
Introduction
'?Fe Mdssbauer spectra have now been widely used

to obtain quantitative Fe2+ site populations in a large
number of silicate minerals (for a review of the
results, see Bancroft, 1973). In addition, several
authors have suggested that quantitative Fes+ /Fe+
ratios could be obtained from the b?Fe Mdssbauer
spectra of silicates (Bancroft, 1973: Burns and
Greaves, l97l; Annersten, 1974). The agreement
between Fes+ /Fs2+ ratios from Mdssbauer spectra
and chemical analyses has been generally semi-
quantitative (Bancroft, Burns, and Stone, l96g; Ban-
uoft, 1973; Burns and Greaves, l97l), although for
biotites considerable discrepancies between the two
methods have been recently noted (Annersten, 1974;
Goodman and Wilson, 1973). These latter discrepan-
cies are probably mainly associated with the
difficulties in chemically analyzing for Fes+ in the
presence of Fe2+.

In this paper, we report the 6?Fe M6ssbauer spectra
for a number of hornblendes and biotites from the
Sierra Nevada Batholith (Dodge, papike, and Mays,
1968; Dodge, Smith, and Mays, 1969). Careful
chemical analyses using the conventional methods of
Peck (1964) have been made for all but one of the
samples studied. We are able to show that the
Miissbauer Fe3+/Fs2+ ratios are entirely consistent
with the chemical analysis values, and that M6ss-
bauer spectroscopy can be used to obtain such
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analyses non-destructively with an accuracy of a
few percent.

Experimental

The hornblendes and biotites were kindly supplied
by F. C. W. Dodge and J. J. Papike as 200 mesh
samples. The chemical analyses of the hornblendes
(SL-18, BCc-13, BP-I,  BP-6, BCa-20, MG-l)  and
biot i tes (FD-12, FD-20, SL-18, MT-1, BCa-20, MG-
I, and BP-l) are described in Dodge et al (1968) and
Dodge et al (1969) respectively. With the exception of
hornblende BP-6, all these samples were analyzed by
the 'conventional' methods of Peck (1964).

The Mdssbauer spectra were obtained using a 50
mCi 57Co in Cu source with both source and absorber
at room temperature. From 2 X 108 to 4 X 106
baseline counts were accumulated for each spectrum.
Previous results on amphiboles (Burns and Greaves,
l97l; Bancroft and Burns, 1969) and bibtites
(Annersten, 1974) indicate poorer resolution at lower
temperatures for both mineral types. Calibration was
performed using a 99.99 percent Fe foil, and the scan
center method described previously (Bancroft, 1973).
All center shifts are quoted with respect to sodium
nitroprusside.

To investigate the effects of saturation on the ferric
to ferrous ratios, spectra of pure BP-l hornblende
were recorded at different concentrations in two
ways. In the first method, 100 mg to 600 mg of pure
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Abstract

Room temperature 6?Fe Mdssbauer spectra have been recorded for six hornblendes and seven biotites
from the Sierra Nevada Batholith, California. The hornblende spectra have been resolved into three Fd+
doublets due to Fe2+ in Ml, M2, and M3; and one Fes+ doublet due to Fe3+ mainly in M2.Thebiotite
spectra have been resolved into two Fe2+ and two Fe3+ doublets due to Fe2+ and Fe3+ in both Ml and M2.
Using the areas of the peaks, Fe8+7psz+ ratios have been derived. For biotites, these are found to be in
good agreement with the chemical analysis values; for hornblendes, the constant relating the chemicaI and
Mtissbauer Fe8+/Fe?+ values is l.l3 + 0.02. The accuracy of the non-destructive Fe3+/Fe2+ analysis is
within 2 to 4 percent for most samples. Saturation corrections for such analyses are shown to be
negl ig ib le.

The ferrous site populations show that Fe2+ orders in the Ml and M3 positions in hornblendes. There is
a small amount of ferrous ordering on M2in biotites, which increases as the ferrous content decreases.
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mineral were sandwiched between two perspex discs
in a holder of cross sectional area 1.7 6 cm2. In the se-
cond method,40 mg to 200 mg of mineral (150 mg ex-
cept where specified) were mixed with ground sucrose
of similar particle size such that the total weight of
sample plus sucrose was 600 mg. The mixture was
pipetted through a small hole in the top of the
perspex sample holder. This technique has previously
been found to give randomly oriented samples
(Clark, Bancroft and Stone, 1968), and the results in
the following section show that random samples were
indeed obtained. For BP-1, the percentage of(Fe'z+ t
Fe31-) in the mineral is ll.2 percent, and 100 mg of
mineral then corresponds to 6.4 mg Fe per cm2. The
latter sucrose method was used for all spectra other
than the saturation studY.

The spectra were fitted using the updated version
of the program written by A. J. Stone and
methods described in Bancroft (1973). All final spec-
tra were fitted with only linewidth equality con-
straints. In the hornblende spectra, the final fits were
obtained by constraining the Fe2+ linewidths to be
equal (but allowed to be different from the Fe'+
linewidths). In the biotite spectra, the final fits were
obtained with all F€+ and Fe3+ Iinewidths con-
strained to be equal. Separate Fe2+ and Fe'+ line-
width constraints showed no significant difference in
the Fe2+ and Fe3+ line-widths.

After the publication of a paper (Law, 1973) point-
ing out potential difficulties in fitting eight peaks to
one holmquistite spectrum, it seems appropriate to
discuss here the statistical and technical reasons why
six-peak fits to our hornblende spectra are not
satisfactory. Crystal-chemical reasons for the rejec-
tion of the six-peak fit will be detailed in the next sec-
tion. First, there is always a marked decrease in 1'
(100 + 20) on going from a six-peak fit to an eight-
peak fit. Thus 12 for most of our hornblende spectra
drops from the 600 range for a six-peak fit to the 500
range for an eight-peak fit. A drop in 1'of less than
50 within the statistically acceptable range for one
spectrum (Law, 1973) need not be strong evidence in
favor of the fit with the lower 12, but a drop in 12 of -

100 for a number of spectra is compelling evidence for
the existence of the extra doublet. Second, a six-peak
fit gives inner Fe2+ line-widths of 0.40 i 0.02 mm s-',
which are much larger than those normally observed
(0.30 mm s-') for Fe'+ in a single site in silicate
minerals (Bancroft, 1973, p. 189). Thus the line
widths for a riebeckite [NarFe'+rFe3+2Si6Orr(OH)zi
sample 5, Bancroft and Burns (1969)l in which Fd+
can only enter Ml and M3, arc 0.29 mm s-'. These
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larger line-widths for six-peak fits strongly suggest a
superposition of two peaks. It seems more than coin-
cidental that the eight-peak fit gives Fe'+ line-widths
of 0.32-0.33 mm s-1 for euery sample'

Finally, it should be noted that the spectra are not
temperature dependent as in some Ca pyroxenes
(Williams, Bancroft, Bown, and Turnock, l97l;
Dowty and Lindsley, 1973). Thus, site populations
derived at 80 K and room temperature for ff1 in the
previous study (Bancroft and Burns, 1969) were in
good agreement. Combined with the crystal-chemical
arguments given below, this evidence strongly
suggests that the three doublets are due to Fe2+ in
three structurally distinct positions.

Results and Discussion

Assignment: Amphiboles

Typical spectra of a hornblende and a biotite are
shown in Figure l, and the spectral parameters for all
spectra are listed in Tables I and2. The areas of com-
ponent doublet peaks are very nearly equal and in-
dicate that random samples were obtained. If any-
thing, the low velocity Fe2+ peaks are less intense
than the high velocity peaks in the biotite spectra.

The 12 values generally are statistically acceptable
for the hornblende spectra (Table 1), and the center
shifts, quadrupole splittings, and half widths are in
very good agreement with a similar eight-peak fit to a
magnesioriebeckite (f7, in Bancroft and Burns,
1969), but not in as good agreement with the eight-
peak fit to a hornblende (ff4, Burns and Greaves,
lg7l,Table l). These differences, especially in peaks
C C' and D D', point out one difficulty in fitting these
spectra. In the paper by Burns and Greaves, peaks
C and D were exchanged, leading to a smaller quad-
rupole splitting (Q.S.) and larger center shift (C.S.)
for the Fe2+ peaks and a corresponding larger Q.S.
and smaller C.S. for the Fea+ peaks. We have found
it possible to fit our hornblende spectra in both
ways with very little difference in x". However,
because the C.S. usually decreases with decrease in

Q.S. for Fe2+ minerals (Bancroft, Burns, and Mad-
dock, 1967), we prefer our fits in which the C.S.
decreases as the Q.S. decreases. Either fit gives
,"s+ /Fe2+ ratios and Fe2+ site populations equal
within the error.

The hornblende spectra can be readily assigned as
given previously: (Bancroft and Burns, 1969; Greaves
and Burns, 1971) peaks A and A',  B and B',  C and C'
to Fe2+ in the Ml, M3, and M2 positions respective-
ly, and peaks D and D' to Fe8+ in the three positions,
although Fe3+ is known to predominate in the M2
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Ftc. l. Mdssbauer spectra of (a) BCc- l3 hornblende and (b) MT- I biotite. In the hornblende specrrum peaks A and A,, B and 8,, C and

C' are due to Fe2+ in the Ml, M3, and M2 positions respectively, while peaks D and D' are due to Fes+ in the three positions. In the
biot i te spectrum, peaks A and A'  and B and B'  are due to Fe2+ in M2 and Ml respect ively,  whi le peaks C and C,and D and D,are due to
Fe3+ in Ml and M2 respectively.

position (Bancroft and Burns, 1969; Ernst and Wai.
1970; Papike, Ross, and Clark, 1969). The larger half
widths for the Fe3+ peaks indicate that peaks D and
D' are due to Fe3+ ions in more than one position.
The Fe8+/(Fe3+ + Fe2+) values derived from the
M6ssbauer areas are very similar to, but slightly

larger than, those from chemical analyses, with the
exception of BP-6 (uide infra).

To further substantiate our eight-peak fits, as well
as the assignment both for alkali amphiboles general-
ly and for actinolites (Greaves and Burns, l97l), we
briefly review the crystal chemistry of these minerals,

Tesl-n l. Milssbauer Parameters-Hornblende Samples (295 K)r

x2 Peaks AA' (M1)

c . s .  Q . s .  n , w .
- l

m s

2 +
Fe Absorp t ions

Peaks  BB ' (M3)

c . s .  Q . s .  H . l . l .
- l

m s

Fe3+ Absorp ! ion
Peaks  CCr  (M2)  Peaks  DDr  (M1,M2,M3)

c .  s .  Q .  s .  H . w .  c .  s .  Q .  s .  H . w .
- l

m s  m s

Fg '+11g" '+  +  Fe3+)

Moss . C hqt
SanpIe

BP-6
BCc-13
BP-1
sL-18

BCa-20
MG-1
Burns #4x*

5 6 3  t . 4 o  2 , 8 L  0 . 3 3  ! . 3 7  2 . 3 9  0 . 3 3  l . 3 I
7 6 0  1 . 3 9  2 . 7 6  0 . 3 2  r . 3 8  2 . 3 5  0 . 3 2  L . 2 6
5 1 8  1 . 3 8  2 . 7 9  0 . 3 2  L . 3 5  2 . 4 0  0 . 3 2  L . z g
5 8 5  L . 3 9  2 . 7 6  0 . 3 2  1 . 3 7  2 . 3 7  0 . 3 2  I . 2 8

r . 3 7  2 . 3 9  0 . 3 2  1 . 3 0
L . 3 6  2 . 4 1  0 . 3 2  1 . 2 8
L . 3 2  2 . 3 0  0 . 3 2  1 . 3 5

5 4 5  1 . 3 9  2 . 7 9  0 . 3 2
6 0 1  1 . 3 9  2 . 7 9  0 . 3 2
6 3 4  L , 3 6  2 . 7 r  0 . 3 2

1 . 9 9  0 . 3 3
2 . 0 2  0 . 3 2
2 . 0 1  0 . 3 2
2 . O L  0 . 3 2

2 . O L  0 . 3 2
2 . 0 4  0 . 3 2
L . 7 2  0 . 3 2

0 , 7 5  0 ,  s 3  0 . 3 8
0 , 7 2  0 . 5 7  0 . 3 8
0 . 7 2  0 . 5 4  0 . 3 7
o . 7 2  0 . 5 6  0 . 3 7

0 . 7 r  0 . 5 7  0 . 3 8
0 . 7 1  0 . 5 8  0 . 3 8
0 .  63  0 .  65  0 .  41

o .2L5  0 .223
0 . 2 5 1  0 . 2 2 2
0 ,25L  0 .23 I
o . 2 7 8  0 . 2 5 2

0 . 2 6 2
0 .  2 8 3
0 . 2 4 6

0 . 2 4 L
0 . 2 6 2
0 .  211

T E r r o r s  i n  C . S . ,  Q . S .  a n d  H . W .  a r e  t 0 . 0 2  m  s - I .
The C.S.  va lues  are .quoted  re la t i ve  to  sod iuE n l t ropruss ide  a t  roon temDera ture .
subt rac t  0 .16  m s- I  to  conver t  to  s ta in less  s tee l l  sub t rac t  0 .26  ;  

" t i  
io  

"o r r . r t  
to  l ron  meta l .

uhml .ca l  ana lyses  va lues  taken f rom Dodge,  pap lke  and Mays ,  (196S) .
Sanp le  /14  ln  Burns  and Greaves ,  (1971) .
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Tlsrr 2. Mdssbauer Parameters-Biotite Samples (295 K)1

x2
Fe2+ Absorptlons

Peaks AA'(M2) Peaks BBr(Ml)

c . s .  Q . s .  H . w .  c . s .  Q . s .  H . I { .

- I  - l
m s  m s

Fe3* Absorotlons
peaks cc' (M1) r..t" ' i i ; i i izl Fe3+/ (Fe2++ Fe3+)

C . S .  Q . S .  H . W ,  C . S .  Q . S .  H . l [ .  M o s s .  C h o . *

- l  - 1
m s  m s

Sanple

BP-1
a 6  peak  f l t

b  7 0  n g ,
8  peak  f1 t

I  peak  f i t

MG.1
Ifl-1
m - 1 2

BCa-2  0
SL-18
FD-20

1 . 3 8  2 . 6 7  0 . 3 6

1 . 3 8  2 . 6 2  0 . 3 5

r . 3 9  2 . 6 s  0 . 3 6

r . J )  z , z o  v . J o 0 . 7 6  0 . 6 s  0 . 4 5 0 .L75  0 . r 72

0 .L74  0 .L72

0 . 1 7 3  0 . L 7 2

o .L97  0 .193
0 . 1 9 0  0 . 1 9 9
0 ,L26  0 .137

0 . 1 7 0  0 . 1 6 5
0 .153  0 .151
o ,047  0 .059

643

616

6L4

1015
676
7 7 0

570
730
7 7 0

0 .  35

0 .  3 5

o . 3 7
0 .  3 5
0 .  3 7

0 .  4 0
0 . 3 6
0 .  4 0

0 .  35

0 .  3 5

0 . 3 7
0 .  3 5
0 , 3 7

0 . 4 0
U . J O

0 .  35

0 .  3 5

o . 3 7
0 .  3 5
0 .  3 7

0 . 4 0
0 . 3 6
0 . 4 0

1  ? 5  t  1 A

1  1 <  a  2 i

o . 7  5  l .  0 5

0 . 7 5  1 . 0 3

0 . 7 3  1 , 0 5
0 .  75  1  . 00
o . 7 4  1 . 0 0

0 .  7 2  1 .  0 0
0 . 7 7  1 . 0 5

0 . 7 3  0 . 5 9

0 . 7 s  0 . 5 2

0 . 7 5  0 . 5 0
0 . 7 4  0 . 5 2
o . 7 8  0 . 4 7

0 . 7 1  0 . 4 2
0 , 7 7  0 . 5 1
0 . 8 6  0 . 5 7

1 . 3 9  2 . 6 2  0 . 3 7  L . 3 6  2 . L 5
1 . 3 8  2 . 6 1  0 . 3 5  1 . 3 5  2 . L 7
r , 3 9  2 . 5 7  0 . 3 7  L . 3 7  2 . 0 6

r . 3 8  2 , 6 2  0 . 4 0  L . 3 6  2 . r 3
1 . 3 9  2 . 6 L  0 . 3 6  L . 3 7  2 . L 4
L . 4 0  2 . 6 2  0 . 4 0  1 . 3 9  2 . L 5

t E r r o r s  i n  C . S . ,  Q . S ,  a n d  H . W .  a r e  1  0 . 0 2  m  s - '
C .S.  va lues  are  quoted  re la t l ve  to  sod lum n i t ropruss ide .
Chemlca l  ana lvses  va lues  taken f ron  Dodge.  su l th  and Mays '  (1969) '

concentrating particularly on the M2 position. In
previous Mdssbauer studies of alkali amphiboles
(Bancroft and Burns, 1969; Ernst and Wai, 1970),
with one exception the minerals have an (Fe3+ *
Ale+) content greater than 1.77 atom p.f.u. For
samples l-5 studied by Bancroft and Burns (1969),
(Fe3+ + Al3+) totalled over 1.90 p.f.u. Since it is
generally recognized that Fe3+ and Al8+ enter the M2
position, very little Fe2+ would be expected to enter
M2. In the actinolites studied recently (Greaves and
Burns, 1971), there is very little Fe8+ + Al3+ (usually
less than 0.50 p.f.u.), and we would thus expect a
large amount of Fe2+ in M2. Our present samples
have -0.7 (Fe'+ + Al3+) p.f.u., and we would thus
expect a considerable amount of Fe2+ to enter M2.

Our spectra (and the actinolite spectra) are entirely
consistent with the above crystal chemistry. Consider
first the site populations. For glaucophane and
riebeckite (Bancroft and Burns, 1969) where little, if
any Fe2+ is expected in M2,two narrow Fe2+ doublets
were observed which were assigned to Fd+ in Ml
and M3 (Q.S. 2.8 mm s-r and 2.3 mm s-l respec-
tively). This assignment was confirmed by the ex-
cellent agreement between X-ray and M6ssbauer
results for the Fd+ site populations for the
glaucophane (Bancroft and Burns, 1969; Papike and
Clark, 1968). Since considerable Fe2+ is expected to
enter M2 in actinolites, it is not unexpected to see in
these spectra a new resolved doublet (Q.S. < 2.0 mm
s-1) which was assigned not surprisingly to Fe2+ in
M2. Our samples would be expected to have a

doublet C and C'(Fe2+ in MZ) intermediate in inten-
sity between the glaucophane-riebeckite and actino-
lite spectra, and this is in fact observed'

To further support the above assignment, our
quadrupole splittings are consistently in good agree-
ment with those quoted above for Fd+ in the three
positions (Table l). Thus, our Ml, M2, and M3 Q.S.
vary from 2.76 - 2.81 mm s- ' ,  2.35 - 2.40 mm s-r,
and 1.99 - 2.04 mm s-l respectively. (The somewhat
larger M2 Q.S. is due to the choice of the fit men-
tioned earlier). A six-peak fit to alkali amphiboles
with significant Fe2+ in M2 (17, Bancroft and Burns,
1969; # S.C., Ernst and Wai, 1970; and a// our spec-
tra) gives inner Fe2+ Q.S. of (2.15 mm s- ' .

Finally, the consistency of the site populations dis-
cussed later is yet another strong argument in favor
of the eight-peak fits.

Taken together, the above evidence leaves no
doubt that the eight-peak fit is the correct general fit
to calcic and sodic amphiboles. The magnitude of the
errors associated with the peak areas (and thus the
site populations) are still disputable, however. These
errors will be discussed in the next section.

To avoid instrumental and other errors when
reporting new spectra, it is imperative first, to take a
number of spectra of related minerals; second, to use
justifiable constraints which are necessary to obtain
reasonable parameters; and third, to check the con-
sistency of all the results. Law (1973) did none of the
above, and thus his site populations cannot be
evaluated. For example, his line-widths for the three
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Fe2+ doublets vary from 0.22 mm s-r to 0.37 mm s-r.
Both values are outside the range for Fe2+ widths for
all silicate minerals with Fe2+ in a sinsle site.

Assignment: Biotites

The 12 values for the biotite spectra are generally
higher than those for the hornblendes, although oui
values are substantially lower than those reported in
two recent studies (Goodman and Wilson, 1973;
Annersten, 1974). Our values for the e.S., C.S., and
widths for the four doublets are in substantial agree-
ment with those reported in the previous studies.

There has been some disagreement as to the assign-
ment of biotite spectra. Annersten (19l-4) assigned the
peaks as follows: outer and inner Fe2+ doublets to the
M2 and Ml positions respectively, and outer and in_
ner Fe3+ doublets to MI and M2 posilions respective_
ly. However, Goodman and Wilson (1973) made the
opposite assignment. Our data, together with the
results of recent crystal-structure refinements of trioc_
tahedral micas (Hazen and Burnham, 1973) strongly
support the former assignment, namely, peaks A and
A' to Fe2+ in M2, peaks B and B' to Fe2+ in Ml:
peaks C and C' to Fe3+ in Ml; and peaks D and D' to
Fe3+ in M2. The usual distortion criteria (Bancroft,
1973) for assigning Fer+ peaks cannot be readily
applied to biotites since the two sites are very similar
both in size and in distortion from octahedral
symmetry (Hazen and Burnham, 1973). The similari-
ty of the sites and the Fer+ site populations deter-
mined by crystal structure refinement for annite
(Hazen and Burnham, 1973) indicate that there
should be very little ordering of Fe2+ or Fee+ in either
site. The above assignment of the Fe2+ and Fes+
peaks usually leads to little ordering of either cation
(Table 6), whereas the reverse assignment would re-
sult in a large amount of ordering of both cations
on the Ml sites. The above assignment is also con_
sistent with the reversal of relative quadrupole split-
tings for Fe2+ and Fe3+ (Bancroft, 1973). The more
distorted site leads to a smaller Fe2+ quadrupole
splitting and a larger Fe3+ quadrupole splitting.

Saturation Efects

To examine the effect of saturation on the derived
pss+/(pe2+ i Fe3+) ratios, we ran a number of spec-
tra on BP-l hornblende as described in the ex_
perimental section. These results are summarized in
Table 3. In the pure samples (100 mg to 600 mg),
there appears to be a trend indicating small satura-
tion corrections, although it is hardly outside the es-
timated error (Table 2). The spectra of the three

Teslr 3. Thickness Effects in BP-l Hornblende

Mg, hornblende" sanp le  F . t+ / (Fu2+ *  F" ' * ) * *  x ,
Eype

100
250
4 0 0
600

4 0
7 0

1 5 0

Pu!e
P u r e
Pure
Pure

0 . 2 4 0
o .25 I
o .268
o . 2 6 7

o . 2 5 5
0  . 247
0 . 2 5 1

567
) U I

578

540
513
518

* 100 ng of thls hornblende contains LL.z ng l le2+ * F"t*) .
1 0 0  n g  t h e n  c o r r e s p o n d s  t o  6 , 4  m g  F e  p e r  c m -  ( s u r f a c e  a r e a

o f  h o l d e r  1 s  1 . 7 6  c n ' ) ,
* *  E s t i @ t e d  e r r o r  ,  1  0 . 0 0 8

* * *  T o t a l  w e l g h t  o f  s a n p l e  p l u s  s u c r o s e  i s  6 0 0  n g .

samples mixed with sucrose give very consistent
results for the Fe3+,/(Fe,+ * Fe8+) ratio which are in
close agreement with the chemical analysis value.
These results strongly suggest that saturation correc-
tions can be neglected for such samples. Because the
mineral particles are well spread out in the sucrose,
the true thickness for these samples should be less
than that for the neat samples. Yet, the Fe3+,/(Fer+ +
Fe8+) ratios for the neat samples-even up to 600
mg-are not far outside the sucrose value of 0.251.
These results, along with all the Fe2+ site populations
derived previously, strongly indicate that the large
saturation corrections calculated by Stone (1973) are
not applicable to granular samples with no correction
for background.

The two results for biotites BP-l (Table 2, top) also
suggest that saturation corrections can be neglected.
There is no significant change in the Fe3+,/(Fer+ 1
Fe3+) ratio between the 70 mg and 150 mg samples,
and the derived Mcissbauer ratios are in excellent
agreement with the chemical analysis values. Once
again, these results very strongly suggest that satura-
tion corrections can be ienored.

fs'+ f fs2+ Ratios

The Fe3+/Fe2+ values derived from the Mdssbauer
areas for hornblendes and biotites are given in Tables
4a and 4b respectively along with the chemical
analyses. From the reproducibil i ty of the results, we
suggest that our Mdssbauer pel+ /psz+ values are ac-
curate to t 0.006 or -2 percent for hornblendes, but
3 percent for most biotites to -12 percent for FD-20
biotite. These are only qualitative error estimates but
the excellent consistency of the results discussed
below strongly indicates that this is a reasonable
error.

Using the usual formulation for area ratios (Ban-
croft, 1973), it is convenient to write:
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BP-1 40 ng
7 0  o g

150 ng

BC a -20

MG-I
BP-6
b L c  - t  J

1 . 1 0 )
1 . 1 3 \  1 . 1 2
L.L2 .J

I . L 2
1  . I I
o . 9 7
I . L 7
I . 1 4

1 . 1 3  I  0 . 0 2

Tlst-e 4a. pes+/pe2+ Ratios and Calculation of

C for Hornblendes

! e  / ! e

Mi issbauer f  chs ica l '  c

should be very similar. The C value further supports
our conclusion that saturation corrections can be
neglected.

For hornblendes, the constant C is l.13 + 0.02,
and the consistency of the C values is excellent except
for BP-6, which was not analyzed by 'conventional

methods.' We have not included the C value for BP-6
in our average C value. The larger C value is consis-
tent with Fe3+ ordering in the smaller M2 positions,
while Fe2+ preferentially orders in the larger Ml and
M3 positions. We would expect that the smaller Fe3+
sites would result in /p"'* being larger than fr""* giv'
ing rise to C ) l. In addition, it is apparent that
1""'* ) I."'*. For hornblendes and alkali amphiboles,
the true chemical Fe1+ /Fe2+ ratio can now be ob-
tained by dividing the M6ssbauer value by I'13.

The above results indicate that accurat. O"s*7Fe2+
chemical analyses can be obtained for any other
silicate mineral from M6ssbauer area ratios after a
calibration procedure similar to that given above.
For minerals such as biotites in which Fe3+ and Fe2+
enter the same sites in similar relative amounts' the
chemical p"s+/pe2+ values can be obtained directly
from the Mdssbauer area ratios.

Fe2+ Site Populations
Assuming that C : l, the ferrous site populations

for hornblendes and the ferrous and ferric site pop-
ulations for biotites can be readily calculated (Tables

5 and 6). The estimated errors are comparatively
large (footnote, Tables 5 and 6) because the peaks
closely overlap. No site populations from X-ray
diffraction measurements on these samples are
available for comparison with our M6ssbauer results.
The standard deviations in the areas for amphiboles
(derived from our least-squares fitting procedure) are
never larger than 10 percent ofthe areas (typically 4Vo
for Ml,8Vo for M3 and l}Vo fot M2). Because of the
assumptions in the treatment (equal linewidths, and
C : l), we give an error which is normally much
larger than these standard deviations. The reproduci-

Tlrr-p 5. Fe'+ Site Populations in Hornblende

Samples Per Formula Unit

senDle Total  Fe2+ Fe2+ pet fomula unlt*  Ag" **
'  

D . f . u . t  M I  U Z  M 3  ( l n  n 1 l 1 t o n s  o f  y s r s )

B P - 1  1 . 3 5
8 P - 6  1 . 4 3

BCc-13 I  '  85
s L - 1 8  1 . 8 6

B C a - 2 0  1 . 6 I
Irc-1 1.50

0 . 7 6  0 . 2 5  0 . 3 4  1 s 0
O . j 1  O . 2 7  0 . 3 9  1 7 5

1 , 0 5  0 . 2 9  0 . 5 1  9 2
r . o 1  o . 3 t  0 . 5 4  9 1

O.9O O.2 t '  O.44  87
0 . 8 2  0 . 2 7  0 . 4 r  8 4

F r o n  D o d g e ,  P a P i k e ,  a n d  u a Y s  ( 1 9 5 8 ) .

Est lsated etrors 1 0.05

0 . 3 2 9  0 . 3 0 0
0 . 3 4 1  0 . 3 0 0
0 . 3 3 5  0 . 3 0 0

0 . 3 5 5  0 . 3 1 8
0 . 3 9 4  0 . 3 5 6
0 .  2 8 0  0 . 2 8 8
0 . 3 3 6  0 . 2 8 5
0 . 3 8 i  0 , 3 3 7

Average tt

E s t i n a t e d  e r r o r ,  t  0 . 0 0 6
Froo Dod$e, ?aplke and ,uays, (1968).  Note that
BP-6 was nct aElyzed by Peck's nethod
N o t  l n c l u d l n e  B P - 6

Ap."* _ ^ lfrr_:
,q r * l :  

t  
F ;

where A represents Mossbauer absorption peak
areas, and N represents chemical analysis values, and

I p . " * f p " " *G(  X )e " " ,
t  :  

f * *1 . * -G(x ) " " *
where I is the l ine-width,/is the Mdssbauer recoil-
free fraction, and G(X) is the saturation correction.
The C values quoted on the right hand side of Table 4

are just the ratio of the Mdssbauer Fes+/Fe2+ values
to the chemical analysis Fel+ /Fe2+ values.

Iror biotites, C is very close to 1.00 for all but FD-
20 for which there is a comparatively large error in
both the chemical analyses and Miissbauer ratios due
to the very small Fe3+ content. The average of 0.98 t
0.04 for C suggests that Fe3+/Fe2+ values can be ob-
tained directly from Mdssbauer areas with no correc-
tions. The line-widths, I"u'* ?nd lps3+ are equal
(Table 2), and since nearly the same proportionate

amount of Fe'+ and Fe3+ enter the Ml and M2

sites, the average f value for both Fe2+ and Fe3*

TAsLn 4b. f's3+/[e2+ Ratios and Calculation of

C for Biotites

SaEple

Fe3+/Fe2+

Miissbauert Chenlcal*

t

T I

BP-1 70  ng
150 ng

MG-1
MT-1
FD-12

BCa-20
sL-18
FD-20

0 . 2 0 8
0 .  208

0 .239
o . 2 4 8
0  . 158

0  . 1 9 9
0 .  1 7 8
0 . 0 6 3

AverageTT

1 . 0 0
r . 0 2

L . 0 2
o . 9 4
0 .  9 0

0 .  9 9
1 . 0 1
0 , 7 8

0 .  98 i0 .04

o . 2 0 7
0 .2L3

o . 2 4 3
0 . 2 3 2
o .L42

0 .L97
0  . 180
0 .  049

i  Es t lna ted  er ro r ,  10 '006
* Fron Dodge, solth, and }aays (1969)

tf Not lncludlng FD-20 K-A neasu lsents ;  K is t le r Bat@n and Brannock
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Tnsl-r 6. Calculation of Ferric and Ferrous Site Populations in Biotites per Formula Unit

Fe/formula*
unlt

lanple F. ' i  F"tt  t  t r42
I

2M1 |

$l te Populat lons

F e Fe3 f Ag.o*

M24142+ 2mf

BP-l 70 ng
150 ng

MG-I
MT-1

FD-12
BCa-20
sL-18
FD-20

1 . 8 9  0 . 3 9
1 . 8 9  0 . 3 9
2 . 0 2  0 . 4 8
L . 9 7  0 . 4 9

2 . 7 8  0 . 4 4
2 . L 2  0 . 4 2
2 . 3 8  0 . 4 2
2 . 7  4  0 .  1 7

L . 4 6  0 . 3 6
L . 3 7  0 . 3 4
1 . 4 3  0 . 3 6
1 . 5 5  0 . 3 9

1 . 9 3  0 . 4 8
L . 4 2  0 . 3 5
1 . 6 8  0 . 4 2
1 . 8 7  0 . 4 7

0 . 4 3  0 . 2 2
0 , 5 2  0 . 2 6
0 . 5 9  0 . 2 9
0 . 4 2  0 . 2 I

0 . 8 5  0 . 4 3
0 . 7 0  0 . 3 5
0 . 7 0  0 . 3 5
0 . 8 7  0 . 4 3

0 . 3 0  0 . 0 8  0 . 0 9
0 . 2 s  0 . 0 6  0 .  L 4
0 ,29  0 .  07  0 .  r . 9
0 . 3 1  0 . 0 8  0 . 1 8

0 . 3 1  0 . 0 8  0 . 1 3
0 . 2 2  0 . 0 6  0 . 2 0
o . 2 9  0 . 0 7  0 . 1 3

not resolved

0 . 0 5
0 . 0 7
0 . 1 0
0 .  09

0 . 0 7
0 . 1 0
0 .  07

7 R

7 8
7 7
81

80-90
85
6 Z

80-90

* Fron Dodge, Snlth and Mays, (1969).
t  Es t {ne ted  er ro r ,  t  0 .10
** Klst ler, Bateman and Brannock(1965); Dodge, Smirh and Mavs(1969).

bility of the results, combined with the similarity
of the site populations for samples with the same
relative age and location (Table 5), suggests our
errors are reasonable.

The results for hornblendes (Table 5) show im-
mediately that Fe'z+ orders in the Ml and M3 posi-
tions, and that there is little ordering between Ml
and M3. These results are entirely consistent with the
results for other alkali amphiboles (Bancroft and
Burns, 1969). Because there is no background ex-
perimental work on equilibrium site populations of
alkali amphiboles at different temperatures, it is
difficult to comment at this stage on the relative
ordering in the different age groups.

In most biotites in this study, Fe2+ orders in the
M2 position-as found generally by Annersten
(1974). Because of the small amount of Fe8+ and the
relatively large errors in their site populations, there
is no evidence in this work that Fe3+ orders in one
position. Our results show that the two biotites with
lowest Fe2+contents (BP-l and MT-l) are the most
ordered, indicating that they were formed at the
lowest temperature and/ or cooled the most slowly. It
is interesting that all the other samples are nearly dis-
ordered, indicating a higher temperature of forma-
tion and/or a more rapid rate of cooling. Obviously,
more thermodynamic and kinetic data on ordering in
biotites is needed for a more complete interpretation
of the above results.
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