

ccdurcc, and arc summarized in Table 2..3, Repe-i;ition 1e

avoided when two or more photos of different kinds of crystal
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Tabte Z-3. Summary of precession photos l-isted in Figure z-to of precesslon around various axes
invoÌved in the orientation procedures discussed in this text. The numbers in brackets ane
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twinning are nearly similar and only one is reproduced. here

as in the case of precession of all- samples around lZO3f,,

The various positions of the crystal in the orientatj-ons listed
in Table 2-3 are shown in Figure z-LL. classification of
K-feldspars on the basis of trn¡iruring patterns is discussed

in Chapter IIf.

(N) GANDOLFI POvìIDER-TYPE PHoTOGRAPHY

To augment the single crystal precession data, Gand.ol-

fi photos were taken of the sarne single crystal to provide

an x-ray powder diffraction record of each K-feld.spar. The

small size of the crystals ruled out powder diffraetograrn
and conventional Debye-Scherrer photogfaphy. However, the

modification of the latter known as the Gand.olfi attachment

has mad.e possible powder-type patterns from si-ngle crystals.
The reader is ad.vised to consult Gandolfi (tgøZ) on the theory

of Gandolfi photography . '

Ideal1y, the single crystal i.s mounted in such a way

that 1t has random orientation to record all reflections as

smooth bands. In practice, however, for feldspars and other

mi-nerals that have low symmetry (monoclinic or triclinic),
not all different crystallographic l-attice planes are recorded

by this mechanj-sm for one crystal mount. It is necessaqf to

take a second exposure of the sarne Gandolfi film with the
'ocrystal 90 to its original position so that the reflections
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are continuous bands rather than broken lines. Second

exposures are not needed if crushed grains are used instead

of single crystals but this could not be done because the

single crystals were later used for electron microprobe

studi-es.

The 29 K-feld.spar crystals were analyzed. by the

Gandolfi method using Cúo radi-ation and an exposure time

of l0 hours. The photos and results are discussed in the

next chapter.

(E) X-RAY POWDER DIFFRAcTOI\ITETRY

The powders of each K-feldspar used for the diffrac-
tometry were the K-feldspars stained and separated from the

other minerals by the separati-on procedune described earlier
ín this chapter. One K-f eldspar crystal was set asid.e for
single crysta1 analyses. The 2p powder and. three stand.ard

powder samples were analyzed on a Philips x-ray powder

diffractometer system wi-th Cú* rad.iation und.er high resolu-

tion operating conditi-ons. For aLbites, Cu (purified elec-

trolytic copper metal- dust) was used instead of CaF, because

of slight overlap of peaks at around 28" 2e, The reflections
of the feJ-dspars were then coruected for 20 agai-nst the

standards (values obtained from the Powder Diffraction Fil-e)

(see References) and the unit cell parameters were refined

by the ieast squares sel-f-ind.exing computer program of
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Appleman and Evans (t973), Several powder diffractograms

are reprodueed" in partr'and all the results are described"

be'low in Chapter III.
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CHAPTER TÏT" X-RAY DIFFRACTTON¡ TNTERPRETATIONS

(A) PRECESSION PHOToS

(f) lntroduction

Interaxial angles {., f; o,*, and T show significantl+

variations in both the K-feldspar and the Na-feldspar

structure alnong different polymorphs (laO1e 1-1). As dis-

cussed in Chapter [, the K-feldspar crystal is oriented so
Jfthat the y -axis is along the rotati-onal axis of the pre-

cession instrument. To record the two reciprocal interaxial
JT J+angles "<- and T , the crystal is oriented to precess around

the x and z aJ(es respectively.
(2) Indexins of reflections

Figure 3-L shows a diagrammati-c representation of the

OkI and hkO reflections of a trielinic K-feldspar. These

are similar to those of monoclinic- K-feldspar and triclinic
Na-feld.spar, except that the trielinic feldspars have no

mirror plane, unlike the monoclinic K-feldspars. All the

K-feldspar and Na-feldspar polymorphs have a C-lattice
(fante 1-1); thus the hkl reflections are present only with
(fr + k)= 2rr, The di-agram in Figure 3-L shows the indexing

of the reflections in trso quadrants. Because the triclinic
K-f eldspars do not have a mj-rror plane ( just a centre of

symmetry), the two quadrants i-ndexed. represent the small-est

reciprocal unit (known as the asymmetric unit) t¡rat, when
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repeated by the symmetry, will reproduce the whole reci-procal

lattice, So in the case of a monocJ.inic K-feldspâr, only

one quadrant needs to be indexed., âs the other quad.rant is
related to it by the mimor p1ane.

(:) Twinnine

There are four types of trryinning patterns (including

untwinned) that are found in the triclinic alkali feldspars.

Monoclinic crystals may also be twirured, but not by the

al-bite or pericline laws as there is a mirror plane parallel
to '010 and a 2-fold axis parallel to y. The triclinic
twinning patterns are:

(a) Unt¡,r¡inned crystals with T* up to -2 L/2" off 90'

(rigure 3-?a) t

(b) Twinnine by Al-bite Law: reflection across
J+resulting in the superpositj-on of the pair of y axes

(l'igure 3-Z]o);

Twinnins by Pericline Law: l-B0o rotation about

(ox.o),

t vll

(c)

a Z-fold axis paral]-el to y, resul-ting in the superposition

of the pair of xo axes t"il (rigure 3-2e) t

(d) Twinnins bv combi-ned Albite and Pericline Laws

(¡'igure 3-Zd), This is the common type that produces the

characteristic cross-hatched twinning used by petrographers

to identify microclines. A first glance at precession

photos of this type suggests that the middle reflections
\-Jft+

halfwaflbetween both pairs of twinned x and y axes are due

to a monoclinic phase because the ^f* angle is ideally 9Oo.
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However, the twins aet independently of each other and. it is
the superposed x; anA y] axes (in zero-level around. z-axis
photos) tnat make an angle of 9oo.

The outer non*axial- reflecti-ons have four components

(figure 3-3a); two are albite reflecti-ons and two are peri-
cline reflections" Laves (L95o), Smith & MacKenzie (L958)

and smith (t97+a) have made simj-lar observations and called
this M-twinned microcline (originally named by Smith & Mac-

Kenzie (a958 ) to denote a monoclinic-d.erived microcline ) .

There are also other twinning patterns reported in the ritera-
turer âs observed from other single crystal methods¡ a ¡,T,,

type twiirning (to denote a triclinic-d.erived. microcline) witfr

3 components arranged in the form of a figure t¡Z'as observed.

by Smith & MacKenzi-e (L958) and a "T'r type twiruring with 4

components in a t'Zt¡ form as observed by Pieri & Quareni

(t972).

A2

( 590) ( æ0)

A
ldigure 3-3, "M-twinned " microcline

with albite- tr¡¡inned indi-viduals
Aland A, and pericline-twinned
individuals P, and P Z of the
reflectionsJpO and 39O of
Figure 3-Zd,

o o

q
( 5e0)

P
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( 4) Resul-Es

(a) Tntroduction

Twenth-nine K-feldspars from the Lac du Bonnet granite

and. the Dryden granites/pegnatites were analyzed by preces-

Éion photography. Twenty-seven of them have minor inter-
growths of albite, and some of the K-feldspars have multiple

K-feldspar components. The zeto-level photos around x record
tf

the "4 angle of K-feldspar and of Na-feldspar. The types of

twinning of albite are also recorded. The zero-level photos

around z record. the î * angles of both feldspars and. the

twinning types, microcline (triclinicity) groups, and types

of reflections and streaks in the K-feld.spar crystals. A1I

of these are examined in detail below and Table 3'-l,summa-

ri-zes the results.
(b) Zero-level around x-axis

i) K-feldspars

As the'd.eviation from pOo is very small, measurements
Jf +Ê +F

of ¿ betr,.reen y and z lnad to be made very carefully as the

ma>cimum separation between the ,o axes of a pair of albite
twins is lo or less. In some cases, when the maximum separa-

tion was less than lo, strong reflections (ooz) and (0031

were used, rather than the outer reflections which are some-

times blurred and difficult to read, Zero-level photos

around the z-axis of the same crystal were used to check

whether or not the crystal was twirured. If the crystal was

(



Table 3-1-, Summary of twirn'ling characteristics observed in precession
Bòrueet granitic and Drydeñ pegmatitic/granitic single K-fel-dspar
K- and Na-feldspar components as discussed i-n text.

photos
crystals

of Lac du
and thei-r

AREA AND

ROCK TYPE

TWINNING CHARACTERISTICS

CORRESPONDING ALBTTE COMPONENT

2 untwinned
I albite-twinned

2 aLbite-twirrned, 2 both twinned, ? not
measured*

ntwinned
lbite- twinned
lbite-twinned
lbite-twinned

l untwinned
1 albite-twinned
I albite-twinned

I not ¡neasured
2 untwinned

*

Lac du Bonnet

granite

Dryden

granites

Dryden

pegmatites

*

fu
2a
3a
1a

4 albite-twinned,
J albite-twinned,

the albite reflections are either unobserved or too weak to be measured.
m

-{
o

I untwinned int. mlcro.
I albite-twirured max. micro.
l albite-tw. int. micro. &

untw. int. micro.
J both-twinned max. mi.cro.
/ albite-twinned

& untw. int. micro.

I untwirured max. micro.
2 albite-twinned
3 both twinned
I both-twinned max. micro. &

untw. max. micro.

2 untwirv¡ed max. micro.
1 pericline-

twinned
6 albite-twinned

K-FELDSPAR COMPONENT
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twinned, then on the zero-level photos around x, the separa-

tion had to be measured on the outside of the middle of both

hvinned. reflections, beeause if the middle part was measured,
,soôd caJne very close to 90 . The author found that, after the

eorresponding T* readings had. been made, plotting the results

on the diagram of ¿* ,r"" î* in Figure 3-7, as shown later,
would. reveal whether or not the point lay close enough to

the best straight line derived from a large number of single

crystal studies to accept the <* value as valid. ff the

point was off the line by more than L5'' , then <* was measured

again until consistent values were obtained. The observed

values range from a low of nearly 9oo to a high of 90o 30' .

J+

The o( values of.'the.microcli-nes: listed in Table J-2 are the

averages of tr¡¡o readings because of the twirrni-ng effect.
Instrumental error is assumed to be + lO', as discussed. later.

( ii) Albites

If the al-bite intergrowth is untwinned or albite-
t¡¡¡irrned, the yo-axis coincides with the yo-axis of the micro-

cline. If the albite is pericline-twinned, the yo-axis does

not coincide with that of the microcline. Along the zo-axis,

the aLbite intergrowth is seen asOlalbite-twirured reflections
in precessi-on photos, with the K-feldspar reflections in the

middle or as untwinned O0l reflections beside the K-feldspar

reflections, because the co-p"riod. of both albite and K-

feldspar is very similar (tante I-1). Because the amount of
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albite is very small, ãs verified later by Gandolfi photo-

graphy, only the reflections 002 and rarely 004 along the

z*-axis and the 040 and rarely 060 along the y*-axis are

record.ed.

Ttre results for Na-feldspars (in Tabte 3-2, as dis-

cussed later) show that albites exhibit three types of

twinning characteristicsi untwi-n¡ed, albite-twinned, and

combined albiie- and pericline-twinned. Six of the 27

albite intergrowths are untwirured (see Table 3-f ). Ei-ghteen

of the albites are albite-twi-ru:ed.. The yo-"*"" in all

albite-twinned. albj-tes coincide with the yo-*"" of the K-

feld.spars, indicating that the (01O) planes of both Na- and

K-feldspars are parallel to each other in the direct lattice.
As imptied by the constants given in Table 2-2, the corre-

spondi-ng microcli-ne and albite OkO reflections along y* are

superimposed on the precession photos. There are only tr¡¡o

speci.mens in which pericline twirrnings of albite do occur

together with K-feldspars, and these are accompanied by

albite-twinnings of albite. In the similar fashion to the

albite- + pericline-twinned- microcline discussed earlier
(section 3 ( c) of this chapter) , the Vf,-axis of the albite-

twinned atbite coinci-des with the y*-axis of the microcline,
*

and the zl.-axis of the pericline-twinned aLbite coincides
P

.'t
with the z -axis of the microcline.

Although extreme care was taken with the measurement
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TabrÞ 3-2. Prec::s1gl pho¿o data-of-K-feldspars.and ¿heln atbtte phases as oiscusscd ln text. Theraìbiies ås separâ!e minerâts and anonocllnic K-fetdspar are âtso tncìuded tn ihe tabtc tor cbmpàratlve resut¿s. I

Na-FEÞSPÀre AS SECOTD pilÀsE
lr

f' (oGz)

æo30, {20)

92P25 |

92624t 112
89o40'{8) I

89ô40'(6) |

86ô20r (81 i 89o30' {15) '

'(8)'

{ì0),

'{r0) |

5'(r0)r

89.03' {6),

| (8)r

'(6) ,

8901? | (l0),

88o00r (15) I

8óol0r (8t I

86o25' (ó),

89o20r (10) I

89015 ' (].0) l

89.r2'( I3) '

89o35r (20) I

89oÌ5' f10),

89.25'l6l'

88055'{r0J'

| (r0)'

(ó)l

t6t'

{10}

HOCK ÎYPE SAMPI.E NO

¡:.S'TIMATED AIIOUNÎ OF
EACH K-FELDSPÂR
COIYPONENI {UT S)

THINNING/
INTÉ:ÂOROI{TH

îYPE OF REFLECTIONS,/
SlRÉAKS t0c, CCI4PONENT COI.IPONENT

MIXTUFBS
L{JES FOR Á

ÂHOUNl
Ít

THINNING/
INTËRGROMH STREAKS COMPONENl COMPONENT

INNED

I,AC DU

l(nilt;T
cnÂilt18

PC- I 2t

Pc- I 35

PC-r52

.sn- 9?

sn- I /,8

ÎC- ì l:l

PC-24

ÃEC-26

ÁEC-20

100* untHlnned max
n1c ro.

ì00Í Lslnned max.
m lcrc.

Ì00% untwlnned msx

per¡cl lnc

un Èillnned

weak alblte

lntergrotsLh

albite

weak alblte
untHlnned

albl¿e, Heak

sharp

aìblte, Hcak

dllfusedl sLrong
pcric¡ lno, Hank ûlbl

6l¡n rp

sharp

dtffused i

dlffused ¡

sharp

90ô25'lì0),

90o25 ' t8) ,

90022'(B) |

90.23'lB)l

90.25' (8t I

q0.25, ({ìi I

9Oo25t t6ll

q0o20' (l0) '
90o25' lì0),

| (6)'

r'ilo)

(6) |

92"15,(6)'

oÌ2, (6) |

o20, (8)

| (8)

t.00

1.00

0.91

t.00

0.98

0.9ù

o.95

0.99
1.00

t

alblte

boLh

untwlnned

dlffused

sharp

sharp 860r5 | (8 )

8óo40'{Ì0}l
86020' (].5 ) l

8óo22' {8) '

Br,o20, ( t0, I

B6o25t I6t t

DRYDEI¡

ORANITES

zPc-o'l

¡tLG-0t

cc-01

sc-0.t

APG-05

cPc-22

ilc-0ì

t00* tFlnned nax

50% n

'of 
un¿Hlnned max.

nlcro.

toof r

100* ¿rìnned nax
nlcrc.

bo¿h

Heak âlblte

untHlnned
ln¿ergrowth

alblte trlcllnlc ¿ransl-
¿lonal

dlffused; Heak
alblte

dlagonal

sharp o25 |

6231

(81,

(8)'
(6)'

(6)l

(8)l

(8) |

{10) '

92000, (6)

92"22t tAt

?' (6)

92027 ' llLl

' {9)

ò24rf8)!

ot6' (6),

0_

I .00

t.00
t.00

1.00

Ì.00

1.00

t.00

albl¿e

untú1nned

alblte

dlffused

diffused

sharp

86020'{8)

86027'{r0) |

86ô25,f6) |

86o22r(6)r

86o28' (8),

86025r(10t,

DRYDEN

PECi4A-
TITES

r4LPlNZ 0r

MLP /NZ 02

MLP/NZ 05

Ht,P lNZ 23

HLP /NZ 24

NLP/NZ ]O

t4LPlNZ q2

HLP /N2.47

¡4LP/SZ l0

MLP/SZ 06

zP -o9

zP -05

70X uotHlnned lnt

d0Í d
qof tHlnned max.
mlcro

l0l il

7Of unttlnned lnt
mlcro.

100:ú ¿Þlnned mâx

qo% tl

60X untHtnned 1nt
m lc ro,

(0% tHlnned max.
nrlcro.

?oÍ unLelnned lnt,
m1c ro

55¡
45% twlnned max.
mlcrc.

100Í unlclnned 1n¿.
mlcro

401 ¡
60f t{lnned lnt.

I00S twlnned nax

aìblte

,eak aìblte

ålbl ¿e

bo¿h

weak albl¿e

aìbl¿e

unLHlnned
1nte.g.oil¿h

Heak albi.te

alblte,
intergroHth

bo¿h

monocl lnlc-trlcllnlc
t.ransltlonâl

90015, {8)'

90or5' (r0)i

90o30, lB),

90ot5, (81 '

90ot5, (8),

90ór0, {r0),

90615'(r0),

900Ì5'(8) r

90020,{t0)l

90o25r tr0) I

90o25' (6),

monocì lnlc-¿rlcl lnlc
transl¿!onal

lr0)

dlagonâ1

sharp

aharp

{r0}

dlffused; s¿nong
âlblte. Heak

90.30,(l0)

.20, t8) |

o20' (B),

ot5' (8) '

o20, (8),

ó30, (r0)

o40' (r0)

I n0l

(8)'

026' (r0) I

o00, (10) t

or3' (t0),

o23' (10t '

o40, ( 10) '

| (10)

lt5)

| (ì01'

t,l6l t

'(rr)'

9ìo021

9Ìoo7,

90044 |

910061

91005,

90o58,

910l4 |

o.:,

0.4 9

0.34

I .O0

0.48

0.48

0.3B

0.53

0.66

0.?l

t .00

r,00

untclnned

ÂIblte

untHlnned

alblte

al bl ¿e

sharp

dlffused

sharp

dlffused

sharp

dlffuBed

¡

shârp 8óo25 ' (l5 )

86036'(r0),

r4r)t¡0cf.lt¡ lc
ND

t40J oc t,l N f c l00S nonoctlnlc sharp 90ô00r (6) I 'tól' 0

r.,^c DU

lJ0t:ilET
PC-l38 Af] 3Í K-feldspar âìbtte dlffused 90010, (r0) t00 al bl te sha.p "37,{ì0)

86020' (61DRYDEN
CSANITE

cc-03 AB 89o25 ' (6.¡ ,



74

t*of o( artgles between the y
*and z axes of these albite+t

reflections, the results were rather arnbiguous as only the

ooz (and 004) were observabre. overlapping of 002 refrec-
ti-ons of albite with those of microcline does occur frequent-

IFly. Theoc" angles range from 86"15' to 86''37' (Table 3-?).
In many cases, the reflections are smeared, and these are

discussed later.
( c) Zero-level around z-axis

(r) K-feldspars

For classifi-cation purposes, the author has arbi-
trarily divided the K-feldspars into three groups based. on

.J&
the T angle: f) metrically monoclinic K-feld,spar with

lfoaôT" = 9Q" oo' to go 05' (i.e. goo within the range of error);
2) intermed.iate mj-crocline with ð* = gO" O6' (above instru-
mental error) to gi 59'¡ and J) maximum microcli-ne with

.lfoo
T =9200'to92L8',

(1) Mono clinic K-feldsÞars 'Fâ(T^ = 90" oo' - 90" 05' )

There are three more or less distinct monoclinic K-

feldspar polymorphs¡ sanidine, adularia, and orthoclase.

Sanid.ine is a high-temperature, volcanic, euêîchêd., At-Si
disordered structure, and adularia is a late stage polymorph

with a distínctive wedge-shaped habit. These tr¡¡o polymorphs

are not expected among the granitic/pegnatitic K-feldspars
being studied. here. The third monoclinic K-feldspar poly-

morph is orthoclase. The term 'orthoclase' has been given
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different meanings by different authors. None of the Lac du

Bonnet and Dryden speci-mens contaj-n orthoclase as defined by

this classification scheme.

Intermed.iate microcli-nes (î* =9Qo 06'-9L" 59')
These microclines may be conveniently subdivided

according to the presence or absence of albite- and/or

pericline-trarinning (see Table Z-S) as follows (with the

number of the author's specimens shown in brackets):

( a) unt¡¡rinned (B )

(b) albite-twinned (1)

( c) pericline-tr¡¡irrned (o)

(d) albite- + pericline-twinned. (o)

Eight of the speci-mens (TabLe 3-Z) show an untr¡¡inned

j-ntermediate microcline component with 6# ranging from 90" L5'

to 90'3Q', and. are mostly associated with albite-twiruned

maxi-mum microclines in the Mavis Lake pegmati-te. The one
to

albite-twirrned. intermediate mi-crocli-ne specimen (T*= 9r" +o' )

occurs with an untwinned intermediate microcline with the
ìç

same Í" angle in slightly different orientati-on (table 3-l).
Maximum microclines (T*= 92" oo' -gzo rB' )

(2)

3)
The limiting value of T* of 92" LB' for maximum micro-

cline is that proposed by Ferguson (L/BZ), Like intermediate

mi-croclines, thes.e maximum microclines have been divided in-

to the same four groups according to their twinning charac-

teristics (ta¡te Z-t) (tfre number of author's specimens are
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shown i-n brackets ) ¡

( a) untr¡¡inned ( 4)

( b) albite-twiruned. (tS)

( e) pericline-twj-nned ( 1)

( d) albite- + peri-cline-tr¡¡inned (Z)

The total of 2? of the 29 speci-mens (Table 3-2) are

in this group, indicating that maximum microcline predominates

over intermediate microclines and orthoclase; this is a

typical situation in most Precambrian areas (petr ð""tty,

private communication, Lg82; Marfunin, L966), The T* values

of the microclines listed in Table 3'2 are the averages of

two read.ings if they are albite- (or pericline-)' twin¡ed,

or four readi-ngs if they are atbite- + pericline-twj-nned'

The presence of the one pericline-tr¡¡inned microcline

contrad.icts the observation made by Laves (L950) tfrat peri-

cline twinning is not found alone and that it is always

associated with albite trvinni-ng. This has implications for

the possible origin which is di-seussed later'
(ii) Albites

Again, as in the 7.eto-level precession photos around

the x-axis, the yo-axis and the OkO reflections of the albite

coincide with those of microcline, but the xo-axis of albite

is d.istinctly separated, from that of microcline because the
.þ*

T" angle is smaller and the a period is longer than the

corresponding values in mi-croclines. A pair of albite-twinned
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h00 reflections in albite is sj-milar to a pair of albite-
twinned 001 reflectj-ons in microcrine on an x-axis photo

in that the maximum separation bet¡¡¡een a pair of albite-
twinned' reflections is L" or less. However unlike microcline,
the arbite reflections are not distinctly separated, but are
rather smeared; this is discussed later,

(d) es of reflecti streaks the interfac
u11

There are different types of reflections that are

interpreted as dependent on the nature of the interface
boundary between two twinned. individuals. These reflections
are sharp dj-stinctive spots, strongly diffused. streaks or
weakly d.iffused. streaks. Both types of streaks are of two

types: parallel to yo and. parallel to *o . The d.ifferent
kinds of reflecti-ons may occur in both the K-feld.spars and

the Na-feldspars, and are listed in TabLe 3-2, As K-ferd-
spars are the maj-n interest here, the observations and

interpretations given below deal exclusj-vely with K-feldspars,
although the same observations and. interpretations may also
be applied to albites.

The d.ifferent kinds of reflections may 'oe crassifi-ed
into six categories:

(i) simple and. sharp reflections
(i-i) diffuse streaks between strong albite-

and strong pericline-twirured reflections
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( iv)
(v)

(vi)

78

diffuse streaks between strong albite-
reflections and weak pericline-twinned

reflections (or vice versa)

triclinic-monoclinic transitional streaks

triclinic transitional streaks

untwinned intergrowth reflections
( i) Simple and sharp reflections (t'igure 3-4a)

are characteristic of most untwinned crystals. For twinned

crystals, there are evidence of a sharp well-defined boundary

between tr¡¡o tivirured indirriduals; such a boundary is known as

an incoherent boundary. 0f the 29 K-feLd.spar specimens

examined here, all the untwinned mi-croclines (¡otrr inter-
medi-ate and maximum) and monocli-nic K-feld.spar (standard)

have simple sharp reflections and. also some twinned mj-cro-

clines for a total- of Lz specimens. The albite- + pericline-
twinned microcrines that show sharp reflections are inter-
preted as separate blocks of tr¡¡inned individuals with inco-

herent boundaries (nigure 3-4b). In most cases, the reflec-
tions from both -t¡¡¡inned individuals are of equar Í-ntensity,
although there are also some cases where pairs arelof unequal

intensity irnplying that the volume of one twinned component

is greater than that of the other. This may be i-nterpreted

a/one albite lamell-a being wider than the other lamella
(Figure 3-4c), Smith (tgZ+ø) calted this "inequali-ty', between

units of the sa.rne twin law.



F igure 3-4. Drawings and photos of the various types of reflections and streaks arrd their
interface boundaries which are discussed in text. The photos are enlarged parts of
the l-ower right quadrant of each precession photo. The sçales of, the drawings are
arbituary..Designationsr *ã= *-axis of one albite twin;_*ä= *-t*i" of the other albite
twin; 41, A2=albite-twirured reflectj-ons; P1 t Pr=pêr.icline-twinned reflecti-onsi M=

"monoclinic" (internrediate microcline) component; S=sharp; T=transitional.

t
x o

Y

(o )

x

(m-rrt)

-{
\o

Figure 3-4 (a). Simple and sharp reflectioÍrs.
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(ii) Diffuse streaks between strons atbite- and

strong pericline-twirrled reflections (nigure 7-40,) are-- seera

j-n three Lac du Bonnet and Dryden K-feldspars. rnstead. of
three sharp axial reflections along both y*- and xo-axes

(rigure 3-4b), there is only one streak across an axis such

that the streak is paralrel to either x* of the pericline
tr¡¡ins or to y* of the albite t¡¡¡ins. similarly, instead of
four twi-r¡ned non-axial refl-ections, there are two paraller
streaks (connecting A, to P1 and. A, to Pù which are diagonal

with respect to the axes. For both axial and non-axiar re-
fl-ections, the streaks are connecting an albite relection
to a pericli-ne ref lectj-on ( i.e. A1 to e, ) ; they d.o not
conrtect tr¡¡o albite or two pericline reflections. Thj-s sug-

gests that the crystar is not composed. of separate blocks of
t'r¡¡inned individuals and that it is slightly twisted to
accomodate both albite and pericline t¡¡¡ins together. dhe

boundary between albite and pericline reflecti-ons ís coherent

where it is diffuse rather than sharp (however, the bound.ary

between the tr¡¡o albite reflections or between the two peri-
cU.ne reflections is incoherent). The streaks may also be

interpreted as due to regions of transitional structure be-

tween albite and pericl-ine twins. The fact that the two

paralleI streaks are strong and continuous from A, to Pt and.

A, to P z ind.icates that the cell vorumes of the transi-tional
structure bet¡¡¡een the end members A, and. P1, which have the
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same volumes, has to be the same as the volume of one end.

membetr (i"e" Al).
( iii) Diffuse streaks between s !

t rong bite- and

weak pericline-reflectioqç (or vice versa) (nigure 3-4e) are

very s j-milar to those described above. The major d.ifference

lies in the different cerl volumes of atbite- and. pericline-
twins. strong atbite- and. weak pericline-twinned. reflec-
tions (as seen in five K-feldspars) show weak diffuse streaks
across the axes and weak diagonal streaks. The diagonal

streaks are strongest in intensity at A, and. A.r, gradually
decreasing towards and. disappearing at P, and p, respectively.
This suggests that the volumes of the pericline twins are

much smaller than those of the albite twins. Thi-s inter-
pretation may also be applied to those K-feldspars showing

diffuse streaks between strong pericline- and weak albite-
twins as seen in one of the specimens.

(iv) Triclinic-monoclinic transitional streaks
(Figure 3-uf), which are seen in seven K-feld.spar specimens,

are similar to the two previous types of streaks in that
they appear along the principal axes parallel to *o of the

pericline twins and yo of the atbite twins. However, the

non-arcial streaks are completely different: those that connect

two albite-twirured reflections with the monoctinic refrec-
tj-on in the middle are paralJ.e1 to the yo axes for all non-

axial refrections. The pericline-twinned refrections are
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present, particularly along the yo-axis, but away from the

axis they disappear and so they are considered as a very..

minor component here. The K-feldspar crystal is interpreted

as a transitional structure in which the maximum microcline

component is connected. to the monoclinic,component by a large

number of twinned intermediate mj-croclines. with geometries

that range from nearly maximum microclj-ne to nearly monoclinic.

The intermediate microcli-nes are of smaller cell volumes

than either the maximum microcli-ne or the monoclinic com-

ponents. The boundaries between the two albite individuals

and the monoclinio component

four different ways:

(1) coherent between each maximum microcline albite-
twinned individual ( i.e. transiti-onal with a large number of

intermediate microclines that also include a small cel1

volume of a monoclinic geometry between the pair of albite
twi-ns) and incoherent between maxi-mum microcline and the

monoclinj-c component (¡'igure 3-4f(i) );
(2) coherent between one albite-twinned maximum microcline

individual and the monoclinic component, and again coherent

betr¡¡een the monoclinic component and the other albite-twinned

indi-vidual (rigure 3-4f ( ii) ) ;

(:) coherent between each albite-twinned maximum micro-

cline individual and coherent between maximum microcline and

the monocllnic component (nigure 3-4f(iii11,
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(4) incoherent beh¡¡een a pair of atbite-twin:red maximum

microcline individuals and coherent between maximum micro-

eline and the monoc].inic eomponent (figure 3-Uf ( iv) ).
(v) Triclinic transitional streaks (Pigure 3-aÐ are

very similar to the triclinic-monoclinic transitional streaks

where both types of streaks show both axial and non-æcial

streaks parallel to the y*-axi-s of the albite twins. The

difference lies in the absence of the monoclinic component

in the triclinic transitional streaks. The streaks are com-

posed of a large number of twinned intermediate mj-croclines

with geometries that range from nearly maxj-mum microcrine to
monoclinic. Again, the cell volumes are smaller than those

of maximum microcli-ne. The boundary between the albite-
twinned maximum microcline individual-s is interpreted to be

coherent. This type of streak is not common as only one of
the 2) K-feLdspar specimens studled shows this feature.

(vi) Untwinned intergrowth reflecti-ons (¡'igure 3-4h )

were observed in five of the specimens in which regular

splitting of the yo- and. xo-axes could not be reasonably

interpreted as due to any type of trlvi-nni-ng. Such reflectj-ons

were interpreted as due to large quasi-paralle1 blocks of

structure with the sarne geometry. The structures were shifted,
perhaps by some mechanical forces. Pieri & Quareni (tgZZ)

have observed the same characteristics in some of their
anorthoclase specimens, and attributed this to a particular
type of growth process which persisted through high
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temperatures (-B5oo C) .

(s) Summarv of results

The five maj-n characteristics of K-feldspars observed

in precession photos- (a) twiruning and type of reflections/
streaks; (b) nature andrnumber of K-feldspar phases; (c)

reciprocal celt angles; .(d) trictinicity; and (e) albite as

a second- phase-are summarized in Table 3-2,
(a) Twlnnins and tvpe of reflections,/streaks

The twinning and type of reflections/streaks of each

K-feldspar specimen have been discussed in detait earli-er in
this chapter. They are summarized further in Table 3-3,

(u) Nature and number of K-feldspar phases

Twenty K-feldspars studied are single phase maximum

microclines; two are i-ntermediate microclines (one is single

phase and the other is two-phase) and the other seven micro-

cl-ines are multiple phase microcli-nes of a dominantly un-

twinned. intermediate microcline component and a minor albite-
twirured. maxi-mum microctine component (ta¡te 3-2),

Reciprocal cel-l- ansles T'o. o(o of K-feldspars

Figure 3-5, which is a plot of o<over",r= To for the K-

feldspar phase, shows that there is a good agreement, within

the experimental- error,,of all data. The plot also shows

three distinct groups: (1) maximum microclines¡ (2) inter-
mediate microclines; and (l) mixed microclines.

As seen earlier in Table 3-2, there are two T# values

( c)



TABLE 3-3, Summary of twiruning characteristics and type of reflections/streaks in
all K-feldspar specimens.

UNTI^TINNED

ALBITF.-TW]NNED

ALBITE- + PffifCLINE-
TW]NNED

MDGD: Tl{O K-FEI,DSPAR,
COMPONH{TS

(") TJNTI,üTNNED l,lrru
ALBITE-TIÙÏNNED

(¡) UNTrTNNED lrrrn
AIBïTE- + PERI-
CLINE.TI,T]NNED

TW]NN]NG CHARACTIRTSTTCS ,

h

9

6

I

1_

#oP
SPECÏMENS

Simple & sharp reflections

Diffuse streaks between strong
albite and (diagonal micro-
c1ines)

Dj-ffìrse streaks between strong--
albite and weak periclile
reflections

Diffuse streaks beùween weak,
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ot". To of K-feldspars from precession photo data. The values for

the mixed microcli-nes are weighted values as di-scussed later in the text. The solid
line is the linear regression for a number of microclines that h¿ve been çefined and ,Ylisted in Ferguson (fÞgO, tgBZ)¡ the equation for this lfne i" **=O"19Bf*+ 72,t83. -
The bar is the estimated error which is + 0B' for both "(" and T^ . The solid line
does not go through 90' , prêsumably due-to experimental error.
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and. only one o({* for each mj-crocline. These were originarly
plotted on the T* vs" *(* diagram of microclines (rigure 3-5)
but felt well off the regression rine. Hence it was necessary

to give the we5-ghted T* value for every oto val-ue. The ð 
*

values plotted on the diagram in Figure 3-5 are weighted

aecord.j-ng to the rel-ative amounts of both tricLinic phases.

For instance, theT* angle used for specimen Nnp/NZ 01 is
Zo% or 90" 30' + Joft of gz"IB, to give glo oz, , The ^f# angles

for the other specimens showing two tricl-inic phases are:
gL'o?' for ML?/NZ ozi lt" 05, for Nr.,p/NZ 30; 90" 58, for Nr,p/

NZ 42; go" 44' for Nr¡P/NZ 05; gf o6' for Nú,p/NZ Z4i and 9!" Lq,

for I{rtP/NZ 4?, The 1* val-ues along with the corresponding
t$o( values lie cLose to the strai-ght li.ne of Figure 3-5,

(d) Tricl-inicitv A

The tricl-inicity of K-feldspars is easily calculated.

by the ratio below¡
tt

A T of a given K-feldspar-Qo
To of a an ideal maximum microcline (gz']lB')-go"

For example, a K-feldspar with T* =9!" 39' would have

" =!.4 = o.66. The triclinicity of atr single phase
^ 

- Z" LB t v . vv . r¿re rJJ. J-ç-LJ-!¡I \¿J- rJJ v¿ q

maximum mi-croclines as seen in precessi-on photos ranges from

0.91 to 1.00 and 0.6J to O,?5 for intermediate microcl-ines

(fabte 3-z). Since the mixed. microclines have twoT* values,

there are t^r¡¿o ranges of triclinicity values: 0.L0<A<0,25

for the untwinned component and 0 ,87<A<1.00 for the twinned

component. Table 3-2 gives the weightedAvalue of each
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mixed microcline.

Albite as a second phase

Each albite intergrowth appears to be very weak as

compared to the associated mj-crocline. The amount of albite,
whi-ch is visually estímated by compari-ng the albite reflec-
tions with the corresponding microcline reflections, ranges

from non-observable to 37.. Table J-2 shows that 5 of the

albite phase are untwinned, IB are albite-twinned, ? are

albite- + pericline-twinned, and 4 are not determined.

Table 3-2 also shows that there are two types of reflections:
sfrarp (15 specimens) and diffüsê,, (10 speci-mens).

Figure 3-6 shows a plot 'of o<* vs. ['r+ of the albite
phase in mi-crocLines. It was found that t* may be plotted

as either obtuse or acute. Upper level photography would

show the correct To angles but there was insufficient time

avaj-l-able to do it. The -f 
* 

angles have been arbitrarily
plotted as acute because they then fit closer to the lines
plotted on the diagrar,n of Fi-gure 3-6, The results are ín
the range intermediate between low albite and high albite
(known as intermedj-ate albites in terms of geometry). As

seen later in Chapter IV, electron microprobe analysis of

some of these albitic phases show them to be Ca-poor, and

this can be taken as further evi-dence that they are inter-
mediate albites. There are no distinct albite groups.

(e)
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Ftigure 3-6, PIot of {ot". T 
o of atbite phases in 18 of the

microcl-ines from precession photos plus two albite stan;
dards (after Smitñ, 7)f4a, nigure 7--52d, p. T5). TheT*
values for all specimens have been arbitrarily taken as
acute as di-scussed in text. The bar is the estimated error
which ås I O9' foro(* and. + 15' for T*. One sample had a
low T ^ value that may be due to an incorrect ^f * reading.
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(6) Di-scussion

(a) Distribution of observed phases arnonE eranitíc
and pesmatitie rocks

Twenty-six samples analyzed. (tante 3-f) out of a total
of the 29 specimens are intermediate and./or maximum micro-

clines with an albite phase. Fifteen of the samples show

both microcline and albite phases with the same twinning

characteristic. Most of the untwj-ru:ed microclines (Ootfr

interrnediate and maximum) and untwinned albite phases tend.

to be associated together in perthites. Similarly, nrost of
the albite-twi.nned al-bite phases are commonly associated

with albite-twinned mi-croclines. Barth (L969) postulated

that primary twins are frequent in me,tamorphie rocks, in
which the mechanism of growth may be influenced by an early
pre-existing crystal. Smith (tgíZ) also observed the same

behavi-or. Smith (t974]o) named this mechanism "epitaxial
irrheritance". This suggests that albite and microcline

formed an epitaxial- relationship. For example, ârr al-bite

exsolved from sodium in solid solution in a twirured micro-

cline (i.e. a|oite-twi-nned) may be also be twirured (al-bite-

twinned) in the same crystallographic orientation as the

microcline. If the microcline is untwinned, it is possible

that albite may also be untwi-rured. Fifteen out of the 29

specimens give strong support for this growth mechanj-sm.
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(n) Tvoe of albite- + pericline-twinnins

0f the three different types of albite- + pericline-

twinning (M-twinned, T-twinned. and Z-twinned.) discussed.

earlier in this chapter, all the microclines examined in ;.

this study show only M-1¡¡¡innitg, although some show diagonal

streaks similar to Figure 3-Ud. Blasi & Blasi- (1980)'have

made simil-ar observations on their mi-croperthite specimens

which are all M-twinned microclines with diagonal streaks

similar to Figure 3-4d. All- the names of different types

of albíte- + pericline-twinning described earlier have loeen

given to si-ngle erystals that were recorded by b-axis x-ray

osci]lation photography (Smitrr & Mackenzie, 7955). Unlike

precession phótography, oscill-ation photos show distorted

reciprocal latti-ces of single crystals. Some of the pre-

cession photos show alJ. four components having uneven inten-

sities such that one component may be so faint that it give

a false appearance of a "T"-type twinning. Up to the present

time, there has been no evidences of different albite- +

pericline-twinnings other than M-twinned recorded i-n pre-

cession photos.

( c) Perpendicularity of the twin axes and planes
J+

Tn Figure 3-7, the angle T*, between the coÍìrnon x

axes of a pair of pericl-ine-twj-ns i"i, and. the "o*on 
yo

axes of a pair of albite-twins tvil deviates from 9oo by the

sarne amount (within experimental error) as the angle O*,
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Figure 3-7, Diagrammatic representation of the axes on azero-lever precession photo around z to explain certaininteraxial angles. The angles between certãin of the axesarg slightly exaggerated for this albite- + pericli_ne-
twinned microcline. For further explanationå, see text.
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between the yp axis and the trace of (OfO), plane within
each sarnple" However, the trace of the (OfO), plane does

not coj-ncide with tne xl axis, and. the y* axis does notp -p
coincide wi-tn Vf axis (la¡te 3-Ð. This information d.oes

not favour the monoclinic precursor theory but suggests

rather that albite and pericline twinnings act independently

of each other. :i

For many of the albite- +- pericline-twinned micro-

clines examined in this study, the angle ( Tt, in Figure 3-7)
o

between (OfO)" and yn is not exactly 90-. 0f the seven

microclines and two albite phases that are albite- + peri-
cl-ine-twirured, four are withi-n or very cl-ose to the estimated

error of 0B' . The d.eviations on both sides of gO" range

from 15' to a maximum departure of 58' , This deviation is
equivalent to the angle between y-axis and yo-axis of albite-

JT

twirured (V") microcline of Laves & Soldatos (79Ø) ( tfreir
deviation from 90" (20') for their seven specimens is less

than those of the author's specimens). This seems to contra-

dict the theory of a monoclinic precursor because if an

albite- + pericline-twiru:ed K-feldspar actually did deri-ve

from a monoclinic phase, then the 2/^ symmetry el-ements could.

be expected to be preserved in the trictinic twirured assem-

blage such that the imptied twin elements (OfO) and y[010]

would be mutually perpendicular. However, three of the

specimens have deviation from p0" within the limit of error,
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whieh suggests that a monoclinic precursor for these three
specimens is a strong possibility. f,aves & sold.atos (tgøl)
aetmowtedged. deviation from p0" above the limit of error in
some of their specimens, and attempted. to explain this
deviation by a "distorted" -microcline twir¡ring in ord.er to
support the monoelinic precursor theory. They suggested. that
this deviation from loo resulted from accid.ental- factors
such as stress acting from outside the crystal to cause one

twin domain to become dominant. Smith (tgZ+A) suggested

another factor: asymmetric mixing of albites from crypto-
perthites.

(d) Albite- vs. peri ne-twin T'* readi.nes1i
Table 3-5 shows that for albite- + pericrine-twirured

microclines and albites, there are significant differences
between the T 

* 
values derived. from the albite twins arxd

those derived from the pericline twins ( and similarly for
the "(*
disapproval- of the monoclinic percursor theory because if
the (oro) t¡^¡in plane is such that it is perpend.icular to the
y-axis, the albite twins and peri-cr-i-ne twins could. then be

expected to influence each other in such way that one set of
T +F ( an¿ <* ) angles wour-d be consistently higher than the

other. Thi-s is not the case for the author's specimens. This
is in conflict with Smith (Ig?4b) who shows that the o(* angles

of albite-twinned albites tend to be higher than those of
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Table 3-5. Average î
pericline- twirured

values and
individual

ranges for each atbite-twi-nned individual- and for each
of ñicroclines and. comparable values foro<* of albites.
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pericline-tr¡¡inne d albj-tes .

(e) Míxed microclines

Smith (ryf+ø) compiled data from many sourees, showing

that a number of K-feldspars have monocl-inic x-ray patterns

with streaked reflections that he interpreted as indi-cating

the presenee of intimate domains with a triclinic distribution
of Al- and Si atoms. A great majority of them came from

granitic pegmatites. Smith (fgZ+A) suggests that when micro-

cline and "monoclinic" K-feldspar coexist in single grai-ns¡

they indícate an incomplete inversion to microcline from a

monoclinic precursor.

(f) Type of twinning mechanism

Akizuki (79?2) proposed that "microcline twi-ns" (tnat

is, albite plus pericline twins) may be formed by one or

more of several mechanisms: during growth, bv transformation,

by recrystallizatiort, by replacement, and by mechani-cal shear.

According to Smith (Ig?l+b), a general factor concerning all
twins is the energr associ-ated with the twin boundary. No

matter what the mechanj-sm of twinning, a high energ¡f across

a potential twin boundary shoul-d inhibit twi-nning. Putnis &

McConnell (f9go) further added that the albite twin plane

has a lower enerry than the peri-cli-ne twin plane and may be

expected to be the more favourable. Such twinning is very

common in albite and may also form during growth. Smith

(7974]o) observed that there have been no x-ray diffraction
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studies of twins to determine whether the different possible

mechanisms can be differentiated. He predicted that:
1) simple growth twins should. obey strictly the ori-entation

requirements of the tr¡¡in lawi 2) transformation twins should

inhrerit the original symmetry elements as twin elements; 3)

meehanical twins should show streaks and multiple dj-ffrac-
tions resulting from latti-ce strain.

(s) Implications of diffuse 'or smeared. reflections
It was observed earlier that the reflections of both

microcline and albite phase range from sharp well-defined
spots to diffuse spots. Di-ffuse reflections are particularty
conspicuous in zero-level precession photos around the z-

axis for microcLines and around the x-axi-s for albites.
Different interpretations have been made about these smeared

or diffuse'reflections.
In the case of microcl-ines, Laves (7950) explained

this feature as incomplete triclinic transformation from a

monocl-inic precursor, with intermediate states in intermediate

positions or atomj-c arrangements. Smi.th (7974b) further
added. that the streaks might be d.ue to a d.evel-opment of do-

mains with microcl-ine-like distribution of T atoms and a

geometry distorted by clamping to neighbouring atoms.

0n the other hand, the smeared or diffuse reflections
of albite are interpreted by Smith (L974b) as a result of

variable repeated dj-stance of the twi.n boundaries across the



Lo6

crystal. Tn addition, laves (L952) proposed that this was a

result of polysynthetic twinning with the twin boundaries

spaced only a few unit cells apart.

(tr) fmpLication of pericline-twinned only microcline

It was observed earlier that one of the microcli-nes

studied had diffuse streaks between strong pericline- and

weak albite-twinned reflections. Because the albite reflec-
tj-ons were so weak, the author considered this as pericline-

twinned only microcline (sample no. SR-148). Up to the

present time, there is no other data in the literature that

reports a pericline-twinned only microcline. f-.,aves (1950)

observed that pericline twinni-ng was not found alone and

that it was always associated with albite twinni-ng.

( B) POWDER-TYPE GANDOLFI PHOTOGRAPHY

( 1) Introduction

Powder-type Gandolfi photos were taken of the same

single crystals that were used in precession photography.

Four main kinds of information are expected for K- and Na-

feld.spars from the Gand.olfi photography: 1) triclinicity of

the K-f eldspars; 2) nature of different K-feldspar phases;

Ð presence /amount of a Na-feldspar as a second .phase; and

4) cell refinement data of K-feldspars.

The author has found that the Gandolfi photography is

invaluable in the interpretations of precession photography
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of the same crystal. Confusion in interpreting precessi-on

photos that show split reflecti-ons and diffuse streaks has

been elimi-nated when associated with GandoLfi photos.

(2) Triclinicity
For K-feldspars, triclinicity (Goldsmitfr and laves,

1"99+) is defined as A=LZ, 5 (dn.¡ur5, ) , where the minimum

value is 0 for monoclj-nic K-feldspar and the maxj-mum is L

for tricl-inic maximum microcline. Alternatively, it may be

expressed as A=1 ,25(2et3.¡ 2et

for interpreting Gandolfi pho

K-feldspar powder pattern is very similar to that of a tri-
clinic ol1e (nigure 3-Ba), a monocl-inic K-feldspar on].y has

a single 1J1 reflection ( A=0, see section on powder diffrac-
tometry), whereas a triclinic K-feld.spar has 137 and. 8L
reflections (0<A<1) (see Figure 3-8b). The triclinicity
can be calculated from the photos by measuring the 2e

d.ifference betr¡¡een 4.(L3t) and a (137) reflection as shown

in Figure 3-Bb. In ttre author's procedures,A was measured

twice and the range is given in Table 3-6, However, it
must be noted that the triclinicity as determined by Gandolfi

photography has a much higher error than that determined by

powder diffractometry, because of the much lower resolution

in the photographic method.

Different K-feldspar phases

\
37'
tos

, which is more convenient

. Although the monoclinic

3)
The different K-feldspar phases of a microcline
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Figure 3-8. Standard Gandotfi powder-type photogr_aPhs.
paíts of each ph.oto have been enlargeq lo shcw the
d.ifferences in the major reflections. (a). monocl-inic
K-feldspar with singlé L3I reflection; (¡) maxj-mum
microctine with shaip and well-defined L3I and f37.

"àff"ctions 
with a clear spacing between them; (c)

albite which helps to identify the albite as a separate
phase in microcline.
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specimen can usually be recognized at the same time as the

triclinieity i-s measured. Sixteen K-feldspars from the Lac

du Bonnet and Dryd.en granites are maximum microclines

(A=0.85 to 1) with Ga:ndolfi photos very similar to Figure

3-Bb. They alL have a single K-feldspar phase. However,

1l K*feld.spars from the pegrnatites show a range of triclini-

cities, from a low of 0,47 to a high of uL Four of them

are maximum mi-croclines that have only one K-feldspar phase.

The others are either i-ntermediate mi-croclines or have more

than one type of microcline. Unlike the single phase maxi-

mum microclines, the mi-crocLines that show more than one

K-feld.spar phase are more complex, and the photos must be

examined carefully. Examples of these multiple K-feldspar

phases are shown in Figure 3-9, Ihree pegmatitic K-feldspars

are single-phase j-ntermediate mi-croclines. Six mulitple-

phase K-feldspars show an extreme 1ow for the monoclinic

component and an extreme high for the triclinic component

which in most cases is maximum microcline as shown in Table

3-6, The reflecti-ons (I3t of monoclinic , I37 and L3t of

triclini-c mj-crocline) are very broad. (nigure 3-9a-d) such

that there is a continuous band across all three reflections.

The monoclinic component is recogni-zed by its weaker or

stronger intensity. The broad. bands of all three reflections

suggests a structural continuity from the monoclini-c to the

triclinic structure. This is known as transitional structure,
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(¡rr¡/ez o.)

thin band of OO2, 040 albite
, fefleetion
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(a)

(b)

Figure 3-9, Gandolfi powder phote of pegmatitic K-feldspars
that show other than maximum microcli-ne, (a) intermed.i-ate
microcline (L}O %) that shows two rather thick bands
almost to the point where they are merging into single
band; (n) two rather distinct bands with slightly lighter
shading in between them which may suggest a possible
monoclinic ("M" ) component (continued... )



LLz
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(d)

(nrr./xz4r)

Figure 3-9, ( . . . contir''.ued) ( c) two broad bands that are inter-
mediate microcline with a d.arlcer band in between them
that suggests ar1 rrMrr component; (d) there are actually
three lines; a L37 rtM' component that is rather sharp
and strong with two broad stightly weaker bands that are
d.iffused almost to the point where they merge. They have
been enlarged in the si-milar fashi-on as Figure 3-8, The
thick bands are due to the large size of the crystal and
the broken li-nes to the crystal' s low symmetry.

;

I

I
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as discussed earlier in the precession photography section.

( 4.) Albite as a second phase

Gandolfi photos can give an idea of the a¡nount of

albite occurring as a second phase in microclines. The thick
dark band made up of the 040,002 reflectio.n of monoclinic

and triclinic K-feldspars has a lower 20 value (z?,52o -Borg

& Smith , Lg6g) tfran albite (z? ,96" ) as shown in Figure 3-8.
in

Thus albite/microcline is seen as a band that is usually

weak and thin just outsi-de of the 040,002 microcline

refl-ection (see for example, Figure 3-9a). The amount of

albite present (which is roughly estimated. in weignt /") in
each K-feldspar crystal is listed in Table 3-6, Most of the

microclines analyzed show no albite as a second phase but

the ones that do show presence of albite do not show more

than a few y'o (by weight). One of the two albites analyzed

shows the presence of a small amount of microcline as a thin
and very weak band inside the QþO,OQZ albite reflecti-on
,(tabte 3-6).
(5) Cel} refinement daia

Gandolfi photos were taken of the same K-feldspar

crystals that were used in precessi-on photography. However,

most of the crystals were too large for Gandolfi photograPhy,

as the resultant photos show broad, reflections rather than

sharp lines. Thi-s gives appreciable error in reading the

20 values. CelI refinement was attempted on about L2
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speeimens, but because of the errors in 2e, t1o satisfactory

results were obtained. A possible remedy would be to crush

part of the crystal into smaller fragments but this was not

done. The author was not able to attempt these alternative

method because the crystals were later utilized in electron

microprobe studies"

( C ) X-RAY POUIDER DTFFRACTOMETRY

( 1) Introduction

X-ray powder diffractometry is commonly used to pro-

vide petrogenetic i-nformati-on through measurement of the ce}l

d.imensions and triclinicity of K-feldspars which gives its

structural- state and composition (in terms of Or % content).

(2) Ce11 parameters

Table 3-? lists the refined cell parameters derived

from powder d.iffractograrns of larger powder samples taken

from the hand samples of the 29 K-feldspars from the Lac du

Bonnet and Dryden areas. Twenty K-feldspars are single-

phase maximum microclines (as observed in the powder diffrac-

tograms). The remaining nine K-feldspars are either inter-

mediate microclines or mixtures of di-fferent microcline

phases. The latter gave difficulties in interpreting their

di-ffractograms (as discussed in the next paragraph) and

hence in refining their ce11 parameters. This observation

has been reported. by many researchers (i.e. Smith (t9?4a),

Yund. & Ackermand (f9?9)) .
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For the mi-xed microcline samples, the actual or near

overlapping of most of the reflections made it impossible to

ref i-ne tr¡¡o different sets of data. ,It was only feasible to

d.erive orle set of unit celJ-".parameters (presumably the

weighted. mean for the two phases), but i-t was diff icult to

ehoose a realistic set of 20's that would. give' upon refine-

ment, a reasonable setd (weighted) cell parameters. The

author used two criteria to choose the best set of data:

1) the speed of convergence and 2) the fit of the results on

the ¿* ,r=. "Ú^ 
o graph of Figure 3-Io (which is similar to

Figure 3-Ð. The oc* and T* angles are used in the same

fashion as in the precession photo i-nterpretations, in which

the rc* and lf 
* angles of a given cell are plotted on the

graph of Figure 3-7O. If the angles in a given case plotted

well off the regression line (as determi.ned by the 12 micro-

clines that have been refined (Ferguson, LgBt) as discussed.

previousfy), then the reflections listed in Table 3-B were

changed until the "(* and T 
* 

were found to plot reasonably

close to the straight line. In the ref i-nement of the powder

d.iffraction data, triclinic solutions were used for the nine

K-feldspars with intermediate structural states. A monoclinic

soluti-on was tried., as r¡ras done by Collerson (t9?6) , for one

of the specimens that showed a very strong monoclinic peak

(Ntr-,P/NZ 42) but it was unsatisfactory. A triclinic solution

was tried, with satisfactory results. Only one set of cell-
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paratneters is given (Table 3-7) for the microclines that

have mixed triclinieities, for the reasons given above. '

Tt can be seen in Table 3-? that o(and T (and as well
J{' * JT

as .('" and 'ö' ) are the most sensitive cell parameters for
differentiating one microcline from the other. The final
ref i-ned" o(* and. T* values for the 29 feldspars are plotted in

* *Jfthe o("ns. T " diagram (¡'igure 3-10) t within the experimental-

error, they aII fall on the regression line.

22.6+
25, 55

30.73
58,68

rIl
ltz
041

o24

lrl
fr"2
o4r
oz4

22,5)
?5.64

30.81
58,7?

TRICLINICMONOCLINICTRÏCLINÏCMONOCLINIC

ANGLE OF ?E (Cu K*) ,I i.,I.} REFLECTIONS

Table 3-8, Closeness of key monoclj-nic (adularia) and tric-
linic reflections. Although on-1y four are listed here,
they can affect the cel-l dimensions of a given K-feldspar
to a considerable degree. Both 2A and hkl values are
from Borg & Smith (t969),

A plot of the b and c cell edges for both K- and Na-

feldspars Ìvas developed by tfright & Stewart (tg6A) and

Stewart & Wright (L974) to identify the type of alkali feld-

spar, to estimate the 0r content and to determj-ne the strain

in perthitic feldspars (Stewart, L975), Substitution of Na

in K-feldspars causes both b and c to decrease (Smitir, 1974a),

The results of all the K-feldspars studied here are shown in
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Figure 3-II" All the specimens lie in the fietd of maximum

microctine with little sodi-um feldspar in sotid solution'

ïn qualitative tenns, Irac du Boruret K-feldspars show little

variation in the b a¡d c ce}l d'imensions ( and hence in

composition), whereas the Dryden granitic K-feldspars show

greater range of composition and' the pegmatitic K-feld'spars

a stilt slightly wider range of composition'

(:) Triclinicity
The triclinicities measured from the powder diffrac-

tograms of all 29 K-feLdspars are given in Table 3'9, Twenty

of these K-feldspars are maximum microclines with 0'85<A<1'0

as defined earlier (tante 3-9); they are from granites of

both the Lac du Bon¡et and Dryden areas. The I37 and 8f

peaks of most maximum microclines are very similar to that

of Fi-gure 3-I2b, that is the peaks are narrow' sharp and

well-defined (although the t37 and 1Jl peaks are not always

of the same intensity). Some maximum microclines show

wider peaks with rather flattened tops (particularly the

t3I peak) as shown in Figure J-IZI (Ta¡te 3-9) ' Smith

(tgZt+a) noted that some K-feldspars gi-ve blurred' L37 peaks

that can be interpreted as due to the superposition of K-

f eldspars with d.iff erent triclinicities '

For some microcli-nes, there are problems j-n determining

the triclinicity beeause of the presence of dlfferent phases

of microclines and atbites. This is especially true for the
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maximum microcline with lower peak j-ntensiti-es; (d) &
(e) intermediate microclines; (f) mixture of "mono-
clinic" K-feldspar and. maximum/intermediate microcline
(continued...)
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nine remaining K-feldspars that are all from the Mavis Lake

pegmatite. These peg¡natitic K-feld.spars show an interes'ting

vari.ety of triclinicities. Two of them are intermediate

microclines (Figures $--LZd e e), whereas the others are

mixtures of a "monoclinic" K-feldspar and a maximum micro-

cline (Figures [-tàf to 1). The "monoclini-c" peak is usually

sharp and wel}-defined (atthough some specimens show a split

"monoclinic" peak (FigUre 4-t2í) as compared to the corre-

sponding maximum microcline peak. The relati-ve proporti-on

of the different K-feldspar phases in each specimen were

visually estimated by comparison with the artificial mix-

tures of orthoclase and microcline of Steiger & Hart (1967)

and. they are listed in fable 3-9,

(4) K-Na solid. soluti-on composition

The KrlNa soli-d. solution composition of alkali feld-

spars can be calculated. from the d value of 2OI, and is

expressed as orthoclase (Or) content. This method is based

on the fact that the a cell dimension changes with varying

composition, thus changing %o1 (Jones et àL,, 7969)' The

method. was first introduced by Bowen & luttle (1950) (for

synthetic alkali feldspars) as a means of obtaining the

composition of the phases in their hyd.rothermal experiments

on the granite system. Orville (I9Ø) used' alkali-exchanged

microclines and al-bites to establish a new determinative

curve for the "natural" system microcli-ne-low albite, based
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on artíficial single phase speci-mens over the whole range

from maximum microcline to low albite. This is probably

more applicable to natural low temperature feld.spars than

that of Bowen & Tuttte (7950) which applies to high tempera-

ture forms. This method is used commonly by petrologists

and. mineralogi-sts ,(i,". Vrfright, Lg68; Ragland, 1967) even

though Ar % content of over LOO % have been observed by

some workers; these,have oàen explained as the result of

strain due to exsolved perthite lamellae (Jones et aI.,
' 1969) ,

Vrlright (1968) has calcul-ated the regression curve of

orvitl.e (tgAZ) to be or % = -92.L9 tze(zor) feldsparl +

2O3L?7, However, 0rvi11e (796? ) noted that his data con-

form not to a single straight line but rather to two straight
lines that intersect at or4r%. The present author has cal-

culated. these two regression curves, expressed as wt Or %,

to be¡

above or4, % = -103.10 l2e(201)feldsparl + 2263.4L

below or45 /" = -?9,69 l2e(7:o1)feldsparl + I?59,74

As the alkali- feldspars of the Lac du Bonnet and. Dryden

areas show Or contents much greater than 45 % regardless of

which Z0l- curve is used, the first of the above regressJ-on

curves (above Or4, /") was used. Table 3-9 lists the 0r %

contents deduced from the corrected Orville curve. A com-

parison of these results with the probe results is given in
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Chapter Vï.

(5) Albite as a second Phase

The amount of albite occurring as a separate phase in

microclines may be roughly estimated by the ratj-os of the

heights of their strongest 040,002 peaks. Insufficient time

was available for the author to set up a proper determinative

curve. Instead, a rather erude technique for calculating

the ratj-o (by visual- estimate) of albite phase/mj-crocli-ne

in a l<r.r.own mixture was used. Two mj-xtures were prepared and

x-rayed2 gO /o maximum microcline (wlc) + 70 /" low albite (Ab)

and. ?o % Vtc + 30 % Ab ( tfre powders of each f eldspar were

accurately weighed- to get the correct proportions for each

ratio) and the ratio of peak heights were calculated.. For

example,withsettingsof400countsr/sec'2sectimeconstant'
O zero suppressor, a¡d L" ze/mj;n scarming speed and. using

the ol-d.er Philips powder diffractometry system in the au-

thor's department, the McrlAb ratio of the 90 % Mc + LO ft' 66

mixture was caLculated to be 5 and ?O' /" Mc + 30 % Ab to be

1. The other wlefta compositions of 5 %' L5 %, 2Q %, and

ZS % Ab cal_cu1ate¿ to the ratios 6,4,3 and 2 respectively.

However, it must be noted that the ratio does not take into

account the amount of albite phase that was already present

in the microcline that was used for this experiment.

The 29 K-feLdspars were examined by this method. Be-

cause peak heights are subject to a fairly large error due
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to sample orientation and instrumental error, the errors in

the ratios were minimized by x-raying each K-feldspar sample

three times on the same glass slid.e but in different posí-

tions and averaging the results" Tab1e 3-9 shows that the

amounts of atbite phase in these microcli-ne specimens range

from 5 % to 30 %. There is no correlation betr¡¡een the amount

of al-roite phase and the granitic/pegnatitic rock type. The

results are discussed in Chapter VI.

(D) SUMMARY AND COMPARTSON OF RESUT,TS FROM

THE THREE X-RAY DIFFRACTTON IMTHODS

The results for the 29 K-feldspar sarnples obtained

by the three di-fferent x-ray diffraction methods may be

summarized and compared in six categories:

(1) reciprocal cell angles

(2) proportions of multiple phases

ß) triclinicities
(4) K-Na sotid solution composi-tion

(5) amount of albite as a second phase

(6) twinning

( 1) Reciprocal cell- angles
J+*

As ,( and T are the most sensitive cell parameters

of alkali feldspars, the <* and T* values obtained from the

refinements of the powder diffractometer data will be the

onty cell parameters to be considered in this secti-on, and

witl be compared with the ¿* and To obtained from the
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precession photos.

Figure 3-L3 shows a plot of T* from the refinement

of the powder data againstT* measured. on precesslon photos.

There is generally good agreement with most of the K-feldspars.

Single phase maxj-mum and intermed.i-ate microclines give good

to excellent agreement but mul,tiple-phased microclines, in

general, gi-ve poor agreement because, âS explained earlier,

tfie'f * values from both the cell refinement'data and pre-

cession photo data are average resl'.lts.

Figure 1'-I| is a plot <* from the refinement of powder
Jf

data VS. o( measured. an precessi-on photos and it shows

similar features to those in FigUre 3-L3. Howevêr, d 
* of a

K-feldspar shows l-ittle departure from 9Oo as compared to
J+ .* o ,

T ; because of the small departure of o(- from 90" ( - 3Q'),
J+

values of *^ from the precession photos fall- into seven

groups d.ue to the l-imit of measurement (- + 08') whereas the

ce}1 refinement data show a wider range of val-ues.

Both Figures 3-I3 and 3-14 show three more or less

separate groups of microclines¡ maximum microclines, inter-

mediate microclines and mi-xed microclines, but because of

its greater sensiti-vity, the T* d.iagram ill-ustrates more

clea.rly the division into the three groups. Both fi-gures

also show that the precession data gives a higher error

(.oB') than the cell refinement data (+03' for T* and. +Q2'

J+

for "(^ ) . This does not necessarily mean that the powder data
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are more accurate because, in the case of mixed microclines,

it was difficult to choose a reliable set of 2e data as'

-tfexplained. earlier whereas in precession photos, ò was

easi-ly deterrnined.

(2) Proportion of multiple phases

It was seen earlier that the pegmatities, particularly

the Mavis I-.,ake pegmatite, contai-n some K-feldspars that have

more than one K-feldspar component. The results of the

three x-ray diffraction methods confirm this observation.

However, the observed amount of each K-feldspar component

within a given K-feldspar varies with each x-ray diffrac-
tion method. (fa¡le 3-10), probably because they were all

visually estimated rather than measured by densitometer

(for both precession and Gandolfi photos) or by peak area-

(for powder d.iffractograms). 0bviously much more work is

required to give meaningful comparable results by the three

methods.

3) Triclinicities A

Figure 3-L5 shows three plots of the triclinicities
from precession photos, Gandolfi photos and cell refinements

of powder diffractograms. There is a fairly good correla-

ti-on among the maximum microclines as determi-ned by the

three x-ray d.iffraction methods ,but not among the inter-

mediate microclines and mixed. microclines. The two main

reasons for the disparity of these results are that the



Table j-10. Approximate weight % of different K-feldspar components in thre pegmatitic
K--feldspars as determineA Uy the three di-fferent x-ray diffraction methods 
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proportion of muttiple phases in precession and Gandolfi

photos was vj-sually estimated, and that the triclinicities
in the cell refi-nement data were average values as there

were too marSr reflecti-ons in the powder diffractogra¡ns to be

individually ind.exed. as explained earlier.
It was observed earlier that, on the basis of the 73I

and L3I reflections on the powder diffractograms, some of the

pegmatitic K-feldspars were interpreted as having a mono-

clinic component (see Figure 3-LZ and accompanying text).
As the precessi-on photos show an untwinned i-ntermed.iate

microcline rather than a monocJ.inic component, it is possible

that, in the diffractogram, the component that is interpreted

as a monocJ.inic component, is really a L3I and,/or a ßf )

peak(s) of an intermediate mi-crocline. As only one of the

two peaks is present, there are three possibilities for the

absence of the second. peak! 1) it was overlapped by the L3L

or I3t peak of maximum microcline; 2) it may be an inter-
med.iate microclj-ne with an extremely low A value such that

the L3t and 8f reflections lie very close to each other

almost to the point of merging i 3) the second peak lj-es

within the .background level. The relati-ve heights of the L37

and. I3I peaks of any triclinic K-feldspar can vary widely.

One example of a maxj-mum microcline is shown in Figure 3-t6,
The L3I peak is al least three times as high as the L3L peak,

and as the peak height of the monoclinic component in some



Figure 3-L5. Three plots showing the relationships of a
fróm precession photos¡ Gandolfi photos, and cell,re-
f inemênts. The ioar is the estimated error fo'r pre-
cession u]'I¿ C*ttdolfi photos (Ootfr 10.03) and the
standard deviation (t0.05) for cell- refinements.
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131

30 n

Fü.gure 3-L6. Maximum mi-crocline (HG-01) powder diffraction
pattern between 29" and lO" at t/4'/2e/nin, showing that
the L31 is at least three times as high as the 111 peak.
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pegmatitic K-feldspars is very low (as compared to the peaks

in Figure 3-L6), the corresponding L31 or lJl peak would be

within the background level, that is, if the monoclinic

component i-s i-n.üerpreted as an intermediate microcline.

(4) K-Na solid solution c osition
The K-Na in solid solution composition was determined

only- from the,powd.er diffractograms (as obtained from the

ZOt spacing). ït can not be determined accurately from the

precession photo data because the photos do not use àTL

internal standard. The compositions expressed i-n wt % Or

are listed in Table 3-9, The val-ues are compared with the

eleetron mi-croprobe d.ata in Chapter VI.

(5) Amount of albite as a second phase

Table 3-7I summarizes the amounts of second phase

albite as ded.uced by the three different diffraction methods.

The results from both precession and Gandolfi data are

closely relatedr âs expected as they are from the saJne

crystal. The albite reflecti-ons were sometimes not ob-

servable in the Gandolfi photos of the lJ microclj-nes, even

though they are present in the corresponding precession

photos; this presumably result from the shorter exposure

times when compared to the precession photos. The powder

diffraction data give a higher wt % of albite (as a second

phase i-n microclines) tfran ¿o the two single crystal methods.

This is possibly due to the fact that the powder method
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Table 3-11" Estimated weight % of albite as a second phase in
K-feJ.dspars by the lhree different x:pay diffraction methods.
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u.sed. larger K-feldspar (powdered) materi-al which coutd con-

tain more albite as a second phase than did the small si-ngle

crystal. These results are further dj-scussed and. compared

with other information in Chapter VI.

(6) Twinning

0f the three x-ray diffraction methods used here,

only precessi-on photos show the type of twirrring and the

nature of the interphase boundaries. However, although the

powder diffraction method cannot record twiruring information,

it can provi-de val-uable help in interpreting the nature and

type of twinning and intergrowths observed in precession

photos. The albite- + peri-cline-tr¡¡inned. microcU-ne (parti-

cularly of the maximum type) in precession photos was

initially interpreted by the author and her supervisor as

albite- + pericline-twinned maxi-mum microcline with a mono-

clinic component; however, the interpretati-on was changed

to a simple albite- + pericline-twinned maximum microcline

when the Gandolfi photo of the same crystal showed a purely

maximum microcli-ne. They realized. that the central y* and xo

axes with interaxial angle of 90" are a consequence of the

al-bite- and pericline-truinning with or without a (pseudo-)

monoclinic i-ntergrown phase. Simitarly, the Gandolfi photos

also helped to interpret untwirrned intergrowth reflections.

The powder diffractograrns also helped in the interpretati-on

of the precession photos, particularly the streaks. fnitially,
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,some of the K-feldspars were i-nterpreted as having a transi.-

tional structure, d.ue to streaks corurecting twirured indivi-

duals. However, powder diffractograms of the same K-

felilspar samples showed only simple maxj-mum microcl-ines.

The interpretations of the precession photos of these K-

feld.spars were changed to the type of twí-rucing,and twin

boundaries as discussed earlier.

(E) CONCLUSIONS

Precession photography of single K-feldspar crystals

can show a wealth of information about the characteristics

of that K-feldspar. However, interpretation of the pre-

cession photos is greatly ctarified with the ad.dition of

Gandolfi powder-type photos of the sa¡ne crystal, and of

diffractograms of powder samples of the sarne K-feldspars.
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CHAPTER TV" CHEM]CAI ANAIYSTS

(A) rNrRoDucrroN

ft is important to supplement the x-ray diffraction
data with chemical d.ata in ord.er to develop a broad.er under-

standi-ng of the possible origin of the K-feldspars and of

the pegmatitlc and. granitic rocks of both study areas.

The author and her supervi-sor felt that it might be

possible to correlate mi-croprobe analyses of the si-ngle

crystals with their crystallographic characteristics ( tri-
clinicity, phases, streaks, twinning) and. these possible

correLations will be d.iscussed. later in Chapter Vï. Partial
chemicaL analyses from Ucakuwun (1981) on larger amounts of
material from the same samples used for the single crystal

studies of the K-feldspars supplement the author's electron

microprobe data, particularly in elements that were not

possibte to arwlyze by electron microprobe. Vrlhole rock

analyses of the rock from which the single crystals and

powders came were provid.ed by P. ö""rrf (private communica-

tion) some of which appear in óe"nf et àL, ¡ L9B1- (tanle 18).

(n) PRocEDURES

( 1) Electron mi-croprobe analysis

The method used to mount the crystals for microprobe
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analysis is as folJ-ow¡

(a) blith the edge of the probe mount thinly coated

with epoxy a¡d. placed on a foit paper that is absolutely

flat on a glass slide, the probe mount is partially filled

with epoxlr a¡d heated on a hot plate set at 35Oo F until

the epoxy has hardened.

(n) After the mount has cooted. off and with the foil

paper peeled off , the epolcy surface is ground by a diamond

abrasive wheel until the surface is flat and smooth'

( c) Und.er a binocular microscoPê, indentations

deep and. wi-de enough for each crystal are made on the epoxy

surface with a needle.

(d) A crystal is placed in the hole using a glass

rod.. However, fi-ner ad justments of the size and depth of

the hole are frequent.

(e) The crystal is then ad.justed so that it is flat

in relation the "po1{ 
surface and very close to the surface '

(f) Another'glass rod that has a tiny drop of liquid

epolcy is rubbed. against the ed.ge of the hole to filt it a:1d

to seal the crystal to the probe mount. The position of the

crystal j-s noted.

(g) The steps (no. c to f) are repeated for a number

of crystals (in the author's case, 6)'

(h) The probe mount is then placed i-n an oven set at
o

350 F until the epoxy in the hole hardens '
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(i) The crystals are checked under the mi-croscope

and the holes are refill-ed with epoxy where necessary. It

is important that',the depression around a crystal is com-

pletely filled, otherwise it becomes very difficult to see

the erysta1 in the microprobe (under reflected light) .

( j) The procedure is repeated until the probe mount

accommodated. the maximum number of crystals ( ^' 18) .

(tc) The surface of the mount is polished on a wheel

covered with a polishing cloth that has been coated with wet

0.J micron polishing powder until- the crystals are absolutely

flat and have good reflectivity.
(f ) The surface of the probe mount is finally gi-ven

the required carbon coating before being analyzed by the

microprobe.

A MAC-5 electron microprobe operating in the enerry

d.ispersive mod.e was used to anal:yze 3I single crystals with

an accelerating voltage of 20 kV, a sample current of 4,5

naJnps,, and a collecting time of 100 seconds. The data was

reduced by I/IAGIC TV computer progra¡n (,f .W. Colby, Kenex

Corp., Foster City, Calif. ). The standards used to anaLyze

the feldspars are listed in Table 4-!,
(2) I¡lhole rock and nartial chemical analvsis

The standard analytical procedures for the v¡hole ..,. '

rock and partial chemical analyses of both the l,ac du Bonnet

and Dryden specimens are listed. in ð."n! et al. (1981) and
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Ucalcrwun (1981) " The accuracy and precision of all- the

elements are gi-ven in éern/ et al. (1981, Table 2) and.

Ueakuwun ( 1981, Table 3-Z) ,

Table :4-1. Standards used to ana1yze each element. The
standards were purchased. from charles iu. Cayror co.,
Stanford.

orthoclase

K253 (glass)

apatite
pyrope

Fe

Ba

P

--- Ca

orthoclase

albite, orthoclase
il lt

K

Na

A1

Si

STANDARD(S )EIEMENTSTANDARD(S )ET,EMENT

(c) RESUTTS AND D]SCUSST0NS

( 1) Introduction

Twenty-seven K-feldspars ( Z crystals were lost during

polishing) were probed for six elements¡ K, Na, Si, 41, Ba,

and P. It was not possible to probe for minor el-ements Rb,

Sr and Ca because their peaks were overlapped by the strong

K and Si peaks. Tt is common to find overlapping peaks in
the spectra of many mi-nerals and the K-feldspars are no

exception., The L.< of Rb in K-fetdspars overiaps the strong

Ka peak of Si (in most K-feldspars the Rb is so low that

the K,< of Rb is too weak to be d.etected above the background) .

Similarly the weak CaK.( peak overlaps the stronger KKp
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peak but probably over Q,I /o Ca may be detected (R. Chapman,

personal communi-cation). The SrLa also overlaps the Sifi".

peak" The probe results are listed in Table 4-2,

The relevant partial chemical- analyzes from Ucakuwun

(1981) are reprod.uced in TabLe 4-2, Unfortunately Ba and

Sr were not includ.ed in the analyses. Two specimens (MLP/NZ

02 and \tnP/NZ 05) were not chemically analyzed by Ucakuwun

(1981) but were probed by the present author. F.b, Cà, Cs,

Li are not included for these two specimens.

As explaj-ned earlier, not all elements in a given

K-feldspar could be analyzed by the electron microprobe

method. However, effective totals were derived by the unor-

thodox procedure of combining the writer's probe results

with Ucakuwun's (1981) partial chemical results to comple-

ment these "missi-ng" elements (as oxid.es), namely RbZo, CaO,

CsrO and LirO. Because Rb, Cs and Li are concentrated in

the K-feldspar and Ca in a Þlagioclase in the bulk sample

used. for the partial chemi-cal analyses, the Rb, Cs and Li
amounts in Tabl-e 4-Z represent mi.nima and the Ca amounts

maxima, in the K-feldspars (Mason, IgBZ) , These sarne ele-

ments ¿rre included in the mole cu]rar %'s of feldspar end-

members in Table 4-2¿ Rb-feldspar, Cs-feldspar, etc.



Table 4-2- Electron nlcroprobe resulLs of sln8le crystals 1n oxlde (H¿%) (Hhtch also lncludes ¿hose
(f98f)), nolecular % and number of caLlons per 8 oxygens. The oxlde (Ht%) has ¿Ho
sults ild those ln brackeLs are Laken from parLlal chenlcal yses and Lhe læer
See text for DesI rnd=not ent ,Cs

OXIDE %)

0

analyses of Ucakuwún
nuDbers ane probe re-

chemlcal analyses,
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fable l-3 whoìe rock anaìyses or Lac du eonnet (óerrlel ar., t98t, Table I anc éern¡i,tg8o prlvare comunlcar.lon! and Dryden (Ucakuwuno
¡981 ) granlre speclmens
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Whole roclc analysis in weight % oxide along with trace

elements in ppm of 74 granitic rocks from both Lac du Bonnet

source a¡d. Dryden source areas are tisted. in Tabte 4-3,

(2) Electron rn icroprobe results

As seen in Table 4-2, of the three elements K' Na'

Ba a¡alyzed by the probe, K is dominant as expected. Al-

though the sodium content is generally low (up to L,4? wt %

Naro), it is inversely correlated with KrO (Figure 4-t)'

Figure 4-Z shows that all the points fatl close to a straight

line which can be taken as evidence that the probe results

are dependable.

Thirteen K-feld.spar crystals show traces of Ba and/or

P in the probe analyses. It was found that Ba and P in each

K-feldspar crystal, particularly in those that l¡¡ere analyzed

twice, were present in either the first or the second analyses

but rarely both. The reason for this is that the electron

microprobe beam is much smaller than the crystals and so the

beam in both analyses (first and second) hit different spots

of the salrle crystal. Six of the K-feldspars which show

presence of Ba (of which 5 were analyzed) are from granitic

rocks whereas 7 K-feldspars show presence of P are from peg-

matitic rocks. It is possible that Ba is incorporated in the

K-feldspar structure and that P is possibly part of a small-

apatite exsolved. from P that ,was pro,bably incor:porated in the

K-feldspar structure (Simpson, L9??). Cs wãs,observed in

one sample only (cpn-rr) but could .":rliui:ä"1å:älå:"?
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there were no standards for Cs availabLe at that time.

(s) Correlations bétween probe and partial chemical analyses

As the partial chemical analyses were on the same

material used for the powder diffractograms, and the single

erystals were also derived from the same material before

crushing, it is desirable to compare the partial chemical

analyses and probe analyses.

Figure 4-3 shows a plot of KrO from partial chemical

analysis against KrO from microprobe analysis and it shows

that the KrO values from the probe analyses are much higher

than those from the partial chemical analysis. The most

likely interpretation is that the probe analyses are of

small areas of the K-rich mi.croclines that contain little
Na in solid solution or as microperthitic al-bite whereas

the chemical analyses are of a much larger microcline volume

which is more\tikely than a small K-feldspar area to contain

appreciabl-e (micro- )perthitic al-bite.

Partial chemical- artalyses show very low CsrO in all
microclines except GPE-11; this is the onJ.y specimen in
which Cs was detected by microprobe analysis.

(4) i¡lhole rock analyses

The electron microprobe analyses show that six single

K-feldspar crystals contain detectable Ba. This corresponds

to those granitic rocks that have Ba contents of 550 ppm and

higher (see Table 4-Ð. However, five other rocks also
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show high Ba contents but the probe analyses did not reveal

Ba in the single crystals. There are several- possible rea-

sons for thi-s¡ (1) tne Ba is probably concentrated. in
other minerals although several workers such as Rhodes

(tgøg) have observed that most of the Ba in granites is

concentrated in the K-feldspars and. (2) Ba is preferably

incorporated in the K-feldspar structure i-n randomness and

detail-ed probing of a crystal is needed to detect Ba.

Rb, Cs, Sr, and Li are all very low (1ess than 500

ppm) in the whole rock analyses, and, in agreement, they

were below the }imi-ts of detectability for electron mj-cro-

probe analyses of the K-feldspars.
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CHAPTER V. THTN SECTTON STUD]ES

(A) rNrRoDUcrroN

Along with the structural characteristics as inter-
preted from the precession photos, Gandolfi photos and

powder diffractograms and the chemical variations as analyzed

by the electron microprobe (and supplemented by the partial
chemi-cal analysi-s), the textural characteristics of the K-

feldspars were examined in thin sections. The characteri-stics

observed included their crystal size in relation to the other

minerals within the thin secti-ons, their shape, their twin-

ning habit and. their d.egree and products of alteration. The

albi-te as a second phase in microclines is easily recognJ-zed

in thin sections and is known as perthite. The optical
characteristics of perthites are recorded in terms of abun-

dance, size, shape and in some cases' composition as deter-

mined by universal stage methods.

Because of their unique relationship with the K-

feldspars, the textural characteri-stics of the plagioclases

are also described in a simil-ar fashion to the K-feldspars

as outlined above. The plagioclases in thin sections appear

in two fonns: as separate crystals and as inclusions within

the mi-croclines. These plagioclases are treated separately

from the Na-rich feldspars that occur as perthitic i-nter-

growths in microclines and as rims around the plagioclases.
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In some cases, the intimate association of plagioclases and

K-feldspars gives rise to albitic rims and myrmekites and

their qualitative relative amounts in thin sections and their
compositions (from universal-stage measurements) were aLso

observed. Modal analyses of al.l the minerals with plagio-

clase and albite undífferentiated were made of each thin
section for possibl-e correlations between the K-feld.spars

and the plagiocl-ases.

A total of 1,5 thin sections were studied by the au-

thor¡ five from the Lac du Boruret granitic specimens (AEC-20,

PG-24, AEC-26, PG-121, SR-148), four from the Dryden granites

(çpç-zz, MIiG-O1, HG-01, cG-03), one irom a Dryden pegmatitic

granite (APG-05), and five from the Mavis Lake pegmatite

(wnp/wz 01, NILp/NZ 24, Nr.p/NZ 30, Nfr.p/Nz 42, NU,p/NZ 4?),

This represents half of the number of K-feldspar samples

studied by x-ray diff,racti-on and chemical methods. The thin

sections were taken from the salne part of the hand sample

from where the single crystals and powder samples were

taken. The results from the thin section studies are corre-

lated and compared with those from x-ray diffraction methods

and chemi-cal analyses in Chapter Vf .

Although optical methods such as optic axial angle

measurements were the principal basis for d.escribing and

classifying alkali feldspars, particularly the K-feldspars,

into different structural groups prior to L950 (Smith, L974a),
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the author did not do any optical measurements on the K-

feldspars because they have very Low birefringence permitting

a low accuracy of 2V measurement. The orientation of the

indicatrix is also hard to determine with any reliable
accuracy. Structural and chemical variati-ons of each K-

feldspar were accurately measured and so it was unnecessary

to included optieal measurements with larger errors. Many

petrographers have noted that variations in 2V within a K-

feldspar is common. For example, Marfuni-n (1966) reported

a change in 2Y from 55" to B4o for a single pegmatitic K-

feldspar. Ïíowever, the compositi-on of the plagioclases

(notfi as a separate mj-neral and. as inclusions in K-feldspars)

and Na-feldspars (as rims of plagioclase, and as second.

phases in K-feldspars) were determined by the universal

stage methods (Fedorow method for low-temperature plagio-

clases) ¡ecause the accuracy, in contrast to K-feldspars,

is within 2 % of the An content. However, it was not possi-

ble to probe or to x-ray the plagioclases as there was not

enough time to do them and the emphasis of the thesi-s is on

the K-feldspars rather than the plagioclases.

( B ) K-FEIDSPARS

K-feldspars are major constituents in al-l the 15

granitic and pegmatitic rocks examined in thin sections.

Modal analyses (ta¡te 5-f) have revealed that K-feldspars
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rallge from a low of 9 % to a high of 87 /" due to the differ-
ent rock types as expected. Both the Lac du Bonnet and 

.

Dryden granites (which also includ.ed leucogranites, grano-

diorites, and tonali-tes) show variable K-feldspar content

whereas the pegmatites show consistently high K-feldspar

eontents as expected..

fn granitic rocks, the K-feldspars are observed as

fi-ne-to coarse-grained and interstitial with no definite
crystal outline (Figure 5-L). They are largely unaltered

(nigure 5-I) although some are slightly al-tered to epidote

and sericite (tante 5-L),

Pegmatitic K-feld.spars are massive and show moderate

to extenslve patchy alteration to epidote and some sericj-te

(Figure 5-2). They are also characterized by hearry iron

staining.

The presence of cross-hatched twinning, the well-

known combination of albite and pericline twinnings, is,

in general, the most important criterion used by petrographers

to classify K-feldspars as mi-croclj.nes. Orthoclases have

been optically described by many petrographers as those K-

feldspars i-n granltic type rocks that do not display any

twinni-ng. However, theræ are several reasons for the K-

feldspar to appear as untwinned¡ (1) all granitic feldspars

in a given thin section are in random orientation and a K-

feldspar that is actually albite- or pericline-twinned may
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Figure 5-L Example of a typical K-feld-
- -e-' spar (pc- 24) in granitic rocks that

i; interstitial, shows no altera-
ti-on, and has well-developed cross-
hatched twiruri-ng with different
widths of lamellae ' It al-so con-
tainsn¡r'mekite as an inclusion'

Figure 5-2, Example,gl ?^tvpi9?+ n.e.${t]litic
K-leldspar (MLP/NZ 30 ) . ( aJ uncter
plane-polarized light shows a very
iutot"ñy" appearlnõe of alterati-on pro-
ducts and héãvy iron stainJ'ng ( con-
tinued...)
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appear to be untwi-nned in a given ori-entation t (2) tfre f-
feldspar may aetua].ly be untwinned; (l) a pegmatitic K- ,

f el d.spar may be of a size such that only one t¡¡¡inned indivi-
dual is seen in thin section as untwinned; and. (4) Laves

(tgsO), other feldspars workers and' the author have observed

untwinned K*fetdspar in the optical microscope that pri.ecession

photos show to be albite- + pericline-twiru:ed maxj-mum mícro-

cli-ne. Hence, a K-feldspar in thin section that does not

show arry twinning is not necessarily an orthoclase. fn the

thin secti-ons described here, those that show no optically
visible twinning are called "untwj-nned" K-feldspars. Both

cross-hatched. twirrrring and. "untwinning" are common in grani-

tic and. pegmatitic K-feldspars but cross-hatched. twinning is

by far the most (Figure 5.J). .Cross-hatched twinning and

untwiruring are usually associated within the same K-feld-

spar crystal (nigures 5-3 and 5-4). fn an untwi-nned K-

feldspar, cross-hatched twinned areas appear to be associated

with inclusions (Figure 5-5). Similarly, a largely untruinned

microcline crystal may show cross-grating at one edge of the

crystal where it is common to find one set of lamellae be-

coming thicker towards a con'Cact with " ,rorr-1i-feldspar

crystal, parti-cularly quartz (f igure 5-1+). Cross-hatching

tends to be well-developed in a crystal in the area of in-
clusions, whether they be plagioclase, quattz, other minerals

or even perthitic albite (Figure 5-6). In the pegmatitic



Figure J-2 (...continued) (n)
(a) but in crossed nicols.
cross-hatched twinning is fairly
well-developed in the areas free of
alteration and stai-ning.

l.ornm 0 5.0 mm
Same as Figure 5-3. Examp.Le of the associ-ation of
The untwinned and cross-hatched K-feldspars

in a granite (MLG-01). It can be seen
that cross-ha'tched twinning predomi-nates '

untwinning.
H
Ot
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0 10 mm

Figure 5-t+, Example of the association
of untwirrning and cross-hatched
twinning in ã K-feldspar (ul-,c-ot) '
The K-fõlospar is targely untwiruaed'
with cross-hatched twinning at the
àAg" of the grain in contact with
quartz.

Figure 5- 5. Examp.Ie of . incipient cross-
haicñed twiruring with the presence of
lnclusions of qùartz and albite strings
(AEC- 20 ) .
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K*feldspars, cross-hatched twinning is well-developed and

prominent in patehy areas where little or no epidote altera-

tion and iron staining occur (Figure 5-2b), fn both grani-

tie and pegmatitic K-feldspars that contain cross-hatched

trarinning, both sets of tr'vin lamellae are usually of different

widths and in additi-on, a single tr^¡in lamell-a is not, in

general, continuous thnoughout a whole K-feldspar crystal

(Figure 5-7 ) ,

(C) ALBITE PHASE TN K-FELDSPARS

.,r .

Most of the K-feldspars are actually perthites' that

is, they contai-n albite as a second phase. Many classifi-

cation schemes har¡e been proposed to divide perthites into

groups; the following one proposed by Laves and Sol-datos

(IgØ) is commonly used. by man¡i petrographers tod'ay (Smith,

r9?4b) t

( 1) Macro ite with al-bite bands thicker than 0.0J mm

and visible with a hand lens.

(2) Microperthites are those smaller tha¡ 0.05 mm and recog:

nizable in an optical microscope.

ß) Cryptoperthites have intergrowths not visible in the

optical microscope that can be d.etected only by x-ray diffrac-

tion methods.

All three kinds of groups are present in the Lac du

Bonnet and. Dryden granites and pegmatites (taUle 5'L). It



0 10 mm 0 0.5 mm
Figure 5-7, Examp,le of a microperthite

(HC-or) showing vari-able thiclcness of
lamellae of troth albite and pericline
twinni-ngs. It can be seen that both
sets of lamellae are discontinous, that
is, they tend. to show ineoher,ent bound-
aries. The light grey mineral that is
untwinned and. contaj-ns dusty incl-usions
is atbite rod..

Figure 5-6, Example of cross-hatched
twinning being intensified with the
presence of inclusions ( in this
case, muscovite) in a K-fetdspar
(pc-Lzr) 

"
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must be noted that those microclines listed in Table 5'L as

l1on-perthitic may be, in fact, cryptoperthites. X-ray

diffraction data in Tables 3-2 a.:nd 3-9 indicate that all

these microcli.nes are perthites.

Smith (Lg?l+b) tisted many specific names given to

perthites of different texturaL habits. However, he noted

that the shapes a-nd orientation of perthitic uni-ts are not

easy to describe as the shape may be dj-fferent with the

orientation of the thin section cut. For the purpose of

this thesis, the perthites are¡,,gategorized into the broad

terms: stri-ngs, rods, blebs (which may sometimes be rods

in cross-section) , a¡d flame (¡'igure 5-B). These different

textural types are given in Tab1e 5-1 for each specimen.

In granitic rocks, it is common for the di-fferent microclines
j-n a given thin secti-on to have ,'4ifferent perthitic types

(see Table 5-t). For example' non-perthitic microcli-nes

(presumably cryptoperthites) are usually associated with

microperthitic mi-croclines. The perthitic units, particu-

lar1y strings and rods in K-feldspars, show various degrees

of parallelism to each other. Parallel groups of rods tend

to orient themselves at some angle to the microcline twj-ns

(nigure 5-7I) t on the other hand, the strings show strong

crystallographic parallelism wi-th one of the crystallographic

directions of the cross-hatched twinning of microclines

(¡'igure 5-9). Albite as a 'second phase in microclines is
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0 0.5 mm 0 0.2 mm

(b)

(d)

1.0 mm 0 0.5 mm0

Figure 5.-8, Example of the four tex-
tural perthitic types common in l,ac
du Bonnet and Dryden granitic and
pegmatitic K-feldspars. (a)
strings (photo is shown in Fígure
5-g); (b) uteus (l'igure 5-10) ; ( c)
iods (nigure 5-1r); and (d) flame
(rigure 5-I2) (after Smith, L974b),

. 0 tomm
Figure '5-9 , Example of al,bite strings. They

show strong crystallographic parallelism
with the one set of twinnings: in the
microcline (pC-24), Some of the twin
larnellae of the mi-crocline become thick-
er towards the inclusions. Bulbbus
myrmekites intrude into the micro-
cline. ( The afbite strings are seen in
the photo as vertical with respect to this
page).
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0 1O mm0 l0mm
Figure 5-10. Example of albite blebs in

K-leldspar (very dark). . The albite
laths iñ pegmatite (rtÚ'P/NZ 24) are
being rePlaced bY the K-feldsPar
wherã 1t becomes non-perthitic and
free of alteration and^ staining
prod.ucts. It is also possible tl"I
ifr" f-feldspar is being replaced by
albite. -

Figure 5-fI. Examplg of albite rods in micro-
p"itrtit" (nc-clt);- Th" rods show slight
ãrystallograpTric orientation with re-
späct to tfre- associated microcline '
Tñe plagioclas;e inclusion shows Yery
thick albitic rims.
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0 10mm

Figure 5 -l'2. Example of-flame-type-*Þ-'-p""trtitu (cc-Ó3) ' -rt is inter-
åtititr atoottg irt" larger pragio-
clase grains that are extensrvetY
altered, show fresh albitic rims
and have very corroded edges'

Figure 5-L3. Example of. albite rods in K-
feldspa" tryni7Ñz ot) showing twinning
in the ""ù"-cîystallographic 

orienta-
ti-on as th; i*it'ttitte ln the microcline'
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coilmonly seen in thin sections on the microscope stage as

untwinned" (nigure 5-7) with a ra.te crystal being twinned'

(Figure 6-tÐ " The perthitic albite units within aK-

feldspar grain are ei-ther all r.rrtwi-nned o.r all twinned but

not as both. However, many of these apparent untwirueed

albites of all thin seetions studied. were checked by the"uni-

versal stage methods and some appear to be twinned with the

twins oriented in the same crystallographic orientation as

one set of cross-hatched twinning of the associated micro-

clines (presumably along those tivinned. by Albite law). Some

of the implications of these observations are discussed in

Chapter VÏ.

some of the albites in mi-croclines of both lac du

Bonnet and Dryden granites and pegmatites were analyzed for

their An % content by universal stage methods (fable 5-L)'

They are albitic- in composition with a range of An 2 to 9 %

as expected.

(D) PI,AGIOCIASES

Plagioclases are present in aII Dryden and Lac du

Bonnet granitic and pegmatitic samples as separate plagio-

clase crystals and as inclusj-ons in microclines' Modal

analyses (taute 5-7) have shown that ptagioclases, like K-

feldspars, are present in variable amounts; from a low of 6 %

to a high of 69 %. The l,ac du Boryret granite shows a rather
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consistent plagioclase content as compared to the Dryden

granite" fhe pegmatitic specimens show variable plagio-

clase content from a low of 5 % to a high of 44 %,

In granitic rocks, the plagioclases are seen as fine-

to coarse-grained. (see Table 5-I), sometimes porphyritic,

a¡d prismatic but usually an}ed'ral with corroded' ed'ges and'

eorners. All but one of the specimens are also moderately

to extensively altered (nigure 5-I2) to epidote, sericite

(or muscovite), calcite, chlorite, and sometimes biotite

and oxides (hematite, magnetite as identified by reflected

light). Samp1e PG-127, which is a leucogranite from lac du

Bonnet, contains plagioclases that are only stightly altered

to similar minerals as d.escribed' earlier' The compositions'

as d.etermined by uni.versal stage methods, show a range from

a 1ow of 5 % to a high of 25 /" An (ta'ole 5-L). The ptagio-

clase inclus j-ons are more sodic in composition (¿n O- 70 %)

than the separate crystals (An 0- 22 %)) '

Plagioclases in the pegnatitic rocks, on the other

handr. âfe seen as fine- to coarse-grained tath-shaped crystals

(¡'igUre 5-LO), flhey are common]y observed' as inclusions

within the mi-croclines although they also occur in fractures

and cracks in the microclines. They are fresh (figure s-LO)

or slightly altered. to epidote, sericite, and' calci-te compared

to those from granitic rocks and they are albitic in composi-

tion( o to 10 /" An) ,
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Twinning is al-most universal in both granitlc and

pegmatitic plagioelases which are generally albite-trvinned

and zoned.. Detailed studies of the various types of zonings

and twinnings of the plagioclases were beyond the scope of

the present study and. these features are not discussed' fur-

ther.

(E) REIATTONSHTPS BETWEEN PLAGTOCLASES
AND K.FET-,DSPARS

The relationships between plagioclases and mj-croclines

have generated much interests among petrographers because

many interpretati-ons of the petrogenesis of the feldspars

and. their associated rocks are based on their affi-ni-ties'

Three characteristics of these relationships ares albitic

rims, myrmekites, and replacement features a:rd they all deal

with the contact between a plagioclase grai-n and a microcline

grain. ft is releva¡t that the observations made by the

author show that the albitic rims and myrmekites are always

at the contact betr¡,¡een plagioclase and microcline grains '

Albitic rims consi-st of sodium-rich plagioclase (as

determined later by universal stage methods) tfrat is in op-

tical continuity with the associated plagioclase grain at

the contact with a microcline grain (nigure 5--t'4) but not

with any other mineral (i.e. quartz). Albitic rims ay'e

common in granitic rocks. Table 5-L shows that seven out of

the ten Lac du Bonnet and Dryden grallites contain



0 0.5 mrn
0

Figure 5-L4. ExamPle of atbitic
optical continuitY with the
clase crystal (¿arx grey).
like mYrmekite is beginning
withinthe albitic rims (of

gure 5-L5. Example of a 
- 
rare. simple - 

twirrned
(plesumably albite-twinned) albític rims
*itftin the pla,gioclase (of GPG-22)' The
contact between the albitic rim and the
microcline is highlY irregular.

0.5 mm
Firl-ms ].n
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plagioclases displaying thin albitic rims in various amounts.

The pegmatitic specimens do not display this characteristi-c"

Albitic rims are similar to : seeond -phase albites

in perthites in that they are usually untwin¡ed. (Figure 5-L4)

on the microscope stage a¡d rarely as twirured' (¡'igure 5-L5)'

However, as in the previous case, Some of' the untwj-nned al-

bitic rims on microscope stage appear to be twinned in uni-

versal stage. Universal stage examination of two albitic

rims have d.etermined the composition of them to be almost

pure albite (O-Z % An, Table 5-L). The rims also show no

alterati-on whereas the associated plagioclase is extensi-veIy

altered. (Figure 5-L5) , Some plagioclase inclusions al so

show albitic rims, but in contrast to those at the contact

between a separate plagi-oclase grain and a microcline grain,

they are more conspicious, wider and. more complete (Figure

5_Lr) ,

Myrmekites are d.efined. by Smith (t9?+A) as vermicul-ar

intergrowths of quartz encl-osed. in sodic plagioclases' They

are similar to albite rims in that they are common in granites

(Figure 5-Ð; six out of ten granitic rocks studied showed

this characteristic but it was not observed in any of the

author's pegrnatitic rocks. However, Marmo (1977) observed

that myrmekites are common in pegmatites. Myrmekites occur

in a variety of sizes and forms but are comrnonly bulbous

(Figure 5-g) and fringe-Iike (Figure 5-t4), The plagioclase
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of myrmekites is usually untwinned (¡'igure 5-9) and only

rarely twinned" (figure 5-t6),
Mynnekites are intimately associated. with plagioclases

and K-feldspars particutarly at the contacts between these

two feldspars although they sometimes occur within K-

fêIdspar grains (figure 5-f) i-n association with the plagio-

clase. The plagioclase of the myrmekites have composi-tions

very similar to those of separate plagioclases. For

exampler âs seen in Table 5-I, the myrmekites in AEC-26

have a composition of 15 % An which is very sitnilar to the

plagioclase composltion rallge of Lnrg-r, The other two

myrmeki-tes analyzed. by universal stage methods have composi-

tions of L3 /" and. IB % (fa¡te 5- f) which are also very

similar to the plagioclase composition of LO % and LZ %

respectively. Myrmekites are sometimes closely associated

with albite ri-ms ( i.e . Figure s-tl+). 
:,ì

In all_ the granitic and. pegmatitic rocks studied in

thin section, the K-feldspar appears to be replacing the

plagi-oclase crystals that are in valri-ous sta.ges of altera-

tion (rigures 5-L? and. 5-18). Albite laths in pegmatitic

K-feldspars are fresh as compared. to the associated micro-

clines (i.e. Figures s'LO and 5-f9)' and seem to replace

the mi-crocline although the reverse may be possible. The

presence of alteration products in a gi-ven feldspar does

not necessaril-y mean that it is older than another feldspar
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Figure 5-L6" Example of " rare t*irrrr"3'Smm
bulbous mYrmekite at the contact
between miôrocline (dark Srey) and
ptagioclase (AEC-26),

Figure 5-L7. Example of fresh cross-hatched
microcline in- granitic rock (Cpc-Zz)
attacking extensively-attered plagio-
clase. Highly irregular albitic rims
are seen within the plagioclase at the
contact with a microcline. Myrmekite
is also seen at the toP of thè Photo. ts{

Oì
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Figure 5-rA. ExamPIe of ? granitic- -e mi-crocline ( tñe perthitic units are

iwinneA) attacking and replacing
the plagioclase giains (CPC- 22)'

Figure 5-L9. ExamP,le
feiaspar (nm,P,Álz
bite laths.
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) attacking the al-of
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tlrat is free'of alteration prod.uets (Petr å."r'r{, personal

communi-cation) 6

(F) CORREI,ATTON BETIIrIEEN THE K-FEI,DSPARS AND

T}TE PI,AGTOCLASES

Qnly one correlation was established between the dif-

ferent characteristi-cs of the K-feld'spars and plagioclases '

It was found that tine hn /" content of separate plagioclase

grains generally increases regularly with increasing ratio

of plagioclase to totat feld.spars (nigure 5-20), This is

to be expected as the more plagioclase-rich rock (i.e.

granodiorite) is, the higher the ca (or Èn %) wi-Il be.
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CHAPTER VÏ. TNTERRELATTONSHIPS OF K-FEIDSPAR RESU],TS

(A) TNTRoDUCTToN

In this.chapter, the chemistry, triclinicity, and

twinning from the three types of experi-mental methods are

compared separately, and then possible correlations are ex-

amined. These correlati-ons are briefly considered in

relation to the possible origin of the K-feldspars from the

lac du Bonnet granite and the Dryd.en granites /pegnatites .

(B) COMPARTSONS 0F VARTOUS RESULTS

( 1) Chemistry

The compositions of K-feldspars were determined in this

study by three method.s; electron microprobe analysis, partial

chemi-ca} analysis, and powder diffractogram data. For the

powder diffractograms, the composition of a K-feldspar is

expressed only in Or %, based on the 2gZO, values, whereas

electron microprobe and partial chemi-cal analysis expresses

the d.iff erent elements present as oxid.es, from which 0t /o may

be calculated.

Figure 6-t (raute 6-I) is a plot of 0r % from x-ray pow'

der data vs. those calculated from electron microprobe data.

The majority of maximum mi-croclines fall close to the ideal

1:1 curve. In other words, the results of the two sets of data

are in good agreement. This suggests that Na found in the probe
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analyses is in sotid solution and not in second phase albite.

Howevere some of the maximum microclines have lower Or % f,rom

the probe data than that from the powder d.ata which suggests

the possibififf that Na ín the probe analyses of these micro-

ctines is in second phase albite. Originally, the 0t % of the

mixed microclines r¡rere also calculated from the Orvill-e max-

j-mum microcl ine-low albite curve and the plotted results

initially fe11 way off the ideal 1:1 curve. There are several

reasons for the disparities of these mi-croclines: (1) tfrey

each contain a "monocl-inic" (as determined from powder dif-
fractograms) component along with a maxi-mum microcli-ne compon-

ent; (2) they are high in Rb (two maximum microcline specimens

and t¡¡¡o intermed.iate microcline. specimens are also higb in Rb).

A method was developed in order to correct for these dispar-,

ities. As the maximum microcline-low albite 0rvi11e curve is

valid for the maximum microcline component but is invalid for

for the "monoclinic" component, the lrriright (L968) orthoclase

curve was used instead. Fi-ve out of the seven mixed mi-croclines

show sptit ZOt peaks on the powder diffractograms, and the

lower ZeZ', value was assigned to the maximum mj-crocline com-

ponent, whereas the higher 2OZO' was assigned to the "monocli-nic"

component. The other two mj-xed microcli-nes only have one ZOt

peak and. the same Z}ZO., value was used for both curves. Be-

cause the Or % results from the electron mi.croprobe for each

K-feldspar crystal are averaged values, the final Or % values

from the powder diffracrograms of each K-feldspar used in the
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plot in Figure 6-t is the weighted value based on the estimated

amount of each K-feldspar component within a crystal (tante

6-L) " As the ZOt peak does not differentiate Rb-rich

mi-croclines from those that are Rb-poor, the Rb-fetdspar %

is ad.ded on to the 0r % from the electron microprobe analysi-s.

Fígure 6-L shows the resultant plot. The mj-xed microclines

fa"tl reasonabl¡r elose to the ideal 1¡1 curve. For the j-nter-

mediate mi:croclines, the Ot % content was averaged from that

obtained from the maxi-mum microcline and. with the same ZOt

value from the orthoclase curve. Again, they falI reasonably

close to the !¿! tine. The one maximum microcline with a

high Rb content falls significantly away from the regressÍ-on

curve. The reason for this is not c1ear. The results suggest

that one should be cautious about using these curves for RbrO

containing K-feldsPars.

Both Figure 6-2, which is a plot of wt % Or from par-

tial chemical analyses vs. wt % 0r from electron microproþ? 
,

analyses, and Tabte 6-t show that the 0r contents ded.uced

by partial chemical analyses are much lower than the Ot %

contents ded.uced. by electron microprobe ( and by powder dif-

fractogram as seen in Table 6-L). The likely reason is that

the partiat chemical analyses were d.one on bulk samples and

hence do not differentiate albite i-n second phase from that

in solid solution in the K-feldspars. 0n the other hartd'

electron microprobe analysis (of very small single K-feldspar
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crystals) and powder d.iffractogram'data relate to the K-

feld.spar component only a¡d hence give the amount of Na in

solid solution.
(2) Tric ci-tv

Triclinicities were obtained from al] three of the

x-ray d.iffraction methods used. in this study. It is not

possi bl e to d.etermine the tricU-nicity of K-f eldspars from

thin sections; one can only conclude from the presence of

cross-hatched twinning that the K-feldspar is triclinic'

Twenty K-feldspar specimens seem to be single phase

maxj-mum microclines in both powd.er diffractogralns and

Gandolfi photos. However, the precession photos show L9

single phase maximum microclines and one multiple phase con-

sisting of tr¡¡o quasi-parallel maximum microcline crystals.

For those maxj-mum microclines that are albite- + pericline-

twirured, it was necessary to take a Gandolfi photo of the

same single crystal used for the precession photo in order

to be sure that the crystal is a single phase K-feldspar and

not a mixed microcline

of the remaj-ning nine K-feldspar specì-mens, seven

are mixed. mi-croclines, that is, K-feldspars with multiple

phases and triclinicities. Both powder diffractograms and

Gandolfi photos show two components: a- "monoelinic" compo-

nent and a maximum microcline component. On'the other.hand,

precession photos indicate that the "monoclinic" component
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is actualLy an untwinned intermedi-ate microcline with a

very Low triclinicity (0.10<A<0,25), and that the maximum

mi.crocline has a high triclinicity. For one speci-men, the

Gandolfi photo indicates an intermediate mj-crocli-ne, but

the precession photo a¡d the powder dj-ffractogram both

showed it to be a mixed" mj-crocline. The other two K-feldspar

-..^ ^: ,l ^* -^',"1 ^ø 'l'iffron{-nænomo 
qnrf flqnrlnlf itsiPgu¿ItlgIIÞ ÞgçLtLEq LrIt IJ\JYYust u4¿¿! 4v vv6! 4¡¡p q¡¿s v

photos to be i-ntermediate microclines; precession photos

confirmed that one is an untwirured single-phase intermedi-ate

microcline, but ind.icated that the other is a multiple phase'

consisting of untwinned and. twi-nned. intermediate microclines

of the same triclinicity. For the maximum microclj-nes, all

three x-ray diffraction meihods give consistent A values

( A=0,85-1.00). Í'or the mixed. microclines (A=0,L0-0,75)

however, powder diffractograms may give better triclinicity

values tha¡ either precession or Gandolfi photos, because

the amount of each K-feldspar phase is easi-ly measured but

in the other two methods, it is visually estimated. This

is true if the sample is a simple mixture and consequently

the powder d.iffractogram shows simple mj-xture but if the

mixture is very complex, the precession photos would give

better resul-ts. Minor K-feldspar components may llot be

detected by powd.er d.iffractograrns but are easily seen in

precession photos. Hence, a powder diffractogra.m supple-

mented. with a corresponding single crystal precession photo
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gives the maximum information about the triclinicity of a

given K-feldspar and its phase components.

(:) Twinnine of microclines

Microclines are easity recognized in thin section by

their characteristi-c cross-hatched twinning. Most of the

thin sections studied show we}l-developed cross-hatched.

twirrning in the ma jorit¡¡ of the K-feldspars. It is also

common to see untwi-nned K-feldspars (tfrat is, no twinning

is visible in the optical microscope) in association with

those that are cross-hatched twinned. fn many instartces, a

K-feldspar may show some twiruT ed areas and some untwi-nned

areas. Untwinned K-feldspars in granitic rocks are often

interpreted. as orthoclase' but the precession photos in this

work show them to be maximum microclines. There was no '

orthoclase among the author's granitic specimens, even

though many K-feldspars were not t¡¡¡inned in thin section.

Some precession photos are of untwinned microcliner So it

is likely that some of the optically untwinned crystals are

truly untwinned. It is possible that untwinned and twinned

areas of a gi-ven K-feldspar crystal represent variatíons in

triclinicity. A systematic study is needed to show whether

there are variations in triclinicity in such crystals. Thin

sections of pegmatitic feldspars show optically twinned and

untr¡¡i-nned areas together within a single K-feld.spar (similar

to granitic feldspars), but precession photos show untwinned
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intermed.iate microcline with a low triclinicity and maximum

mierocline with a high triclinicity
It is possible to differentiate by optical methods

albite-tr¿¡inned. and pericline-twinned. mi-crocline if the twin

Iarnellae are coarse enough tO measure the orientation of the

principal optical directions X, Y, Z (J. Macek, personal

eomm-tinication) . HoÌ.,'ever, X-ra¡r precessi on photography is

more rapid. of the feldspars studied. here (tanle 3-3), four

are untwi-nned, nine are albite-twinned.' one is pericline-

twinned, six are albite- + pericline-twinned and eight are

mixed mi-crocl-ines where one component is albite-twinned and

the other is untwinned. Furthermore, Prêcession photos give

informatj-on on the character of interface boundary, that is'

incoherent (sharp reflections) and coherent (¿iffuse reflec-

tions). It can be Seen that, in general, Pfecession photos

give much more |nformation about twinning than do optical

methods.

(4) 0rie tation and tw of albite inter hs

Most K-feldspars examined. (2? out of 29 specimens)

are perthitic. In thin section, the albite is commonly seen

as rods showing twinling in the same orientation as one of

the microcline twins. Precessj-on photos show albite in

microcline, having the yo-axis (of albite-twj-nned and- un-
x

twinned individuals) parallet to the y -axis of the micro-

cli-ne. This observation suggests an epitaxial relationship
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whieh will be discussed later. Eighteen out of 25 albites

in mieroclines proved to be albite-twirured, five untu¡inned,

and. two albite- + perieline-'t¡¡¡inned. As the amount of albite

in microcli-ne as determined. from precession photos is very

Iow, the type of interfaee boundary is less certain than the

microclines themselvês. As shown in Chapter V (ta¡te 5-L) ,

seven albite rods in mj-croclines from 1'5 thin sections were

analyzed by universal stage methods; resultant compositions

ranged from An'to At9.

(c) SUMMARY AND DrscussroN

(1) Introduction

The results from the d.ifferent types of investigation

that were di-scussed separately earlier in this chapter are

here summarized and. then compared for possibte correlati-ons '

Even though the K-feldspar specimens are from the salne general

region (trre superior Province) and are of similar metamorphic

grade (amphibolite facies), they are from two different

provenances- granltes and pegmatites. As a consequence, the

d"ifferent characteristics of the K-f eld'spars, notaroly twinning

patterns, triclinicity, nature and number of phases, and

chemical composition, are consid.ered separately under the

headings "granite'* and "pegmatite". Certain features of the

two K-feld.spar groups are discussed, and then some possible

correlations between the different characteristics of each
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of the two groups of K-feldspars are considered. However'

d"esirabl-e as it would" be to be able to correlate the obs.erved

detailed crystallographic and chemical characteristics of

the K-feldspars with the chemical compositi-ons and tikely

pãragenesis of the granitic and pegmatitic rocks in which

they occur, sufficient information and understanding are not

¡ret availabl-e to do this, and so such correlations are not

consi-dered here.

(2) Granites

( a) Summary

-a11 nine lac du Bonrret and seven Dryden granitic specimens

are singte-phase maxi-mum microcli-nes

-a11 show little variation in cell parameters and triclini-

cities
-in precession photos they show four types of twiruring pat-

terns with characteristic types of reflecti-on and streaks;

(see also Tabte 3-2)t
( i) untwj-nned showing sharp reflections (3

specimens )

(ij-) albite-twj-nned (B speci-mens); 3 show sharp

reflectj-ons, 4 showing diffuse reflections

(strong albite, weak pericline), and one

showing triclinic transiti-onal streaks

( iii) pericline-twinned ( 1 specimen) showing

d.iffuse reflections (strong pericline,

weak atbite)
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(iv) atbite- + pericline-twinned (4 specimens);

3 show sharp reflectionsi I show diff,use

reflections (strong albite, strong peri-

cline )

-most show variable twinning patterns within a given thin

section

-a11 are perthitic as indicated by all three x-ray methods

and from thin section studies

-some perthitic albites are seen in precession photos twi-nned,

with their composition planes parallel to one set of compo-

sition planes in the cross-hatch twinned host microclines,

indicating that the albite and. microcline form an epitaxi-al

relationship

-Naro contents from microprobe analyses vary from Q'59 to

L46 wi %.

-all are low in RbZO contents ranging from undetectable

(microprobe) to Q,Lg wt % (partial chemical analysis)

- detectable Ba in microprobe analyses of six specimens

-single crystals studied all clear and transparent

-unaltered in thin secti-on (plagioclases are extensively

altered)

-interstitial in thin section

-in thin section, cross-hatched twin lamellae tend to be

rectangular (rather than lenticular) (l'igure 6-3) '
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(q) (b)
O 10mm

Figure 6-3, Coarseness of
twi-n lamallae. All are
of the saJne scale.
(a) Lac du Bonnet gran-
itic K-feldspar (Pc- 24) t
(b) Dryden graniti-c

.K-feldspar (cPc- ?2) ¡
(c) Dryden Pegmatitic
K-fetdsþar (YnP /Nz 42),

(c)
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(n) Discussi-on

(i) Mode of formation of the pérthitic inter-

sroutþ

The characteristics listed in the above suilmary suggest

that the perthitic and rimming albites 1n the granitic K-

feldspars may have formed as a result of exsolution and

recrystallization of an original (lç'itla)-feldspar precursor

containing not more than 30 % Na-feldspar in sotid solution.

When the alkali feldspar cooled., some of the sodic materíal

would have migrated, according to this model, to the edge of

the K-feld.spar and then crystallized on the nearest most

suitable nucleus a plagioclase grain- as albitic rims,

while at the sarne time, most of the other sodic material

woul,d have exsolved. from the K-feld.spar host to form epitaxial

perthitic albite within the K-feldspar host. Experiments

have shown that plagioclase offers a better nucleating

surface then K-feldspar and quartz for Na-feldspar exsolved

from a (K, Na)-feldspar (Smitfr, L9?4b). The microcline in

the final stage would, bY this model, contain littte Na-

feldspar (1 t5 mol. % Tabl-es 3-9 and 4-2), The myrmekites

observed. in the author's specimens may also have originated

by exsolution, an origin for myrmekites suggested by some

authors.

(ii) characteris tics of the microcli-nes

The Lac du Bonnet and Dryden granitic K-feldspars are
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4.11 maximum mieroelines, a¡d they show generally similar

twinni-ng charaeteristics " This could result from the fact

that both areas are of amphibolite facies metamorphic grade,

and. both probably have similar intrusive temperatures and

eooti-ng histories associated wj-th emplacement at the sarne

crustal- level regard.less of dj-fferences in location and

seological ase (P. ó"rrtí, pers. colltrlt. ).o____ 9_ _ 9

Smal]. differences do exist in the tr¡¡i-nning charac-

teristics between the Lac du Bonnet and the Dryden microclines.

Precession photos show that six out of nine Lac du Bonnet

granitic K-fel-dspars are albite-twinned maximum mi-croclines

(including those that show strong albite- and weak pericline-

twiruring) , and four out of seven Dryden gfariitic K-feldspars

are albite- + pericline-trn¡inned maximum microclj-nes. One

possible expla¡atj-on for the difference in the observed x-

ray twinning lies in the coarseness of the twin lamellae.

Figure 64 shows that there is a significant difference in

the twin lamellae ( as viewed perpendicularly to (OOf) where
seen

both albite and pericline tr¡¡i-ns are lin thin sections) of the

Dryden and. Lac d.u Bonnet K-feldspars. The latter (FigUre 6t^)

shows one set of lamellae wider than the other whereas the

former (Figure 6-3ø,c) have 'ooth trn¡in lamell-ae of about the

Same size and on a smal-ler sca1e. Thus one might expect the

Dryden single crysta} to show both albite- + pericline-twin-

ning in precession photosr âs a majority of them do. In
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eontrast, one might expect the Lac du Bonnet single crystals

to show untwi-rrning or a single twin type in precession photos'

âs¡ again, a majority of them d.o. However, against this

possible explartation is the fact that the single crystals

that were x-rayed were "/ Q,5 illm across whereas all lamellae

in the three photos in Figure 6-l are ((0.2 mm wide. A

n ( mm nr¡r¡<tâl te.ken from anV Of the thfee SeCtiOnS ShOWn
v . J ¿LL.L.

./l-n .E'Igure o-J vrould be reasonably expected to show looth

albite- + pericli-ne-twi-ru:ing. One may conclude that a sj-n-

gle crystal of that size to show only untwinning or albite-

or pericline-twinning alone would have to come from a crystal with

untwi.nned or single-twj-nned volumes >o ,5 mm across.

t r-rr- ) Possi e ori-ein of the cross-hatched

tw ín the micro cline

Laves (tgs)) proposed, on crystallographic grounds'

that albite- + pericline-twiruring in microcl-ines can only

arise by inversion with cooling of a monoclinic precursor'

Two crystallographic observations of the present author

appear to refute this origin for twinned microcline ' Firstly'

the monoclinic precursor theory implies that the perpendi-

cularity of the symmetry axis and. plane of the original

monoclinic K-feldspar should be preserved- in the albite- +

pericline-twinned (maximum) microcline as a mutually per-

pendicular twin plane of the a}'oite twin and twin axi-s of

the pericline twin. For si-x out of the nine albite- +
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pericline-twj-nned maximum microclines, the twin planes and

axes in precession photos are not mutually perpendicular

(see Chapter IIf ). Secondly, Laves' theory impli-es that

pericline*twinning should always be associated with albite-
at least on the scale of the crystal used fo'r precession photos,

twinning whereas one of the author's microclineslis pericli-ne-

twinned only. In the author's opinion, there is no crystallo-
graphic reason why pericline-twiru:ing alone cartnot occur

in microcli-ne, The author is aware of no other case reported

in the literature of a mi-crocline that is only pericline-

twi-nned.

It can also be pointed. out that there is no experi-

mental- evidence to suggest that a monocLinic K-feldspar

i-nverts to a triclinic form (microcline) during cooling.

Microcline can be inverted into a monoclinic form upon heat-

1ng at temperatures as low as 3?5" + 50" C but the reverse

has not been demonstrated (Marmo, L971), Microcline can be

made by potassium exchange (or potassium metasomatism) of low

al-bite under hydrothermal conditions (0rvi11e, L96?; Laves,

I95O), but tricl-inic K-feldspar has never been synthesized

in the true sense. Monoclinic K-feldspar (orthoclase, sani-

dine) under aLl condj-tions experimentally available remains

monoclj-nic with cooling.

(:) Peematites

( a) Summary

-nine speci-mens (all from the Mavis Lake pegmatite) are
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multiple-phase mj-croclj-nes and single phase intermediate mj-cro-

ctines with variable triclinicities and cell parameters

-four specímens (one from Mavis Lake, two from ZeaLand, and

one from Tot Lake pegmatites) are single-phase maximum micro-

clines with little variation in triclinicities and cell para-

meters

-in precession photos, these microclines are seen to be of

four tSpes:

( i) largely untwinned. intermediate mi-crocline

with low triclinicity (o. 1o <L<o,25) ( "monoclinic" phase )

combined with a minor albite-trn¡inned maximum microcline

component showing monoclinic-triclinic transitional streaks

(seven specimens)

(ii) singte or multiple-phase intermediate

microclines showing either sharp reflections or diffuse

streaks ( two specimens)

(iii) singte-phase maximum mi.croclines with sharp

reflections (two specimens)

(iv) single-phase maximum mi-croclines showing

' diagonal association' reflections ( two specimens)

-al-t are' perthitic as indicated by all three x-ray meihods and

from thin secti-on studi-es

-NarO contents vary from O.48-L,32 wt % (from microprobe)

-a1l are relatively high in RbrO (1.04-2,24 wt %; minimum

based. on parti-al chemical analyses) with the exception of the

two type (iii) microclines that are low in RbrO (0,2+-0.26 wt %)
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-Seven of the mi-xed microcli-nes specimens showed erratj-c

distribution of P in the microprobe analyses (possibly due to

apatite inclusions ¡ see Chapter tV)

-all single erystals studi-ed were turbid and cloudy except

for the two of type (iii) which ag'e clear and transparent

-in thin sectioir, all these microclines except for the two

of type (iii) were extensively altered and deeply iron-stained;

the two excepti-ons were unaltered

-in thin section, cross-hatched trnrin lamellae of the mixed
(Figure

mi-croclines tend. to be tenticular (rather than rectangular
A c\
jr' ''

the other types of mj-croclines were not stud.ied in thin sections

(u) Discussion

(i) Possi e relationshio between Rb- content

of a K-felds 'oar and it s triclinícity twin-

i and ase co S1

In contrast with the granitic K-feldspars, the Dryden

pegnatitic K-feldspars show variati-ons in crystallographic,

structural and. chemical- characteristics. However, four of the

pegmatitic K-feldspars studied are single-phase maximum micro-

clines. The salne was observed on 12 other Mavis Lake, and

seven Zeal,and. and Tot Lake specimens studied by Ucakuwun

(1981). This is typical of most pegmatites from the Canadian

?recambrian Shietd (Petr ó""ttí' pers. comm. ). The fact that

some of the Dryden pegmatitie (particularly Mavis Lake) iC-feld-

spars are mixed microclines suggests that they are unusual.

-The di-fferences between the various microcli-nes will be discussed
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in detail.
(1) Mixed micro c lines ( inc ].udins intermed t-a .t-

(, e microcline s) ¡

As shown earlier in"the srllnmary, all mixed microclines

and. intermediate microclínes contain higher Rb content than

the maximum microcli-nes of type (iii). Gordj-enko & Kamentsev

(Lg6g) observed a correlation bet¡¡¡een the low structural

state of K-feldspars from pegmatites and the increased content

of Rb and Cs. f t is well known that Rb+ and C=* hu.'r" larger

ionic radii than K+ and so a K-feldspar that contains an

appreciable amount of Rb may have . modifications of

its structure (monoclinic) relative to one that is Rb-free '

This is suggested in precession photos of these mi-xed mj-cro-

clines by d.iffuse streaks between a nearly monoctinic phase

and a maximum mi-croclj-ne phase. However, preliminary work

by the author has shov¡n that Rb in mixed microclines might

possibly be preferred by the maximum mj-crocline component'

Figure 6-4 , which is a plot of wt % WarO vs. *t % KZO from

partial chemical artalyses, also shov¡s that Rb-rich maximum

microclines are commonly associated with Rb-rich mixed micro-

clines which suggests that Rb does not influence the struc-

tural state of K-feldspars (as also observed by Cerny & Macek'

L972) .

Figure 6-5 compares the chemical compositions of Rb-rich

K-feldspars as determined by powder diffractogram and electron

microprobe analysis. For the mj-xed microclines, the two com-

ponents, "monoclj-nic" K-feldspar and. maximum mi-crocli-ne ' aTe
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also plotedd along witft their weighted. values (as discussed

earlier in thi-s chapter) " The maximum microcline components

are significantly further from the regression line than the

"monoclinic" component. This suggests that Rb may be pre-

ferred by the maximum microcline component in mixed microcij-nes.

However, it is still not known whether or not Rb is prefer-

ably concentrated in one phase. Detailed electron mi-croprobe

studies are needed to d.etermine the distributi-on of Rb in

the K-fe1dsPar comPonents.

(2) S inele- ase maxLmum microclines:

Two of the four pegmatitic single-phase maximum micro-

,clines are high in NarO (2,8I-2,83 wt /o ftom partial chemi-cal-

analyses) and low in R5ZO (0.24-0,26 wt y'o). They show in

precession photos, twiruring and interphase boundaryr=

characteristics typical of granitic K-feldspars. fn contrast,

the other two pegmatitic single-phase maximum mi-croclines

are lower in Nar0 (1.0-2,J wt %) and higher in Rbro (1.04-

2,24 wt %) and show di-agonal association. As discussed

earlier, Rb-rich maximum microclines are common as compared to

Rb-rich mixed mi-croclines (pigure 6-l+). The two Rb-rich

maxi-mum microclines showing diagonal association may provide

slight evidence that other Rb-rich maximum microcli-nes may

have significantly different crystallographic characteristics

than Rb-poor maximum microclines. ft was observed in chapter

III that albite-twinned. microclj-ne may consists of strong
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albite-1¡winned. and weak pericline-twirured. reflecti-ons. Be-

eause the albite-twinned maximum microcline component of the

mixed microclines only makes up 30 - 4O wI % of the total
K-feldspar crystal and pericline-t''¡¡inning is commonly weak,

it is possible that diagonal association is too weak to be

recorded by precession photos. This suggests the possibility
of all Rb-rich microclj-nes, single-phase or multiple-phase,

to show di-agonal association. Detaj-led precession photography

of many Rb-rich maximum microcU-nes is needed in order to
assess any possible differences between Rb-rich and Rb-poor

maxi.mum mi-crocLines .

(ii) Mode of formation of the perthitic inter-
growth

There are several different characteristics listed in
the summary that strongly suggest that exsolution had taken

place within the pegmatitic li-fel-dspars while they were cool-

ing. The low amount of albite in solid solution within the

K-feldspars as revealed by electron mi-croprobe studies (4,29-

I!,48 % A:o) of highly fractionated pegmatites is the result
of extensive exsoluti-on of albite from an original homogeneous

alkali feldspar that was Na-poor from the beginning of crystal-
lization (as a consequence of its lower temperature of crystal-
lization than that for a typical granitic K-feldspar ) (petr
r'/ I
Cerny, pers. cofl$.). Similarly, the heavy iron staining of
the untwinned component in mixed microclines could have resulted

from the exsoiution of iron oxides upon cooling (Smith, I9?4b)



205

or it could have occurred in the }ast stage of recrystallization
(ó"to! & Macek, LgTz) 

"

(D) CONCT,UDTNG STATEMENTS

According to Mclaren (f978), the structural type and

unit cell dimensions of a parti-cuLar feldspar are a function

of its chemical composition, temperature of crystallization
and subsequent thermal history. This statement of Mclaren

agrees with the observations listed above whse the two major

groups of mj-croclines, granJ-tic and pegmatitic, were formed

under different geochemical- conditions and were subjected to

different thermal regi-mes duri-ng crystalli-zation and cooling.

The twinning pattern may be a function of the cooling rate of

a K-feldspar. It seems possible that the differences in twin-

ning patterns between the Lac du Bonnet and the Dryden grani-tic

K-feldspars reflect primarily on the different cooling rates

in otherwise retrated plutonic rock types that generated K-

feldspars of high and relatively uniform triclinicity. The

properties otr the pegmatitic K-feldspars, however, are greatly

variabl-e in terms of chemical composition, phase composition,

triclinicity, and twiruring patterns. The limited suite of

examined speci-mens does not permi-t any conclusive interpreta-

ti-ons; the only suggestion that may be made is a possible

asso.ciation of mul-tiple-phase microclines with Rb-rich pegma-

tites in the Dryden area. The results of the present study

ind.icate, however, that the properties of pegmatitic K-feldspars
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are much more diversified and. complex than realized previously

and further work on a broader sampling basis is warranted'

The availabiliw of a rapid x-ray diffraction method-

using single crystal precession photography may encourage

geologists with a limited background. i-n crystallography to

ea¡f"y out systematic studies of K-feldspars to correlate

twin¡ing, triclinicity, number of K-feldspar phases and

chemical composttion with each other and possibly with the

genesi-s of the rock types studied'
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