AnﬁOAb40 glass Ca.ﬁNa.4A11.65i2.408 plus FeQ .001
7 ANAB
Oxide % calec.
Element Oxide from formula
Na .0337 .046 .0454
Ca .0883 125 1235
Al .1585 .300 .2994
Si .2480 524 .5305
Fe .00064 .0010 .00082
Oxygen .4709 - -
Total 1.0000 .996 1.0000
Z = 1-453

ALBITE, TIBURON, CA An zOr 5

7% TAB

Element Oxide
Na .087 117
X .0008 .00096
Ca .0003 .00042
si .3213 6873
Al .1029 L1944
Oxygen L4877 -

Total 1.0000 1.0000

z= loie




D3

G3

ORTHOCLASE (Ingamells)

% ORTH

Element
Si .3010
Al .0983
Fe .0002
Sr .00029
Ba .0073
Na .0085
K .1239
Rb .0003
Oxygen .4602

Total 1.0000

Oxide

.6439
.1858
.0003

.00035

.0082
.0114
.1492
.0003

1.0000

Z= 120573

ANORTHITE, AnlOO glass

% AN

large grain 2-8-63; 2 small grains 2-4-63

CaAlZSi

Element Oxide
Ca 1441 L2016
Al .1940 .3665
Si - 2019 L4319
Oxygen .4599 -
Total 1.0000 1.0000
Z = WSio

2%
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X-RAY-EMISSION MICROANALYSIS OF ROCK-FORMING MINERALS
e IV. PLAGIOCLASE FELDSPARS!

P. H. RIBBE? AND J. V. SMITH
Department of the Geophysical Sciences, University of Chicago

ABSTRACT

Forty-two chemically analyzed and eleven synthetic plagioclase feldspars have been analyzed by micro-
probe X-ray-emission methods for sodium, magnesium, aluminum, silicon, phosphorus, potassium, calcium,
titanium, manganese, iron, strontium, cesium, and barium. The highest concentrations (weight per cent)
of the minor elements are: phosphorus, 0.11; potassium, 0.55; titanium, 0.04; iron, 0.53; strontium, 0.13.
Magnesium, manganese, cesium, and barium were not detected at the 0.02 wt. per cent level, although
harium was found in intergrown potassium feldspar. With a few exceptions, phosphorus, potassium, ti-
tanium, and iron were found at lower levels than those given by bulk chemical analyses, as might be expected
from the occurrence of inclusions in many specimens. Strontium analyses for one suite of specimens showed

[

a systematic hias, probably attributable to a calibration error in the optical spectrographic technique. Major
clements were referred to synthetic plagioclase glasses and to devitrified synthetic albite as standards. For
sodic plagioclases (especially glasses) it was necessary to use cither low counting rates or wide electron beams
to reduce alkali loss. Microprobe and chemical analyses for calcium show a good, almost unbiased, correla-
tion, but for sodium they have a poor correlation, microprobe results tending to be higher than chemical.
Microprobe analyses of aluminum and silicon tend to be lower and higher, respectively, than chemical
analyses. Only three of [orty analyses yield oxide totals outside the 99.0-101.0 per cent range, but totals of
feldspar molecules calculated from sodium, potassium, calcium, and strontium have a wider range, 97.5—
102.5 per cent, with thirty-three between 99 and 101 per cent. The average iron content increases with
calcium as expected from the increasing Al** sites and the generally higher temperatures of formation of
calcic plagioclases. Strontium and potassium reach their highest concentrations in the range Angy—Ang.

INTRODUCTION

This paper is the fourth in a series on the
X-ray-emission microanalysis of rock-form-
ing minerals, Part I (Smith, 1965) de-
scribes the theoretical approaches and ex-
perimental methods; Parts IT (Smith, 1966)
and TIT (Smith and Ribbe, 1966) describe
microprobe analyses of olivines and alkali
feldspars. In keeping with the rationale of
the program, Part IV compares microprobe
and chemical analyses of yet another min-
eral series, the plagioclase fcldspars, seeking
to establish calibration curves and appro-
priate correction factors for the microprobe
analyses and to detect Inaccuracies in either
analytical method.

To accomplish this, forty-two chemically
analyzed plagioclases and eleven synthetic
vlasses at 10 mole per cent intervals over
the range AbjgAn—AbeAnig were carefully
analyzed using an ARL electron microprobe.

! Manuscript received July 27, 1965.

2 Present address: Department of Geology, Uni-
versity of California, Los Angeles.

Contributors of these specimens and refer-
ences are listed in table 1.

TECHNIQUE

A representative sample of grains from
each specimen was mounted with epoxy
cement in a brass disk and polished by
standard methods. The disks containing all
specimens were simultaneously sputtered
with a thin, conductive carbon coat. Five to
ten grains of each specimen were analyzed
for the major elements and at least two for
the minor elements. When significant differ-
ences were found for the minor elements,
more spots were analyzed. The experimental
conditions are similar to those for the alkali
feldspars, and the correction factors have
already been described in Part III (see par-
ticularly tables 2 and 3). A few additional
remarks will appear later.

DISCUSSION

Tt is convenient to examine the analyses
of each element in turn, attempting to es-
tablish thereby the relative accuracies and
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limitations of X-ray emission and chemical
methods and seeking suitable calibration
curves ard correction factors. In relating
X-ray counts to the chemical analysis of
each major clement, it has been necessary
first to apply a small correction factor for
minor elements, thus deriving the corre-
sponding counting rate for a feldspar lying
at the nearest point on the ideal binary join

P. II. RIBBE AND J. V. SMITH

NaAlSi;0s—CaAlSi:0s. The factors were de-
rived from table 3, B, of Part IIT and were
usually within 1 per cent of unity. After
establishment of calibration curves using
factors from table 3, 4, of Part IIT, analyses
for the major elements were derived graphi-
cally, For the minor elements, analyses were
numerically determined. Table 2 shows the
resulting clemental analyses; the oxide per-

TABLE 1

SPECIMENS, CONTRIBUTORS, AND REFERENCES FOR ANALVZED PLAGIOCLASES

Sample Contributor Reference Comments

E1-E32........cu... R. C. Emmons Emmons (1953) E2, 3, 4, 5 contain quartz esti-
mated from the chemical anal-
ysis to amount to 3, 5, 19, 35
per cent excess Si0s

All KN specimens...... H. S. Yoder Kracek and Neuvonen

(1932)
Hraddam sz ammams S. W. Bailey TJefiries (1936) Peristerites—unmixing on a sub-

Villeneuve
Monteagle Valley

Monteagle Township
..| 5, W. Bailey

Meen (1933)

micron scale

[Peristerites—unmixing on a
| submicron scale

[Peristerites—unmixing on a

BMI1940,27. .. ... ..... P. M. Game Game (1949) 1 enhiaitron kil
| 8 a

Howic 2270 : i
HE:;E 46;2 A} ........ R. A, Howie Howie (1955)
Lambert RB561] : i

: et JERRN P. Gay Lambert (1959) Unanalyzed, but compositions
Lambert BBSH) determined optically are Ang

and Ang
gﬁig;} ............ P. Gay Gay and Muir (1962) | Zoned
%gﬁ’gl} .............. I D. Muir Muir (1955) Zoned
Iég?‘ ................. L. S. E. Carmichael | Carmichael (1964) Zoned (sce fig. 5)
i

Juvinas....... SRR P. Gay Game (1957) From Juvinas meteorite
Anorthite (Japan)......| J. R, Goldsmith  |...............oonenn Unanalyzed
Hakone 11 iz " -
Hakene 3] % v P. Gay Kuno (1930)
Miyake 9. ....oonnnn. P, Gay Gay (1953) Unanalyzed

Synthetic glasses. . ....| D. Lindsley

Assumed stoichiometric®

# Prepared by repeated fusion at 1,525-1,335° C. (1,625° for anorthite) from weighed amounts of Lisbon, Md., quartz inverted
at 1,520” ., Baker's lot 19641 CaCOy, Flsher's lot 723140 NaHCO; and Al:Os made from 99,000 per cent gluminum wire. Spectro-
scopic analysis of the Al:0; showed silicon 0.050 per cent, fron 0.015 per cent, sodium and potassivm 0.000 per cent.
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Centages caleulated using expected valences; shows the relation between the corrected,
the Percentages of feldspayr molecules caley- accumulated counts for the second set and
lated from sodium, calcium, potassium >and  the average calcium content derived from
strontium; and the atomic proportions. Ta-  the calibration curve of figure 1, About one.
ble 3 lists the atomic contents recalculated quarter of the specimeng show zoning of 5
to thirty-two oxygen atoms and the molecy. Per cent An or greater, thys making it diff-
lar percen tages of Or, Ab, An, Cn, and Sr-1 cult to obtain good estimate of bulk com-
recalculated to 100 PEr cent in the standard Position from spot analyses,

I5KV o] # A LiF crysta|
S spots 20 seconds

Counts, X |05
4B
K
A\

++ © synthetic glosses
307 (numbers show mole % An)
£+
* Emmons
-——@f 8 Carmichael

+0thers

OO 4 6 8 10 12 14

wt % Ca, chemical

Fre. 1.—Relation between Corrected, accumulated counts and wejght Per cent calcium determined hy
gravimetrie analysis for natyra) specimens or |y Welghing for synthetic samples. Correction was made by
applying the factors of table 3B of Part IIT to the estimates of mipgr elements in order to change the gc.
cumulated counts o those for 5 binary sodium, caleiym feldspar, The shape of the calibration curve was
calculated by applying the factors of table 34" tg 5 Linear telation, and the CUrve was adjusted to pass

manner of recording ysed by Deer, Howle, In order to prove that the variations of
and Zussman (1963), counting rate for some samples displayed in
figure 2 were caused by chemica] zoning,

plots were made between simultaneoys spot
Calcium —Two sets of analyses for cal- measurements of sodium and calcium, Twyg
clum were made, the first jn conjunction such plots are superimposed in figure 3 for
with aluminum and silicon and the second  ten spots each from specimens G98 and

MAJOR ELEMENTS

the relation for the first set between correct-  line can he explained almost entirely by sta-
ed, accumulated counts for calcium Versus  tistica] counting fluctuations. For the ho-
the chemica] determination, while figure 2 mogeneous specimens (including the syn-



TABLE 2—Continued

SrEemmey
AnT [ e | 4y T
00103000 g9 + 8| E1
0.2 /06 982| og + 10 | E30
01108054 0.0 ( 100 3 0 | Amelia (KN)
Monteagle
76013 a1g ]| nglpgs = 3| Township
8.9 Nd| 915 N | 1004+ = 2| Huddam
4709 807 0.0 | 100.3 =~ 4| Villeneyve
10006878 pig| g3 + 13 | BM1s40, 27
10404809 0.1 | 100, 0| E2
Monteagle Val.
bl TR rros B (P o I il I el K g der
16013820 o a9, + 8| B4
155109 835 01109 + 5l Es
17.0 120 | 814 | gl2 | 199 = 5| 81822 (KN
170139 (801 | a2/ 700 — 7| Faz2
194114760 p1 a7, + 10 | 155
21536 s 0.1 102 — 9| 80185 (EN)
28.2 a5/ 681 0.5 | 100, — 7| 97480 (KN)
29.4 1281662 p3 48, — 3 | Howie 227n
30.4 1 0.6 (6858 | Na 99, 84 — 5 | Lambert RBS61
30.9 | 1.6 | 5.2 0.4 | 1011 — 6 | Lambert LRB570
3380 L71857 | o2 s — 7| Howie 8347
357127 (609 02 g — 17 | SK4145
8.5 | 2.1 | 580 0.2 89.7 — 7 | 8K4272
41.4 |1 1.8 | 558 0.1 9.1 — 4 | Howie 45424
47.8 | 2.7 477 0.3) 985 + & | Eg
AT (1.9) 473 0.2 | 1000 — 6| EH201
525 (1.0 1458 011 | Jon'g — 7| K%
5.5 | 05|42 0.2 ap.o + 9| El3
5.2 | 04 (4390 gy 087 + 7| E12
8.0 0.8 40.0 0.3 9.9 + 5| Fig
36.9 | 0.4 41.5 03 94,1 + 9| El4
62.5 | 0.7 | 857 02 98,9 — & | Clear Lake
Crystal Bay
0.3 0.4 276 0.0 od g 8w 20 () x| o | e | (KN)
7210 0.0 | 255 0.3 08.9 8| E
3.5 1.1 (235 ¢% 1002 3 | 7510 (EN)
SLi03 /193 01| 003 4| my2
8011021201 9715008 6| Gog )
B.7104 146 | 00| 093 15 | EBI18 (EN)
0.6 1 0.1 | 6.8 | Nd. ur.a 4 | Juvinas
Anorthite
943 | Nd| 4.9 0.1 093 1 (Japan)
95.4 00| 3z 0.1 993 7 | Hakone 1
BE00( 26| o3 g7 1| Hakone 3
9.1 | 0.0 3.1 0.1 U8.2 1 | Miyake 09
0.0,.... 6.5 ... ... .5 (41933 g gl
i i f e 47y 58.9 (-+187)] Any glass
215 00 504 72.1 (+135) Anzy glags
i 83 .5 95.2 (+ 70} Ang, glass
41.9 | 57.1 940 (+ &) Angp glass
2.1 .00 a0 | 0y 186 — 2| Ands vl
614 |. 28.8 .. 1000 38 ; | 5 2| Ango glass
71.3 .| 28.6 - G99 B .d. : Anzg gluss
BUSE: | 18.3 90,1 (.. 4 0| Ansy glags
90.7 (... 89l o' 752 ; i o + 2| Angg glass
09.8 ., ... 0.6 | o ues + 1 ‘ Anipo glass
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5KV 0.3 A A LiFerystal

7 Sspots 4Q seconds
=6
Z
=
S
o5
Ll 1
M
5
x- 7
x
X L bqo/
B M
=3 V,& |
= 30,V | '
O |
5 |

° synthetic glasses
L (numbers show mole % An)

t natura,mean gng range

oO -~ 2/ | \I_‘\/
— 1
0 2 4 5 8 10 12 14

wt % Ca, microprobe (first run)

Fic. 2.-—Relation between accumulated counts ang the wejght Dber cent caleiym deduced from the first
set of microprobe resylts shown in fig, 1,

130 T By o S

Zoned Piagiocfcse
* (G 9g
S Hg2
8 —— approx. stcndard
O 125 deviation of
- 80ch measurement
> O

Ca counts
>
Q

uﬁt , ' S - pu
28 32 36 40 44
Na counts X 100

Frc. 3.——Re!a.1ion between sodinm and calcium counts for different 8pots in the zoned plagioclases (Gog
and H92. The lactors of 100 apq 1,000 apply to the Cco-ordinates instead of to the counts,
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counts and the wejght per cent determined
chemically. Becayse 1o preamplifier was
fitted then to the counter, extraneous sig-
nals were detected, making it inadvisable 1o
lower the beam current below 0.3 ya, Using
a 20-50-y electron-beam dia.meter, no vola-
tilization of sodium Was recorded for crys-
talline blagioclases, but the synthetic sodic
glasses suffered severe reduction in the
counting rate, Figure 3 shows the relation
between the counting rate for sodium, aly-
minum, and silicon for the synthetic albite
glass for which the counts were collected in
successive 30-sec, periods for a total of 2
min. The initia] fal] of the sodium readings,
together with the small Increase in the aly.
minum and silicon counting rate, can he
explained by volatilization of sodium, with
& corresponding increase of the aluminum
and silicon, which are assumed to be invola-
tile. A pit can be seen to form and grow
larger at the impact area of the clectron
beam. (The increased absorption of the
emerging X rays would explain the low ox-
ide total in table 2 for the synthetic albite.)
The later reversa] ip the trends is hard to
explain unless sodium diffuses from the body
of the albite to concentrate in the region of
primary X-ray excitation, Ng attempt has
been made thys far to systematically study
this phenomenon gs g function of beam load-
ing, but various scattered measurements
have suggested that in alkali feldspars, as
the beam loading increases from a level for
which no significant Variation occurs in re-
beated analyses, both Increasing and de-
Creasing counting rates can be obtained.
Measurcments of Potassium X-rays in alkal;
feldspars just above the critical beam load-
ing have indicated 4 small increase followed
by a prolonged decrease. Consequently, it is
advisable to analyze at least three times at
each spot of alkali feldspars and sodjc plagio-
clases in order to test for anomalous count.
ing rates, Alkali-bearing glasses are very
unstable in the electron beam, and it is
Aecessary o use very low beam currents
(0.005 wa) on fine Spots (~ 1-5 ) in order
Lo obtain steady readings. Calcium stabilizes
the feldspar glasses such that those ahove

NALYSIS oF FELDSPARS 225

Any are immune to beam damage for reg.
sonable beam currents,

In order to provide a more stable stand-
ard for albite, samples of the glass were
crystallized hydmthem:}all_v In open and
sealed tubes and analyzed with respect to
natural albites. By this mcans, they were
referred to the other specimens which had
been analyzed at an earlier time, The crys-
tals grown in a segled tube were rather small
(~ 5-20 #), and it was NECessary 1o use a

-

~ Ng

10 sec. reading every 30 secs,

2 3 4 5
minutes

beam focused 1o 3-10-g diameter and to ex-
trapolate all readings to zerq time to correct
for a small reduction of the counting rate
(luring analvsis. The crystals grown in ap
open Lube were large, byt it was feared that
some alkali might have been leached away.
However, the counting rate for the latrer
was about 2.0 per cent higher than for the
former, a difierence greater than the statis.
tical counting error f about 0.5 per cent.
The calculated factor for sodium in An re-
ferred to an Ab standard, based on the data
of Part T, is 1.06. Tt Was not possible to pre-
pare a suitable calibration curve using this
factor: it was therefore decided to use a
factor of 1.10 and to draw the curve through
the mean of the two sets of data for syn-



ISKV 0.1 A ADP crystq|
S spots 20 seconds

@ synthetic
(numbers show mole % An)

* Emmons
¢ Carmichae|
+ others

F1G. 6—Relation between corrected ac
chemicaj analysis for natyra] specimens or hy
applying the factors of table 3B of Part 11T to the estimates of minor elements ip order tq
cumulated counts to those for a binary sodium, calcium feldspar. The shape of the calibrati
calculated by applying the factors of table 34 to g linear relation, and the ¢ j
the datum for Synthetic anorthite. The horizontal lines for three of the Emmons specimens show corrections
for the presence of excess silica arising from quartz impurity in the samples analyzed chemically, The
deviations for the sodic synthetic specimens arise from damage as shown in fig. 3.
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have » Systematic bigg, being about twice
as high as the microprobe analyses. Becayse
the generation and absorption of X-rays in
alkali and Dplagioclase feldspars are similar
and the agreenient with the Carmichael datg

for the alh; tes. Anorthoclase (Part I1T) may
carry large amounts of strontium, There s
i cal explanation for
the relation between strontium and sodiym
contents, but it ig uoteworthy that there ie
no direct correlation between strontium and
botassium contents in plagioclase in spite of
the afore-mentioned parallelism

Barium  gng cesizm-—These elements
were not detected at the 0.02 wt. per cent
leve], although Harrison and Miller (Em-

0.6 T
® Emmons
A Carmichael
+ other

microprobe
o
Iy

wt % Fe,
O
(S}

—
0.2 0.4

wit %K, microprohe

2,

0

plagioclaze
would lead
agreement.
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t % K chemicg]

8 —Relation between microprobe gnd
estimates
- Presence of Dotassium-rich
Lo deviations to the right of

of the potassium content of
impurities
the line of

1 1

G.6 0.8

wt % Fe, chemicq|

s of the iron content of plagioclaze. Pres-
t.

Fie. 9.—Relation be

tween microprohe and chemi
ence of iron-rich impuriti

ties would lead to deviations

cal estimate
to the right

of the [in

e of agreement.
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the meantime it seems best to assume that
at least most of the frop atoms occupy tetra-
hedral sites,

Tilanium —With g limited detection leve]
of 0.01 wt. per cent, titanium was found in
several plagioclases: the maximum copcen-
tration was ),04 per cent. Whether titanigm
goes into silicon or aluminum sites, and what
Is its valence state, are interesting problems
for future study. Chemica] analyses of hylk
specimens are genetally unreliahle because

Osynthetic
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of the possible presence of titanium-rich
Impurities,

Fhosphorus—Chemical data for phos-
phorus are alsg likely to be unreliable in
providing estimates of the phosphorus con-
tent of the plagioclage because of the com-
mon occurrence of apatite inclusions, which
are, however, readily detected in the micro-
probe by the contragt in the luminescence
properties (usually yellow for apatite and
blue for plagioclase), The highest level de-

* natural

t. % Ca

B 11.—Ths variation with Wweight per cent calcium of the sum of oxides, feldspar molecules, and
differences between atom proportions (data from table 2).
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tected by microprobe methods is 0.11 per
cent. Presumably ph osphorus substitutes
for silicon rather than for aluminum becauge
of its more favorahle charge and jonic size.
Since completion of the manuscript, Korii-
nig (1965) hags shown by colorimetric analy-
sis that the phosphorus content of twelve
feldspars leached to remove apatite varics
from 0.0005 to 0.1060 per cent, which valyes
are similar to those reported here,

TOTAL OXIDeEg TOTAL FELDSPAR MOLECULES

8 ] —

2 24— |

T |

= 4

Bl

LA ]

& ' L

. B | | 1

] N

£ OO i+ =l 3
98 22 100 10 102 37 55 9% 100 101 102 103

weight percent

F16. 12.—Frequency distriby tons of the sums of
oxides and feldspar molecules listed in table 2.

CONCLUSION

Figures 11 and 12 summarize some over-
all properties of the microprobe analyses.
Only three out of forty analyses of natural
Plagioclase yield oxide totals outside the
99-101 per cent range, but total feldspar
molecules calculated from sodium, potas-
sium, calcium, and strontium (assuming
stoichiometric aluminum and silicon) have 4
wider range, 97.5-102.5 per cent, with
thirty-three between 99 and 101 per cent,
A small increase in totals resulting from
substitution of minor elements such as iron

P. H. RIBBE AND I. V. SMITH

should be made. The average oxide sum of
the natural plagioclases is 99 9 per cent, and
the average of the molecule sums is 99.7 per
cent. After correction for replacement of
aluminum by iron, the average molecule
sum is close enough to 100.0 per cent to
suggest that natural plagioclase feldspars on
the average are stoichiometric within ex-
perimental error. The atomic proportions
(Si+ Ti+ P) tend tohe 0.3 per cent higher
than the values calculated from sodium, po-
tassium, calcium, and strontium (twenty-
six positive vs, twelve negative), but the
bias is within possible experimental errors,
The (Al + Fe) atomic proportions tend to
be 0.2 per cent lower than the calculated
ones, but this could be explained by bias in
the calibration curve for aluminum, as sug-
gested earlier. In conclusion it appears that
microprobe analyses of plagioclase feldspars
can be carried out routinely with a relative
accuracy of about 1.0-2.0 per cent for major
elements and an absolyte level of detection
of 0.01-0.04 per cent for various minor
elements,
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mons, 1953) report barium levels greater
than this (one up to 0.038 per cent barium)
in six of Emmong’ Plagioclases, which have
been reanalyzed by microprobe methods,
Since barium commonly occurs in substan-
tial amounts in antiperthitic orthoclase of
labradorites (Ribbe and Doman, manuscript

e
~

weight % Fe
o
B8]

o

p.p.m.Sr
o
o
o

o

0.4

T
80 1CO

weight % anorthite
Fio. 10.—Histograms showing for the present
Specimens the average levels of iron, strontium, and

potassium in five equal compositional ranges. The
numbers of specimens are shown in the lowest boges,

In preparation) it is possible that the barium
recorded spectroscopically actually oceurs
In potassium feldspar avoided by the micro-
probe beam. This Possibility is enhanced by
the fact that the chemical analyses of these
SIX Specimens average 1.5 per cent Or greater
than the microprobe analyses. It ig also
pertinent that the two plagioclases in Deer
etal. (1963) showing the most BaO (0.06 and
0.11 per cent) are classified as antiperthites
and contain 6.0 and 87 wt, per cent Or,

P. H. RIBBE AND I. V. SMrTH

Thus it appears that plagioclase crystallized
at high temperature may contain barium at
the 0.0x per cent level, but that exsolved
alkali feldspar will incorporate most of the
barium, leaving an essentially barium-free
plagioclase,

Tron—Because of the likely occurrence
of iron-rich Impurities such as imenite,
hematite, and magnetite, the bulk chemical
analyses should tend to be higher, but not
lower than microprobe analyses, This is trye
except for two specimens (Gg.9). (Heier 1962)
does not discuss iron analyses in his review
of trace elements becayge of likely pres-
ence of impurities. The microprobe analy-
ses indicate a steady increase of average
iron content from 0.0z per cent near albite
to 0.5 per cent at anorthite (fig. 9), which
can be readily explained by the generally
higher temperatures of crystallization of the
calcic specimens and by the Increasing pro-
portion of Al* sites which bresumably pro-
vide sites for Fe jops. Alternatively, it
may be considered that {he iron atoms sub-
stitute for the calcium atoms by analogy
with pyroxene, cither by a straight subsii.
tution Ca— Feu or by a coupled substit.
tion Call 4 §iv _, Ferr + Al Again the
amount of substituted Fe should increase
from albite to anorthite. The present analy-
Ses are in favor of substitution of aluminum
atoms rather than calejum atoms. The thir-
teen specimens containing over 0,2 per cent
iron yield an average sum of feldspar mole-
cules in table 2 of 99,6 Per cent. These feld-
spar molecules were calculated for only al-
kali and alkaline-earth metals in the inter.
stices and only aluminum and silicon in the
tetrahedral framework, If jrop substitutes
for aluminum, the average rises to 99.7 per
cent. If iron occupies the interstices in the
fra.mework, the average sum of feldspar
molecules rises to 101.8 per cent. There is
a similar deterioration in the comparison be-
bween atomic proportions, Those calculated
for iron occupying tetrahedral sites are gl
most balanced (tahle 2), while those for
iron occupying interstices are mor¢ unbal-
anced. Application of resonance techniques
may permit location of jron atoms, but in
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lower than the corresponding chemical anal-
yses (fig. 8). This bias can be attributed
principally to the presence of sericite and
intergrown potassium feldspar (antiperth-
ite), which were easily avoided in the micro-
probe analyses because the former gave no
appreciable luminescence while the latter
yielded an intensity of Tuminescence differ-
ent from that of the Plagioclase. A similar
relation exists for iron ana lyses (fig. 9). The
potassium contents were usually fairly
steady for the five to ten spots analyzed in
the microprobe,

Potassium shows the expected tendency
to increase with Increasing sodium content
(fig. 10). The reduction for the range Ang~

I|—'___ i B T

ISKV O.1p A KAP crystal

5 spots 20 seconds
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Any results from the predominance of peg-
matite and vein specimens, Anorthoclases
from Part TIT would have raised the value
considerably,

Strontium —No strontium-bearing im-
purities (apart from minor potassium feld-
spar) have been found in plagioclase, and
It seems necessary to ascribe discrepancies
between microprobe and chemical tech-
niques to deficiency in one or the other.
Figure 8 of Part IIT shows excellent agree-
ment (with one exception) between micro-
probe and chemical analyses by Carmichael
of strontium in alkali feldspars; however,
the optical spectrographic analyses by Har-
rison and Miller quoted in Emmons (1953)

—

2100 |

A |

= curve 1 = - 60
> 6|— / 7|
= F ok g
= | / - Clrve 2
= 4q, =~
= |
o .4
(&} 30, // i
7/ 7 synthetic
5r 20 /j; (numbers show male % An)
it « Emmans
i

; #A _

"‘f— T o ¢ Carmichael |

T /ry/-" ’ + others

o) ey e crystallized |
o 8 Albite erysiallized sealed tube J

| B2 '

4*_/{4 BRas pan S SUSSE B R S _ 1

IC I 12 3 |4 15 18 K4 18 [ 20

wt % Al, chemical

Fre. 7.—Relation between corrected, accumulated counts and weight per cent aluminum determined by

chemical analysis for nat
adjusted to pass through
the datum B for a synthetic albite crystallized in
using the factors of
cause it gives an cxcellent fil to

chemically,

ural specimens or by weighing for synthetie samples. Both calibration curves were
the datum for synthetic anorthite.

Curve 1 was obtained by Passing a line through

a sealed tube, while curve 2 was obtained by calculation
table 3A of Part IIT derived from formulas of Part I. The latler curve is preferred be-
the data for synthetic
sodic plagioclase arise from damage as shown in fig. 5.

mens show corrections for the presence of excess silica

calcic plagioclase. The
The horizontal lines for

deviations for the synthetic
three of the Emmons speci-

arising from quar{z impurity in the samples analyzed
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thetic arystallized albite. The resulting curve
fits well with the data for the stable calcic
glasses but ie strongly biased with respect
to the chemical anal yses for the natural sodic
plagioclases, As mentioned in Part I, be-
cause CaAlySi;05 and KAIS; #05 have similar
scattering and absorbin g properties for
Xerays, similar correction factors would be
expected for plagioclase and alkali feldspars.
The factor 1.12 was used for measurements
on orthoclase made at 20 kv., based on
flame photometer analyses and assumptions
of stoichiometry and completely filled cation
sites. Thus the empirical factor of 1.10 for
data taken at 15 kv, is consistent within an
estimated uncertainty of 0.02, for a lower
value would be expected at the lower volt-
age. The sodium content of Amelia albite
determined in Part TI[ from the alkali feld-
spar calibration curve js 8.62 per cent, to
be compared with the value of 8.71 per cent
obtained from the plagioclase calibration,
The difference is less than the claimed rela-
tive accuracy of aboyt 2 per cent for sodiym
Most of the chemical analyses for sodium
were probably made by gravimetric tech-
niques for which the co-operative studies of
G1 and W1 have revealed large variations
(Stevens and Niles, 1960), Comparison of
gravimetric and flame photometer analyses
shows that the former tend to be lower than
the latter (G1, 3.31 vs. 341: W1, 2.7 vs.
2.21). Thus it is reasonable to place the
microprobe calibration curve at higher so-
dium values than those given by older chem-
ical analyses. A similar situation exists {or
the alkali feldspars (Part TIT).
Silicon.—Tigyre 6 shows the relation be-
lween corrected, accumulated counts for
silicon and weight per cent silicon deter-
mined chemically, The calibration curve
was obtained by use of factors derived from
the formulas of Part T (table 3 of Part I11)
and the data for pure synthetic anorthite,
Apart from the datum for Angg there is ex-
cellent agreement for (he synthetic calcic
plagioclases, The synthetic sodic plagio-
clases give higher counting rates for caleiym
becausc of the assumed volatilization of go-
dium. The chemica] analyses tend to lie on
the lower side of the calibration curve, in

P. H. RIBBE AND J. V. smMITH

accordance with the hias suggested in Part
IIT for alkali feldspars and that suggested
for gravimetric chemical analyses in the
study of G1 and Wi (Stevens and Cho-
dos, 1960). Three specimens contain large
amounts of quartz impurities, thus explain-
ing their high chemical values for silicon.

AZum?'num.——Figure 7 shows the relation
between corrected, accumulated countg and
the respective weight per cent aluminum. A
tentative calibration curve was drawn be-
tween the data for synthetic anorthite and
the synthetic albite devitrified in a sealed
tube. This calibration curve resulted in a
factor of 0.98 for aluminum in An referred
to unity for an Ah standard, which differs
markedly from the value of 0.95, caleulated
from the data and formulas of Part 1, Fur-
thermore, the curve s displaced from the
data for the synthetic calcic plagioclases
which do not suffer alkali loss. A second
calibration CULVE, passing through the da.
tum for anorthite glass and using the Part T
factor, gave a much better fit with the syn-
thetic caleie Plagioclase data. As mentioned
carlier, the closeness of atomic numbers of
the elements in orthoclase and anorthite
should result in similar correction factors,
and the good agreement with the facter from
Part T for aluminum analyses of alkali feld-
$pars in Part IIT Suggests that the Part I
factor should also be valid for plagioclase
feldspars. The aluminum contents for the
calculated calibration curve agree quite
closely with the values for the stoichiometric
formula, in contrast to those for the tenta-
tive calibration curve which are lower than
theoretical, Consequenily, the calculated
calibration curve has heen adopted in pref-
erence to the tentative one, and it was as-
sumed that the cxperimental data on the
synthetic albite are in error by about 1.5
per cent,

Whether the tentative or calculated cali-
bration curve ig used, the chemical analysesg
tend to lie at higher values than the calibra-
tion curves,

MINOR ELEMENTS

Polassium —With but three exceptions,
the microprobe analyses of potassium are
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thetic Specimens) there i a good correlation curvature determineq from the theoretica]
between the Wo sets of microprobe analy-  factor listed in table 2 of Part ITI, The cali-
ses; but for the zoneq Specimens the agree-  bration curve fits well with the €Xperimenty]
ment, of course, is much boorer in accord- data for the intermediate synthet;
ance with sampling difficulties, Taking ac- clases; the smal] bi:
count of the presence of qQuartz in some of €xplained by volatilization of sodium and
the specimeng and of the zoning of others, the consequently higher percentage content
there is g reasonably good correlation be- of other elements, T he consistency of the
tween the chemica] and microprope data of daty, indicates that microprobe an
figure 1, Suggesting that hotp techniques calcium can pe carried out with 5
give good analyses for thig element. The cali. Precision of 1 Der cent.

bration curve in figure 1 was made to fit at Sodium —F igure 4 shows the relation for
Synthetic albite ang anorthite, with the  sodiym between Corrected, accumulated

8 r'—__—‘r—i__f'_—___?__—_l__m T T

alyses of
relative
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FI6. 4—Relation between COTIeCted, accumulateq counts and wej
chem_cal analysis for natural specimens or by weigh_ing for synthetic

s calcium feldspar. The shape of the calibration Curve was caleulated
¥ applying the factor 1.10 to the X-ray emission of An referred ¢4 unity for Ab, and the Curve was adjusted
to pass through the mean of the data [or the twqo crystallized albiqes, The factor of 1.06 listed in table 34
of Part TIT would lead to a more Lincar calibration curve and tp 5 strong deviation from the daty for synthetic
calcic plagioclase. The deviations for specimens laheled 0, 10, 20, 30, and 40 arise from alkal; loss as discussed
in the text. The horizontal lines correct for the Presence of excess silicy in three Emmong sbecimens (table 1).
The pair of Jines result from duplicate measurements for gpe of these Lmmgps Specimeng,
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TABLE 2—X Ray

|

|

IMIssoNn ANALy

SIS OF PLAGIOCLASE FELDSPARS

Weicer Pyp Cexr Brpums Wrrerr Py Cpnp Oxinps
Srrcier ‘ ] |I { | J| ’ ’
i l T liAII" AI]-'T', Fo | 5 | al e:.ﬂ’ E|m|p 8i0, /TIO,,Ahnog Fex0sf 800{0aT0) 1,0 NasQ[Po0s| Totar
2 o e i ST et M| LR 1 e (TR o . S
Fl 32.56) 0.00] 10,31 10.52/ 0.00( 9_qp| D001 0.00 0.0 g 77 0.11f g9.7/ g g/ 199 (00 o0p u.u’
Ezn 32.U5| 0.00! 10.291 10500 0.00) g gy 0.03 0.03] .08 881 | 0.0n 885/ 0.0/ 198 | pg 0ol o,
Amelia (KN) 32,10/ 0.p0/ 10.11| 10,39 0.00{ 0.00 .01 0.01] 0.11| §.71 U.Dﬂf B8.7  0.0f 19 0.0 0.0 ¢
Monteagle { }
Township 31.200 0,00 10,65 10.94| 0.11] 0.01 1.10 I.IUI 0.18 8 03 0.01] g7 D0 20500 0.0l 1.
Taddam 31.20/ Nod.| 10,99 11.09 J\'.d.l Nd| 197 1.28 Nd.| 5.p2 Nd| 458 Nd| 2109 N.d. (Nd. 15
Villeneuve 30,80 G.Dﬂl 10.04) 11 13 0.n2f .1 140 1.40 0.13] 7 g8 0.01] 6.0 0.00 210 [ 0.0 0.0 1.
BM 1940, 27 30,95 0,00/ 11.11] 11 30| 003 0.03 1.42 1.44] g g 7.65 |Trace 86.2/ 0.g 214 [y 0.0/ 1.
E2 . 31.04) 0_po! 11.16] 1135 0.03 0.2 1.59 L.30) 0.05 788 | 0.00 6.4 0.0) 212 0.0 [ 0.0 2,
Monteagle Val. j
ey 0.00,, 130 0,04 1.78 0.17 T84 001)., 0.0‘ ...... 0.2 0.0, . .
¥4 3056 0.00) 11.60 11, : 021 9 2,800 0,18 7710 0.[]0; 64.9 U.ﬂl 2.3 0 0.0 2.0
E3 : . . : ool 003 225 373 g .32 | 0.00 64 3| g g/ 23 (0.1 00 3
81822 (RN) 0.03 {J.ﬂﬁi 2,44 2.45) 0 28 7.4 | 0,01 65,1 0.0 22.2 | plp 0.1 3.4
32 11.751 0.03 005 245 2.45[ 0.55) 7 02 0.011 63.7) 0,0] 22 5 0.0 0.1 3.4
E5 > . 0.1’32{ 2 86 2.80( 0 20 6.74 | 0.00 6280 0.0 22.9 | 0.4 0.00 4.0
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* Al using calibration curve that Joins the daty fior s¥nthetic albite and anarthite,
T AILL using calibration eurve that pasges through synihetic anorthite and uses the factors of tahla 3, a, of Parg 11,

ISim!c = 3(1\_?a+K
§ 41 = (Si+-Tip)
A1, = (Na-+X) +
#41 = (Al4Fe)

eale
2(Ca+8r),
A!t‘g iy

220



X-RAY-EMISSION MICROANALYSIS OF FELDSPARS

JerrRiEs, C. D., 1936, Ph.D. thesis, University of
Wisconsin, Madison.

Kormmg, 5., 1965, Geochemistry of phosphorous.
I The replacement of $i** by P+ in rock-forming
silicate minerals: Geochim. et Cosmochim.
Acta, v. 29, p. 361-371.

Kracex, F. C, and Neuvomen, K. J., 1952,
Thermochemistry of the plagioclase and alkali
feldspars: Am. Jour. Sci. (Bowen volume), P-
293-318.

Kuwo, H., 1950, Petrology of Hakone volcano and
the adjacent areas, Japan: Geol. Soc. America
Bull,, v. 61, p. 957-1019,

LauserT, R. St. J., 1939, The mincralogy and meta-
morphism of the Moine Schists of the Morar and
Knoydart districts of Invernessshire: Roval Soc.
Edinburgh Trans., v. 63, p. 533-588.

MegN, V. B, 1933, A description of a few plagio-
clases: Univ. Toronto Studies, Geol. Ser., no. 33,
p. 37-45.

233

Mutr, J. D., 1955, Transitional optics of some
andesines and labradorites: Mineralog. Mag., v.
30, p. 545-568.

Surrw, J. V., 1965, X-ray-emission microanalysis of
rock-forming minerals. I. Experimental tech-
niques: Jour. Geology, v. 73, p. 830-864.

1966, X-ray-emission microanalysis of rock-

forming minerals. IT. Olivines: Idid., v. 74, p.

1-16.

and Rissz, P. H., 1966, X-ray-emission
microanalysis of rock-forming minerals. TIT,
Alkali feldspars: Jour. Geology, v. 74, p. 197-216.

Stevexns, R. E., and Cropos, A. A., 1960, Special
study of the silica content of G-1 and W-1 by
combined wet chemical and spectrochemical
methods: U.S. Geol. Survey Bull. 1113, p. 45-56.

StevENS, R, E,, and Nies, W. W., 1960, Chemical
analyses of the granite and diabase: U.S. Geaol,
Survey Bull. 1113, p. 344,




