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ABSTRACT. The distribution of various trace elements 
between the K-feldspar and albite phases of perthites 
from several pegmatites was determined by ion micro- 
probe. Ranges in distribution coefficients (wt. ~o in 
K-feldspar/wt. ~ in albite) are: Li, 1.2-780; Mg, 0.2-1.1; 
P, 0.1-17; Ca, 0.02 1.6; Cs, 32-820; Ba, 24-284; Pb, 1.6-30; 
Fe, 0.3-0.7; Rb, 59-5505; Sr, 1.3-5.1. The trace elements 
are zoned within the K-feldspar lamellae and the profiles 
are interpreted as the result of cross coefficients in the 
diffusion matrix. 

TI~E dis t r ibut ion of trace elements between the 
albite and  K-feldspar phases  of perthi tes has  been  
determined as par t  of a s tudy of the trace element  
pat terns  of feldspars f rom zoned pegmatites.  Any 
trace elements with s t rong dependence of dis tr ibu-  
t ion coefficients on  pressure or t empera ture  would 
be  useful for geo thermomet ry  and  geobarometry .  
This would be part icular ly helpful in pegmati tes  
where feldspar phase  composi t ions  are const ra ined 
by the a lmost  vertical l imbs of the alkali feldspar 
solvus at  low tempera ture  (Smith and  Parsons,  
1974; Go ldsmi th  and  Newton,  1974) and  thus 
provide little tempera ture  information.  

Early work on  samples f rom Ve~fia, Czechoslo- 
vakia  (provided by P. Cerny) indicated s t rong 
par t i t ion ing  and  zoning within lamellae and  was 
repor ted in abs t rac t  (Mason,  1980). In order  to 
investigate this more  thorough ly  a small suite of 
pegmati t ic  samples has  been studied. The  samples 
were chosen for their  coarseness; unfor tunate ly  two 
are f rom u n k n o w n  localities bu t  the large size of 
the single crystals and  the coarseness of the lamellae 
leave no  d o u b t  tha t  they are pegmati t ic  in origin. 
Table  I gives details of specimens studied. 

Experimental techniques. The coarsest samples were cut 
both parallel to and perpendicular to the perthite lamel- 
lae; finer specimens were only sectioned parallel to the 
lamellae. Fragments of the slices were then mounted in 
epoxy on a silica glass slide together with samples of 
alkali feldspars which are used as ion microprobe stan- 
dards. The slide was then polished and carbon coated. 
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Following light optical inspection the slide was examined 
with a scanning electron microscope operating in the 
backscattered electron mode, the contrast in the image 
being formed as a result of the difference in mean atomic 
weight of the intergrown albite and K-feldspar. This 
method of observation was preferred to optical examina- 
tion because the latter does not discriminate sufficiently 
well between lamellae at the surface and those at some 
depth within the specimen. Photographs of areas of 
interest were made and subsequently used to locate points 
for electron and ion probe analysis. Routine major 
element analyses were made by energy-dispersive electron 
microprobe methods using an accelerating voltage of 15 
kV and beam current of 0.1 #A. Minor elements were 
determined by wavelength-dispersive methods using an 
accelerating voltage of 25 kV and beam current of 0.4 
#A. The beam diameter was 30 #m in both cases. 

Additional analyses of potassium in the K-feldspar at 
the lamellar boundaries were made by energy dispersive 
analysis under the following conditions: 15 kV, 0.5 #A; 
beam diameter 2 #m. Position relative to the perthite 
boundary was judged by the appearance and disappear- 
ance of the electron-excited luminescence in the K- 
feldspar. About ten points were analysed at each distance 
from the boundary. The electron probe was used in 
preference to the ion probe because the very high 41K 
count rate expected would cause damage to the detector. 

Following electron probe analysis the sample was 
cleaned and coated with gold in preparation for ion probe 
analysis. The following instrumental settings were used: 
160- primary beam; 10 nA beam current; 20 kV 
accelerating voltage; 20 pm beam diameter. Molecular 
interferences are present at some mass numbers (e.g. 
4~ + at M/e = 56) so the trace elements were 

TABLE I. Details of specimens 

Name Locality Profile and figure numbers 

Nine unknown 
Nine unknown 
Middletown Delaware Co. 

Pa 
Middletown Delaware Co. 

Pa 
80 unknown 
Pellotsalo USSR (formerly 

Finland) 

la, cut perpendicular to lamellae (fig. 1) 
lb, cut parallel to lamellae (not plotted) 
2a(1) and (2) cut perpendicular to lamel- 

lae (figs. 2 and 3) 
2b, cut parallel to lamellae (fig. 4) 

3, cut perpendicular to lameUae (fig. 5) 
4, cut parallel to lamellae (fig. 6) 
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FIGS. 1 3. FIG. l (left). Trace element profile la. FIG. 2 (centre). Profile lb. FIG. 3 (right). Profile 2a(1). Na, K, and 
P in wt. %; others in ppmw except Rb which is in wt. % in figs. 1 and 2, and in ppmw in fig. 3. 

analysed in two sets: 7Li, 24Mg, 3tp, 4OCa ' 133Cs  ' 13SBa ' 
and 2~ which are interference free, were analysed at 
low mass resolution. 56Fe, SSRb, and SSSr were analysed 
at high mass resolution to avoid molecular interferences. 
Several standard feldspars were checked at intervals to 
confirm instrumental stability. The standards were pre- 
viously analysed by electron probe or, in the case of Li 
and B, by chemical methods. (E. E. Foord kindly provided 
samples and analyses). Details of electron and ion probe 
standards are given by Mason et al. (1982). Ion and 
electron probe analyses made at the same location on 
the unknown were in good agreement. 

Resu l t s .  Table II gives analytical  results; sample 
numbers correspond to those in Table I. Major 
elements are given as Or + Ab + An = 100 mole  % 
and minor elements in ppm by weight  as deter- 

mined by ion probe. The minor  dements  are the 
averages of all the determinations made on each 
phase and are used to calculate distribution coeffi- 
cients, D -- wt. % in K-feldspar/wt. % in albite. 

As noted above, the early work indicated zona-  
t ion of trace elements within lamellae and the 
present more detailed study confirms this. Figs. 1-6 
show the profiles for the minor elements, which 
are plotted as wt. % or ppmw. Profile 2b is not  
presented because the highly irregular perthite 
boundary encountered rendered it complex. Values 
in Table II for profile 2b are averaged from those 
points which are sufficiently far from the boundary 
to be uncontaminated by the 'wrong'  phase. The 
position of the perthite boundaries are marked at 
the base of each diagram. Error  bars, where shown, 

Table ~ .  

Sample/traverse No. I I  lb 21(1) 2a(2) 

Or Ab D Or Ab 0 Or Ab D Or Ab 0 
2b 3. 4. Range |n D 

Or Ab D Or Ab D Or Ab 0 

Or Iole 

Ab " 

An " 

Lt ppW 

V~ 

P 

Ca 

Cs 

h 

Pb 

Fe 

Rb 

Sr 

92 2 95 99 96 0.6 90 0.8 

0 98 5 1 4 98,6 4 98.0 

0.6 0.0 

4.0 0.05 80 3.1 0,06 52 7,4 0.07 106 6,1 0.0~ 305 

2,9 3.2 0.91 1.8 2.0 032 3.7 3.3 1.1 4.1 10 0.4 

1600 1082 1.5 2028 932 2.2 7 12 0,6 10 15 0.7 

38 94 0.4 24 73 0.3 18 728 0.02 21 039 0,03 

68 O.B7 7G 8Z 9.1 ~?-0 1.9 9.05 3~ 1.g 0.'06 32 

31 1 31 50 0.3 107 341 1.2 284 383 7 55 

n.a. n.a. - 70 13 5.9 729 114 5.4 842 220 3.8 

<1 <1 <1 <1 343 014 0.7 288 936 0.3 

915 0.3 3062 1101 0.2 0505 554 1.5 436 593 10 59 

<1 <1 <1 <1 210 42 5.1 157 121 1.3 

95 0.6 95 1 95 1,3 

5 9~,8 5 99 5 97.7 

0.6 1.0 

3,0 0.3 10 7.8 0.01 780 0.16 0.13 1.2 1.2 - 780 

2.0 0.7 0.2 2.4 3.0 0.8 2.8 7.4 0.4 0.2 - 1.1 

6 51 0.1 2217 t62 14 770 44 17 0.1 - 17 

16 718 0.02 22 14 f .5  53 1350 0.04 0.02 - 1.5 

2,0 0,05 40 37 ~.5 ~0 12 0.07 171 3 2 -  820 

310 3 103 1Z 0.1 120 307 13 24 24 - Z84 

698 432 1.6 74 2.S 30 73 13 5.0 1.6 - 30 

202 341 0.6 <1 <1 <1 <1 0,3 - 0.7 

588 1.3 452 1808 2.2 022 802 6.6 122 59 - 5505 

f l . a . n . a ,  - <1 <1 <1 <1 1.3 - 5.1 

n.a, ~ not anilysed. 
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FIGS. 4-6. FIG. 4 (left). Trace element profile 2a(2). FIG. 5 (centre). Profile 3. FIG. 4 (right). Profile 4. Na and P wt. %; 
others in ppmw except Rb which is in wt. % in fig. 5 and ppmw in figs. 4 and 6. 

are calculated from the count rate and are plotted 
at the 2a level. Absence of error bars means that 
the 20- errors are smaller than the plotting symbol. 
Dotted lines indicate uncertainty. Note that in 
many cases element concentrations in the sodic 
phase are substantially below the base line drawn 
for each element. 

Li, Cs, Ba, Pb, and Rb are partitioned into the 
K-phase but the apparent distribution coefficients 
vary widely (Table II), Mg is mostly partitioned 
into the sodic phase but the values determined on 
sample 2 are responsible for the whole range in 
apparent D's in Table II. Values from the other 
specimens are in the range 0.4-0.9. P is partitioned 
into the K-feldspar phase except in sample 2 (D = 
0.1-0.6) which also has the lowest P contents of 
the suite. Ca is partitioned into the sodic phase 
except in sample 3 which has the lowest Ca content 
and a D value of 1.6. Fe is present above ~ 1 ppmw 
only in sample 2 in which it is partitioned into the 
sodic phase, Sr is present only in specimen 2 and 
is partitioned into the potassic phase. 

Casual perusal of figs. 1-6 shows that the minor 
element profiles across lamellae are not horizontal 
as they should be at equilibrium (fig. 7a). Un- 
doubtedly this non-equilibrium distribution con- 
tributes to the range of D values given in Table II. 
Closer inspection reveals that there are certain 
features in the profile shapes that are systematic 
and fairly consistent among the samples. Li 
illustrates this particularly well. In five of the six 
profiles Li reaches a maximum concentration in 
the K-feldspar at some distance away from the 
lamellar boundary. The distance from the 

boundary at which this maximum occurs varies 
from ~ 90-330 /~m among the five samples and 
may not be symmetrical with respect to either 
distance or concentration on each side of the sodic 
lamella (e.g. fig. 2). In the profile for sample 4 (fig. 
6) there is a very clear decline in Li content towards 
the boundary; there may well be a maximum 
beyond the limit of the profile (250 #m from the 
boundary). Ba, Cs, Rb, and Pb show analogous 
behaviour, though less consistently in the case of 
Rb and Pb. In two out of four profiles P declines 
towards the K-feldspar/albite boundary; in the 
others it remains constant up to the boundary. 

The elements which substitute into the sodic 
phase are less consistent in their behaviour. Mg 
avoids the area adjacent to the boundary in the 
K-phase in specimens la and lb (figs. 1 and 2) but 
this behaviour is reversed in profiles 2a(2) and 4 
(figs. 3 and 6). Ca reaches a maximum in the 
K-feldspar away from the boundary in three of the 
six profiles but is erratic in the others. Fe was 
determined with precision only in three profiles 
(sample 2); it behaves unsystematically in profile 
2a(1) but shows a clear decline towards the lamellar 
boundary before increasing dramatically within the 
albite lamella. Sr was present only in sample 2; 
apparently it behaves erratically. 

Discussion. In interpreting the profiles it is 
assumed that the perthites are the result of unmix- 
ing, not replacement. In support of this both the 
hand specimen and SEM inspection showed that 
all the samples are intergrowths having a regular 
orientation and are not of the 'patch' perthite type 
which may indicate replacement. 
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Fig. 7 shows the element profiles to be expected 
under equilibrium (7a) and non-equilibrium condi- 
ions (7b). The solid line is for an element partitioned 
into the potassic phase and the dashed line for an 
element partitioned into the sodic phase. At equili- 
brium each element, major or minor, should be 
distributed homogeneously within each phase. Fig. 
7b is the profile expected at some stage between 
the inception of unmixing and final equilibration. 
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FI~. 7. Theoretical diffusion profiles and experimental 
potassium profiles in samples 3 and 2a(1). 

Elements partitioning into the potassic phase are 
expelled from the sodic phase and accumulate at 
the boundary to produce the 'M' type profile 
commonly shown by Ni in the kamacite-taenite 
intergrowths of meteorites (e.g. Wood, 1964). Fig. 
7c shows experimental potassium profiles deter- 
mined on samples 2a(1) and (3). The error bars 
represent the maximum and minimum values 
observed at each distance from the boundary. 
Although the errors are large there is a clear 
decrease in K-content on moving further into the 
K-phase. Similar results are reported by Smith 
(1974, vol. 2, p. 460). This 'M' profile results from 
a decreasing effective diffusion distance for K as 
temperature falls, and demonstrates lack of equi- 
librium. This is despite the fact that diffusion rates 
for K in albite are lower than for K in potassium 

feldspar (Petrovi6, 1974, and data summarized by 
Smith, 1974, vol. 2). Several of the sodium profiles 
behave in the manner depicted by the dashed lines 
of fig. 7b, i.e. decreasing toward the albite-K- 
feldspar boundary before increasing rapidly in the 
albite phase. The two profiles which do not show 
this behaviour are more difficult to interpret (pro- 
file lb, in part, and profile 4). A re-heating event 
would produce the observed effect but can be ruled 
out since sample la, which is equivalent to lb in 
all but section orientation, shows the expected 
behaviour. 

Any element partitioning into the potassic phase 
(Li, Cs, Ba, Pb, and Rb) should show the same 
behaviour as K--reaching a maximum concentra- 
tion adjacent to the boundary. If the results of 
mineral/melt partitioning experiments (Long, 1978) 
can be extended to the present case we should 
expect to see Ba, for example, concentrated in the 
purest K-feldspar, i.e. at the boundary. 

Three hypotheses may be considered to explain 
the behaviour of those elements which show con- 
centration maxima displaced from the boundary: 

1. Leaching has removed trace elements from the 
perthite boundary. Nagy and Giletti (1980) have 
shown that in perthitic alkali feldspars there is 
enhanced transport of 180 along the perthite 
boundaries implying non-volume diffusion of an 
oxygen-bearing species. Any fluid phase penetrat- 
ing along the boundary may leach trace elements 
from the boundary region more rapidly than in 
more distant portions of a lamella. This process is 
unlikely to have operated in the present case 
because the major element profiles are undisturbed 
and there are no signs of alteration along the 
lamellar boundaries. 
2. Defects concentrated at the interface may lead 
to enhanced diffusion rates and consequent 'pile 
up' away from the boundary. This hypothesis is 
not favoured because transmission electron micro- 
scope studies of mineral exsolution show that 
defects concentrate within about 1 #m of lamellar 
boundaries rather than the hundreds of #In re- 
quired in the present case (e.g. Lally et al., 1976). 
Also we should not expect to see the 'M' profile 
for potassium retained. 
3. Maxima in the concentration profiles result 
from coupling of the diffusion rates of the minor 
elements to those of the major elements. This 
hypothesis is considered below. 

Binary diffusion should give rise to profiles such 
as depicted in fig. 7b. In the special case of binary 
diffusion the chemical potential gradients of the 
diffusing species can be assumed to be independent 
if the system shows only a small departure from 
equilibrium (Glansdorff and Prigogine, 1971). In 
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the case of multicomponent diffusion a more 
general form of the flux equation must be used: 

dul du2 du s 
J1 = - -Mll~x  --M12~x --M13 ~x 

dul du2 du a 
= -M2, -x 

dul du 2 dua 

in which the J's are fluxes of components I, 2, and 
3; the M's are coefficients analogous to diffusion 
coefficients: the u's are chemical potentials and x 
is a diffusion direction (see for example Shewmon, 
1963, p. 122). The assumption of independence of 
chemical potential gradients in the binary case 
means taking the cross terms (M12, M21 ) as zero. 
In the case of multicomponent diffusion this 
assumption is strictly invalid though it is a matter 
of experiment to determine the magnitude of their 
effect. Loomis (1978a and b) has shown that they 
must be taken into account in modelling the 
diffusion profiles of minor components in garnet. 
Intuitively the cross terms can be visualized as 
reflecting difference in diffusion rates of the major 
elements, in this case K and Na. During unmixing 
K and Na diffuse in opposite directions and at 
different rates. Since the net flux of matter across 
any arbitrary plane in the crystal must be equal to 
zero, a charge, mass, and volume deficiency is 
avoided by diffusion of the minor components 
towards those regions where such a deficiency may 
arise, i.e. the minor elements diffuse in response to 
the chemical potential gradients of the major 
elements. In garnet the cross terms for minor 
components may be larger than the diagonal terms 
of the diffusion matrix (Loomis 1978b). The dif- 
ference in diffusion rates for Na and K amounts 
to about two orders of magnitude, at least near 
700 ~ (Foland, 1972, reported in Smith, 1974). This 
difference is considered to be responsible for the 
observed peaking of trace element concentrations 
away from the albite-K-feldspar boundary. 

Although the profiles described above do not 
represent equilibrium it is worthwhile briefly con- 
sidering the partition coefficients themselves. Fig. 
8 shows an Onuma diagram (Onuma et al., 1968; 
Philpotts, 1978) for profile 2a(1); it was selected 
because data are available for more elements in 
this sample than any other. Round symbols are for 
monovalent cations, squares for divalent cations 
and triangles for those elements expected to substi- 
tute into tetrahedral sites. Ionic radii are from 
Shannon and Prewitt (1969). The general features 
of the diagram are representative of the Onuma 
diagram for the other samples. There are differences 
in detail however. For example in samples 3 and 

4 the 'slope' of the line connecting Ba, Pb, and Ca 
is not as similar to that connecting K-Na  as in fig. 
8; also in sample 4 the maximum partition coeffi- 
cient for a univalent cation is for K, not Rb, as is 
the case in all other samples. 

In principle if the trace elements are substituting 
in lattice sites and not defects it should be possible 
to draw smooth curves connecting cations of equal 
valence (Philpotts, 1978). Those cations most suit- 
able for a given site in terms of ionic radius should 
show the largest partition coefficients with values 
of D declining at ionic radii larger and smaller than 
optimum. In drawing curves through the data in 
fig. 8 1 have followed Philpotts (1978) in supposing 
that the lines for the univalent divalent cations 
should be at least quasi-parallel. With these subjec- 
tive judgements borne in mind the following 
remarks can be made: 

1. The general features are as expected with a 
maximum occurring for one particular ionic radius 
(Rb, exception noted above) implying substitution 
of trace elements in lattice sites rather than in 
defects. 
2. Partition coefficients for Li and Mg are 
anomalous. 

That the maximum partition coefficient is for 
Rb rather than the major element, K, is unexpected 
and suggests that Rb is more suitable in terms of 
radius in the M site of a K-feldspar than is the 
'host' cation, K! This in turn implies that there is 
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more distortion of the A1,Si framework involved 
in accommodating K rather than Rb in the M site. 
Indirect confirmation of this view comes from the 
observations of Gordienko and Kamentsev (1969) 
that increasing substitution of Rb (and Cs) inhibits 
the orthoclase-microcline transition. Note that the 
larger values of D for Rb rather than K cannot 
be attributed to the effect of the shape of the 
profiles; Rb is one of the cations which shows 
the diffusion effects less consistently than any of 
the others, i.e. the profiles are flatter than for the 
other elements. 

The suggestion that the Li distribution coeffi- 
cients are anomalous is supported by comparison 
with the data in Smith (1974) which show that Li 
generally substitutes preferentially into the plagio- 
clase of coexisting plagioclase-K-feldspar pairs. Li 
is the cation showing the diffusion effects described 
above most consistently and undoubtedly the 
anomaly in the Onuma diagrams is exaggerated 
slightly by this effect. However, even when the 
lowest observed Li concentration in the K phase 
is used in calculation of the partition coefficients 
there is still a clear anomaly, D(K-feldspar/albite) 
is > 1 for all except sample 4 and even here the 
distribution coefficient is still substantially larger 
than would be predicted from the trend for uni- 
valent cations on the Onuma diagram. 

The cause of this anomaly is unclear. Perhaps 
the effect of cross coefficients on the diffusion of 
Li is sufficiently strong that the chemical potential 
gradient down which it diffuses is actually reversed 
in direction compared with the intrinsic chemical 
potential gradient of Li. An alternative explanation 
may be that Li occupies some sort of distorted M 
site, the distortion being caused by the presence of 
other trace elements. In support of this a plot of 
the log DLi versus the total concentration of trace 
elements in the M site of the K-feldspar shows a 
good correlation though the profiles for sample 1 
violate the relationship. Similar explanations may 
perhaps apply to the apparent Mg anomaly. 

Those elements showing the widest ranges of 
partition coefficients and which are present in both 
phases in easily measurable concentrations would 
be the most promising for investigation as geo- 
thermometers. The widest ranges in D are shown 
by Li(1.2-780), P(0.1-17), and Rb(59-5505) (see 
Table II). This may be due to the complexities of 
the profile shapes especially for Li, because the 

variation within a single sample (no. 2) is large. 
Phosphorous is present in readily measurable 
quantities in both phases and shows moderate 
variation in a single sample and may be worthy of 
an experimental investigation. The remaining ele- 
ments are either present in too low concentrations, 
show too much variation in a single sample or 
have only narrow ranges of partition coefficient. 
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