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Ansrn^c.cr

An experimental method for the determination of Ab-Or exsolution and Al-Si ordering

in alkali feldspar is described. Powder infrared spectroscopy was used to measure spectra

in the spectraf range between 50 and 1500 cm-' using about 5 mg of sample material. The

specrra rere *ulyred using reference spectra of uniform samples with various Ab-Or

c-ompositions and several degrees of Al-Si order. The application of this method is dem-

onstrated for two examples of exsolved feldspar minerals, and it is shown that detailed

characteization of alkali feldspars using IR spectroscopy leads to new insight into their

structual details.

IprnooucrroN analysis of reference spectra to determine the spectral

Infrared spectroscopy is a sensitive I better quantitative analysis; (2) calcu-

mination of both the chemical compos ion curve using the reference spectra;

and its structural state (salje lgg2, r9g I of spectra of the unknown sample'

concenfrated on the determination of tl alysis of its chemical composition and

Al-Si order in sodium feldspar by usir cler' These steps will now be described

intensity changes in the spectral region
700 cm ' (Salje et al. 1989; Zhang et i for calibration
aration of T,-T, ordering from T,.-T,- feldspars with various Ab-Or compo-

i'ifi'"ti;ll,:3,T,Fff;t"fti:,Y* ;:ii 
red as reported in zhang et ar' (1ee6)

salje 1992), investigation of the kiner 
; were determined by X-ray Guinier

clinic to monoclinic phase transition in 
r' The chemical compositions of the

spar (Malcherek et al. 1995), and of 
flrmed using the lattice parameters pub-

strontium feldspar (Benna et al. 1995. 
al' (1986)' In addition' a fully disor-

sents an easy-to-handle experimental *' ' sample (Kroll et al' 1986) was used

H:Tffil',:ilTTf1fi',"ffi,:ffi'Yi" ilfi#:"$:,'fr,3f"T"lJ,E?,:l
separate paper' annealing times between 0.5 h and 9 d. Similar samples

ExpnmnrnNrAl METHqD were studied previously (Salje et-al' 1989) by IR spec-

rnfrared technique $::Tli;il:T",ti".lT:ff:x*t"3"Tt?3:;rr-:#;
Infrared spectroscopy was performed using a standard

Bruker 113 V Fourier-transform infrared specffometer. Analyzed samples

The conventional IR pellet technique with abbut 5 mg of Two natural samples were chosen to demonsffate the

sample material was used. The sample preparation and application of the analytical method. One sample, a mi-

experimental details were reported previously (e.g., croperthite, GGU140021, originated from the Klokken

Ziang et al. 1996). Each spectrum was calculated by Fou- syenite intrusion, southern Greenland. It contains ordered

rier tiansformation of 512 scans. All spectra were then albite-microcline intergrowths with an average composi-

recordedas absorbanceA, withA = -log,o(S"*o./S-***.), tion of Oro' Details of the bulk composition, lamellar

where S is the single-beam transmission intensity. exsolution, and microstructures were reported by Brown

In general, a typical procedure for the quantitative anal- et al. (1983). The second example is a feldspar from Sri

ysis Jt an unknbwn uikuli f"ldtp. ru-pl" involves the Lanka, VSL510, which was previously described by Voll

iollowing basic steps: (l) preparation oi standard sam- et al. (1994). Further details of the two samples and some

ples, including the acquisition of reference spectra and samples used for calibration are given in Table 1.
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Trele 1. Details of the samples used as standards and examples

Comoosition
Sample Description ReferenceOr

Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard

Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Example

Example

9 8 8
90.1
81  I
75 .1
65.2
55.4
50.8
3 5 6
20.1
1 1 3
0.4

98.8
89.1
7 8 0
69.1
bz.5
5 4 8
46.9
J / . b

2 9 4
1 7 6
8.8
o 4
1

1 2
9 8

18.2
24.9
3 4 8
4 C . O

49.2
6 4 4
79.9
88.7
99.6

1 . 3
10 .9
22.0
3 0 9
J /  5

45.2
53 1
7 2 4
70.6
82.4
91  2
9 9 6
98

-0
*0

-0
-0
-0
--U
-0
-0
-0
---0
-0
-0
-0
-0
-0
-0
-0
-0
-0
---0
^"0
-0

'|

Synthetic, fully ordered
Synthetic, tully ordered
Synthetic, fully ordered
Synthetic, fully ordered
Synthetic, fully ordered
Synthetic, fully ordered
Synthetic, fully ordered
Synthetic, tully ordered
Synthetic, fully ordered
Synthetic, fully ordered
Synthetic, fully ordered
Synthetic, f ully disordered
Synthetic, f ully disordered
Synthetic, f ully disordered
Synthetic, f ully disordered
Synthetic, f ully disordered
Synthetic, f ully disordered
Synthetic, fully disordered
Synthetic, f ully disordered
Synthetic, f ully disordered
Synthetic, f ully disordered
Synthetic, f ully disordered
Synthetic, f ully disordered
Low albite, Amelia locality,

annealed at  1353 K, t :  0.5 n
e

3

3
e

J

J

4

5

'I

1
1
'I

1
1
1
'I

1
1
'I

1
1 . 0

2 4

98
98
98
98
98
98
98
98
98
98
oa
98
66.0

20.4

1
1
1
1
1
1
1'|
1
1
,l

1
33.0

7 7 2

t : 1 h
t : 2 h

f  : 1 6 h
t : 2 0 h
r : 3 1  h

- 4 0 h
- 7 2 h
: 8 1  h
:  1 1 8  h
-  144h
= 2 1 6 h

Cryotoperthite, ccul 40021, Ktokken,
Greenland

VSL510, Sri Lanka
N o t e : 1 :  z h a n g e t a l  ( 1 9 9 6 ) ; 2 : K r o l l e t a l  ( 1 9 8 6 ) ; 3 - S a t j e e t a t  ( 1 9 0 9 ) ; 4 : B r o w n e t a t  ( 1 9 8 3 ) ; 5 : V o i l e t a t . ( 1 9 9 4 )

Spectral analysis of standard samples
Al-Si disordering in alkali feldspars leads to a contin-

erence spectra. The first set is called the ..primary ref_
erence spectra." It consists of a series of spectra of nat_
ural and synthetic samples with well-defined chemical
composition and degree of Al-Si order. These spectra
were published.by Zhang et al. (1996). The second ser is
called the "secondary reference spectra.', These spectra

ondary reference spectra was constructed by the super_
position of spectra of fully ordered Or_,. and eb_,_ (Fig.

1). These were used for the analysis of unknown samples
with high degrees of Al-Si order. In this case, the spectral
weights of the two primary reference spectra were
changed to obtain a best fit with the unknown spectra.

IR modes sensitive to Ab-Or composition

Exchange of Na and K causes specific spectral features
to vary in ordered alkali feldspars. The most obvious
variation is in the stretching bands between 700 and 800
cm t, with four separated bands in the Na-rich end-mem-
ber and two bands in K-rich samples (Fig. l). In the spec-
tral region between 350 and 500 cm-r, the effects of com-
position on the line profiles can be seen near 400 and 470
cm-'. The most significant spectral variations caused by
exchanging Na and K, or varying Ab-Or concentration,
occur in the spectral region below 300 cm-'. This spectral
region was found to be most useful for the analysis of
exsolved samples. For samples with high degrees of Al-Si
order, the low-frequency bands include the K-O band at
ll4 cm-t and the Na-O band at 184 cm ' (Fig. 2). Spec_
tral analysis of mechanical mixtures of samples and



ZHANG ET AL: EXSOLUTION AND DISORDER IN FELDSPARS 8 5 1

c 8 0

o
tr
b 6 0
o

=
^ 4 0

E

o z u

o

o

o

Ab_  100

Or Ab
20 80

Or Ab
40 60

Or Ab
60 40

Or Ab
80 20

Or_1 00

200 400 600 800

Wavenumber  (cm-1)

Frcunn 1. Secondary reference spectra for alkali feldspar in
the spectral region between 50 and 800 cm 1. The intermediate
spectra are equivalent to those of mechanical mixtures of Ab,,on
and Ot-,00.

exsolved binary alkali feldspars with coarse exsolution
lamellae shows that the band intensities change linearly
with composition. For a quantitative measurement, the
relative absorbance Arro of the K-O band at 114 cm t and
the absorbance A,*o of the Na-O band at 184 cm ' for the
constructed secondary reference spectra were measured,
using a horizontal linear baseline through 240 cm-'. The
effect of Ab-Or composition on the value of the absor-
bance near this wavenumber is weak. For the case of
samples with high degrees of Al-Si disorder, the bands
are located near 115 atd2O2 cm '. The ratios of A,,o and
A,ro and of A,,, and .4204 colrelate linearly with Ab-Or
content (Fig. 3). The curves were obtained from fitting
the measured data to the followine function:

r  = A / (A +A - .  )  ( for  O^. :  1)
1  1 4  1  1 4  1 8 5 ' ,  o o

0 2  0 4  0 6  0 8

o o  0 2  0 4  0 6  0 8  1 0

r=  A  l tA  -A  )  ( f o r  O  . : 0 )
1 1 5 ' 1 1 5  2 0 4  0 0

Frcuno 3. Correlation between the bulk compositions of al-

kali feldspars and the ratio of absorbances corresponding to the

characteristic bands of Or-,* and Ab-,. in the low-frequency
region between 80 and 250 cm ' The data obtained from the

reference spectra are represented by the open circles (0- : 1)

and the open squares (Q* - 0)' Note that the correlation is not

too sensitive to changes in chemical composition.

x" ' : k "  
*  

! "  (1 )'  l + k r r

where the coefficients kr, kt, and k were determined using
the primary reference samples and r is the ratio of the
absorbances. For the case of highly Al-Si ordered sam-
ples, the numerical values are: k, : 2.8, kt: 99,,t : 0.1'
and r : A,'ol(A,,0 * A,ro). For the case of Al-Si disor-
dered material, the corresponding parameters ate: k, :
-L6, kr: 90, k, = 0, and r : A"r/(A,', * Aro.)'

In addition to phonon signals in the far-infrared regime,
some bands in the mid infrared were used to determine
the Ab-Or composition of each exsolved phase or, alter-
natively, of the homogeneous synthetic alkali feldspars.
The infrared bands between 500 and 680 cm-' were ex-
amined; these bands were previously used to extract

A b s o r b a n c e

Frcunn 2. Secondary reference spectra in
concentration variations on the heights of the
determination of chemical composit ion.

the region between 80 and 260 cm-r: (a) Q*: l' (b) O.. : 0' The effect of

113 and 184 cm I bands and the spectral features in this region are used for the
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Frcunr 4. The effect of various Ab and Or comoonents and
different degrees of Al-Si order on the infrared specira of alkali
feldspars in the region between 500 and 680 cm r. The spectra
are normalized for better comparison with (a) primary reference
specfta of unexsolved samples (Q* : l) with compositions given
in Table 1; (b) secondary reference spectra of exsolved samples
with various concentrations of Ab,,. and Or_,. components (e*
: 1); (c) primary reference spectra of Ab_,- with various values
of Q^.
<-

structural information from sodium and potassium feld-
spars (Salje et al. 1989; Harris et al. 1989; Zhang et al.
1996). The spectra of homogeneous synthetic feldspars in
Figure 4 show the effects of Ab-Or content and the de-
gree of Al-Si order on the infrared bands in this spectral
region. The spectra in this frequency region are normal-
ized to show the differences more clearly. From Figure 4
it is seen that the band at 650 cm-' does not exhibit sig-
nificant changes in peak position with chemical compo-
sition. The band at about 540 cm ' changes its frequency
with composition (Figs. 4a and,4b) and also varies with
degree of Al-Si order (Fig. 4c). This means that for the
540 cm lband both the Ab-Or content and the degree of
Al-Si order cause similar spectral effects. The band at 580
cm-t exhibits less order-disorder dependence and shows
a stronger composition dependence than the bands at 540
and 650 cm-l. The peak position of the band at 580 cm '
shows a nearly linear correlation with chemical compo-
sition. The peak profile analysis was performed for the
IR bands between 500 and 680 cm-'. Lorentzian func-
tions were used for the bands at 540,607, and 650 cm-r:
a mixture of Gaussian and Lorentzian functions (with 30-
40Vo Lorcntzian) was used for the peak at 580 cm-r. In
the case of samples with high degrees of Al-Si order, the
position of the peak near 580 cm-r is plotted as a function
of bulk composition in Figure 5. In this figure, solid sym-
bols represent peak positions from unexsolved standards
and open symbols correspond to those from secondary
reference spectra, which are equivalent to those of exsol-
ved samples. The line in Figure 5 connects the data of
Ab-,* and Or_,* and represents all intermediate compo-
sitions rather well. The large linear shift of the peak po-
sitions allows a fairly accurate determination of the bulk
composition of the sample once the position of the 580
cm 'band has been determined.

Effects of Al-Si (dis)order

The degree of Al-Si order is quantified by the two or-
der parameters Q^: (t,. - t,-)/(t,. + t,-) and Q,: (tr-
,)/(t, + L) where t, denotes the occupancy of Al on the
crystallographic position indicared (Salje 1985; Salje et
al. 1985; Carpenter and Salje 1994). The effecr of Al-Si
ordering is to sharpen the line profiles and shift the pho-
non bands (Salje et al. 1989; Harris er al. 1989). The time
evolution of infrared spectra of Ab_rm annealed at 1353
K (Fig. 6) shows a gradual change from well-resolved
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100
Bulk composition (Or mol%)

Frcune 5. Calibration curve for bulk composition and peak
position of the 580 cm 'band in alkali feldspars with 2.0 - 1.
(solid circles : standard specffa; open circles : superposition of
the specffa of the two end-members).

sharp bands in low albite to broad absorption bands in
high albite, resulting from a decrease in the degree of
Al-Si ordering, Q^. The effect of decreasing order in al-
bite on the infrared spectra is seen clearly in several spec-
tral regions. Between 1000 and 1200 cm-', the Si(Al)-O
stretching bands show significant broadening with in-
creasing degree ofAl-Si disorder. The bands in the region
between 700 and 800 cm ' cannot be resolved for dis-
ordered samples. The Si-O-Si(Al) phonon absorption near
334 cm' exhibits a remarkable decrease in absorbance.
Low values of Q* affect the Na-O bands at low frequen-
cies so much that they all become broad, whereas the
ratio of the height of 184 cm ' and that of 200 cm '

decreases with decreasinE Q^.The fact that the spectral
features in the region of 370-500 cm-' broaden makes it
possible to estimate the degree of Al-Si order dlirectly
from the appearance of these peak profiles. Such clhanges
do not depend on the composition of individual phases
or on bulk composition of mechanical mixtures of two
alkali feldspars with different composition (Salje et al.
1989; Harris et al. 1989; Zhang et al. 1996). The degree
of Al-Si order can be estimated quite simply by super-
position of spectra with Q* : 0 and Q^ : I with the
same bulk chemical composition. A spectrum S with un-
known Q"ocn be simulated using two spectra S.,.","u and
Sai,o.a",.a with Q. of 1 and 0, respectively:

S - O3oS-o"*o + (1 - Qfu)So*,o*"o

The rationale behind this formula is that all spectral fea-
tures such as line position, linewidth, and peak intensities
in alkali feldspars scale with the square of the order pa-
rameter. For small spectral changes the entire spectrum
can be reconstructed by interpolation of the spectra of
fully ordered and fully disordered material (e.g., see Salje
and Bismayer I99l for details).
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Frcunr 6. Infrared spectra of low albite annealed at 1353 K
for various times. With increasing annealing time, the degree of
Al-Si order decreases and the peaks broaden gradually.

The broadening of phonon signals because of decreas-
ing Q* is quantitatively different from that caused by
heterogeneous distributions of K and Na. As an example,
the Na-O bands at 186 and 2Ol cm' and the K-O band
at 113 cm ' do not change much by chemical mixing but
broaden because of Al-Si disorder. Similarly, the line-
width of the band at 650 cm ' is very sensitive to changes
of Q- while being less sensitive to Na-K exchange. For
fully ordered samples (with or without exsolution), this
band shows a linewidth of 11 cm ', whereas the variation
of the width lfull width at half maximum (FWHM)] be-
cause of chemical change is only about 0.7 cm-' (Fig. 7).
For the case of Q* - O, the band is nearly 10 cm-' wider
than for the case of Q* - 1. This band does not overlap
with other bands and can be easily analyzed. With
,l-u.l"- * Oil (where i-ur'o.- is the FWHM of the mode at
650 cm ') and using a quadratic function to represent the
relation between composition and linewidth for Q. - g

and 1, we obtain the bandwidth as functions of Q* for
various compositions.

Rrcrpns

To analyze natural samples, different IR regions and
different analytical methods were needed to determine the
various structural and chemical parameters. The follow-
ing "recipe" is commonly used for the analysis. (1) The
degree of Al-Si order in samples is estimated to decide
if the reference spectra of ordered or disordered standard
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Frcunr 7. Linewidth of the IR band at 640 cm-' as a func-
tion of composition for Q* - | and Q- : 0. The solid symbols
arc data from primary reference samples (unexsolved fetdspars);
the open symbols are data from secondary reference spectra
(exsolved feldspars) The average errors for linewidths are 0.25
cm I for ordered samples and 1 0 cm r for disordered samples.

spectra should be used in the next stage. (2) The sample
is checked for exsolution. (3) The Ab-Or components of
each phase are obtained for the case of exsolved samples.
These steps are now described in detail.

Determination of the degree of Al-Si order, 0d
The linewidth of the band near 650 cm I is determined

in the following way: Fit the bands between 500 and 680
cm ' to Lorentzian functions, apart from the band at 580
cm ', which is fitted using Voight profiles. A free linear
baseline should be used. From the linewidth of the band
at 650 cm ', the corresponding value of Q^for the un-
known sample follows from the line width l- as:

(2)

where f : 20.6 cm I and f : n cm-l are the compo-
sition-averaged linewidths of the band near 650 cm , for
fully ordered and fully disordered materials.

For further refinement of the analysis, Q* is deter-
mined by reconstructing the sample spectra using the pri-
mary reference spectra. The method was described in a
previous section.

For exsolved samples, this method leads to an averaged
value of Q*for Ab-rich and Or-rich phases. Methods for
the determination of Q* for each phase are describeci
below.

Identifi cation of exsolution

Exsolved and homogeneous samples show very differ-
ent IR spectra in the range between 70 and 250 cm ' (Fig.
8). Such low-frequency phonons relate mainly to vibra-

a
=
c
f

.ct
o
o
o
c(U
-o
o
o
-o

1 5 0 175 22s 250

Wavenumber (cm-t)
Frcunp 8. Spectral differences between exsolved and uni-

form samples in the region between 80 and 250 cm r for two
chemical compositions (Q"^: l).

tions between the large cations and the surrounding struc-
ture. The reason for large spectral variations stems from
the fact that spectra of binary feldspars in this low-fre-
quency region are not simply the superposition of the
spectra of the end-members but contain additional phonon
signals resulting from the non-ideal mixing of alkali feld-
spars. The analysis consists ofcurve-fitting to the relevant
IR bands between 70 and 250 cm-, with Lorentzian line
profiles, followed by matching the phonon frequencies to
those of the primary reference samples. Most convenient-
ly, the bands at 113 and 138 cm-r for Or-rich phase and
the bands at 184 and 216 cm ' for Ab-rich phases are
used for the quantitative analysis.

Determination of bulk composition

Three methods are generally applied. In the first meth-
od, the unknown spectra of exsolved samples are decom-
posed by curve-fitting or spectral subtraction in the spec-
tral region between 90 and 250 cm 1. It is then assumed
that the measured spectrum is the superposition of two
spectra that correspond to the two exsolved phases. Often
the curve-fitting can be limited to the modes near 114
and 184 cm-'. The absorbances of these bands may then
be evaluated as for the case of Q* - l.

125100
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arH r"o (in wtvo) (4)
atHr4 + a2H\BA

with 4r = 6.57 &fid ar= 6.0J. H,ro and 11184 are the heights
of the bands at 114 and 184 cm'. For samples with low
degrees of Al-Si order, the coefficients at and a2 are mod-
ified. In this case, a full spectral analysis for comparison
with the primary and secondary reference spectra is rec-
ommended. Alternatively, composition is determined us-
ing the relationship in Equation 1 with the coefficients
interpolated between those of Q^- | and Q"o- 0. If the
sample is not exsolved, the bulk composition is deter-
mined directly from the peak position of the band at 580
c m  1 ( F i g . 5 ) .

Limits and errors

High-quality spectra are required for any analysis be-
cause the variations of peak positions in alkali feldspar
are generally relatively small. As a typical example, the
total change of the peak position of the 580 cm ' band
between Ab,. and Or,.o is about 10 cm-l for Q. values
close to unity. Calibrated reference samples are usually
run just before or after measurements of the unknown
samples to reduce any instrumental errors. When Q* is
of intermediate value, the analysis based on peak position
becomes less straightforward because a band frequency
may be affected by both Al-Si disorder and composition
changes. Maximum errors of 0.2 in Q"o and X were found
by repeated, independent measurements.

Another potential source of uncertainty is the construc-
tion of the secondary reference spectra. To check for sys-
tematic errors, the powders of Ab-,* and Or-,* end-
members were mixed in various concentrations and the
spectra of the mixtures recorded. Then the spectra were
compared with the calculated reference spectra. The spec-
tra were virtually identical showing that this potential er-
ror is not relevant in our experiments.

Further potential sources of error exist, such as the fol-
lowing. (1) Significant errors are introduced by uncer-
tainties in the concentrations of the calibration samples,
e.g., the amount of sample in the pellets (weighing er-
rors). (2) Different grain sizes of various samples may
result in erroneous line broadening of the spectra. Insuf-
ficient grinding can cause variations in analysis of the
degree of exsolution and the degree of Al-Si ordering as
it affects the bandwidths and absorbance of IR bands.
Grain sizes of less than 2 pm are recommended. (3)
Changes in the spectrometer settings may also affect the
peak profiles. All spectra were analyzed in exactly the
same way as the standard samples (e.g., using the same
experimental parameters, detector, aperture, number of in-
terferograms, scan speed, beamsplitteq matrix materials,
and so forth). (a) The existence of impurity phases such
as anorthite or quartz may lead to additional errors in the
analysis. First, these impurities may affect the weight of

GGUr4@2r

1S 2@ 250 3@

VSL51O

GGU140021

Wavenumber (cm-1)

Frcunr 9. Infrared spectra of the natural samples
GGU140021 and VSL5IO in the resion between 70 and 1500
cm ' .

the materials in the pellets. Second, anorthite contains
spectral features similar to those of alkali feldspar (Red-
fern and Salje 1993). The IR bands of An'* may affect
the real position of the infrared absorptions at 530 and
650 cm ' as well as the band near 580 cm t. Infrared
spectroscopic study of the plagioclase feldspar solid so-
lution (Thompson and Milton 1957) has shown that the
infrared bands at 640 cm-' in low albite shift to lower
frequencies with increasing Ca content whereas the band
at 540 cm-r shifts to higher frequencies. Such impurities
are easily recognized because An,- has a characteristic
isolated absorption peak at 238 cm-' and quartz has sharp
absorption peaks at 264 and697 cm-' that do not overlap
with the IR peaks of alkali feldspars.

Analysis of a microperthite

As the fust example, the IR spectra of a microperthite
from the Klokken syenite (sample GGU140021, Brown
et al. 1983) were analyzed. A TEM image of the micro-
texture in this sample was shown by Brown et al. (1983,
Fig. 6b). It is a low albite, low-microcline braid crypto-
perthite. The spectra in Figure 9 show well-resolved pho-
non bands, which indicate that the sample has a high
degree of Al-Si order. A quantitative analysis is based on
curve-fitting of the bands between 500 and 680 cm-'. The
line width of the band at 640 cm-' was found to be 14.7
cm 1. The corresponding value of Q- follows from Equa-
tion 2 with the numerical value Q* : 0.83. This estimate
of the overall degree of Al-Si order shows that the sample
is highly ordered.

The simultaneous existence of absorption bands at 114
and 185 cm-r, but none of the characteristic bands of
hypersolvus anorthoclase, indicates that the sample is
exsolved. To determine the compositions of the two
phases, the regions of the spectrum between 85 and 250
cm I were compared with superpositions of pairs of sec-
ondary reference spectra of fully Al-Si ordered alkali

x*: ---38t, Gnwtvo) (3)

c:

d
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o
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Frcunr L0. IR spectrum of the sample GGUI40021 and the
secondary reference spectrum, which is a superposition of or-
dered Ab,- and OrnoAb,o. The spectrum of GGU14002I has spec-
tral features similar to the reference spectrum that, in turn, can
be decomposed into Ab-rich and Or-rich phases.

feldspars. Closest agreement between the sample spec-
trum and the superposed secondary reference spectra was
obtained for a combination of Ab_,* and OrnoAb,o for the
two phases (Fig. 10). Systematic deviations were found
when the composition of the two phases changed by more
than -+IOVo, which is the estimate for an upper limit of
the analytical uncertainties.

Analysis of a sample with intermediate value of Q.
From X-ray diffraction analysis the sample VSL510 is

monoclinic (i.e., 0- - 0 on a macroscopic scale); the T,-
T, ordering is rather high, with Q, : 0.42 (Voll et al.
1994). Even a cursory inspection of the IR absorption
spectra of this sample shows that the characteristic pho-
non signals are much sharper than expected for a Al-Si
disordered sanidine with Q- - 0 (Fig. 9). Although some
spectral features are broad, the bands at 370,400, and
460 cm ' are well resolved. This indicates that the sam-
ples are partially ordered. The samples are exsolved as
indicated by the bands at 114 cm , and near 200 cm-r.
Peak profile analysis in IR regions between 500 and 680
cm-l yields the linewidths of the band near 640 cm ' as
18.9 cm-'. This value corresponds to short-range order
equivalent to Q^ = 0.4. Comparing this result with that
of the X-ray diffraction analysis shows that the sample
has no long-range triclinic order whereas there is a high
degree of short-range order.

The degree of short-range order (which is equivalent
to Q- on a macroscopic scale) was also determined by
constructing secondary reference spectra. Before this
could be done, the composition of at least one of the
exsolved phases had to be determined. From the analysis
of the peak positions for the bands between 70 and 170
cm-r in terms of secondary reference spectra, the Or-rich

1 0 0 200 300 400 500

Wavenumber (cm-l)

Frcunr 11. First derivative spectra of the sample VSL5IO
(open circles) and first derivative of secondary reference spectra
with various degrees of Al-Si order. Best agreement is found for
Q, ,^ :  0.53.

phase was identified as Orn Abu . The uncertainty of the
analysis is +5Vo. Absorption from the Ab-rich phase was
too weak to be analyzed in detail. No close match with
any reference spectrum of alkali feldspars was found,
which indicates that the Ab-rich phase contains an im-
portant An component. Chemical analysis of the macro-
scopic sample (Voll et al. 1994) led to an overall com-
position, which can now be broken down into OrroAb,o
for the Or-rich phase and Or,Abu.An.u for the Ab-rich
phase.

The degree of short-range Al-Si order was then deter-
mined for the Or-rich phase. In Figure 11 the first deriv-
atives of the measured spectrum (dots) are compared with
the calculated derivatives of the secondary reference
spectra for potassium feldspars with different degrees of
Al-Si order. The closest agreement was found for Q* =
0.53. The uncertainty of this analysis is estimated to be
r-0.2. The value of Q*of the Or-rich phase is only slight-
ly larger than the overall value for the sample, as esti-

"secondary reference"



mated from the line width of the 640 cm-l phonon signal.
The reason for this tendency is that any degree of disorder
or variation in the chemical composition (e.g., An con-
tent) causes an increase in the line width of the high-
frequency phonon (and leads to a lower value of Q-).
The phonons at low wavenumbers are specific for the
Or-rich phase and are much less susceptible to impurity
phases. In summary, the sample VSL510 was found to
be exsolved; the Or-rich phase has a composition close
to Orno and has considerable short-range Al-Si order.

AcrNowr-nncMENTs

Project supported by NERC

RprnnpNcns cITED

Benna, P, Tribaudino, M, and Bruno, E. (1995) Al-Si ordering in Sr-feld-
spar SrAl,Si,Or: IR, TEM and single crystal XRD evidence Physics
and Chemistry of Minerals, 22,343-350

Brown, W.L, Becker, S M, and Parsons, I (1983) Cryptoperthites and
cooling rate in a layered syenite pluton: a chemical and TEM study.
Contributions to Mineralogy and Petrology, 82,13-25.

Carpente! MA and Salje, EKH (1994) Thermodynamics of noncon-
vergent cation ordering in minerals: III. Order-parameter coupling in
potassium feldspar. American Mineralogist, 79, 1084 1098

Hanis, M.J., Salje, EKH, Gtittler B.K., and Carpenter, MA (1989)
Structural states of natural potassium feldspar: An infrared spectroscop-
ic study. Physics and Chemistry of Minerals, 16,649-658.

Kroll, H, Schmiemann, I., and von Cdlln, G (1986) Feldspar solid-so-
lutions American Mineralogist, 

'71, l-16
Malcherek, T., Kroll, H., Schleiter, M, md Salje, EKH (1995) The ki-

857

netics of the monoclinic to monoclinic phase transition in

BaAl.Ge,O,-feldspar. Phase Transitions, 55, 199-215
Redfern, S AT and Salje, E. (1992) Microscopic dynamic and macro-

scopic thermodynamic character of the 11-P1 phase-transition in anor-

thite. Physics and Chemistry of Minerals, 18, 526 533.
Salje, E K H. (1985) Thermodynamics of sodium feldspar: I order param-

eter treatment and strain induced coupling effects Physics and Chem-
istry of  Minerals.  12.  93 98.

-(1992) Hard mode spectroscopy: experimental studies of structural
phase transitions Phase Transitions, 37, 83-110

-,1994) Phase transitions and vibrational spectroscopy in feldspars
In I. Parsons, Ed., Feldspars and their reactions, p 103-160 Kluwea
Dordrecht, the Netherlands

Salje, EKH- and Bismayer, U. (1997) Hard mode spectroscopy: the con-

cept and applications Phase Transitions (in press.)

Salje, E.K.H., Kuscholke, B., Wruck, B., and Kroll, H. (1985) Thermo-

dynamics of sodium feldspar II: experimental results and numerical cal-

culations. Physics and Chemistry of Minerals, 12,99-107.
Salje, E K H., Gtittler, B , and Ormerod, C (1989) Determination of the

degree of Al, Si order B* in kinetically disordered albite using hard

mode infrared spectroscopy Physics and Chemistry of Minerals, 16,

576-58 I
Thompson, C S. and Milton, E W (1957) Determination of the composi-

tion of plagioclase feldspars by means of infrared spectroscopy Amer-

ican Mineralogist, 42, 334-341
Voll, G, Evangelakakis, C., and Kroll, H (1994) Revised two-feldspar

geothermometry applied to Sri Lankan feldspars Precambrim Re-

search. 66. 351 377.
Zhang, M., Wruck, B , Graeme-Barber, A., Salje, E K H., and Carpenter,

M A (1996) Phonon spectra of alkali feldspars: Phase transitions and

solid solution American Mineralogist, 81, 92-104.

MeNuscnrpr RECEryED Noveurgen 8, 1996
Marquscnrpr ACcEPTED Mev 14, 1997

ZHANG ET AL.: EXSOLUTION AND DISORDER IN FELDSPARS


