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A POWDER X~RAY DIFFRACTOMETER STUDY
OF THE PHLOGOPITE~BIOTITE SERIES
John Arthur Gower

Submitted to the Department of Geology and Geophysics
on May 16, 1955 in partial fulfillment of the
requirements for the degree of Dooctor of Philosophy.

Abstract

The iron-magnesium ratio in biotite may be deter-
mined by measuring the intensity ratio of (004) to (005).
This ratio is highly sensitive to iron-magnesium substitution,
and is virtually unaffected by other substitutions such as
Na for K, F for OH, and Al for 8i. The intensity method gives
adequate precision and appears to be acourate to about 5% or
less of the magnesium-iron content.,

Unit cell measurements are of limited value in the
determination of composition. Iron-rich biotites have a
shorter ¢ parameter than magnesium members, in spite of the
fact that iron has a larger ionic radius than magnesium,
Fluorine produces a marked decrease in o,. Tetrahedrally
coordinated Al may cause a slight increase. In metamorphic
biotites ¢g is larger than in igneous ones. The by parameter
shows little or no change with iron content but is smaller in
fluorine-rich specimens., The &, parameter seems to show about
the same variation as by but the reflections in some specimens
are too weak to be identified with certainty by powder methods.

A new form of analysis plot has been used which shows

more extensive s0lid solution with muscovite than has been
previously supposed.

Thesis Supervisor: Harold W. Fairbairn
Title: Professor of Geology.
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PART I. A Powder X-Ray Diffractometer Method
of Determination of the Iron~Magnesium Ratio in the
Phlogopite-Biotite Series

Introduction and Statement of the Problem

For many years the composition and abundance of
feldspars have been used to classify igneous rocks. The
feldspars are useful minerals for this purpose because of
the ease with which variations in composition may be deter-
mined, However, feldspars tell only half the story of a
rock. They say nothing of the ferromagnesian content and
of the variation in relative amount of iron and magnesium.

The amounts of the various ferromagnesian minerals
in a rock may be easily determined petrographically. The
relative amount of iron and megnesium in any of the
ferromagnesians is not so easily determined, although in
olivine, pyroxene, and to a certain extent amphibole, & rough
estimate of the iron content may be made on the basis of
optical prbperties. X~-rays have also been useful in certain
instances, e.g., Hess (1952), where the iron content has been
related to the size of the unit cell. The commonest ferro-
magnesian in salie rocks and the ferromagnesian most widely
distributed is biotite, and it would be desirable because
of this to have some simple method of determining the Fe/Mg

ratio in biotites.
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It has further been shown (Nockolds, 1947) that the
ratio of magnesium to iron in ligneous rock micas reflects very
clogely the magnesium~iron ratio of the rock as & whole.

This is understandable because the known properties and
compositions of phlogopites and blotites indlcate a complete
solid~solution series between magnesium-rich and iron-rich
members (Winchell, 1935).

To determine the ratio of magnesium to iron, various
techniques have been described in the literature. Winchell
and Winchell (1951) give curves showing changes in optical
properties with change of composition. These can be used to
give & rough approximation of composition but in some cases
the data are not reliable, especially for replacement in
other than the Mg~Fe sites.

The relation of color to composition has been
studied by Hall (1941). The triangular plot of FeO, g0,
and TiOp with respect to color shows that although color is
most certainly controlled by iron and titanium content it is
of limited value as a diagnostic feature. Blue-green biotites
are low in titanium and rich in iron. Red or red-brown
biotites may be rieh in titanium but may have any Mg/Fe ratio.
The plot might be more useful if. the Fe/Mg content were known
precisely. The color would then perhaps give an indication
of titanium content. A further complication, not evaluated
by Hall, is the effect of manganese, which presumably also
produces a reddish-brown color., According to Hall biotites
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do not in general contain sufficient manganese to have any
effect upon the color. Geological occurrence would no doubt
be of assistance in predicting manganese content. The effect
of change in oxidation state of the iron is not known because
of the lack of ferric-iron blotites, but for the analyzed
specimens used by Hall it apparently has little effect on
color.

The relation between refractive index and composition
has also been studied by Hall {194la), Hall's plot of refractive
index (¥) versus total iron shows that although iron causes an
increase in refractive index, other elements affect it so much
that correlation between iron content and refractive index 1is
not possible. Titanium, manganese, and both ferriec and ferrous
iron raise the refractive index. Fluorine lowers the refrac-
tive index.

Hall questions Winchell's (1935) diagram relating
chemical composition to optic properties because titaniferous
biotites have much higher indices than even siderophyllite.

The effect of 1% TiO, on refractive index is calculated by
Hall to be + .0046, somewhat lower than the amount (.,0l) given
by Kunitz (1936).

The conclusion reached by Hall is that no sure infor-
mation can be obtained as to the chemical composition of a
biotite frbm its refractive index alone, since a biotite high
in iron and low in titanium mey have the same index as one

low in iron and high in titanium,
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Heinrich (1946 and 1953) states that the effect of
ferric iron in raising refractive indices in biotite is
approximately twice that of ferrous iron and about the same
as that of titanium. Observations on synthetic fluor-
phlogopite, prepared by the Electro-technical laboratory at
Norris, Tennessee, show that replacement of all OH by F
(about 9% by weight) lowers ¥ by .022. This value is about
half of the change in 7 produced by complete substitution of
iron for magnesium.

Optieal spectrographic technliques may be used for
semi-quantitative determinations of Mg and Fe, as well as for
egtimating relative amounts of Ti, Mn, Cs, Rb, Li, and many
other trace elements. An important disadvantage llies in the
fact that in studying rock biotites it is sometimes Impossible
to obtain a completely pure specimen., Admixed iron oxide,
chlorite, amphibole, and intergrown crystals of zireon, rutile,
sphene, and apatite would introduce large and unknown errors,
These would exist not only in spectrographic analyses but also
in standard chemical analyses. X-ray techniques obviate this
last difficulty because small amounts of admixed minerals do

not affect the structure of the mineral being studied.

The Method

W e

A common method of minerael identification using x-rays

involves determination of lattice consteants. For minerals in
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an isomorphous series such determinations are diagnostic if
the lattice constants change markedly for the ion peir con-
cerned but do not change for other compositional changes or
for any other reasons. The changes in unit cell dimensions
are discussed later, but it is sufficient to say now that
they are of limited use in determining the magnesium-iron
content of biotites.

Another possible method is to measure changes in
intensity of x-ray reflections with changes in magnesium-
iron content. Brown (Brindley, editor, 1951) has calculated
the variation in basal reflection intensities with variation
in magnesium-iron content of biotites, and has suggested a
method by which magnesium blotite may be distingulished from
iron biotite using x-ray powder photographs.

Because of varying degrees of preferred orientation
in powder mounts and of different forms of layer stacking in
the erystal structure it is desirable to use only basal
reflections in the measurement of relative intensities, even
though apparently one-layer monoclinic forms predominate

(Heinrich, 1953).
In order to determine the hest pair of reflections

to use for a precise determination of iron and magnesium
content, the contribution of each atom to the amplitude of
basal reflections has been calculated (Table 1 and Fig. 3).
The procedure used is outlined in the Appendix. It was hoped
that a situation exists where iron and magnesium make a large

contribution to intensity in one reflection and practically
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Table 1, Structure Amplitudes (F) for Basal Reflections.

No. z 001 . 002 003 004 005 006 007

B23 3.0 Mg 0 30,0 29.3 27.5 25.7 23.6 21.5 19.7

z:gg 0 12 40.9 3.1 ~27.2 -35.7 <2k.5 = 4.8 117

i:gq?;l 28 = T.h 3645 20,5 26.6 -28.0 -13.9 29.5

6.0 0 03[} “'29‘9 2005 3959 "‘2100 - 8¢5 22:6 "‘ll{p.l&
100 K 05 ""170# 16.5 -lln? 1302 ""1200 1008 - 907

Total 16.2 - 8.1 45.8 8.8 =49.4 36.2 36.8

Foale % 8.0 - 4.0 22,8 Lo -24.5 18,0 18,3

| Fovs) % 5.2 2.5 20,6 11.0 25.9 19.3 15.5

A F 2.8 1.5 2.2 6.6 1.4 1.3 2.8
B13 g.g §g+2 .

. e . 2l.
0.02 Fe+3 c 324,  31.8 29.9 27.8 25.6 23.5 21.3
0.03 Ti
1.5 OH
005 F 012 A0.0 3‘0 "26:2 *33.14- *22.7 el 1#03 10.5
L0 O
2,97 8i
0.95 Al 028 - 7-5 “‘36‘»1 2001& 26.5 "‘28‘1 "13.8 2903
0.08 P
6.0 0 o34 =29.,3 =20.5 40,5 =21.,0 = 8.5 22.0 «14.0
0.9 K - - - - .
0.04 Na o5 16.05 15.25 «13.7 12.3 12.1 10.0 8.9
Total 19.6 - 6.6 58,9 12.2 =~45.8 37.4 38.2
Feala 70 9.0 - 300 2609 5.6 '2009 1701 1705

A F .74 0u45 5.0 6.8 2.8 0.15 2.25
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001 002 003 004 - 005 006 007

F

T

A

OH

F 12
0

si

Al 28
0

234

0.06 Na .50

h.o 0 312
20575 Si ‘28

6.0 0 o34
0.025 Ca
0.130 Na .5
0.7535 K

Total

'Fcalc %

| Fobs| %
A F

49k 47.7 447 40,8 37.1  33.9 31.3

3908 3.0 “2603 ‘33.& '22;8 - k'h 1005

- 7.4 ”3600 2005 26Qh "2706 “1307 2901

*29;3 ‘2035 hg’h ”2100 hadd 805 2201 ‘1&.0
«15.1 14.3 =12.9 11.7 =10.5 9y = 8.7

37.4 8,5 66.4 24,5 =32.3 47,3 47.2
14.2 3.2 25.2 9.3 -12.3 17.9 17.9
18,7 3.6 19.2  13.0  16.9 1hke3 1443
Lab Ol 6.0 3.7 AN 346 3.6

53.87 52.06 L4B8.56 4h.22 40,13 36.48 33.32

39‘80 3.02 ""26.0 "32.7 "2203 A llrﬂa'] 10032
- 7;& -3602 ZOQA 26;5 “28(0 “13.75 29.2

29,2 =20.45 40,5 =21.0 = 8.5 22,05 =13.95
“lhqu lb006 -12»7 11.42 “llol? 9:3 - 803“

42425 12,49 69.76 28.44 =29.84 L49.81 50.55
14.9 Lhelh 24,6 101 -10,6 17.5 17.9
84 3.5 24,7 14 17.0  19.9 12.4
6.5 0.9 0.1 4.0 6.4 24 5.5




No. z 001 . 002 003 004 005 006 007
B 9 2.05 Fe
0.35 L1 0 58.2 5k 49.9  A45.h  kl.h 37.8  3h.2
0.07 in
0.5 Al
2000 W12 41,0 3.1 <2608 -35.1 -2huh - 47 115
30 M 28 - 7. -36.0 20,3 26,5 -27.8 -13.8  29.3
6.0 0 W3k =20.5 =-20.5 39.9 -21.0 = 8.7 22.7 -lh.b
o Ne o5 16,9 16,2 =1h.6  13.0 -11.8  10.6 = 9.5
Total b5.h  17.2 68,0 28,8 =31.3 52.6 5.1
Foaic P 15.5 5.3 23.2 9.8 -10.7 18.0 17.5
[ Fopg| b 8.5 2.5 2647 1.5 15,5 2045  15.3
AT 7.0 2.8 3.5 A ka8 2.5 2.2
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none in another. Such is not the case. Although the contri-
bution to intensity increases greatly with increase in iron
content, the contributions to various 00l reflections change
only slightly relative to one another.

One significent feature is that the (005) reflec-
tions are opposite in phase to (004 ) reflections, whereas
the Mg-Fe contribution to each of these is in the same phase,
This means that for substitution of Mg by Fe the inteasity
of the (004) reflection increases and that of (005) decreases.
Substitution for Si by Al, or for OH by ¥ has practically
no effect on intensities., Substitution of Na for K might
interfere because of the difference in atomic number, and
thus in scattering effect. Quite fortuitously the phases
of the struoture amplitude for K in (004 ) and (005) are
opposite so that substitutlion of Na for K has a similar
effect on both reflections and thus produces very little change
in the ratio.

Replacement of Mg or Fe by other cations is not
extensive, although it may be enough to interfere with the
curve, Manganese has almost the same scattering factor as
Fej; Al has almost the same scattering factor as Mg, Lithiumm
having a very small scattering factor, would act in the same
direction as Mg but more strongly. Where these elements are
greatly enriched, other minerals in the rock will frequently
indicate their presence - e.g., spodumene, topaz, and
muscovite. Where Al is abnormelly low, olivines and pyroxenes

may be associated with the biotite.
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Two types of working curve were prepared. The
first (Fig. 1) is a plot of the ratio of structure amplitudes
(F*s) of (004) to (005) against atomic proportion of iron
(100 x (Egzggzziﬂ. A line drawn through the points repre-
senting the analyzed specimens 1s straight, This is to be
expected because F is a summation, one of whose terms contains
the scattering factor (f). The second curve (Fig. 2) shows
the ratlio of uncorrected intensities for FeK radiation
against molecular % of Fe, as above. This form is more

readily used but because of a shift in glancing angles with

compositions 1s less accurate than Fig. 1.

Limitations

T W W W S Y

The use of the curves (Figs. 1 and 2) is limited to
biotites which contain principally magnesium and iron in the
octahedral positions. The ratio actually measured depends on
the relative amounts of Fe, Mn, Ti, Al (octahedral), Li, and
Mg in the structure, However, the effects of Mn and Ti
(£~ £ for Fe) tend to cancel those of Al and Li (£~ f for Mg),
and inasmuch as high concentrations of these slements may
frequently be detected optically some adjustment could be mede
to the observed ratio to correct for them.

A rare alkali biotite (Hess and Stevens, 1937)
gerves as a test of such a variety. In spite of the unusual

composition of the mica the observed ratio, Fe/lg+Fe %, falls

very olose to the curve (Fig. 1).
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A high degree of precision is attainable if a great
deal of care is exercised in preparation of the specimen.
The source of greatest error lles in not having the surface
of the powder perfectly flat and in the plane of the holder.
An uneven surface produces irregularly shaped peaks which
maey give large errors in intensity ratios.

The observed extent of these errors 1s indicated by
vertical lines (Figs. 1 and 2) through the points representing

the best values for the analyzed specimens.

Sample Preparation and Measuring Teshniques
The method found to give the highest degree of
precision is that desoribed by MoCreery (1949). The mica is
first reduced to powder by filing the edges of cleavage pleces,
or if the grains are too small to file, by grinding in acetone
with 120 grade carborundum in an iron morter. Impurities may
_be removed by heavy liquids and by magnetic separation.
Although ~400 mesh material gives the flattest surface
coarser sizes (up to ~270 mesh) are satisfactory especially
if the mica is not well erystallized. A greater degree of
preferred orientation is produced and basal reflections will
thus have greater intensity.
The powder is packed gently into a drilled 1/2%
diameter hole in a thin section slide, backed by another slide.
A third slide is placed on top and the whole turned over.

The original backing slide is carefully lifted off so that the
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surface of the powder is not disturbed. The ocompleted mount
is then bound at one end with plastic tape or drafting tape.
The latter was found more satisfactory both because of ease
in labelling the specimen and ease in removal if the mount
is to be reversed in the goniometer. An internal standard
may be mixed with the powder if desired.

A North American Philips X~ray diffractometer and
Brown recorder were used in all the work., Both copper and
iron radiation were used, but iron was preferred because of
improved patterns for iron-rich biotites, Preliminary
traverses were made at 50 kv and 10 Ma at 1° per minute
using 1° slits and a time constant of 2 seconds. This revealed
any impurities, such as ochlorite, amphiboles, or pyroxenes,
and gave the approximate 20 angles for all reflections.

The (004) ani (005) peaks were traversed at 1/8° per
minute. Accuracy was improved by measuring a number of
sample mounts a few times each rather than measuring the same
mount many times., If the specimen is well erystallized 1°
slits may be used but if not 4° slits are necessary to give
peaks large enough to measure.

Areas under peaks are measured with a planimeter,
with whieh precision of 1% is obtainable by three repetitions

of each measurement.

Accuraocy

W s W

The accuracy of the method could not be fully

investigated because of insufficient analyzed material.
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However, a spectrochemical method gives a rough check, A
curve of line intensity ratio versus iron concentration

was plotted using the available analyzed specimens and the
indicated iron content of several biotites was ocompared to
that given by the x-ray method (Fig. 4). Adequate
correlation was obtained where spectrochemical determinations
gave good reproducibility (about 1% spread in measured
Fe/lg+Fe ratio), but some diffioculty was experienced in
developing a technique for arcing biotites (see discussion

of spectrographic techniques in the Appendix). X-ray deter-
ninations on specimens from localities where similar material
had been analyzed elso gave satisfactory agreement (e.ge

Specimens B 18, B 26, B 7).

Unit Cell Determinations

Unit cell sizes were measured by using (004), (005),
(060), and where possible (200).

The powdered sample was mixed with an internal
standard of finely powdered (=400 mesh) silicon and x-rayed
as desoribed above. Results for ¢ sin A (dg;) end b are
given in Table 2 and Fig. 4.

For the chemically analyzed specimens and for those
checked spectrochemically a decrease in ¢ sin# is noted with

inerease of iron content. At first sight this seems anomalous



Table 2. L7} sing , _‘;_)2, and -’i‘-g Tor Bilotites
Spec. No. ¢ sin 4 b. a. Fe/Fe+Mg+Al
B 1 10.057 £  9.250 & 59 %

2 10,032 94223 33

3 10.081 9.245 50

7 10,046 9.250 71

8 10,010 9.232 1l

9 10,024 9.239 89

11 10,073 9.242 5.23 55

12 10.053 9.237 5.28 59

13 10,076 9.235 5.23 9

14 10.012 - 92

15 10,037 9.231 5.26 L7

16 10,103 94254 30

18 10.051 9.213 5422 11

19 10.051 - 9.243 5.28 61

20 10.072 94253 5424 68

21 10,072 9.250 5424 54

22 10.065 9.255 5426 81

23 9.985 9.179 5.22 0

24 10,017 - 32

25 10,087 94247 5.28 76

26 10.093 9.238 3

27 10,042 9.231 55

31 9.915 9.066 5.14 Muscovite

3k 10.066 9.216 51



1c.

Spec. No. ¢ sin @ b. a. Fe/Fe+Mg+Al
BeF 19 10.092 & 9.257 & 23 %
Be 74 10.103 9.257 35

G 43 10.095 9.251 29

BeF 14 10.096 9254 5.26 % 53

BH 9 3 10,095 9.260 48
E15 &4 10.097 9.251 43
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because the ionic radius of Fe*? (.74 E, Ahrens, 1952) 1is
larger than that of Mg*? (.67 2). However, similar changes
are shown by chlorite (von Engelhardt, 1942). This

phenomenon may have the following explanation., Iron has

more than twice the polarizing power of magnesium*, and may

so polarize the OH layer as to reduce the distance between
apiecal oxygen atoms and thus partielly collapse the structure.
No great increass in b was found such as was found in chlorite
by von Engelhardt.

The effect of F was studled in a few analyzed
phlogopites., Complete replacement of OH by F reduces g‘sinxg
by about 0.1l X (see Fig,., 4) and a rough measure of F content
may be made as indicated in Fig. 4.

In iron~blotites where more aluminum commonly
substitutes in both octahedral and tetrahedral layers, the
effect of F 1s obscured - as for example in B 9, which is
rich in both T and Al. Aluminum apparently inoreases ¢ sin
but lacking analyzed material positive tests could not be made.

A test on metamorphic biotites from Vermont** indicate
that they have a larger d,g; spacing than do igneous, This

may be caused by a high percentage of aluminum, a low confining

* Using %% , polarizing power for Mg = 335 and Fe = 720 (see
Evans, 1948, p. 181, and Ahrens, 1953).

**T0aned by Professor G.J.F. MaocDonald of the Department of
Geology and Geophysies, Massachusetts Institute of Technology.
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pressure during erystal growth, a partial substitution of
water for potassium, or some other cause. A granite with
"cold" contacts from the same area contains a biotite with
& larger-than-normal Q001 spacing. Further work is required

on this phase of the subject,

Relation of Physical Properties and Composition

to Environment

Several studies have been made of the variation in
composition of blotites with respect to variation in their
parent rock type (Nockolds, 1947 and Heinrich, 1946, 1953).

A few of the more significant conclusions are outlined below,

In a study of Caledonian igneous rocks from Western
Scotland, Nookolds (1947) found that in calc-alkali igneous
rocks those biotites assogiated with highly aluminous minerals
are rieh in Al03, those associated with hornblende, pyroxene,
or olivine are low in Al;03, and those which occur alone are
intermediate. He concludes that the Al/Mg+Fe ratio is deter-
mined by the paragenesis of the rock, but the Fe/Mg ratio
depends on the degree of differentiation of the source magma,
or upon the amount of contamination by assimilation of country
rock. In other words the Al/Mg+Fe ratio reflects the environ-
ment, whereas the Fe/Mg ratio reflects the composition of the

rock as a whole,
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The explanation of this relationship may be as
follows: Aluminum can enter into limited substitution with
Mg and Fe in the ootahedral positions of blotites, 1In
aluminum-rich rocks, then, the biotites can take only part
of the aluminum, and separate aluminum-rich minerals will be
formed -~ such as muscovite, spodumene, and topaz. In
aluminum-poor rocks the available aluminum will be used by
biotite and the associated minerals will be non~aluminous,
e.g., pyroxene, olivine, and to a certain extent amphibole.
Substitution of Mg for Fe in biotites is complete, however,
and the ratio of Mg to Fe in any biotite 1s probably that of
the rock magma at the time of formation of the blotite.

Heinrieh (1946) astudied the relation of the chemical
variation of blotites to geologic ocourrence. He plotted
ratios of FeO+MnO, Fep03+Ti02, and Mg0™ in blotites from eight
rock types and found that the ratios fell into restricted
fields. The ratio of FeO to 33203 does not vary greatly with
rock type but the ratio of total Fe to Mg varies from close
to zero to a very large figure equivalent to the segquence of
Bowen's fraotional erystallization series.

The explanation of this may lie in the relative
bonding energiles of magnesium to oxygen and iron to oxygen.
Because of its grsater ionization potential magnesium tends
to form a stronger bond with oxygen than does iron, so that
megnesium silicates have in general a higher melting peint

than their iron analogues, (Ahrens, 1953).
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Conclusions and Suggestions

for Future Research

The foregoing method of determining the extent of
megnesium~iron substitution in blotites by x~-ray diffractometry
makes use of a ratlo of x-ray intensities that is very
sensitive to changes in the amounts of magnesium and iron and
relatively insensitive to other compositional changes. The
chief disadvantage of the method is that manganese, lithium,
aluminum, and titanium, which may substitute in the octahedral
sites, are not detected.

Careful measurements of cell dimensions indicate
that these are of little velue in determining composition but
do show systematic changes for which explanations can be
suggested.

The intensity method is rapid and reasonably
acourate, It may find considerable use in studying changes
in the magnesium-iron content of rocks in metemorphic zones,
and in more precise classifieation of igneous rocks then is
at present possible by petrographic methods.

Further research, using similar methods of determining
iron/magnesium ratios, is reocommended for other minerals. In
fact the method may be applied to any solid~solution series
in waich the substituting elements have a large difference in

atomic number (and thus in atomiec scattering factor). Some
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of the more obvious series are: olivines, amphiboles, pyrox-
enes, carbonetes, chlorites, montmorillonites, epidotes,

garnets, spinels, and tourmalines.
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PART II. Appendix

Review of the Literature

In a recent publication Heinrich et al (1953) have
made a thorough review of the literature on blotites and the
reader is referred to this work for complete information. A
13-page bibliography is glven which includes most of the
important papers up to 1952. The form used by Heinrich et al
will be followed here in order that the interested reader may
more easily investigate features of the work not desecribed
here in detail, Heinrich's project on the natural history
of micas was for the purpose of investigating physical proper-
ties, crystal structure and composition of natural micas as
related to geological occurrence and genesis.

Micas are important both economically and petro-
logiocally. Their wide distribution and their mode of occur-
rence render them of great use in establishing the environment
in which they and thelir parent rock originated.

The structure of micas was first studied using
x-rays by Mauguin (1927, 1928a, b), who determined their unit
cells and symmetry and discussed isomorphous replacement.

He calculated the cell contents and found that the number of
oxygen, hydroxyl, and fluorine atoms always totals twelve In
the structural unit.

Pauling (1930) outlined the general structural

scheme of micas, in particuler the sequence of basal layers.
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Jackson and West (1930, 1933) in their structural analysis
showed this scheme to be correct.

Details of the mica structure may be found in many
papers and textbooks (Bragg, 1937; Evans, 1948; Wells, 1950;
Hendricks and Jefferson, 1939). The basic structural unit
is the grouping of 51oh tetrahedra by sharing three oxygen
atoms to form a continuous hexagonal sheet. In most micas
one~-quarter or more of the silicon is replaced by aluminum
giving a sheet with the composition (Si3Alolg)‘5. These
sheets are paired, with the vertices of the tetrahedra
pointing toward each other and offset one-half the diameter
of a tetrahedren. Octahedrally coordinated magnesium, iron,
and aluminum atoms link the tetrahedral sheets. The holes
between adjecent oxygen atoms at the vertices of the tetra-
hedra are occuplied by OH groups or by F atoms. The structure
forms a tightly bound double sheet which is linked to the
next sheet by loosely held ﬁatassium or sodium in twelve-
fold coordination. These plenes mark the eminent basal
cleavage.

The general formula for mica according to Berman
(1937) is

W(X,Y),_4%,050(0,0H,F),

where W = K with subordinate Na, Ba, Ca,
X = Mg, Fo*?, Mn*?, Li
Y = Al, Fe*3, Ti (subordinate)
7 = 8i/A1 5/3 to 7/1.
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The atoms represented by W have twelve-fold
coordination, those represented by X and Y have octahedral
(six=-fold) coordination, those represented by Z have
tetrahedral (four-fold) coordination. Table 3 gives a
schematic representation of the various types of mica,

Polymorphism in the micas was first noted by
Mauguin who found the ¢ axis of biotite half thet of musco-
vite. Hendricks and Jefferson gave a complete aceount of
the polymorphic variations of which they found seven.

Axelrod and Grimaldi (1949) found another polymorph (3-layer
monoclinic muscovite) and Levinson (1953) described & new
variation named by him "lithian nuscovite",

Heinrich's x-ray work consisted mainly of identify-
ing different polymorphs of miea by means of O-level
Welissenberg photographs. Powder methods wers used only where
erystal development was poor, crystals were minute, or
extinctions were poor. Polymorphs of phlogoplite and biotite
cannot, according to Helnrieh, be distinguished by the powder
method.

The classification of micas is a large topic and
is deseribed by Heinrich in detail, The historical develop-
ment of classifications iz outlined and a classification is
given based on chemistry end structure. The specles of mica
are muscovite, paragonite, roscollite, lepidolite, taeniolite,
zinnweldite, phlogopite, and blotlite, of which for this study
only phlogopite and biotite need be considered.
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Phlogopite has the formula

Sodium can substitute for K up to nearly K/Na = 1/1 (Harada,
1936); and minor Rb, Cs, Ba, and Ca may also proxy for K.
In the octahedrel position Mg*z greatly predominates but
Fe*2 and small amounts of Mn, Fe*3, and Ti may be present.
Very few phlogopites contain any octahedral Al.

The Si/Al ratio is 6/2 or greater. There is no
compositional boundary between ferroan phlogopite and
magneslan biotite. If a division is required Heinrich
suggests that where the ratio of Mg/Fe is greater than 4/2
the mineral should be classed as a phlogoplite. The following
are synonyms for phlogopite: aspldolite, hydrophlogopite,
magnesia mica, octophyllite, pholidolite, and rhombic mica,

One-layer monoclinic (1 M) phlogopite is the most
common type. Others are: two-layer monoclinic (2 M), and
three-~layer hexagonal (3 H). Varieties of phlogopite, in
addition to the three polymorphs are: manganophyllite and
titanian phlogopite.

Blotite has the general formula
K(Fezug) 3__2 (FGBAlTi ) 0*1313_2&9‘12\/1-3010‘11 ( OH,F) 2l

Some MNa, Ca, Ba, Rb, and Cs may substitute for K. Manganese
substitutes for some Fez, F for OH, and Mg may be almost absent.
Total F and OH may be very low (Walker and Parsons, 1926).

Synonyms for biotite are: ennite, euchlorite, haughtonite,
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heterophyllite, hexagonal mica, iron mica, lepidomelane,
meroxene, odenite (or odinite, odite, oderite), rhomben-
glimmer, titanmics, uniaxial mica, and waddcite. Hypo-
theticael end members are: eastonite ~ KpMgsAl, Sis020(0H),,
annite - (hydroxy and fluor) KFe3Al3i3010(OH,F)2,
siderophyllite - (hydroxy and fluor) I@e%(Al,FeB)SiBOlO(OH,F)z

The most common polymorph of biotite is the one-
layer monoclinic (1 M) type. Others are: two-layer mono-
elinic (2 1), three-layer hexagonal (3 H), six-layer
trieclinic (6 T) probably 1 ¥ or 2 M , twenty-four-layer
triclinic (24 T), and eighteen~layer triclinie (18 T). 1In
addition to the above polymorphs the following varieties are
listed: caleian blotite (14.3% Ca0d), validity doubtful,
manganian biotite, ferroan and ferrian biotite, 1ithian
biotite, and titanlan bvlotite.

Heinrich found, in a study of 80 phlogopite corystals
by the Welssenberg method, that 75 have a one-layer moncclinic
structure, three have the two-layer monoclinic, and two the
three-layer hexagonal polymorph. He attempted to correlate
polymorphism with paragenesis of both phlogopltes and biotltes
but found no evident relationshlip.

New struectural data are given for several biotites.
Neither the é-layer nor the 24-layer triclinic forms were
found, A study of 80 pegmatitic blotites from 15 pegmatites
in the southeastern United States shows that about 50 have
erystallized as the 2-layer nmonocliniec polymorph, 15 as the
3-layer hexagonal polymorph, but only 1l as the l-layer
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monoclinic polymorph. Biotites from Bancroft and the
Wilberforce districet in Ontario are predominantly l-layer
forms as are most other blotites.

The optiecal properties for phlogopite are given

as Tollows:

Refractive indices:
< = 1,530 - 1.573
3 = 1.557 - 1.617
Y = 1,558 - 1,618
Birefringence:
¥V -x = 0,028 = 0,049
2v = 0 - 12, optiecally &
Dispersion: r<v weak to dlstinct
xre = 0% « 4° Y= b zra = 0° - 5°
Optic plane ( to (010); L to (010) only in

2«layer forms (rare).

+2 and

Indices and birefringences increase with Fe
¥n content, but change more rapidly for similar increments
of Ti and Fe*3., Titaniferous phlogopites have indices as
high as o = 1,599, ¥ = l.643.

Color varies from colorless to nearly black. The
depth of color increases with an increase of Fe*? and
particularly with increasing Fe*3 and Ti. The latter is at

least partially responsible for the reddish tints of some

phlogopites.
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Asterism in phlogopite is ocaused prinecipally by
rutile inclusione oriented along the principal crystallo-
graphic directions. The inclusions may be randomly or
zonally distributed. Color zoning has been observed and
may be progressive or oscillatory. Most zoned phlogopite
tends to be darker in the core and to contain more rutlle
inclusions,

The optical properties of blotite are:

Refractive indices:
> = 1,565 = 1.625
B = 1,605 = 1.675
¥ = 1,605 - 1.675
Birefringence:
Y act = 0,040 = 0,060
2v = 0 - 25°, optiecally
Dispersion: r>v or r<v
x~rc = 89 - 220 y=Db zra = 0° - 9°
Optical plane '\ to (010), less commonly
(only in 2-layer polymorphs) iy to (010).

Indices vary as described for phlogopite. In some
rare ferrian bilotites ¥ may reach 1.73 and Y = = 0,80,
Color varies from green to brown to reddish-brown
to black., Titanium, ferric oxide, and manganese produce
reddish-brown to black color, ferrous oxide a blue-green color.
Zoning has been observed, but perhaps because of

the darker colors has been less widely recognized then zoning
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in other micas. Pegmatitic biotites examined show no zoning,
and after studying over 100 specimens Heinrich concludes that
zoning in bilotite is very uncommon,

Igneous phlogopite occurs in ultramafic rocks, in
lamprophyres, in potassic rocks, end in a few rare extrusive
rocks., Metamorphic phlogopite ocecurs in marbles and magnesiume
rich gneisses. Hydrothermal phlogopite ococurs in veins with
apatite and calcite in pegmatite and pyroxenite in Quebec
and Ontarilo.

Biotite occurs in most intrusive rocks and is most
abundant in the salic types. It may be primary or dsuteric;
in the latter case from the aection of late fluids on horn-
blende, augite, or magnetite. Bilotite phenocrysts are wide-
spread in intermediate to sallec extrusives. In metamorphic
rocks Sietita is a stable mineral over & broad pressure-
temperature range over & wide range of rock composition.

Heinriech has shown by means of a triangular plot a
systematic variation of composition of biotites according to
source rock composition, which is chiefly an enrichment in
iron towards the more salic rocks., Chapman and Williams
(1935) have observed that in the transition from gabbdbro to
granite biotite will show a decrease in Si, Ti, Al, and
particularly Mg with a corresponding increase in Fe. Inoue
(1950) reports & similar variation for nepheline syenite
and nepheline pegmatite, as well as an enrichment of Mn in
biotites of nepheline syenites. In a complex ranging in
composition from pyroxene-mica dilorite to porphyritic grano-
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diorite, Nockolds and Mitchell (1948) rind that the biotites
show a progressive decrease in 3i, Ti, and Mg and an increase
in Al, Fe*B, and Fe*% on progressing from the diorite to the
granodiorite, The trace elements Ga, Mn, and Rb increase in
late biotites, whereas Cr, V, Cu, Ni, Co, and Sr decreass,
Barium remains constant in early biotites and decreases in
the late stages; L1 incereases rapidly in the early blotites
and later remeins about constant.

The position of Ti in the biotite structure is not
known although Serdiuchenko (1948) in a discussion of its
role concludes that at low temperature and in an acid medium,
Ti proxies for Mg, whereas at high temperature, and in a
more alkaline medium Ti may proxy for Si. Jekob (1937)
maintains, however, that Ti is not found in the tetrahedral
positions. Prider (1940) discusses a titaniferous phlogopite
in which some of the Ti must be grouped with Si and Al to
£i11 the tetrahedral positions. Machatschki (1930) states
that T1 may not replace Si at low temperature, because of the
difference in lonic radius, but may at high although there
appears to be @ great tendency for tltanium oxides to exsolve.
As Bragg (1937) points out it seems unlikely that, &s Ti in
other minerals shows octahedral coordination execlusively, it
should be tetrahedrally coordinated in micas.

Obviously the problem is not solved. Serdiuchenko's
conclusions may not be valid if the tetrahedral sites do not

have to be completely filled or if the analyses he used are

inaccurate.
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An important paper by Nockolds (1947) describes a
trend of variation in chemical composition in mica with
respect to variation in roeck type which was discerned as a
result of a study of Caledonian igneous rocks from western
Seotland.

The chsnges in chemlcal composition were plotted
on triangular diegrams using Alp03, Mg0, and total iron as
Fe0 as the splces, Of all the analyses available only about
70 were used, the rest being discarded for any of the

following reasons:

(1) Many old analyses and even some modern ones made
on impure material do not conform to the structural formula
of the mica group.

(2) Many enalyses were made by inaccurate methods
giving results not in conformity with the mica structure.

(3) In many instances no mention was made of the
assocliated minerals or of the mode of origin of the rock.

(4) In meny analyses F is not given.

1. Blotites from Cele-Alkali Igneous Rocks.

Those associated with highly aluminous minerals
are rieh in Alp04 (e.g., muscovite, topaz, spodumene).

Those associated with hornblende, pyroxene, or
olivine are low in Al303.

Those which occur alone are intermediate.
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The boundary lines are roughly parallel to lines
of equal alumina content and the conclusion is reached that
the ratio Al/Mg+Fe in biotites from calec-alkalic igneous
rocks is determined by their paragenesis whereas the Fe/lg
ratio depends not on paragenesis but on the degree of
differentiation in the rock magma from which it formed, or
upon the amount of contamination of the magma by essimilation
of eountry rock.

In other words, the Al/Mg+Fe ratio mirrors the
environment, Fe/Mg the composition of the rock as a whole.
Thus the Al/Mg+Fe ratio gives information about the texture,
paragenesis, mode of origin and presence or absence of certain
other minerals, whereas the Fe/Mg ratio gives informetion
about the rock composition, the extent of differentiation,
the possibility of contamination, the probable composition
of other ferromagnesian minerals, and the probable tempera-
ture of orystallization. These ratios, of course, must be
used in connection with other petrologic data but may be of
considerable assistance in the study of both igneocus and

metamorphlec rocks.

A further clasgification of rocks may be made
using the Mg/Fe ratio in biotites just as the Na/Ce ratio

is used in feldspars,

Noockolds considered each paragenesis in turn,
i.e., association with topaz and spodumene,
assoclation with muscovite,

biotite oceurring alone,
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assoclation with hornblende,

association with pyroxene and/or olivine.

A graph of the varistion in metal content in various positions
in the biotite structure shows significant changes only in
Al (octahedral), Mg, and Fe. The Al content in the octahedral
site increases steadily as the paragenetic sequence proceeds
from mafic to salie environments.

The Fe/Mg ratio shows greatest variation but
Nockolds states that this variation depends not on paragenesis
but on the extent of differentiation in the rock. (If biotite
ocours alone or with muscovite the rock is more highly
differentiated than if it is associated with hornblende or
pyroxene. )

In paragenesis (1) (assoclated with topaz ete.),
the silioca to alumina ratio in the tetrahedral position 1s
much higher (a very siliceous melt, i.e., pegmatitic stage).
For the same reason the Fe/Mg ratio is greatly increased.
This is no doubt related to impoverishmert of Mgz in the magma

by erystallization of magnesium-rich minerals.

2. Biotite Micas from Alkell JIgneous Rocks.

Very few analyses were aveilable for this phase of
Nockolds' study. The results are similar to those irn cale-
alkaline rocks but are not so well defined. Aluminum
inereases in lower-temperature rocks., This may be due to the
faet that the composition of the rocks does not reflect this

temperature change because the rocks already represent extreme
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differentlation or extrems contamination. It is noted that
the Mg content is not high except in the case labelled P by
Nockolds. This is blotite from Fitzroyite of Western
Australla, This roek, although it contains no mafies except
blotite, does show pseudomorphs of olivine and minor diopside
and thus must have been high in magnesia originally.

Nockolds' Table V shows extremely erratic Fe/lg
ratlos for different mineral associations. Nepheline syenite
may form at least in some instances by contamination of a
magma by limestones or other silica deficient rocks. Quite
possibly those biotites high in megnesium were formed in
nepheline syenites rich in magnesium by contamination from
dolomites rather than limestones and the biotite merely
reflects the Mg/Fe ratio in the nepheline syenite as & whols.

Previous attempts have been made to distingulsh
micas on the basis of x-ray data. These are described in
detail by Brown (Brindley, editor, 1951). Isomorphous replace-
ment may alter both the unit cell dimensions and the reflec-
tion intensities., According to Brown the only reflections
of known relationship to structure are the (00l) series and
the (060) reflection. Intensity calculations can be made
only for the (00l) series because of the effect on the other
reflections of different polymorphs.

Isomorphous replacements occur between Si and Al
in the tetrahedral layers, among Al, Mg, Fe'?, Fe'3, 71, and
Li in the octahedral (also X, Na, Ba, Ca, Rb, Cs in K layer)
and among F, OH, 0 In OH layer.
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Negelsehmidt (1937) distinguished two main types,
the muscovite type and the phlogopite-blotite type. The b
dimension of the unit cell for muscovite is given by Bragg
(1937) as 9.02., This gives a spacing of 1.503 for (060)
compared to 1.53 to 1.55 for phlogopite-biotite (a b distance
of 9.18 to 9.30).

Brown derived a formula for the calculation of the
b axis from the chemical constitution of a mica, and has
made calculations of the intensities of basal reflections for
various substitutions. The substitution of BMg*Z for 241+3
increases b, from 8.90 (for pyrophyllite) to 9.10 (for talc).
Assuming inEQease per ion to be linear and proportionel to
the ionic diameter, the following table can be constructed

which gives the effect of substituting each ion for one A1+3
in the octahedral layer:

Ion JIncrease per ion (kX units)
Mg*? .066
L1’ 066
Fet3 .032
Fot? .083
Ttk .022

Brown finds better corrslation by treating all iron
as Fe*? and Li as Al. His formula is b = (8.90 + 0.12 A1+ IV
+ 066 ug?* VI + ,083 Fe VI 4 0.022 Ti4* VI kX) where
A13+ IV = pumber of Al3+ ions in tetrahedral coordination,
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Mg?* VI - number of Mg®* ions in octahedral coordination,
Fe Y1 = number of iron ions in octahedral coordination,

ri%* VI o pumber of Ti** ions in octahedral coordination.

In caleulating basal intensities, Brown found that
the substitution of Al*3 for Si*¥# makes very little difference,
and only those in the octahedral make a large difference.

Li* and Ti*¥ rarely occur in quantity and are omitted from
the caloulations. Al*3 and Mg*? have similar scattering
curves as have Fe*3, Fe*2, end Mn.

Brown proposed that a guess at the content of the
octahedral layer could be made by comparing calculated and
observed values of intensity. He recommended that for
dioctahedral micas the second-order reflection be compared
with the first and third, and that for trioctahedral micas,
the third and fifth should be compared. In the first case
aluminous muscovites will have a second-order reflection of
about the same strength as the first and third and iron
muscovites a weaker second-order reflection., Magnesian
biotites will have third- and fifth-order reflections of the
same intensity but iron biotites will have a stronger third
order than fifth order.

As shown in the body of this report these principles
are not violated by the present study but are so amended that

it is best not to make use of the graphs as given by Brown.
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Analytiocal Data

Chemical analyses were avallable for only five of
the specimerns studied. These are presented in Table 4.
Hundreds of biotite analyses are to be found in the litera-
ture. Compilations have been made by Doelter (1917), Hall
(1941a, b}, Heinrieh (1946), and Nockolds (1948). Many of
them show poor agreement with ideal structural formulae
and may have been made on impure material or by inaccurate
methods. One hundred of the more reliable have been plotted
on a triangular diegrem (Fig. 5) showing ratios of Fe, Mg,
and octahedral Al. The diagram shows the blotite~phlogopite
field, the muscovite-ferrimuscovite-picrophengite field, and
a supposed "forbidden" field, However, some biotites
apparently contain snough oetahedrally coordinated aluminum
to invade this field. It 1s noteworthy that all of these are
assocliated with aluminous minerals such as topaz, spodumene,
muscovite, and beryl. The source rocks for various biotites
are indicated on the plot, and occupy fairly definite, although
overlepping, fields. A greater tolerance for octahedral
eluminum is indicated in ironerich varieties. To show the
iron-magnesium ratios directly the data are also presented in
a more simplified plot (Fig. 6) showing the range in irone
magnesium ratios for bilotites of each major rock typo.

The desirability of determining the iron-magnesium
ratio is clearly shown. Xach rock type contains biotites of

limited compositional range. It is important to know not
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Table 4. Chemical Analyses.

B 23 B 13 B 19%* B7 B9

S10, 4b2.50%  42.,19%  34.10%  33.07%  37.01%
Ti0, 0.61 4490 3.84 0.02
A1504 12.35 12.60 16.65 16.32 15.89
Fey03 0.04 0.33 3.86 5497 Trace
Fe0 2.91 17.75 22.46 30.16
Hno 0.02 0.59 1.01
Mg0 28436 25.61 7.91 5.85 0.22
Cal 0.14 0.06 1.08 0.26 0.10
Na,0 0.06 0.31 O.45 0.87 0.58
K20 10.88 9.91 7.50 7.92 9.02
L1,0 1.01
Rby0 0.19
Cs,0 0.12
F 9.30 2.66 2.04 3.88
Cl 0.24
Hy04+ 2.8, 3.48 3.87 1.92
H,0~ 0.33 0447
P05 0.13
I%ﬁéelgas at 0.15

103.78 100,51 100.78 100.43 101.37
less 0 for F 3492 l.12 0.89 - 1.68

99.86 99.39 99.89 100.43 99.69

* This specimen contains 8% chlorite (nY = 1,630, Dy=Ny = 0.00)
for which adjustment is made.
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only that the blotite composition falls in the range given
but also what the composition is in terms of iron and
magnesium. Mineral assoclation and optics will indicate
‘unusual enrichments of rare alkalies, fluorine, and aluminum
but will not give iron and megnesium content. The x-ray
intensity method does this satisfactorily enough to be of

some use in petrologic studiles.

Spectrographic Technigues

To supplement chemically anslyzed materlal as a
check on the x~ray method six specimens were analyzed
spectrochemically for iron and megnesium. The working curve
(Fig. 5) vses the ratlo of intensities of the iron line at
2929 2 to the sum of the magnesium line at 2779 £ ana the
same iron line. This ratic is plotted against the atomic
ratio of iron to magnesium plus iron. The curve was set up
using three chemically analyzed specimens of which enough
material was available. The spread of points is about the
same as for the x-ray method if all trials are taken into
acocount. However, if results of poor burns, which are
generally a long way from the average value, are omitted,
precision is increased to + 5%, At least three and preferably
six arcings were necessary to be sure of the correct average
value. The chief cause of inaccuracies is thought to be the

nature of the burn, and considerable attentlon was devoted to

4
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improving its characteristics. In the early stages of the
work an internal standard consisting of a mixture in the
ratio of 1:2 of calcium carbonate and carbon was used. In
spite of preheating the electrodes, the burn was erratic
and noy infrequently the entire sample jumped out of the
electrode shortly after arecing started. Omitting the
internal standard improved the burn somewhat but much
greater success was attained by the use of an air jet
(stallwood, 1954). A slightly revised model (Stallwood,
personal communication) was built in the Geology Shop and
installed on a medium Hilger spectrograph. The Inatitute's
compressed air supply was used with a large carboy serving
as a water-settling tank and receiver. Pressures were
measured on a mercury manometer. The Jet was held in
place by a laboratory clamp which was attached to the elec~-
trode support of the spectrograph by alconvarted flood«-lamp
holder. This gave freedom of movement of the Jjet for ease
in adjustment and also insured that once adjusted the jet
waes moved with the electrode system. Although Stallwood
recommended an air pressure equivalent to 6 inches of
meroury, this was found to be excessive. Three and a half
to four inches appears to be sufficient to cool the lower
electrode without causing loss of sample by too strong an air
current.

As a final attempt to improve the burn, tests were
made using fused borax as a diluent. This appeared to reduce
the number of sample losses by "popping". Precision was not

greatly affected.
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The following arcing conditions were used: quartz
optics over a wavelength range of 2600~4100 X, 8lit height
12 mm,., slit width 0.06 mm., Eastman Kodek l-N plates, a 7-
step rotating sector - steps 1:2:4:8:16:32:64, 1/8 inch
diameter lmpure graphite electrodes with a 1 mm, diameter
and 3 mm. deep cavity, and anode excitation 6 amp. current
arced to completion (20-25 seconds). The analysis lines are
Fo 2929 and Mg 2779. This procedure which was developed by
Dennen and Fowler (1954) is applicable to the following
major elements in rocks and minerals: Al, Mn, S8i, Ti, Ca,
Na, K, Fe, and Mg. The procedure has the advéntage that
sensitive lines of all of these elements as well as sSome

less common elements all sppear on\ona plate.,

Crystal-Structure Analysis

A brief note on crystal-structure anaelysis procedure

is included to aid in future work along'the lines established

here.
In order to select a pair of reflections useful for

determination of change in composition of an lsomorphous
mineral series, it is necessary to have a rough idea of the
crystal structure and of the contributions to various reflec-
tions by each atom of the structure. Several works are devoted
to crystal-structure analysis or contain useful information on

the subjeet and the reader is directed to them for complete
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information: (see Lipson and Cochran (1953), Lonsdale (1936
and 1948), Buerger (1942), Henry, Lipson, and Wooster (1951),
Bijvoet, Kolkmeyer, and MacGillavry (1951), and Bragg (1937).)

Atomic parameters for micas are given by Jackson
and West (1930) and by Hendricks (1939). Hendricks' values
for biotite have been used in the calculation of structurs
amplitudes (see Table 1 and Fig. 3). Although complete
agreement is not shown, the strueture is roughly correct so
that the contribution to any basal reflection by each atom
can be determined.

An example of the calculation process 1s given in
Table 5., All multiplication was performed by sllide rule which
gives only three-place aceuracy. Thie does not matter in this
study, nor does it matter that the values for ¥, ,, and F,q1,
show poor agreement. The important feature is that the
calculation of F for each group of like atoms shows their
contribtution to intensity of x-ray reflections of any set of
planes considered., The best possible choice of planes can
then be made for the determination cf composition of an iso=
morphous series. The procedure for calculation of structure
amplitudes is in the general case long and tedious. The
structure amplitude (F), or as it is sometimes termed, the
n"gtructure factor", may be obtained as the sum of the contri-

butions of the atoms in the unit eell given by the equation
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Table 5. Struocture Amplitudes for Basal Reflections
Specimen B23 - Synthetlc Fluorphlogopite,

KMg3Si3Al; ,03010F2.08
001 Atoms z £  af oos 21z E(+) E(-) |Egarel Eovsl.,
001 3.0 Mg 0 10 30 1 30
2.08 F 12 9.5 19.8 «729  14.2
4.0 O 12 9.3 37.2 JTR9 26.7
3-0 Si .28 9'9 2907 - 03-87 505
1093 Al 028 9.9 10.2 - ‘187 3...9
600 0 ¢310' 9«3 55-8 - -536 2969
1.0 K o5 17.14' 17-1& - l 17-‘}
709 Shs7
16.2 8.05 5.25
002 9.8 29.3 1 2943
8.7 18.2 063 1.1
8.0 32.0 063 2.0
907 2901 - 0930 27.2
9.7 10.0 -« ,930 9.3
8.0 48.0 - 426 20,5
1645 16.5 1 16.5
48.9 57.0
- 8.1 b.O 2.5
003 9.2 27.5 1 27.5
7.7 1600 hud -637 10-2
6.7 26.8 - s637 1700
9.5 28.5 536 15.3
9.1‘ 9'7 0536 5.2
6.7 40.2 992 39.9
11{»09 114'-9 - 1 l‘t—*9
87.9 L2.1

L5.8 22.8 20.6
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001 Atoms z I nf cos 21z F(+) F(-) |Euayq/ [Eobs
%, %
OOA 3.0 Mg 0 806 25-7 l 2507
2008 F 012 607 lli-vo had 0992 13 Q9
k.O 0 013 5.5 22.0 - .992 2108
3.0 81 28, 9,15 27.4 729 20,0
1.03 A1 .28 8.9 9.1 <729 6.6
6.0 0 3 5.5 33.0 - ,637 21,0
1.0 K «5 13425 13425 1 13.25
65.55 56.7
8.85 Lot 11,0
005 7.9 23.6 1l 23.6
5.7 1l1.9 - .809 9.6
boé lgcb - «809 14.9
807 26¢1 had 0809 2101
8.3 8.5 = (809 6.9
L)»oé 27.6 - 0309 8-5
12,0 12,0 - 1 12.0
23.6 _73.0
-49d 2.5  25.9
006 7e2 2145 1 2145
lna 10.0 - n187 109
309 15a6 - §187 2.9
842 246 - 426 10.5
7.8 8.0 had ‘k26 305
3.9 2344 969 22,6
10.8 10.8 1 10,8
54.9 18.7
36.2 18,0 19.3
007 6.6 19.7 1 19.7
Ll 8,5 «536- Leb
3.3 13.2 «536 Tl
Te7 23.1 967  22.4
Te2  Tobs 2967 7.1
3.3 19.8 - ,729 1h.h
9.7 9.7 - 1 9.7
60,9 24,1

36.8 18,3 15.5
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Fyy = o Tnia, 08 2r{hxptkypslzy) + ) Fyp o sin 2m(hxgekypelzy)

where n is the number of atoms per unit cell,
X, ¥, and z are the atomic parameters,
f is the atomlec scattering factor of the nth atom,
h, k, and 1 are the Miller indices of the

refleoction in question.

If only basal reflections are considered, terms
involving h and k disappear. Also if the orystal is centro-
symmetrical an atom having coordinates xyz is always accompanied
by one at ziz and wave contributions occur in pairs of equal
magnitude and opposite sign (Buerger, 1941). Thus in the ocase
of blotite

g; * g;n cos 2Tz

for 001 reflectlons,

The values of f for each atom vary with the glancing
angle and the wavelength of the x-ray beam. For routine work
a large-seale graph should be prepared from data available
in the Internationale Tabellen zur Bestimmung von Kristall-

strukturen, Vol. 2, page 568 (1935). The absclissa chosen
should be the glancing angle (or its sine) for the wavelength

of the target used, Values for cos 271z are obtained from

the tables designed by Buerger (1941).
The product of the atomic scattering factor and the

function cos 27lz is the structure amplitude (F) of each atom
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for the reflection in question. Their algebraic sum gives F
for each 001 reflection. These calculated ¥'s may then be
compared with the observed F's to determine how well the
atomic parameters were chosen. If necessary a temperature
factor 1s taken into account.

Observed intensities are converted to observed F2
by making the Lorentz and polarization corrections and if
necessary absorption and extinetion corrections. The
Lorentz-polarization correction for powders is given (Inter-
nationale Tabellen, etc. 1935) as

1l + coa2 20

Lep =
sin?@ cos ©

A large graph prepared from the tables is convenient for
routine work. F is determined as the square root of the

corrected Iintensity.
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List of Specimens-

B 1. Biotite from granite, Chester, Nove Scotia, (M.I.T.
No. R 1710).

B 2., Biotite from gabbro, Tehawus, New York.

B 3. Biotite from Capilano quartz diorite, Vancouver, B.C.

B 7. Biotite from Miask, Ural Mountains (Herzog's No. 20).

B 8. Phlogopite, Hadderspell Twp, Quebec (Whiting's No. 18).

B 9, Siderophyllite. Brooks Mountein, Alaska (Whiting's
No. 28).

Bll. Biotite from alnoite, Stovanset, Alno, Sweden,
(Whiting's No. 72%).

Bl12. Biotite, unknown, (M.I,T. Mineralogy collection).

Bl3. Phlogopite, west of Dent, Clearwater County, Idaho.
(U.8.G.S., A. Hietanen, Personal Communication).

Bli. Biotite, associated with wohlerite, Brevig, Norway
(M.I.T. Mineralogy collection).

Bl5. Biotite, Renfrew, Ontario. (M.I.T. Mineralogy
collection).

Bl6., Biotite, Asbestos mine southwest of Mt. Lincoln,
Belchertown, Mass. (No. 3836, M.I.T. Petrology collection).

B18. Phlogopite, Burgess, Ontario, (M.I.T. Mineralogy
collection).

B19. Biotite from "G 1" granite, Westerly Rhode Island
(M.I.T. No. R 3042).

B20. Biotite from granite, Brattleboro Quadrangle, Vermont
(M.I.T., No. R 3041).
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B2l. Biotite from granite, West Nietaux, Nova Scotia
(M.I,T. No. R 2095) .
B22, Biotite from granite, Albany Cross (M.I.T. No. R 2096).
B23. Synthetic Fluor-Phlogopite, Electrotechnlcal Laboratory,
Norris, Tennessee (R.A. Hatch, Personal Communication).
B24. Biotite, Kings Mountain, North Carolina (Ref. F.L.
Hess and R.E. Stevens, Amer., Mineral., 22, 1937, p. 1045).
B25. Biotite from Nordmarkite (?), Brome Mountain Quarry,
Iron Hill Road, Quebeec (M.I.T. No. R 3067).
B26. Phlogopite from dolomite, Simplon Tunnel (Ref. J. Jakob,
Z, Krist., Bd. 69, 219, 1928).
B27. Biotite from essexite, Mt. Johnson, Quebec (M.I.T.
No. 3068).
B28. Synthetic phlogopite from Geophysical Ilaboratory,
Washington (950° C, 15;000 psi water vapor pressure, 5
hrs.) (Ref. Geochimica et Cosmochimica Acta, 6, 1954, 157).

B3l., Muscovite - labelled annite from Cape Ann granite,
Rockport, Mass. (M.I,T. Mineralogy collection) = (contains
admixed hematite).

B32., Biotite from syenite, Kingston Mills, Ontario (M.I.T.

No. R 3082).

B33. Biotite from foot of Mt. Megantie, Quebec (M.I.T. No.
R 3065).

B34. Phlogopite, Sebastopol, Ontario (M.I.T. Economic Geology
collection).

BeF 19. With garnet, staurolite (with chlorite alteration),

qual“b Za



Be 7 L.
G 4 3.
BeF l‘l- .

BH 9 3.
E 15 L.

52,

With kyanite, staurolite, chlorite.
Chlorite-blotite.

Biotlte porphyroblasts with chlorite rims, cqusrtz,
muscovite, and paragonite.

Garnet zone -~ with orthoclase,

Garnet zone - no feldspar.
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