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OXIDES AND SILiCATES AND ITS APPLICA-
TION TO PETROLOGIC PROBLEMSI
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Calif ornia Institute of Technology, pasatlena, California 91109

Aesrrecr

for Fe-O-Fe. L6/L" ratios cleariy distinguish ferric-rich alkali amphiboles from ferrous-
rich calciferous amphiboles. No significant variation was found for the inclividual mineral
t}pes-chloritoid, staurolite, and cordierite, but a variation does occur in chlorite. Ferric-
rich muscovite is not distinguishable from ferrous-rich biotite.

INrnonucrroN

Even semiquantitative determination of the oxidation state of Fe and
Mn by the electron microprobe would have important applications to
petrologic and mineralogic problems. Andersen (1966) pointed out that
the relative intensities of Fe L" and Lo x-ray emission peaks differ sig-
nificantly with valence state in metall ic Fe, FeS2, Fezoa, and Feroa. we
extended his work to other Fe and Mn oxides and synthetic silicates
(Albee, Chodos, and Smith, 1967) and uti l ized it in a petrologic problem
(Smith and Albee, 1967). This note summarizes our results to date and
our evaluation of the utility of the technique.

The commercial electron microprobe can provide information on cr),s-
tal structure and bonds from the X-ray emission peaks that could pre-
viously only be obtained on specialized research instruments (Dodd and
Glen, 1968; White and Gibbs, 1967, 1969). The wavelength of the emis-
sion peak is related to the difierence in energy between the energy states
of the atom, and the relative peak intensities are related to the transition
probabil it ies between energy states; hence the detailed peak shape is a
function of both variations in energy difierence and transition probabil i-
t ies (see the review paper by Parratt, 1959; see also Fabian, 196g). From
a mineralogic point of view, the position, shape, and relative intensity
of the peak may depend upon the coordination number, the identity of
the nearest neighbors, the bond length, the bond angle, and the bond
type, as well as the valence. rn addition the measured spectra may incr*de
the efiects of absorption and fluorescence within the sample.
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492 ARDLJN L. ALBED ANI) ARTIIUR A. CIIODOS

It is difficult to completel-v separate the effect of valence from other

effects. There are probably no sil icates in which there is a complete var-

iation from d.ivalent to trivalent Fe or Mn without a systematic varia-

tion in other structural parameters. Divalent and trivalent Fe and Mn

differ in ionic radii as well as in charge and commonly play very different

roles in rock-forming sil icates and oxides. As i l lustrated in Figure 1,

many silicates have an essentially divalent, six- or eight-fold coordinated

position which may be occupied by Fe2+, Mn2+, Mg, Ca, etc', whereas

others have an essentially trivalent six-fold coordinated position which

may be occupied by AI, Fe3+, Mn3+, etc. A few minerals such as garnet

contain both types of positions. In addition trivalent Fe can occur in

primariiy divalent positions by several types of coupled substitutions as

Role of Fe in Sil icotes

Fe+2 (O.83 i; E, rorety Mtr) Fe+3 (0.67 i; E, rorety E)

Role, Fm= fe+z, tr,tg, tvtn, Co, tt i, , Role' Fe+3 * At

i .e . ,  hypgrs rhsne Fm2Si2O6 ie ,  ep ido te  Co2(A l ,Fe+3)3(S iO4) (S i2O?) (oHO)

e' gornet Fm3(Al,Fe+3)2 (sio4)3

Rote: [Fe+3for 5r+z1u* [ruo+l tor rm+z]s'm Role' [Fe+3 tor rm]s.-[atEtor Si]E

'€' ocm te-ous te ''"'-":'j':::;1,:"r.li-:l:i,,,,,-, 
;li:::l:F;]i:j[l''*'*'

Rote, [Fe+2s Fe+3] with loss of H+

Bior i te,  KE IFm3-r-y)(Ar,Fe+3),(Fe]3ls [ l r , | * ,s i . - , fs  oeHz-y

Hornbtende.NoFyco;E[Fms-r-z-w(Ar,Fe+3)r+zFel3]uIAly+zsie-y-r loz+Hz-*

Fig. 1. Different roles of divalent and trivalent iron in silicates'

i l lustrated on Figure 1. fn pyroxenes, for example, FeBf occurs inthe Fm

position by coupled substitution of a univalent ion (Na) for a divalent

ion or of a trivalent ion (AI) f or a quadrivalent ion (Si) ' In many hydrous

minerals the substitution of Fe3+ for Fe2i can be balanced by a proton

deficiency. The oxidation of Fe2+ to Fe3+ can occur upon heating in air,

and it has been demonstrated for some minerals that the reaction can be

for Fe and Mn metals and their various oxides. The samples are synthetic

pure samples with the exception of hematite and magnetite, which are

well-analyzed probe standards. The figure was prepared by projecting

profiles to a common height; hence the wavelength scale is variable and
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494 ARDEN L. ALBEE AND ARTHUR A. CHOI)OS

peak shap.es cannot be compared on the figure. The relative peak heights

for the oxides are very different from those for the metals, and in addition

LafL" d,ecreases systematically with increasing valence. Magnetite and

hausmanite, which contain both divalent and trivalent Fe or Mn, have

intermediate values. I lmenite has also been included to i l lustrate the

marked difference between the Fe LpfL. ratio for the Fe-O-Ti bond

association and the Fe-O-Fe bond association. The LB/L" values

shown on the figure were obtained by step-counting, not from the indi-

vidual profile shown.
Figure 3 shows spectra for some end-member sil icate-q. Both divalent

and trivalent Fe (or Mn) are in six-fold coordination in their respective

end-members and all, except piemontite, are anhydrous' The Ls/L"

ratio is quite different from that in the oxides, but similar to that in

ilmenite. Like the oxides the Fe and Mn LB/L"is smaller in the trivalent

end-members than in the divalent end-members'

ExpnnrveNru PnocrouxR

men damage.
Intensity ratios can be obtained either by measuring peak heights on a wavelength

profile from a chart recorder or by step-counting across the peaks' Most of the samples

shown in Figures 4 and 5 were analyzed both by:

1) measuring peak heights on profiles run from high-wavelength to low-wavelength

and reverse, and;

2) running a chart profile to locate the peaks and then step-counting across the crest

height selection.

Rpsur-rs AND DrscussroN

Measured Le/L, values for oxides and simple, predominantly anhy'

drous, sil icates of iron and manganese are shown on Figure 4' Most of
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Fe2Si 04
syn. foyolite

No Fe(SizOq')
syn. ocmite

co 2(A l, M n)3(S i Oa)6izo7)(oH) o
syn. tephroite not piemontite

Fig. 3. Microprobe wavelength scans lor the L" and Lp emission peaks of Fe and Mn

in simple silicates. AII Lo peaks are projected to a com{non height above background and

the horizontal wavelength scale varies from profile to profile'

the samples used are synthetic; they have not treen analyzed and stoichi-

ometry Las been assumed. As shown LpfL"increases systematically with

increase in ps2+/ps3+ or Mn2+/Mns+ in their respective oxides. Two

values are shown for hausmanite. The higher value was measured in July'
1g67: the lower value was obtained in several measurements in July,

Mn2 S i04



496 ARDDN L. ALBI],D AND ARTIILTR A. CHODOS

o
J

c

ae.
J
c

o
J

fl
a.

J
(D

lr

4 0

o 9

o 8

a 7

o.6

o 5

E Synthe i i c
O  N o t u r o l

premontite

K (FeESi308)  -  fe tdspor

No FeE(Si206)- ocmite

- piemonlite

MgFe204-spinel

Mn2SiO4 I  MnSiO3- - - - -

.impg.$99

Mn+3

a 4

0 9

o 8

o 7

o 5

U 5

olivine I pyroxene

i lmen i fe -FeT iO3

Mn+2

Fe+2

90 400

F e ' -

- + a
F e  ' -

o 4

o 9

goefh i le

30 40 50 60 70 80

Alom percent

Fig.4.Lp/L" ratios for oxides and simple silicates of Fe and Mn.

1969.It seems quite possible that the higher value is lhe correct value and
that the surface of the small grains in the grain mount has oxidized to
bixbyite in the intervening time. However, the grains are anisotropic in
reflected light. A systematic variation also occurs in the hematite-ilmen-
ite series and the magnetite series as indicated by data on synthetic
phases of intermediate composition. The FeLpfL. ratios are markedly
higher for the Fe-O-Ti bond association than for the Fe-O-Fe bond
association. The variation shown here is large enough to be useful in the
analysis and identification of opaque minerals in petrologic and paleo-
magnetic studies. It might also prove very useful in the study of sea-floor
manganese nodules.

TheLefL" values are also much higher for the silicates than for oxides
and are much higher for the Fe2+-O-Si (and M1z+-O-Si) bond
association than for the Fe3+-O-Si (or Mn3+-O-Si) bond association.
IIowever, the associated L" wavelength shift is only about 0.035 A (see
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also Fischer, 1965). Most of the sample points shown are synthetic min-

erals with Fe or Mn six-fold coordination with oxygen. A synthetic Fe

microcline, which has Fes+ in four-fold coordination, has a somewhat

higher LBf L" value than does synthetic acmite, which has Fe3+ in six-f old

coordina tion.
Relatively few anhydrous silicates have a wide continuous variation

itt psr+/ps3+, but the method should be useful for garnets and pyroxenes

and for helping to characterize unknown anhydrous minerals. since we

do not have synthetic samples of these minerals with intermediate values

o; p":+/Fs3+, we have made a reconnaissance study of some chemically
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Fig.5. Lp/L" ratios for chemically-analzyed garnets and pyroxenes'

analyzed minerals. Figure 5 shows LgfL.values for a number of chemi-

cally-analyzed garnets and pyroxenes with a range in FeO/FezO3' The

results indicate that predominantly ferrous and predominantly ferric

garnet and pyroxene can be distinguished. However, it is clear that better

standards and better Ls/Lo measurements are necessary to really test

the usefulness of the method.
Hydrous minerals have a wide range of p.z+/Fe3+' and a microprobe

technique capable of measuring this ratio in these minerals would be

most valuable to the petrologist. Figure 6 shows LpfL" ratios for a num-

ber of chemically analyzed amphiboles. In general, the alkali amphiboles

with their higher ferric iron content have quite different LBfL, ratios

than do the calciferous amphiboles and the one example of cumming-
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Fig,. 6. LBIL" ratios for chemically-analyzed amphiboles.

tonite. one alkali amphibole was analyzed both before and after oxida-
tion by heat treatment and the Ls/L" ratio changed in the predicted
direction. As with the garnets and pyroxenes, however, it would be neces-
sary to have standards with better known Feo/Fe2o3 contents and to
determine theL6f L. ratio more accurately in order to test the usefulness
of the method within groups.

Figure 7 shows data for a number of other hydrous minerals. The ratios
were measured by the profi le method and are not accurate enoush to

errots in the chemical determination. Since the M<issbauer work was

The chlorite samples analyzed show a rather good correration between
the chemically-determined Feo/Fero' and the L6fL" ratio. The results
suggest that useful results might be obtainable on this mineral.

The upper part of Figure 7 shows LsfL,vahes for analyzed muscovite
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Fig. 7. Lp/L" ratios for chenrically-analyzed hydrous siiicates.

and biotite samples. The values for muscovite, which should be predom-

inantly ferric, overlap those for biotite, which should be predominantly

ferrous. This overlap of values measured on profiles has been confirmed

by step-count measurements on several samples. In addition, the

values shown on Figure 8 for biotites synthesized at very different oxygen

activities were obtained by step-counting and do not show significant dif-

ferences inLs/L". The valence effect in hydrous rriinerals might be ob-

scured by the coordination of Fe with OH, rather than O, or by oxidation

or iron by the electron beam during the analvsis. However, the apparent

partial success of the method on amphiboles and chlorite make these sug-

gestions seem unlikely. The fifth order of potassium Ko would coincide

with the Fe Lp and, despite the use of pulse height selection, might be

significant in muscovite with a low iron content. However, this should

increase the LgfL, in muscovite, which is the reverse oI the observed

relationship. Jack Leitner, Applied Research Laboratories, kindly ana-

lvzed a muscovite and a biotite and obtained similar results, using an

RAP crystal rather than a KAP crystal.
The results of this survey oI a number of natural minerals are encourag-

ing-except for the micas. However, for useful resultsr the ratios must

be measured more accurately by longer step-counting and by controll ing

carbon contamination during the counting.
There seems to be no adequate theory which would have predicted the
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results which were obtained. LB, results from the Lrr-Mrv transition and
Lor,, results from the Lr'-Mv,rv transition. Their relative intensity should
to a first approximation be related to the relative number of erectrons
in the Lrr and Lrrr subshells, which would give aLsfL, ratio of 0.50. The
Iower than predicted LefL.ratio for metals (about 0.09 for Fe and Mn)
has been explained as due to an Auger transition (Fischer, 1965, p. 2053),
with part of the intensity "robbed', from the Lp peak reappearing as part
cf the L" peak (Parratt, 1959, p. 635). However, the Lrrr absorption
edges for iron and manganese lie between their L, and Lp peaks and may
produce a strong efiect on the relative intensities. Andersen and wittry
(1968, p" 538) have shown that the absorption-corrected Le/L" intensity
for metallic iron is about 0.30, rather than the observed 0.09, and that
the absorption-corrected intensity ratio appears to be essentially inde-
pendent of accelerating potential. In general, the absorption correction
is probably large enough that accurate absorption corrections will have
to be applied to the measured relative intensities before an adequate
theory can be formulated.

Snetsinger (1969) has suggested that since there are more electrons in
the outer M subshell if Fe is divalent rather than trivalent, the intensity
of Lor,, would be greater for Fez+ than for Fe3+1 i.e., L6/L" would increase
for increasing oxidation state. This is the relationship shown between Fe
and Fe2+, but the reverse relationship occurs for Fe2+ and Fe3+.
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