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Ansrucr

Sanidine crystals precipitating from lamproitic magmas characteristically contain ap-
preciable amounts of Fe3+. Sanidine grains from the Leucite Hills lamproites (Wyoming)
have compositions in which up to 70 molo/o of the KAlSirO, molecule is replaced by
KFe3+SirOr, thus constituting a new natural feldspar component.

Sanidine is among the last phases to crystallize in the groundmass of Leucite Hills
lamproites and rarely exceeds 150 pm in length. Nearly all grains are zoned in Fe, ranging
from 2.5 wto/o FerO, in the cores to 19.6 wto/o FerO3 at rims adjacent to quenched glass.
The Fe-rich rims are relatively narrow on (010) crystal faces in comparison with (001)
faces (maximum width 10 s.m), probably reflecting faster- (001) and slower-growing (010)
crystallographic directions. A near-perfect correlation is obtained by combining Ti, Mg,
and excess Si cations with Fe3+ in tetrahedral substitution for Al. Insufficient numbers of
R2* cations exist to balance the high concentrations of Mg through an R'z+Mg'z+RllRlj
substitution, suggesting the exchange Mg2+Sia+Al3+2 in 2KAlSirOr, analogous to that found
in synthetic leucite and kalsilite. Selected-area electron diffraction and convergent-beam
electron diffraction show that the Fe-nch sanidine rims have a C2/m structure with cell
d imens ions  o f  c  :  8 .68  +  0 .15 ,  b :  13 .14  +  0 .23 ,  c :7 .31+  0 .15  A ,  a :  90 .0  +  0 .54 ,

B: 116.0 + 0.46,r: 90.0 + 0.33", and a calculated cell volume of 747 + 2l A:. These
crystallographic data are in very close agreement to those obtained previously for synthetic
KFe3*Si3O8. The unusually high concentrations of Fe3+, Ti, and Mg in the sanidine rims
are likely the consequence of rapid crystallization during quenching of an unusually Si-
and K-rich. vet Al-deficient residual maqma.

Ir.srnooucrrox
Smith (1974) and Smith and Brown (1988) reported

that Fe is a ubiquitous minor element in both plagioclase
and alkali feldspar. In alkali feldspars, a maximum of 4.8
wt0/o FerO, was reported in sanidine grains in volcanic
rocks from the Leucite Hills. Carmichael (1967) was the
first to document the Fe-rich nature of sanidine found in
the kucite Hills lavas. Microprobe analyses of sanidine
grains from seven different samples showed relatively high
concentrations of FerO, (2.7-4.8 wto/o), corresponding to
l0-18 molo/o of the iron-sanidine component
(KFe3*Si3OB). Similar concentrations of Fe in sanidine
were reported by Kuehner et al. (1981) and Gunter et al.
(1990) from other Leucite Hills samples.

High-resolution, backscattered electron (BSE) imaging
was not available for the studies of Carmichael (1967)
and Kuehner et al. (1981). Using this method, however,
we have found that nearly all sanidine grains in the sam-
ples studied display Fe zoning. Many ofthe sanidine grains
have very Fe-rich rims with concentrations up to 19.6
wto/o FerOr, corresponding to 70 molo/o of the iron-sani-
dine component. End-member iron sanidine has been
synthesized (Wones and Appleman 1961), but the natural
feldspar end-member predominates only in sanidine from
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the Spanish Cancarix lamproite (up to 13.7 wto/o FerO';
Linthout and Lustenhouwer 1993) and lamproites from
the Leucite Hills. The Leucite Hills feldspars described
here are the most Fe-rich, naturally occurring composi-
tions yet recorded (Kuehner and Joswiak 1993).

Gnor,ocrclr, sETTINc

The leucite-bearing volcanic rocks of the Leucite Hills
were first described by Emmons (1877) and include 30-
40 flows ranging in thickness from 20 cm to 38 m (Ogden
1979). K-Ar dates from five of the volcanic centers range
from l. l to 3.1 Ma (Bradley 1964; McDowell l97l;
Mitchell and Bergman 199 l). The volcanic rocks are lam-
proites, which are defined as having whole-rock molar
KrO/NarO > 3,KrO/AlrO, ) 1, KrO > 5 wto/0, and MgO
> 5 wto/o (see review by Mitchell and Bergman l99l).
Typically, lamproites have high FerOr/FeO molar ratios.
The Leucite Hills samples have molar FerOr/FeO ratios
from 0.5 to 3.3, with 25 of 30 published analyses having
ratios greater than I (Cross 1897; Yagi and Matsumoto
1966; Carmichael 1967; Barton and Hamilton 1978,19821,
Kuehner et al. 1981; Gunter et al. 1990).

Three volcanic rock types, defined mainly on the basis
of mineralogy, occur in the Leucite Hills: orendite,
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wyomingite, and madupite (Cross 1897). Orendite cor-
responds to diopside + sanidine + phlogopite lamproite
of Mitchell and Bergman (1991). Sanidine is the predom-
inant groundmass phase in these rocks, with smaller
amounts of leucite and Ti- and K-rich richterite. Wyo-
mingite is similar but has a groundmass composed main-
ly of leucite. Both rock types have phenocrysts of phlog-
opite, diopside, and apatite. Madupite has phenocrysts of
diopside with large irregular patches of groundmass
phlogopite poikiliticly enclosing diopside, apatite, perov-
skite, and leucite. Accessory phases in these rocks include
forsterit ic olivine, wadeite [KoZrrSiuO,r], priderite

[(K,Ba)(Ti,Fe'* )rO,u], and Sr-rich barite.

Plnl,cnxnsrs

All the volcanic rocks in the Leucite Hills are very fine
grained. Phlogopite phenocrysts and rare xenocrystic ol-
ivine and orthopyroxene are the only macroscopic phases.
They are typically l-2 mm in length, though in some cases
they may rcach 4 mm. Sanidine crystals are among the last
phases to crystallize in orendite (Fig. l). Individual sani-
dine grains, typically <150 pm long, may reach 400 pm
in length in coarse-grained samples. The sanidine grains
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Frcunr l. (A) Backscattered electron (BSE) image of the
groundmass assemblage of sample LH37. Blocky, euhedral crys-
tals of sanidine with bright Fe-rich rims in a groundmass of glass

and quenched crystallites. Large bright grains are apatite; irreg-
ular rounded grains are leucite (medium gray), which may be
partially replaced by analcime (dark). A grain of Ti- and K-rich
richterite (bottom center) partially encloses leucite, whereas oth-
er Ti- and K-rich richterite grains are interstitial to sanidine
(upper left). Scale bar is 100 pm. (B) Sketch of two strongly
zoned sanidine grains (see A) analyzed by microprobe. The in-
dicated points correspond to the analyses in Table l. (C) Blocky
sanidine grains with bright Fe-rich rims in fresh glass. The glass

has numerous crystallites of an unidentified mineral. The large
bright grains are apatite, the very small, irregular bright grains

are Sr-rich barite. Scale bar is 20 rrm.

often enclose small grains of olivine, apatite, and diopside
but only rarely enclose portions of leucite and Ti- and
K-rich richterite. Carmichael (1967) reported from an op-
tical determination that the crystals have high-sanidine
structure. The sanidine gtains are elongated parallel to the
c axis (finisterre habit), resulting in trapezoidal shapes in
sections paralleling (010) and rectangular shapes in sec-
tions broadly perpendicular to (010). The crystals show
prominent (100), (010), and (T0l) faces. The {001} form
has not been recognized. Carlsbad twinning is common.

Nearly all sanidine grains display a rimward increase
in Fe as indicated by the increasing gray-scale brightness
in BSE images (Fig. l). However, only those grains ad-
jacent to angular interstices have the visually pro-
nounced, bright Fe-rich rims; the extreme Fe enrichment
is not observed at sanidine grain edges that are bound by
other crystalline phases. The Fe-rich rims are relatively
narrow on faces in the [001] zone, whereas they are well
developed on crystal faces broadly perpendicular to the

[00 I ] zone axis where the rims may reach l0 pm in thick-
ness. The very small size of the Fe-rich sanidine rims
precludes any optical and conventional X-ray diffraction
characterization.
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Figures lA and lB show that the Fe-rich rim of one
sanidine grain is interdigitated with the interstitial ma-
terial, whereas other examples show extensions of rims
intergrown with the interstitial material in a graphiclike
texture. The interstitial material commonly contains bright
(in BSE), randomly oriented, stout to acicular phases (Fig.
lC). Thus, the interstitial material is probably a mixture
of glass and acicular quenched crystallites. Defocused
beam analyses of the interstitial material (Table l) show
very high concentrationsofZr, Ti, Ba, and Sr, consistent
with a late-stage liquid. Unidentified secondary minerals
also occur in interstitial voids but are easily distinguished
from magmatic phases by their concentric chemical zon-
ing (Fig. lA). Despite the occurrence of some secondary
material, the presence of unaltered leucite in the extrusive
facies of the Leucite Hills volcanics shows that these rocks
are very fresh in comparison with rocks from other North
American lamproite localities (Smokey Butte, Montana,
Mitchell et al. 1987; Francis, Utah, Best et al. 1968), which
excludes the possibility that the Fe-rich sanidine rims
could have formed during a subsolidus alteration episode
(Gupta and Fyfe 1975).

Mnrrrons oF cHEMTCAL ANALysrs

Wavelength-dispersive analyses of the sanidine grains
and glass were obtained using a JEOL JXA733 electron
microprobe with Tracor Northern software. Peak count-
ing times were 24-25 s for Si (0.50/o precision) and 40 s
for all other elements. A variety of analytical conditions
were evaluated to eliminate beam-induced element mo-
bility and still permit acquisition of zoning profiles for
the small sanidine grains. At 15 kV, 5 nA, and a 3 pm
beam diameter, there was found to be no significant vari-
ation in the count rates over a 40 s time period. Si, Al,
K, and Fe peak counts were all acquired during the first
40 s of beam exposure to the sample.

Although the feldspars in four orendite samples were
examined using BSE imaging, only those in Spring Butte
sample SK37 were analyzed. Core-rim zoning profiles
were obtained from two sanidine grains (Fig. lB; Table
2). The remaining analyses were from randomly selected
grains. To determine how close to crystal edges analyses
could be obtained without fluorescing adjacent glass, Zr
counts were collected in 3 prm steps across a rim and into
adjacent glass (3.9 wto/o ZrOr). Apparent Zr aoncerLtra-
tions were below the detection limit (<0.03 wto/o ZrOr)
when analyses were more than 3 pm from the crystal-
glass boundary. The high concentrations of Fe and Ti
found in the sanidine rims were also independently con-
firmed by energy-dispersive analysis (EDS) bV transmis-
sion electron microscope (TEM).

MtcnopnonE REsuLTs

Microprobe analyses of the Leucite Hills feldspar (Ta-
ble 2) show that the molar 100K,/(K + Na + Ca) ratio
ranges from 95 to 97, corresponding to K-sanidine on the
basis of the definition of Smith and Brown (1988). In

TABLE 1. Typical orendite whole-rock analysis and interstitial
glass composition

LH35I LH37 LH35 LH37
Whole Avg. Glass CIPW Whole Avg.
rock glass range Norm rock glass

sio,
Tio,
Alro3
CrrO"
FerO.
FeO
MnO
Mgo
CaO
SrO
BaO
Naro
K"o
PrOu
SO"
ZrOz
cl
F
LOI

Total

54.86 51.2
2.52 6.33

10.80 2.56
0.06 n.d.
3.00 n.d.
0.96 7.84"
0.05 n.d.
6.56 2.44
3.57 1.42
0.20 0.09
0.52 0.46
1.24 0.24

10.70 14.4
1.32 0.51
0.37 <mdl
0.18 3.88
n.d. <mdl
n.d. <mdl
3.24

100.15  91  .4

45.0-57.0
3.02-8.73
1.80-3.82

6.45-9.96

1.24-4.04
0.42-2.07
0.05-0.1 3
0.02-0.93
0.06-0.64
12.3-17.2
0.12-0.94

3.30-5.07

83.3-98.1

0.3 28.4
o.2 6.3
3 .0  1 .2
2.0 13.4

58.9 15.3
1 .3 21.4

0 .1

o
zr
ap
ilm
or
KS
ns
ac
di
hyp
nm

tn
th

6.9
4.6 4.3

14.3 8.6
0.6
0.2
3.7
0.7

Note.'Whole-rock analyses by XRF, Fe3+/FeF* by titration; glass anal-
yses by microprobe; n.d. : not determined; <mdl : less than minimum
detection limit (weight percent; Reed 1973): Cl 0.012, F 0.04; SO.0.05.

- North Table Mountain sample LH35 (Kuehner et al. 1981); LH37 whole
rock was not analyzed.

-- Total Fe as FeO; number of analyses: 6.

addition to a broad range of FerO, concentrations (2.2-
18.9 wto/o) and corresponding inverse variation in AlrO,
(16.8-2.6 wto/o), analyses of the sanidine grains show ap-
preciable amounts of TiO, (0.2-l.l wto/o) and MgO (0.1-
0.7 wto/o). The Leucite Hills sanidine has up to ten times
the previously reported maximum concentration of TiO,
in a potassium feldspar (Smith and Brown 1988). Lin-
thout and Lustenhouwer (1993) did not analyze TiO,
content in the Fe-rich rims, but they reported up to 0.46
wt0/o MgO in the Cancarix sanidine. The MgO concentra-
tion in the Fe-rich rims of Leucite Hills sanidine also
exceeds that found in the sanidine described by Smith
and Franks (0.53 wto/o; 1986).

Substitution of Fe3+ into KAlSirO, is expected to fol-
low the exchange Fe3*Al-, (Annersten 1976; Petrov and
Hafner 1988). However, Figure 2 shows that as Fe3* in-
creases, there is increasing deficiency in Fe3+ compared
with the ideal l:l relationship, suggesting that other cat-
ions are also filling T sites. Other cations possibly partic-
ipating in Al substitutions on the T site are Ti, Mg, and
Si. A plot of Si vs. Al (not shown, but see Table 2) indi-
cates that for Al-rich compositions Si tends to be <3.00
cations, whereas for Al-poor compositions Si tends to be
>3.00 cations. This suggests that at low values of Al,
excess Si cations plus a divalent cation may be substitut-
ing for Al (R'?+SiAl ,). A plot of Al vs. KSi - 3.00) + Ti
+ Mg + Fel (Fig. 2) shows a nearly perfect l: I relation-
ship, suggesting that the unusually high concentrations of
Ti, Mg, and Fe3+ can be accommodated stoichiometri-
cally in sanidine by substituting for tatAl.
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TABLE 2. Microprobe analyses of sanidine
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A n a l y s e s ' 1 2 3 4 1 31 21 0 1 1

sio,
Tio,
Alr03
FerO."
Mgo
Cao
Naro
KrO
BaO
SrO

Total

Total

60.0
0.68
3.36

18.4
0.65

<mdl
0.36

14.9
0.24

<mdl
9 8 7

3.025
0.026
0.200
0.698
0.049
0
0.035
0.959
0.005
0
4.997

63.2 62.7 63.8
0.24 0.25 0.29

12.2 13.9 16.5
7.55 5.27 2.54
0.39 0.40 0.16

<mdl 0.07 0.02
0.33 0.33 0.33

15.6 15.4 16.2
0.37 0.66 0.78
0.10 0.05 0.07

99.98 99.0 100.7

3.011 2.996 2.979
0.009 0.009 0.010
0.68s 0.783 0.908
0.270 0.190 0.089
0.028 0.028 0.011
0 0.003 0.001
0.031 0.030 0.030
0.948 0.940 0.965
0.007 0.012 0.014
0.003 0.001 0.002
4.992 4.992 5.009

Cations calculatod on the basis ot 8 O atoms

wt"6 oxide3
63.7 63.5 62.6
0 34 0.38 0.38

16.3 1 5.8 15.7
2.86 2.96 3.20
0.18 0.59 0.19
0.03  0 .14  0 .13
0.30 0.27 0.32

16.0 15.7 16.1
0.59 0.72 0.62

<mdl 0.05 <mdl
100.3 100.1 99.2

2.980 2.980 2.975
0.012 0.014 0.012
0.900 0.874 0.879
0.101 0 .105 0 .115
0.012 0.042 0.014
0.001 0.007 0.007
0.027 0.02s 0.029
0.955 0.940 0.976
0.01 1 0.013 0.012
0 0.001 0
4.999 5.001 5.019

62.8 64.3 63.6 63.9
0.49 0.31 0.30 0.31
9.15  16 .1  16 .4  15 .3

10.7 2.84 2.38 3.80
0.51 0.18 0.16 0.35
0.03 <mdl 0.03 0.09
0.31 0.34 0.43 0.30

1 5.9 15.8 1 6.2 1 5.8
0.46 0.56 0.68 0.71
0.05 0.04 0.06 0.13

100.4 100.5 100.2 100.7

3.026 3.000 2.979 2.990
0.018 0.01 1 0.01 0 0.01 1
0.s20 0.880 0.909 0.844
0.388 0.100 0.084 0.134
0.036 0.012 0.01 1 0.025
0.002 0 0.002 0.005
0.029 0.031 0.039 0.027
0.977 0.940 0.968 0.943
0.009 0.010 0.013 0.013
0.001 0.001 0.002 0.003
5.006 4.985 5.017 4.995

61.8 59 6
0.48 1.44
9.46 2.56

10.3  18 .1
0.53 0.71
0.10 0.06
0.34 0.32

1 5.6 15.3
0.39 0.15
0.07 0.07

99.1 98.3

3.014 3.021
0.018 0.055
0.543 0.160
0.378 0.691
0.038 0.053
0.005 0.003
0.032 0.032
0.971 0.990
0.007 0.003
0.002 0.002
5.008 5.010

Si
Ti
AI
Fe3*
Mg
Ca
Na
K
Ba
Sr

Note.' <mdl : less than minimum detection limit (weight percent; Reed 1973): Na.O 0.02, MgO 0.02, CaO 0.03, TiO,0.04, SrO 0.06, 2rO.0.03' BaO
0.08.

'Analyses correspond to the points indicated in Figure 18.
.- Total Fe reported as FerO".

Er.ncrnox DIFFRACTToN

An electron diffraction study was conducted to confirm
that the Fe-rich rims of the sanidine grains had the feld-
spar structure. Because of the small size of the Fe-rich
rims, conventional X-ray diffraction was not possible.

Methods

A cluster ofseveral sanidine grains, each with approx-
imately l0 1rm wide Fe-rich rims, was located with BSE

" 2 - n o o o

r2= 0.997

tr (Si-3) + Fe + Ti + Mg
o F e

0.0 0.2 0.4 0.6 0.8 1.0

Al cations per 8 O atoms

Frcunp 2. Cation plot of Al substitution in sanidine. Circles
show that there is a progressive tetrahedral site deficiency for
the exchange FeAl-,. Only by including nonstoichiometric Si +
Ti + Mg with Fe is the l: I substitution for Al preserved (squares).

imaging on a standard thin section. A high-speed dental
drill was used to remove a 100 pm square fragment con-
taining these grains. The fragment was mounted in an
epoxy bullet and microtomed into several - 1000 A slic-
es, which were collected onto a 3 mm copper TEM grid
previously coated with a carbon substrate. Because the
sanidine grains shattered during microtoming, the iron-
sanidine rim fragments were first identified in STEM mode
using the EDS detector.

Selected-area electron diffraction (SAED) patterns were
obtained with a JEOL JEM-I20OEX TEM operating at
120 kV using a tilt-rotate sample holder. The TEM was
equipped with a GATAN 622 SC imaging system and a
Tracor Northern 5500 EDS X-ray analysis system. All
SAED patterns were recorded at a camera length of 200
mm using a 20 pm condenser-lens aperture after first fo-
cusing the electron diffraction image on the back focal
plane of the objective [ens. The camera length was cali-
brated using an evaporated thin-film aluminum standard.
A Scion LG-3 frame-grabber board was used to import
40 of the SAED patterns from the TEM into a Centris
650 Macintosh computer, which measured the patterns
using NIH Image version 1.53 (see Acknowledgments
section) and indexed them by comparison with the 1989
powder diffraction file for synthetic sanidine of the Joint
Committee for Powder Diffraction Standards, Interna-
tional Center for Diffraction Data. Each of our acquired
patterns showed internal consistency between the mea-
sured angles for all combinations of (hkl) planes. Angle
and d measurements from [200], [020], and [001] zone-
axis patterns were obtained from digitized negatives of

1 . 0

o

6 0'8
G

o 0.6
@

o
cL 0.4
o
c
€ 0.2
(E(,
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SAED patterns using the NIH Image program to deter-
mine the center ofeach reciprocal lattice diffraction spot
and Microsoft Excel to calculate the d and angles. Angles
were determined from least-squares regression lines drawn
through spot centers ofthe appropriate row and column
pairs. The procedure was calibrated with a [00] zone-
axis pattern from fluorite (measured angle : 90.I + 0.4)
obtained under the same analytical conditions as the iron-
sanidine patterns. Eleven ofthe d values ofthe iron san-
idine were measured from diffraction patterns recorded
on film and projected onto a microfilm viewing screen.
The carbon-film substrate on the TEM grid was used as
an internal standard to calibrate the projection.

Convergent-beam electron diffraction (CBED) patterns
were recorded on film from a Phillips 430T TEM oper-
ating at 100 kV using a double-tilt holder and condenser-
lens apertures of 100 and 200 pm. For indexing purposes,
SAED patterns were recorded on film in conjunction with
the CBED patterns. An evaporated, thin-film aluminum
standard was used for camera-length calibration.

Frcunr 3. Selected-area electron diffraction (SAED) patterns

of Fe-rich sanidine along zone axes [001], [020], [200]. Mea-

surements from these three patterns were used to derive the fol-

lowingcrystal lographic parameters: a:8.68 + 0.15, b: 13.14
+ 0 .23 ,  c  :  7 .31  +  0 .15  A,  a  :  90 .0  +  0 .54 ,  B  :  116.0  +  0 .46 ,
r y : 9 0 . 0 + 0 . 3 3 " .

Electron diffraction results

Figure 3 shows the SAED patterns along crystallograph-
ic axes a, b, and c, each obtained from separate iron-san-
idine rim fragments. Indexing of the patterns reveals sys-
tematic absences in the c* and b* directions (h + k :

even), indicating a C-face-centered cell with crystallo-
graphic axes colresponding to the zone axes [200], [020],
and [001], respectively. Angle and d measurements taken
from these patterns are given in Table 3. Although inher-
ently much less precise, the electron diffraction results are
in very good agreement with the X-ray powder diffraction
data of synthetic monoclinic iron sanidine (Table 3). Lin-
thout and Lustenhouwer (1993) reported X-ray diffraction
data from Cancarix sanidine, but their measurements were
from a mixture containing Fe-rich rims and Fe-poor cores.
Thus, their more precise measurements do not correspond
1o the Fe-rich rim compositions.

To determine the unique point group for monoclinic
iron sanidine, two whole-pattern (WP) CBED pattems were
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Tler-e 3. lron-sanidine cell dimensions from SAED patterns

a(A)  b (A)  c (A)  
" f )  

p f l  r ( . )

1 3 . 1 5
(0.28)
58

8.68 7.31
(0.15) (0.15)
47 33

1 3 . 1 2
(0.37)

OJ

8.68 13.14 7 .31
(0 15) (0.23) (0.1s)
8 68 't3.12 7.31
(0.01 ) (0.02) (0.01)
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[200]
Error"

t0201
Error
n
t0011
Errol
n
Avg
Error
W-At
Error

90.0
(0.54)
63

1 16 .0
(0.46)
39

90.0
(0.s4)

90.0
(0.33)
46

1 16.0 90.0
(0.46) (0.33)

1 1 6 . 1
(0.083)

' One standard deviation in d measurements between adjacent diffrae
tion disks or the standard deviation in angle measurements between row-
column oairs.

.. The number of diffraction disk pairs or row-column angles measured.
f Wones and Appleman (1961).

obtained along the zone axes [001] and [020] (Fie. 4) at a
camera length of 270 mm. Examination of the WP sym-
metry of [001] shows a single mirror line, whereas the WP
symmetry of [020] has a twofold axis. Following the meth-
od of Champness (1987) and the knowledge from the SAED
patterns that the unit cell is monoclinic, the CBED zone-
axis patterns show that the unique point $oup for the
naturally occurring kucite Hills iron sanidine is 2/m.

DrscussroN
To evaluate charge balance and stoichiometry on the

basis of tetrahedrally coordinated Si, Ti, Al, Fe3+, and
Mg, the following feldspar components were calculated:
CaMgSirOr, (Ba,Sr)AIrSirOr, NaAlSir08, KAlTi308,
KFe3*SirOr, and KAlSi.Or. Ca was treated separately from
other divalent cations (Ba, Sr) because a CaMgSirO* feld-
spar has been synthesized (Sclar and Benimoff 1980) and
because the occurrence of this component has been re-
ported in both synthetic plagioclase crystals (Tsuchiyama
1985) and natural sector-zoned plagioclase crystals from
glassy submarine basalts (Bryan 1974). The calculations
show, however, that there is insufficient Ca to balance
Mg in a CaMgRllRI substitution. Even if Ba were com-
bined with Ca, there would still be a deficiency in the
number of R2+ cations needed to charge balance Mg. Ba,
however, decreases with increasing Mg, indicating that
Ba is not charge coupled to Mg. Sr concentrations are
near the detection limit of the analytical method and are
thus insignificant. This suggests that Mg may exist as the
A-site vacant, negatively charged feldspar molecule
(lMgSirOr)'z , or that the charge imbalance resulting from
torMg substitution is compensated by A-site K*.

From the chemistry alone, we are unable to determine
uniquely which of these two choices may be correct. If,
however, the charge imbalance is compensated by A-site
K+, it would indicate the occurrence of the charge-bal-
anced component K,(MgSi)Si6O,5 through the substitu-
tion of MgSiAl_, in 2KAlSi:O,. The K,(MgSi)SiuO,u
component can be considered the sum of the charge-im-

Frcunr 4. (A) Convergent-beam electron diffraction (CBED)
pattern of iron sanidine along zone axis [00 I ] showing a mirror
line along a NE-SW axis (arrows). (B) CBED pattern of iron
sanidine along zone axis [020] showing a single twofold axis.
Both ofthe original CBED photographic negatives were digitized
and their features enhanced using the high pass filter in Adobe
Photoshop.

balanced feldspar components (KMgSirOr) and (KSi-
Si3O8)". Although a feldspar of KrMgSirO,u composition
has not been experimentally produced, such a molecule
has previously been proposed as a significant component
in a natural Mg-rich sanidine (Smith and Franks 1986).
Analogous isomorphic polymorphs of kalsil i te
(KrMgSirOr) and leucite (KrMgSi,O,,), however, have
been synthesized, and in the case of KrMgSirOr2, exper-
imental evidence shows that it forms a continuous solid-
solution series with leucite (Schairer 1948; Roedder 195 l).
Although this does not prove the existence of a
KrMgSirO,.-sanidine solution series, such a molecule does
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satisfy the RrO, stoichiometry and charge-balance re-
quirements for feldspar. A maximum of 5.4 mo10/o of the
KrMgSirO,, molecule is calculated from analyses of the
Leucite Hills sanidine grains. Alternatively, a maxlmum
of 4.9 molo/o of the trMgSirO, molecule is calculated.

Regardless of the choice of magnesium feldspar com-
ponent, in many cases there remains an excess of Si and
K atoms following calculation of the feldspar molecules.
When plotted (Fig. 5), the K and Si excesses define a trend
of approximately lK:2Si (R'? : 0.81). Similarly correlated
excesses ofK and Si are also found in the Fe-rich sanidine
grains from Cancarix (Linthout and Lustenhouwer 1993).
The correlation of these excess components implies that
the nonstoichiometric cation surpluses are not randomly
incorporated into the M and T sites in growing sanidine
grains but are coupled either in single components such
as KrSioOn or Kl(trSir)Ol or, alternatively, are incor-
porated as two separate components, the proportions of
which are externally controlled. On the basis of published
simple-system experiments, Linthout and Lustenhouwer
(1993) suggested that the excess K and Si found in the
Cancarix iron sanidine resulted from solid solution of
potassium tetrasilicate and silica in sanidine during eu-
tectic crystallization.

Cnvsr,ll,r,rzATloN TRENDS

Figure 6 shows that the concentrations of Mg and Ti
increased in sanidine as crystallization progressed, Ba de-
creased, and Na remained constant. With the exception
of Na, the concentration of each minor element displays
a prominent change in slope at about 8 wto/o FerOr, which
coincides with the sharp transition from dark gray to light
gray on the BSE images. A qualitative interpretation of
the zoning patterns is possible by noting that magmalic
phases generally display a progression of crystal shapes
from equant tabular through acicular skeletal to spheru-
litic with increasing degrees of supercooling (Lofgen
1980). The empirical observation that the finisterre habit
of sanidine is typical of volcanic rocks has been used as
evidence to indicate that this feldspar growth form is the
result of relatively rapid cooling (Smith 1974; Woens-
dregt 1983; Smith and Brown 1988), and the fingerlike
projections of Fe-rich rim material on some Leucite Hills
sanidine grains is evidence of even more rapid crystal
growth during the final stages of crystallization (Fig. 1) in
these samples.

Theoretical and experimental studies have shown that
crystal-liquid partitioning of trace elements is strongly
related to crystal growth rates (Albarede and Bottinga
1972; Grove and Bence 1977;, Lofgren 1980; Shimizu
1983; Kuehner et al. 1989). If the crystal growth rate is
comparatively rapid, the liquid boundary layer at the
crystal interface becomes enriched with incompatible trace
elements and depleted in compatible trace elements rel-
ative to the bulk liquid. The resulting concentration pro-
file for a particular element depends, in part, on the crys-
tal growth rate and the diffusion coefficient for that
element in the liquid. Petrographic evidence suggests that
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of feldspar components (see text), define a trend of approxi-
mately lK:2Si. Results from both magnesium feldspar compo-
nent calculations are shown: circles for lMgSirOr, squares for
KrMgSirO,u. The error bar represents the largest + 1o analytical
error propagated through the feldspar component calculations
following Bevington ( I 969).

trace element-rich boundary layers were present during
the final stages of crystallization in sample LH37. Figure
7 is an image of an interstitial glass region between san-
idine grains. Planar Fe-rich sanidine rims have ragged
overgrowths of even more Fe-rich (on the basis of gray

scale brightness) rim material projecting into the glass.

Separating the ragged projections from the glass are very
narrow (<2 pm), bright coatings. Although the coatings
are too small for microprobe analysis, their EDS spectra
and relative brightness in the BSE image indicate that the
coatings are rich in high atomic-number elements Ti, Zr,
Sr, and REE and are very similar in appearance to the
incompatible element-enriched boundary layers ob-
served by Kuehner et al. (1989; see their Fig.2). Because
the coatings follow the shapes ofthe irregular Fe-rich rim
projections, they are similarly interpreted as quenched
incompatible element-rich boundary layers.

OnrcrN oF Fe-RrcH sANrDrI{E

The rarity of Fe-rich sanidine can be related to the
unusual chemical conditions necessary for its formation'
The magma must have (l) an oxidized Fe3*-rich com-
position, (2) low Al, (3) high K, and (4) silica saturation.
Such chemical features are unusual in the common mag-
matic rocks but are characteristic of the larnproite clan
(Mitchell and Bergman l99l). These unusual, primary
chemical features of sample LH37 (Table 1) were further
enhanced through fractional crystallization of the earlier
precipitating phases, resulting in an average residual glass

composition having 280lo normative qtartz and 140/o KtO
(Table l); yet the glass is extremely Al deficient, as shown
by the 2lo/o normative potassium metasilicate. During
precipitation of the sanidine cores, it is likely that Fe3+,
Ti, and Mg were preferentially partitioned into the liquid
and a boundary layer rich in these elements developed.

0.4



rz =0.62e 
A

236 KUEHNER AND JOSWIAK: SANIDINE FROM THE LEUCITE HILLS

0.81 . 0

0.8

o
o)
= o.4
f
=

0.2

0.4

o
(!
o
s
=

1 . 0

0.8

1 . 5

o
J 0.6
z
f 0.4
=

or 1.0
o

s
3 o.s

C F  =0 .647

ts=o.ooo -/  .  .

1 0  1 5

wt% FerO.

Frcurr 7. BSE image of sanidine rims and adjacent glass. The
planar Fe-rich rims have ragged overgrowths, which are even more
Fe-rich. The irregular surfaces of the overgrowths are coated with
a bright material interpreted as quenched, incompatible element-
rich, liquid boundary layers (see bottom center, and compare with
Fig. 2 of Kuehner et al. 1989). Scale bar is 10 pm.

tr

12 = 0.929 B

1 0  1 5
wt% Fe2O3

D

r2 = 0.006

6 t r o

#-f f i .
r2 = 0.280

1 0  1 5

wtTo FerO,

As growth of sanidine progressed at an accelerating rate
during quenching, the Fe3*-rich boundaryJayer liquid
became increasingly important in continuing to stabilize
sanidine in the extremely Al-deficient perpotassic liquid
through the substitution of Fe3+ for Al.

In both the Leucite Hills and Cancarix occurrences
(Linthout and Lustenhouwer 1993), Fe-rich rims form on
groundmass sanidine. Linthout and Lustenhouwer sug-
gested that the Fe-rich rims grew during quenching of the
Cancarix magma as a result of the evolution of a vapor
phase, and evidence suggests that the evolution ofa vapor
phase may also have coincided with the formation of
rims on the Leucite Hills sanidine grains. Analyses of
Leucite Hills phlogopite, Ti- and K-rich richterite, and
apatite show significant amounts of F (Cross 1897;
Stormer and Carmichael l97l Kuehner, unpublished
data), resulting in whole-rock analyses having 0.6-0.7 wto/o
F (Kuehner et al. l98l). Yet F (and S) is below the de-
tection limit (<0.04 wto/o) in the microprobe analyses of
the interstitial glass in sample LH37 (Table l), suggesting
that F (and S, HrO) exsolved from residual liquids prior
to or during quenching. As F, combined with HrO, acts

0.0

0.00.0
20

Frcunr 6. Weight-percent plots of minor element oxides vs. FerOr, displaying core-rim zoning profiles; (A) BaO, (B) MgO, (C)
TiOr, (D) Na'O. Separation of core (squares) and rim compositions (circles) was based on analysis locations in Figure lB. Regression
lines for each group are indicated. The solid square (B) was excluded from the regression.



to depolymerize and thus decrease the viscosity of silicate
melts, the evolution of an F and HrO vapor from the
late-stage liquid would rapidly increase its viscosity (Fo-
ley et al. 1986). Such an event would slow diffusion of
cations in the groundmass liquid, thus enhancing the role
that the adjacent boundary-layer liquid has in controlling
the rim composition of precipitating phases.
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