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Al-Si disorder of K-feldspar in crustal xenoliths at Kilbourne Hole, New Mexico
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Abstract

K-feldspar in xenoliths of quartzofeldspathic gneiss at Kilbourne Hole, New Mexico, is
sanidine, commonly microperthit ic. Cell parameters of a nonperthit ic sample
(Or "eAb27AnrCn , )a rea :8 .4713 ,b :13 .O258 ,c :7 .1712A ,F : l l 6 "0 {J ' ;V :711 .22A3 .
These cell dimensions indicate a high dsgrss of Al-Si disorder (Z : 2[Na411r - N^<t i :

0.064), one of the highest reported in the literature. The high dsglss of Al-Si disorder is at-
tributed to the heating of tle xenolith when it was incorporated in the basalt, and probably is
not a feature of the K-feldspar in the source terrain for the quartzofeldspathic xenoliths.

Introduction

Xenoliths of garnetiferous quartzofeldspathic
gneisses, pyroxene granulites, and ultramafic rocks
are abundant as cores of bombs of vesicular basalt at
Kilbourne Hole, a maar in the Rio Grande rift
(Padovani and Carter, 1977a). These bombs are
found on bedded tuff overlying an alkaline olivine
basalt flow in a unit mapped by Hoffer (1976) as the
Quaternary Afton Basalt.

The ultramafic xenoliths are believed to originate
in the upper mantle, and the xenoliths of quartzo-
feldspathic gneisses, pyroxene granulite, and minor
charnockite and anorthosite in the lower third of the
earth's crust (Padovani and Carter, 1977a). K-feld-
spar is present in the rocks of crustal origi4 and is
abundant in the garnetiferous quartzofeldspathic
gneisses. In the samples examined by Padovani
(1977> and by Grew (1977), the K-feldspar is un-
twinned and has an optic angle of about 10" or less,
which is indicative of a high degree of Al-Si dis-
order. Moreover, K-feldspar in crustal xenoliths at
other localities has the optical properties of high san-
idine, namely the optic plane parallel to (010) (La-
croix, l890a,b; Dickey, 1968). Thus a high degree of
Al-Si disorder appears to be characteristic of crustal
xenoliths from some localities.

However, to my knowledge, detailed X-ray diffrac-
tion data have not been reported on xenolithic K-
feldspar. I present here X-ray data on K-feldspar
from a xenolith of quartzofeldspathic gneiss at Kil-

bourne Hole, and discuss the evidence relating to the
origin ef 1trs high dsglgs of Al-Si disorder.

Petrology

The crustal xenoliths from Kilbourne Hole have
been described in detail by Padovani (1977) and
Padovani and Carter (1977a,b); only a few salient
features of the quartzofeldspathic gneisses will be
presented here. These gneisses (garnet granulite of
Padovani and Carter) are medium-grained, indis-
tinctly layered, friable, light-colored rocks that have
a sintered appearanoe. They contain all or most of
the following minerals: quartz, K-feldspar, plagro-
clase, garnet, sillimanite, rutile, ilmenite, graphite,
and zircon. Sillimanite forms prisms that commonly
are aligned, and is blue, colorless, or yellow. Rutile is
blue, purple, or brown. An orthopyroxene-spinel in-
tergrowth (replacing garnet) and glass are abundant
in the gneiss. This glass is in places vesicular and
forms microveinlets or nondescript masses, many of
which surround garnet and the associated ortho-
pyroxene-spinel intergrowth.

The contacts between the xenoliths and basalt in
the rinds are sharp. Xenocrysts of quartz, rutilq, and
sillimanite are incorporated in the basaltic rind of
one sample.

Methods

Samples of K-feldspar for microprobe analyses
and X-ray study were selected from about 50 crustal
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Sanple Nunber
76-5-12

L.#-M"r.t_ 76-a-1 76-5

Weighc Percent

64 .50

1 9  . 5 0

0 . 0 3

0 . 4 3

0 . 5 8

3  . 0 3

1 2 . 0 1

6 4 . 4 9

1 9  . 5 5

0  . 3 9

0 . 6 5

3  . 0 1

1 2  . 0 1

6 3 . 8 5

L9.91

0  . 1 0

0  . 8 5

0 . 9 3

3 . 2 L

1 1  . 4 0

64 .91

1 9 . 6 3

0 . o 2

o . 4 1

0 . 6 3

2 . 7 9

t2.45
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Table l. Composition of K-feldspar from Kilbourne Hole, New
Mexico, USA (microprobe analyses)

wavelength dispersive system (nonautomated) on an
Anr-Eux electron microprobe in the Department of
Earth and Space Sciences, UCLA, and the analytical
data were reduced by the Bence-Albee method
@ence and Albee, 1968).

A nonperthitic K-feldspar.for X-ray work was
picked by hand from a concordant lens one cm thick
in one of the xenolithic quartzofeldspathic gneisses
(sample 76-5-12). The unit-cell parameters were de-
termined with graphite-crystal monochromated
CuKa radiation by the powder method. A slurry of
the K-feldspar and a silicon standard was dried on a
glass slide. The 20 values were scanned three times at
0.25" 20 per minute, twice with decreasing and once
with increasng20.The 24 reflections used in the ccll
refnement were indexed using the tables of Wright
and Stewart (1968) and Borg and Smith (1969). Cell
parameters were calculated using a least-squares
computer program. Precision is estimated to be 0.15
to 0.3 percent of the values given (Table 2).

K-feldspar

Both nonperthitic and microperthitic K-feldspars
are present in the xenolithic gneisses. Mm-sized
cleavage fragments of the nonperthitic K-feldspar in
the lens used for X-ray study are colorless, glassy,
and limpid.

11 thin section, the nonperthitic K-feldspar is rec-
oenized by its negative optical srgn. tn microperthitic
K-feldspar, the plagioclase lamellae are generally
0.002 to 0.01 mm wide and up to 0.1 mm long (lo-
cally to 0.025 mm wide and 0.5 mm long). This range
in size corresponds to the ranges for strings and rods
described by Aling (1938) from plutonic rocks. The
microperthite resembles the hair perthite described
by Eskola (1952) from granulite-facies rocks (see also
Smith, 1974b, p. a2 -425). The plagioclase lamelliae
in the xenolithic K-feldspar commonly do not extend
to the boundary ofthe host grain (see also Padovani
and Carter, 1977a'1,, a feature that is characteristic of
rod and hair perthite (Alling, 1938; Eskola, 1952).

Grains of nonperthitic K-feldspar from Kilbourne
Hole range in composition from Oru, to Or., (Pado-
vam, 1977) and contain up to 4.5 mole percent anor-
thite and 1.5 mole percent celsian (Table l). The Cal
Ba ratios (3 to 4.6) and K/Ba ratios (44 to 100) of the
K-feldspars (Table l) are on the average higher than
those reported from metamorphic rocks, but lie
within the range of the ratios from plutonic rocks
(Smith, 197 4b, p. 93-95).

s i02

A1203

Ft2o3

BaO

CaO

Naro

Kzo

Total 100.08

6 9 . 6

2 6  . 5

0 . 7

6 5  . 8

28.2

4 . 5

1 , 5

1 0 0 . 8 6

7 L . 7

2 4 . 4

3 . 1

0 . 8

100.  3 l

Mole Percent

Orthoclase 69.7

A l b i t e  2 6 . 7

A n o r t h l t e  2 . 8

C e l s i a n  0 . 8

n . a .  -  n o t  a n a ] g z e d
*comtrpsi t ion f tom x-rag data: or69.2Ab3o.A (Table 2)

xenoliths collected by me, and supplemented by
sample 76-5 donated by E. R. Padovani. I have also
examined in thin section about 15 samples of xeno-
lithic quartzofeldspathic gneisses I collected at Bour-
nac, Haute-Loire, France.

K-feldspars in polished thin ss61is1s of quartzo-
feldspathic gneiss (Table l) were analyzed with a

Table 2. X-ray data on a K-feldspar from Kilbourne Hole, New
Mexico, USA. Sample 76-5-12

Cel1 Dlnensions
24 ref lect lons

a b c v

ri l  ( i) r i l  e (l ')

M e a s u r e d  v a l u e  8 . 4 7 f 3  1 3 . 0 2 5 8

standard erro! 0.0026 0.0026

7.r7t2 116'00'  7rr .22
0 . 0 0 1 1  0 . 9 '  0 . 2 1

F r o E  c e l l  e d s e  a :  O r - ^  ^ A b ^ ^  ^
o v - z  l u - 6

F E o m  c e l l  v o l u n e :  0 . 6 9 . Z A b 3 O . g

Structural  State and Est lmated
Tenpelature of Fomatlon

O r d e r l n g  p a l a o e t e r :  Z  =  2 [ N A f ( t f )  -  N l t ( T 2 ) ]  =  0 . 0 6 4

rh.t .  NAI(TI)  is mole fract lon of A1 ln sl te T1

E€ttnated temperatule: 1050"C
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X-ray data

Precision X-ray data on a nonperthitic K-feldspar
from Kilbourne Hole show that this feldspar is a high
sanidine in which there is little ordering among the
T, and T, sites (Table 2). The Al occupancies of the
T, and T, sites arc 0.266 and 0.234, respectively
(Hovis, 1974, eq. 4a and 4b). This K-feldspar is
therefore one of the most disordered reported in the
literature (Stewart and Wright, 1974; Hovis, 1977).
Moreover, it is an "anomalous" or "strained" feld-
spar according to Stewart's and Wright's (1974, p.
362) index of strain Lo : ao6" - d*,, where a*, is ob-
tained from these authors' b-c plot (Fig. l). For
sample 76-5-12, Aa : -0.08; but unlike other
"strained" feldspars, the Kilbourne Hole sample has
a negative index. However, there is good agreement
among the probe data, composition estimated from
cell volume, and composition estimated from the a
dimension, using Hovis' (1977) equations for his
highly disordered alkali feldspar series. Thus the
"anomalous" character of the feldspar may be due to
its unusually high Al-Si disorder, and not to a
cryptoperthitic structure, which is generally believed
to be the cause of the anomalous cell dimensions (see
Smith, 1974a,p.276).
. Preservation of a highly disordered feldspar in-
dicates that the xenoliths have been rapidly
quenched after the thermal event during which the
high degree of Al-Si disorder was attained. Other
evidence for quenching is glass in all the quartzo-
feldspathic xenoliths (Padovani and Carter, 1977a,,b\
and an apparently homogeneous ferrian ilmenite of
composition Il""Hemro in one xenolith (Grew, 1977).

Conditions of fomation

The extent of Al-Si disorder in the sample studied
by X-ray diffraction indicates a temperature of for-
mation of about l(X)0oC, assuming a pressure of for-
mation between 0 and 15 kbar (Hovis, 1974; Stewart
and Wright, 1974). The low 2V and absence of twin-
ning in the xenolithic K-feldspars examined by
Padovani (1977) ?nd by me imply that the high de-
gree of Al-Si disorder in sample 76-5-12 may be
characteristic for the K-feldspars at Kilbourne Hole,
but more X-ray work, particularly of the perthitic K-
feldspar, would be needed to demonstrate this.

Origin of the Al-Si disorder

The presence of high sanidine in crustal xenoliths
at Kilbourne Hole raises the question of whether a
high degree of Al-Si disorder is characteristic of al-

kali feldspars in the earth's lower crust. K-feldspar
having optical properties of high sanidine, such as a
low optic angle or optic axial plane parallel to (010),
is common in crustal xenoliths at some localities. Ex-
amples are quartzofeldspathic gneisses containing sil-
limanite and garnet at Bournac and other localities in
the Massif Central of France (Lacroix, l890a,b;
Grew, 1977), and a garnet granulite in New Zeatand.
The high sanidine in the New Zealand xenolith is
microperthitic (Dickey, 1968). These xenolithic
gneisses are believed to be samples of the lower crust
that have been brought to the earth's surface by the
volcanic rock in which they are found (Padovani and
Carter, 1977a; Leyreloup et a1.,1977).

However, the xenoliths have been heated during
their incorporation in the volcanic host rock. An-
other possible origin of the Al-Si disorder is this
heating event.

Padovani and Carter (1977a, p. 50) conclude 'that

the mineral assemblages [in the xenoliths] reflect the
ambient geothermal gradient in the deep crust as es-
tinated from heat flow measurements." However,
Davis and Grew (1978) obtained a 2o7Pb-2o5Pb age of
1375 m.y. on zircon separated from a xenolith col-
lected at Kilbourne Hole. They conclude that this
age is a minimum value for the age of the meta-
morphism of the source terrain of the xenoliths, and
that no later event was severe enough to completely
reset the zircon U-Pb age. In this case, it appears un-
likely that the mineral assemblages in the xenoliths
could reflect the ambient geothermal gradient, and
consequently they are not suitable indicators of the
present-day depth of the source terrain of the xeno-
liths. Thus we have no unambiguous petrologic evi-
dence that the crustal xenoliths at Kilbourne Hole
originated in the lower crust. As there are no known
exposures of granulite-fasies terrains in the vicinity
of Kilbourne Hole and none are reported from wells
drilled in this area (Padovani and Carter, 1977a'5,
granulite-facies rocks probably do not immediately
underlie the Phanerozoic sedimentary fll of the Rio
Grande rift at Kilbourne Hole. However, we have no
other direct information on the possible depth of the
granulite-facies source terrain, so that a deep crustal
origin of the high Al-Si disorder in the xenoliths at
Kilbourne Hole remains a moot question.

On the other hand, there is considerable evidence
that the thermal effect of the basalt on the xenoliths
was marked. Padovani and Carter (1977a,b) attribute
the extensive formation of glass in the xenoliths (a
few percent to over 50 percent by volume) to partial
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melting during incorporation of the xenoliths in the
basalt magma followed by rapid cooling after ex-
trusion of the magma. The temperature of the
magma may have been as high as l200oc, the tem-
perature estimated for Hawaiian tholeiitic basalt at
the time of eruption (Wright et al., 1968). This tem-
perature is well above 950oC, the temperature of the
first appearance of melt at P : I bar in the system
KAlSi.Or-NaAlSirOr-AlrOr-SiO, under dry condi-
tions (Thompson and Thompson, 1976). Under the
dry conditions suggested by Padovani and Carter
(1977b) for the partial melting of the xenoliths, ex-
tensive formation of melt requires a long period of
heat treatment le.g., 840 hours at 970"C for the for-
mation of glass in the laboratory (Tuttle and Bowen,
1958, p. 82)1, or temperatures well above the temper-
atures needed for the first appearance of melt. In ei-
ther case, it appears likely that the Al-Si distribution
in K-feldspar in the xenoliths would be affected. Or-
thoclase and microcline have been converted under
dry conditions to sanidine in the laboratory at tem-
peratures of 1050-1075oC, e.g., orthoclase in 100 to
300 hours and microcline in 670 to 720 hours (Spen-
c;er, 1937, p. 476; Goldsmith and Laves, 1954). More-
over, the time needed to disorder a K-feldspar under
dry conditions would probably decrease with increas-
ing temperature (Smith, 1974b, p. 157). Con-
sequently, a thermal event of sufficient intensity to
melt a quartzofeldspathic rock under dry conditions
is probably also of sufficient intensity to disorder K-
feldspar. Natural conversion of orthoclase and mi-
crocline to sanidine has been reported in some con-
tact aureoles (Al-Rawi and Carmichael,1967; Butler,
re6l).

In addition, the presence of microperthitic textures
similar to those found in K-feldspar in plutonic and
regionally metamorphic rocks, but rarely in sanidine,
suggests that the xenolithic K-feldspar may be a sani-
dinized orthoclase or microcline. Perthitic textures
are not in all cases destroyed by prolonged heating or
5aaldinization either in the laboratory or in nature
(e.9., Richarz, 19241' Dickey, 1968; Smith, 1974b, p.
490).

ln summary, available geologic and petrologic evi-
dence is consistent with the interpretation that the
high Al-Si disorder in the K-feldspar is the result of
the heating during incorporation of the xenolith in
the basaltic rock. Thus the study of xenoliths is not
an unambiguous approach to determining the extent
of Al-Si disorder in the K-feldspar in the source ter-
rain for the xenoliths at Kilbourne Hole. The heat

treatment by the basalt magma probably was suffi-
ciently intense to redistribute Al and Si in the feld-
spar and destroy whatever Al-Si order existed in the
feldspar in the source terrain.
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