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I. K-FELDSPAR OBLIQUITY 

BY 

BoRGHILD NILSSEN and ScoTT B. SMITHSON1 

(Mineralogical-Geological Museum, University of Oslo, Sarsgt. l, Oslo 5) 

Abstract. The Herefoss granitic pluton is a circular diapiric body cut by a 
fault that causes two different levels of the pluton to be exposed. The pluton 
has been the subject of a detailed petrochemical study based on samples taken 
at 2-km intervals. Five to ten grains of K-feldspar from each hand specimen 
used for the petrochemical study were hand-picked and X-rayed for this study 
of K-feldspar obliquity. Three modifications found to be present in the granite 
are orthoclase, near-maximum microcline, and RD K-feldspar, so the granite is 
neither an orthoclase nor a microcline granite. The east side of the pluton 
(higher level) predominantly contains high-L1 K-feldspar except for a quartz
dioritic facies which contains low-L1 and RD K-feldspar. The west side of the 
pluton (lower level) mainly contains low-L1 and RD K-feldspar. The distribution 
of L1-values is bimodal with peaks at high and low L1-values and intermediate 
L1-values represented only byRD K-feldspars. All variations from orthoclase to 
near-maximum microcline may be found in a single hand specimen, and single 
grains commonly show considerable variation in obliquity. 

K-feldspar obliquity is compared with chemical composition of the rock in 
which the K-feldspar occurs. A strong positive correlation is found between 
presence of low-L1 K-feldspar and chemical concentration of CaO, Fe103, Ti01, 
and MgO; negative correlation is found for K20. In this pluton, K-feldspar 
obliquity can be correlated with the chemical composition of the enclosing rock. 

K-feldspar obliquity is discussed in terms of mineralogy, chemical composi
tion of the rock, chemical composition of the K-feldspar perthite, type of 
perthite, deformation, contact effects, metamorphic facies, role of volatiles, 
occurrence of myrmekite, and cooling rate. The structural behavior of the 
pluton indicates that rocks containing high-L1 K-feldspar were richer in volatiles 
than rocks containing low-L1 K-feldspar. In addition, occurrence of low-L1 K
feldspars is linked to porphyroblastesis in rocks undergoing a chemical trans
formation. 

1 Dr. Smithson's present address: Department of Geology, University of 
Wyoming, Laramie, Wyoming, USA 
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Introduction 

. The genesis of a granite may be reflected by the history of its feldspars; 
therefore, these minerals are particularly important for detailed studies. 
The well-exposed Herefoss granitic pluton has been the subject of a 
series of geological and geophysical studies stimulated by Professor 
Tom. F. W. Barth; it is, therefore, particularly well-suited for detailed 
feldspar studies. The pluton is located on the southeast coast of 
Norway near the town of Grimstad. The geology of the Herefoss pluton 
was studied by BARTH (1947) and ELDERS (1963); the feldspars were 
investigated by NILSSEN (1961), and a gravity study was carried out 
by SMITHSON (1963a). Specimens collected as part of a detailed petro
chemical study (DICKSON and BALL 1964) provided a basis for the 
re-investigation of the feldspars reported in this paper. The feldspars 
are presently being investigated in two stages: 

l) K-feldspar obliquity. 
2) Feldspar textures and perthites (in preparation). 

Geology of the Herefoss granitic pluton 

The geology will be only briefly summarized; for a more complete 
description see ELDERS (1963). The Herefoss granitic pluton, a nearly 
circular body 20 km in diameter, was emplaced in highly deformed 
Precambrian gneisses composed of amphibolite, quartzite, banded 
gneiss, granitic gneiss, and migmatite (Fig. l) of the almandine
amphibolite facies. The pluton appears to have been in thermal 
equilibrium with the country rocks. In plan, the gneisses are con
cordant to the pluton' s margins, but in pro file the pluton sharply 
transgresses the foliation of the gneisses. Rocks of the pluton are 
foliated, and, in places, the country rock forms a breccia at the pluton's 
contact. In the north where the pluton sharply transects amphibolitic 
rocks without visible shouldering, an extensive area of quartz-dioritic 
rocks is found between the granitic rocks and the country rock. The 
typical rock type of the pluton is a medium-grained to coarse-grained 
quartz monzonite with 1-2 cm megacrysts of K-feldspar. Fine-grained 
quartz monzonite occurs as small irregular bodies throughout the 
pluton and at its contacts. 
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Fig. l. Geological environment of the Herefoss and Grimstad granites. 
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The pluton has been cut by a fault zone, the 'great friction breccia', 
which separates obvious supracrustal Bamble rocks on the southeast 
from the infracrustal Telemark gneisses to the northwest. The north
west side of the fault has moved upwards relative to the southeast 
side {ELDERS 1963); SMITHSON (1963a) calculated a minimum displace
ment, based on gravity interpretation, of 0.5 km across the fault. 
Numerous differences in the pluton's rocks {NILSSEN 1961, ELDERS 
1963, SMITHSON 1963a, DICKSON and BALL 1964) on the two sides of 
the fault are attributed to different levels exposed by faulting. 

The gravity anomalies found over the pluton have been inter
preted as compatible with a 2-km-thick funnel shaped body ('thickness' 
means the vertical extent of the density contrast causing the anomaly). 
Detailed chemical studies reveal the gross chemistry of the rocks of 
the pluton to be highly variable {DICKSON and BALL 1964). The pluton 
is a granitic diapir whose geological and chemical features are hetero
geneous; the gross distribution of these features seems to be a result 
of the different levels exposed on the two sides of the 'great friction 
breccia'. 

Methods 

Sampling. A large number of rock samples collected on a 2-km grid for chemical 
studies (DICKSON and BALL 1964) provided the basis for this study. From each 
hand specimen, 5 different grains of K-feldspar were hand-picked and X-rayed. 
An additional 5 grains were taken from a small number of selected hand sped
mens. The sampling for the X-ray study is, therefore, limited to grains larger 
than about l mm, mostly megacrysts. A total of 562 K-feldspar samples were 
X-rayed. Composite feldspar samples taken from crushed rocks and then sepa
rated by means of heavy liquids (NILSSEN 1961) were also studied to provide 
an estimate of 'mean' K-feldspar obliquity for entire rock specimens. The 
obliquities of K-feldspar from fine-grained rocks were investigated optically. 
X-ray technique. The d-spacings of X-ray films obtained by using the powder 
method with a Guinier-Nonius quadruple camera were measured by enlarging 
them on a screen by means of a 35 mm slide projector. The precision (standard 
deviation) of the method is 0.03 L1 units. 
Definitions. GoLDSMITH and LAVES (1954a) defined the difference in spacing 
between the 131 and the 131 reflections in X-ray powder patterns as a measure 
of obliquity. The spacing of these two reflections is called 'L1', and 'L1' is defined 
as L1 = 0.0 for monoclinic K-feldspar and L1 = 1.0 for microcline of maximum 
obliquity. L1, which is a measure of symmetry, may assume any value between 
0.0 and 1.0. Examples of the appearance of the 131 and 131 reflections from 
maximum microcline (L1 = 1.0), intermediate microcline (L1 = 0.5), and mono
clinic K-feldspar (L1 = 0.0) appear in Fig. 2 a, b, and c. In addition to single 
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Fig. 2. Appearance of 131 and 131 reflections used to measure obliquity in 
X-ray powder patterns. (a) Maximum microcline, LI = 1.0. (b) Int�rmediate 
microcline, LI = 0.5. (c) Sanidine and orthoclase, LI = 0.0. (d) Microcline with 
LI ranging from 0.0 to 1.0, LI = 1.0 commonest. (e) RD microcline, maximum 
LI = 1.0. (f) Monoclinic K-feldspar with some variable obliquity. (g) Predomi
nantly maximum microcline with some RD microcline. (h) RD intermediate 
microcline, maximum LI = 0.5. (i) Somewhat disordered microcline, maximum 
LI = 1.0. 

Ll-values, diffuse reflections, which represent variable Ll-values within a single 
grain, are encountered (GoLDSMITH and LAVES 1954b, CHRISTIE 1962). These 
may differ from reflections which are diffuse about a single Ll-value (Fig. 2 i), to 
reflections which are evenly diffuse up to a limiting Ll-value. The latter, called 
randomly disordered (RD) by CHRISTIE (1962), are interpreted as being composed 
of small domains that have every possible Ll-value between 0.0 and fixed maxi
mum value. If one Ll-value predominates, the corresponding reflections will be 
more intense and appear as darker lines superposed on a diffuse background 
(Fig. 2 d, f, and g). 

Distribution of K-feldspar obliquity within the pluton 

A plot showing the distribution of K-feldspar obliquity within the 
pluton is presented in Fig. 3. Five X-rayed K-feldspars were picked 
from each hand specimen taken from the pluton at the intersections 
of a 2-km-square grid; portions of the same hand specimens bad been 
chemically analyzed previously (DICKSON and BALL 1964). For some 
localities more than one rock type bad been collected; therefore, K
feldspars were taken from the different rock types. Five K-feldspar 
samples were selected to allow estimation of the most common Ll-value 
for the rock as well as to determine the variability of LI. 

Symbols denoting the K-feldspars, which were designated as ortho
clase, RD (randomly disordered), and near maximum microcline, were 
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Fig. 3. Map showing variation of A-values within the Herefoss granitic pluton. 
The approximate A-values for each of 4 to 5 grains from each hand specimen 
are represented with symbols grouped over the hand specimen location. A
values for fine-grained granite and liquid-separated samples are also given. 

Note the difference in A-values on each side of the fault. 

chosen for plotting purposes. No symbol was established for K
feldspars with single intermediate L1-values, which were rarely en
countered. The low-L1 K-feldspars are very nearly monoclinic, and 
the high-L1 K-feldspars are nearly maximum microcline. The RD 
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K-feldspars deserve special attention because they indicate obvious 
departures from any equilibrium conditions that could have obtained. 

The map (Fig. 3) reveals a distinctive pattern for the L1-value 
distribution in the pluton. On the east side of the fault, the L1-values 
are nearly all high. Although RD K-feldspars are commonly widely 
scattered everywhere within the pluton, they tend to be more char
acteristic in the rocks at the north end of the east side. Rocks of the 
medium-grained quartz-dioritic facies all contain RD and/or low-L1 
K-feldspar. At several sites on the east, orthoclase occurs together 
with K-feldspars of near maximum obliquity (center and southeast); 
however, the east side is characterized by maximum L1-values that are 
in places, associated with subordinate amounts of variable L1-values. 

The rocks on the west side of the fault contrast sharply with the 
rocks on the east because low-L1 K-feldspar is widely distributed. 
Orthoclase not only occurs at many localities here, but it also comprises 
the predominant modification in some hand specimens. On the other 
hand, high-L1 microcline is commonly found, particularly along fault 
zones; and RD K-feldspar is most typical and widespread. Orthoclase 
and near maximum microcline are commonly found in the same rock. 
The low and variable L1-values form a belt that trends northeast
southwest along the west side of the pluton. 

The L1-values of K-feldspar powders separated from the rocks as 
part of a previous investigation (NILSSEN 1961) are also plotted on the 
map (Fig. 3). These L1-values also show the same pattern revealed by 
the detailed investigation. The separated powders do, however, lead 
to an average L1-value for the whole rock. The diffuse reflections from 
small amounts of RD K-feldspar might have been lost in the back
ground of X-ray films. 

The obliquity of K-feldspar in the fine-grained rock variants of the 
pluton was investigated optically by measuring the extinction angle 
Z' 1\ ..L (010) in (001), a measure of L1 according to MARFUNIN (1961). 
The L1-values from the fine-grained rocks correspond to the L1-values 
from the coarser surrounding rock. L1 from the fine-grained granite 
east of the fault is high; L1 from fine-grained granite west of the fault 
is low and/or variable; however, some variable L1-values are found on 
the east side in hornblende-bearing rocks, which are much more mafic 
than typical fine-grained granitic rocks. 
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Distribution of K-feldspar obliquity within the country rocks 

Although a systematic collection of the country rocks was not avail
able, sufficient samples were at hand to reveal some trends within the 
gneisses. The gneisses are subdivided into Bamble rocks and Telemark 
gneisses, and the Ll-values from each are listed separately in Table l. 

Again, a striking pattern emerges. The Ll-values from the Bamble 
rocks approach the maximum value, but some RD and slightly dis
ordered K-feldspars are also found. On the other hand, the K-feldspars 
from the Telemark gneisses exhibit low Ll-values, variable (RD) Ll
values, and some high Ll-values. The behavior of Ll-values from the 
gneisses on each side of the fault closely follows the pattern of Ll-values 
from rocks of the pluton on each side of the fault. 

Table l. K-feldspar Obliquities from the Country Rocks 

Bamble Rocks 
East side of fault 
Sample No. 
SSl M 
SS76 M 
SSll MRD 
SS88 MRD 
SS85 RD 
SS18 M 
SS91 M 
SS3 MRD 
BN19 RDM 
DB121 M,M,M,M,M 
DB122 M,M,M,M 

RD Randomly disordered 
M Microcline 
O Orthoclase 
ORD Orthoclase and randomly disordered 

Telemark Rocks 
West side of fault 
Sample No. 
Hol o 
SS55 o 
c M 
I RDM 
5125 RD 
5136 RD 
SlOO RD 
SS57 ORD 
Ho2 o 
Ho4 o 
BN224 ORD,O,M,M 
BN225 ORD,RD,RD,RD 
DB115 M 
DB116 O,RD,RD 
DB117 RD, RD, MRD 

RDM Predominantly randomly disordered; some maximum microcline 
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Distribution of K-feldspar obliquity within 

single hand specimens 

Fifteen hand specimens of the rocks from the pluton were selected for 
further study. Five additional K-feldspar grains were determined from 
each rock so that a total of 10 L1-value determjnations were made for 
each of these hand specimens (except for 70-1 whose grain size was 
too fine). The added study was done: l) to test the estimate of K
feldspar obliquity obtained from the first 5 grains picked, and 2) the 
better to evaluate the variability of K-feldspar obliquity within single 
hand specimens. 

The distribution of L1-values within 15 hand specimens is presented 
graphically in Fig. 4. Numbers 1-5 in each hand specimen are the first 
5 K-feldspar grains that were studied, and L1-values for these grains 
are those plotted on the map (Fig. 3). Numbers 6-10 are the grains 
that were picked subsequently and L1-values for these along with 
values for numbers 1-5 are included in Fig. 4. Although the L1-values 
from samples 6-10 may deviate somewhat from samples 1-5, they 
range over the same L1-values and show the same spread of L1-values. 
In other words, the general L1-value distribution is the same regardless 
of whether samples 1-5 or 6-10 were used. Accordingly, the 5 L1-values 
plotted for each locality in Fig. 3 are regarded as reasonably repre
sentative of the L1-distributions within hand specimens. 

Using as few as 5 K-feldspar samples will, in some cases, fail to 
reveal the presence of a few exotic L1-values within rocks such as in 
specimen 3-3 (Fig. 4). The interpretations of this paper must clearly 
be based on a fairly large num ber of samples; such oversights will not 
greatly affect the interpretation. 

The L1-value distribution within each hand specimen exhibits some 
remarkable variations. Although some hand specimens (63, 19-1, 48) 
are characterized by high L1-values, and others (51, 43) are character
ized by low L1-values, most are typified by L1-values that range from 
L1 = 0.0 to L1 = 0.9. Similar wide variations in L1 were recorded 
for K-feldspars from augen gneisses and certain granitic rocks else
where in the Norwegian Precambrian (SMITHSON 1963b, p. 144). The 
tendency in petrography texts has been to describe rocks as containing 
either microcline or orthoclase; however, the rocks of the Herefoss 
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Fig. 4. Gra ph show
ing the variations 
in LI among grains 
picked from a single 
hand specimen. 
1 Sample with uni
form obliquity 
(sharp reflection, 
Fig. 2 a, b, c). 
- l Sample with 
predominantly 
uniform obliquity 
and some RD 
domains (Fig. 2 f, g). 
---- Sample 
with variable 
obliquity (RD) 
decreasing in 
frequency toward 
LI = 1.0. 

-- - Sample 
with variable 
obliquity (RD) 
increasing in 
frequency toward 
LI = 1.0 (Fig. 2 d). 
--- Sample 
with uniformly 
variable obliquity 
(Fig. 2 e). 
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tion of LI for the K-feldspar samples from 
the 15 hand specimens illustrated in Fig. 4. 
Diagonally lined area represents RD sped-

mens. 

is no continuous change in L1-values 
changing P-T conditions. 

pluton commonly contain 
orthoclase and near-maxi
mum microcline in addition 
to K-feldspars of intermedi
ate properties. 

Not only do the K-feld
spars of the pluton show re
gional variations in obliqui
ty, but individual feldspar 
grains vary markedly within 
one hand specimen. The 
diagrams (Fig. 4) show that 
the K-feldspars in very few 
hand specimens are suffici
ently homogeneous to repre
sent equilibrium assemblages 
because they exhibit a wide 
range of L1-values. Possibly 
the range of L1-values re
flects differential responses 
of individual feldspar grains 
to conditions that obtained 
at different times during the 
cooling history. This does 
not, however, seem to be the 
case. Intermediate L1-values 
are exceedingly rare. There 
as might be expected for 

The frequency distribution of L1-values within the 15 hand sped
mens shown in Fig. 4 is illustrated in Fig. 5. An attempt to list L1-
values of RD K-feldspars was also made, but the values are somewhat 
arbitrary. Nevertheless, the most commonly occurring L1-values are 
either small or large, and the high L1-values predominate while 
discrete intermediate L1-values are totally lacking. A similar distribu
tion of L1-values in which the intermediate values are rare has been 
recorded from many types of rocks (BARTH 1959, DIETRICH 1961, 1962). 
The sole L1-values found within the intermediate range (L1 = 0.3-0.7) 
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are those of RD K-feldspars, and these can hardly be regarded as 
reflecting equilibrium conditions. 

The RD K-feldspars are found in 12 of the 15 hand specimens in
vestigated. These non-equilibrium assemblages clearly demonstrate 
the well-known fact that attainment of equilibrium in the feldspars is 
exceedingly sluggish. Thus, one hand specimen (3--3 in Fig. 4) may 
yield 9 maximum microclines and one orthoclase, and others (94--2, 16, 
80, 43, 85) exhibit a wide range of Ll-values. 

Obliquity values that vary within single grains (morphological 
units in the sense of GoLDSMITH and LAVES 1954b) have been de
scribed rather frequently (GOLDSMITH and LAVES 1954b, BAMBAUER 
and LAVES 1960, GUITARD et al. 1960, MARMO et al. 1963, SMITHSON 
1963b). Sample 6 from hand specimen 3--3 (Fig. 4) is composed of 
both orthoclase and near maximum microcline so that these two modi
fications not only occur together in the same pluton but also in the 
same grain. 

The variation of Ll-values within single hand specimens and, 
indeed, even within single grains demonstrates convincingly that 
equilibrium was not attained so far as the structural state of the K
feldspar is concerned. 

Optical observations 

From the point of view of the petrologist, optical studies of K-feldspar 
order-disorder have much to offer because of the ease with which 
K-feldspar grains can be studied in situ and their relations to their 
surrounding grains observed. In addition, MARFUNIN (1961, 1962) 
maintains that to measure parameters needed to specify the structural 
state of K-feldspars, which depends on Al-Si distribution (BARTH 1934, 
LAVES 1950), the use of optical techniques is necessary; consequently, 
order-disorder relations are best determined optically. The desired 
optical parameters are 2V, a measure of order-disorder, and the max
imum extinction angle, Z' 1\ j_ (010) or the 131-131 spacing, a measure 
of obliquity. HAFNER and LAVES (1957) and MARFUNIN (1961, 1962) 
suggest that K-feldspars which show maximum Al-Si order may appear 
optically monoclinic because of balanced submicroscopic and sub-X
ray twinning. The optical orientation, degree of obliquity (LI), and 
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Table 2. Variation of optical data in single hand specimens 

Sample No. l Rock Type 2Vxo Z' /1. j_ (010) 

DB 13 porphyric granite 85 18, 19, 20 
DB 23-2 fine-gr.ained granite 84, 66-71, 65-69 0-10, 3-6, 6-8, 18 
DB 52-2 fine-grained granite 58-62, 75-80 0-12, 0-3, 15 
DB 102-3 fine-grained granite 63, 59-63, 56-63 2-9, O, 0-2 
DB 103-2 fine-grained granite 60-70, 62 0-4, O, 8-15 
BN 19 quartzite 80, 81, 66-71, 81 8-14, 17, 18 
DB46 porphyric granite 66-76 
DB 65-1 porphyric granite 65-71, 60-70, 65, 67, 10, 3-8, 2-12, 6 

73, 66, 71, 62 
DB 88-1 porphyric granite 82, 83, 83 18, 19, 20 
DB 73-1 quartz diorite 14, 2-13 
DB 94-3 quartz diorite 51-59,60,71,61-71 O, 11, 12 
DB94-2 quartz diorite 59-66, 79, 71-76, 77, 2-6, 14 

82, 85 

lattice angles depend on submicroscopic twinning and on the degree 
of order-disorder; 2V depends only on the degree of order-disorder. 
In order to define completely the structural state of a K-feldspar, we 
must, therefore, use optical methods to measure 2V and then measure 
L1 optically or by X-ray. Unfortunately, the two properties are diffi
cult to measure for particular grains in thin sections. 

Because the size of the angle 2V is a function of order-disorder, a 
number of 2V's were measured in K-feldspars from the same hand 
specimens used for the X-ray studies (Table 2). The maximum ex
tinction angle Z' (\ j_ (010) was also measured by U-stage techniques, 
but it was not possible to measure both 2V and Z' (\ j_ (010) in the 
same grain. The results demonstrate that 2V and, therefore, order
disorder differ among the various hand specimens, among various K
feldspar grains within a hand specimen, and indeed within a single 
K-feldspar grain. Variation of 2V within a single grain has been re
ported by many workers (EMELEUS and SMITH 1959, BAMBAUER and 
LAVES 1960, GUITARD et al. 1960, HEIER 1961, MARMO et al. 1963, 
SMITHSON 1963b). Variable extinction angles, Z' (\ j_ (010) have been 
noted by MARMO et al. (1963). HEIER (1961) states that K-feldspars 
with variable 2V seem to be typical of amphibolite-facies rocks. 
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Optic angles between 50° and 60° combined with L1-values equal 
to zero designate K-feldspar that MARFUNIN (1961, 1962) calls high 
orthoclase. The 2V's of K-feldspars measured range from 51 o to 85°. 
Little doubt can exist that the increase in L1 within the rocks studied is 
accompanied by an increase in 2V and consequently an increase in order. 

Optical methods seem to be inore sensitive than X-ray methods in 
detecting ordering in monoclinic K-feldspars (GoLDSMITH and LAVES 
1954b, MARMO et al. 1963). In these rocks, beginning twinning is com
monly visible along grain boundaries in K-feldspars that appeared 
monoclinic by X-ray methods. On the other hand, the absence of 
microscopically visible twinning is no proof of monoclinic K-feldspar. 
K-feldspar megacrysts within the granite may appear untwinned when 
their oblique extinction and large 2V demonstrate conclusively that 
they are near-maximum microcline. 

While some K-feldspar megacrysts may be highly triclinic without 
visible twinning, the reverse is also true. K-feldspars that appeared 
monoclinic on the X-ray exhibited small amounts of crosshatching 
optically. GOLDSMITH and LAVES (1954b) and MARMO et al. (1963) 
reported the presence of twinned areas observed optically in K-feld
spar, while no splitting or diffuseness of the 131 reflection was notice
able with the powder X-ray method. The first twinning commonly 
begins at discontinuities within the K-feldspar grain, i.e. ,  around 
perthitic lamellae, around quartz and plagioclase inclusions, and at 
the grain's margins (Plate l, A) (see also TOURET 1963 Fig. l, SMITHSON 
1963b Fig. l, Plate 3 and Figs. l and 2, Plate 12). 

Fig. 4 illustrates that K-feldspar grains that range through all Lt
values may be found in the same hand specimen. In thin section, 
nearly monoclinic K-feldspar is observed adjacent to crosshatched 
microcline of high obliquity (Plate l, B). In other hand specimens, such 
as 16 (Fig. 4), subordinate RD domains are found within microcline of 
high obliquity. These RD domains probably appear in thin section as 
shadowy diffuse patches within the crosshatching of microcline mega
crysts (Plate l, C). 

Optical investigations yield more complete data regarding order
disorder in K-feldspars and appear to be more sensitive to beginning 
transformation. From the viewpoint of petrologists, the optical in
vestigation of K-feldspar order-disorder is probably most revealing 
and meaningful. 
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Comparison of Ll-distribution with other data 

CHEMISTRY 

In order to discover the cause of the Ll-distribution, a comparison 
with other data from the granite is desirable. One of the most striking 
features is the general occurrence of strongly zoned plagioclase (normal 
progressive zoning) in rocks containing RD and/or monoclinic K
feldspar. Although not all rocks containing zoned plagioclase contain 
low-LI K-feldspar, almost all the rocks from the pluton containing 
low-LI K-feldspar also contain zoned plagioclase. 

Concentrations of CaO, Fe203, Ti02, MgO, and K20 in 13 rocks 
with low-LI K-feldspars and 13 rocks with high-LI K-feldspars were 
tested statistically for significant variations. The concentrations of 
CaO, Fe203, Ti02, and MgO were significantly higher (99% confidence 
level) in rocks containing low-LI K-feldspar. The concentration of 
K20 was significantly lower (99% confidence level) in rocks containing 
low-LI K-feldspar. 

The distribution of strongly zoned plagioclase within the pluton 
closely follows the isopleths in the maps of Dickson and Ball showing 
the concentrations of Ca, Fe, Mg, and Ti. Because the more calcic 
plagioclase is the one that is strongly zoned, this coincidence is not 
surprising. Especially noteworthy is the fact that the low- and variable
LI K-feldspars follow the trend delineated by the maximum concen
tration of the above elements and this trend seems to be clearest for 
Ca. The monoclinic K-feldspars on the west side of the pluton partic
ularly follow a northeast-trending belt marked by high concentrations 
of Ca. 

On the east side, the common occurrence of RD K-feldspar is 
restricted to the northern sector marked by closure in the Fe and Ca 
isopleths where the quartz-dioritic facies of the granite is found. Low-LI 
K-feldspars are most common in the more mafic rocks exposed at a 
deeper level on the west side and in the quartz-dioritic rocks in the 
northern part of the east side. The object of this investigation was to 
test the correlation between K-feldspar obliquity (LI-distribution) and 
chemical composition. These results show a clear correlation between 
more mafic composition and low-LI K-feldspar. 

This chemical variation accompanying low-LI K-feldspars is ex
pressed in the almost universal presence of corroded hornblende frag-
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ments together with biotite in rocks containing low-L1 K-feldspar on 
both sides of the fault. The common occurrence of horn blende in augen 
gneisses containing low-L1 K-feldspar was also noted in the Flå area 
of southern Norway (SMITHSON 1963b, p. 141). On the other hand, in 
the Herefoss pluton, rocks containing predominantly near-maximum 
microcline do not carry hornblende but only biotite. 

DEFORMATION 

The efficacy of deformation in facilitating the monoclinic-to-triclinic 
inversion has been emphasized by several authors (ESKOLA 1951, 
KARAMATA 1961, SMITHSON 1963b). In the rocks of the Herefoss pluton, 
deformation can hardly be postulated to be the deciding factor forK
feldspar obliquity. Deformation has, however, probably played an 
important role locally. On the west side adjacent to the belt of low-L1 
K-feldspar, rocks with a granulated groundmass contain zoned plagio
clase, hornblende, and slightly RD K-feldspar. In two hand specimens 
from the same locality, one was granulated and contained slightly 
disordered microcline while the other was undeformed and contained 
low-L1 K-feldspars. Of the sites containing mostly maximum micro
cline on the west side, many are found along fault zones. These facts 
suggest that, were it not for the deformation, the K-feldspar of these 
rocks would resemble the low-obliquity K-feldspar in the adjacent 
rocks. 

K-FELDSPAR PERTHITE COMPOSITION 

The effect of composition of the K-feldspar perthites on obliquity was 
investigated by determining composition with the method of ORVILLE 
(1960). The K-feldspar perthite was first homogenized by heating at 
1040°C for 48 hours and then the composition was determined by 
Orville' s X-ra y method. The precision of the method in o ur la bora tory 
is ± 1.8 parts plagioclase. The K-feldspar composition from maximum
microcline perthites has a mean value of Or 82.4 with a standard 
deviation of 3.18; the composition of orthoclases and RD K-feldspar 
perthites has a mean value of Or 81.5 with a standard deviation of 
3.86. As the data in Table 3 suggest, the differences in obliquity of 

K-feldspar perthites cannot be attributed to differences in their compo
sition. This conclusion is also plausible if the composition and obliquity 
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Table 3. Composition of K-feldspar perthites 

Herefoss Granite, West Side Herefoss Granite, East Side 

Sam p le %Or Modifi- Sam p le %Or Modifi-
No. cation No. cation 
43-5 81 o 5x-1 81 MRD 
43-4 80 o 15x-1 81 MRD 
44-1-4 84 M 15x-3 77 M 
46-3 79 ORD 19-1-5 84 M 
51-4 79 ORD 20-1-4 85 M 
52-7 76.5 o 20-5-4 84 M 
55-1 81 ORD 21-1 81 ORD 
76-3 82.5 MRD 21-4 84 M 
76-4 82.5 RD 30-1 77 RD 
80-5 81 ORD 30-2 76.5 ORD 
81-1-1 82.5 M 30-3 82.5 M 
81-1-2 80 RD 30-4 85 RDM 
82-4 86 M 34-2-4 80 M 
83-4 76 M 57-7-4 79.5 RDO 
85-1 88 o 60-5-1 85 M 
85-2 88 o 90-1 78 M 
85-3 90 MRD 96-2 84 M 
85-4 90 RDM s 85 82.5 M 
85-8 86 RD BN 318-1 78.5 M 
86-4 83 M BN 318-3 80 RD 
41-2 84 RD 
102-1 76 .5 RD 
107-1 83.5 o 

108-1 83 M 
111-3-2 78.5 o 
111-3-3 81 MRD 
S-1 87 RD 
BN 224-1 81 ORD 
BN 224-3 86 M 

Gneiss, West Side Gneiss, East Side 

s 57 76.5 o BN 19 91 RDO 
s 100 82.5 M ss 18 86.5 M 
S 136A 85 o ss 11 90 M 
BN 225-3 85 RD 
103-2 77 o 

117-5 84 RD 
s 55 86 o 

Hol 90 o 
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of different grains from the same hand specimen are viewed (Table 3). 
(WRIGHT (1964) also did not find a correlation between LI and compo
sition of K-feldspar perthites.) Bulk composition of the K-feldspar 
perthites would then not seem to be a deciding factor in determining 
the K-feldspar obliquity within these rocks. 

PERTHITE 

The type of perthite may vary according to the K-feldspar obliquity. 
The main types are vein, patch, film, string, and drop1 perthite 
(ANDERSEN 1928). Vein and patch perthite commonly grade into each 
other and show all variations within a single megacryst. Vein and 
patch perthite are more common within rocks containing high-LI 

K-feldspar and on the east side of the pluton, and string or more 
usually drop perthite is common together with low-LI K-feldspar on 
the west side. The complete range of perthite types points to a complex 
development. 

In a single K-feldspar megacryst from the west side, the non
perthitic portion generally displays lower obliquity than the perthitic 
portion of the same grain (Plate l, A). At present, it would be 
premature to attach a temperature difference to the various types of 
perthite found in the Herefoss pluton or to suggest that exsolution of 
all these perthites accompanied the monoclinic-triclinic phase inversion. 
In all probability, some perthites are replacement perthite and others 
are exsolution perthite. Until the origin of perthite types can be 
distinguished, the relation of perthite type to K-feldspar obliquity 
remains in doubt. However, since ordering begins along discontinuities 
within the grain, an abundance of perthite lamellae may facilitate the 
ordering process; and, in fact, EMELEUS and SMITH (1959) found a 

higher 2V in alkali feldspar adjacent to plagioclase spindles. 

OBLIQUITY AT CONTACT OF PLUTON 

Particular attention was paid to rocks from the pluton' s contact be
cause these might be expected to contain monoclinic and RD K
feldspar. The granite and gneiss from the contact (within l to 3 m  of 

1 Drop perthite resembles string perthite, but the 'drops' of the plagioclase 
phase are more widely separated than in string perthite. 
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the contact) on the west side of the granite commonly contain low-LI 
K-feldspars. K-feldspars in granite and quartzite from the eastern 
contact (l cm to l m away from contact) all contain rnicrocline of high 
obliquity, but some K-feldspars from the granite contain subordinate 
RD domains in a high-LI rnicrocline. Abundant RD K-feldspars are 
found in a quartz-dioritic rock where the granite borders on amphib
olite. The significance of a sillimanite quartzite that lies 0.5 km out
side the pluton's contact and carries abundant RD K-feldspar will be 
discussed later. The granite contacts are not marked by lower-LI K
feldspars. The K-feldspars from the contact rocks exhibit the same 
Ll-values as the granite and gneiss on their respective side of the fault 
zone. 

METAMORPHIC FACIES 

HEIER (1957, 1960) and GUITARD et al. (1960) have demonstrated that 
the monoclinic-triclinic inversion corresponds approximately to the 
border between the amphibolite facies and the granulite facies, and 
TURNER and VERHOOGEN (1960) recognize a highest subfacies based 
on the presence of orthoclase in the almandine-amphibolite facies. 
The metamorphic subfacies of the regional gneisses is difficult to place 
because of the limited occurrence of index minerals. Sillimanite is 
found in a few quartzites, most of which carry only muscovite. This 
may indicate that the regional subfacies is the quartz-sillimanite sub
facies (FYFE et al. 1958), upper almandine-amphibolite facies, and 
that sillimanite is not found regionally because of variations in PH2o. 
Microcline is, by far, the most common K-feldspar modification in the 
gneisses; however, the gneisses, particularly west of the fault, may 
have attained temperatures near the orthoclase-microcline inversion 
point. The plagioclase found in epidote-free amphibolites ranges from 
An30 to An47• This corresponds to middle- to upper-amphibolite facies 
(BARTH 1962) . The regional metamorphism encompasses, therefore, 
the middle- to upper-almandine-amphibolite facies where microcline is 
the stable K-feldspar modification. 

MYRMEKITE 

MARMO et al. (1963) suggested that there may be a positive correlation 
between myrmekite and high-LI K-feldspar in a rock. Myrmekite is 
common but by no means ubiquitous in the rocks of the Herefoss 
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pluton. In the rocks of the Herefoss pluton, however, myrmekite may 
be even more common in rocks with low-LJ K-feldspar than in ones 
with high-LJ K-feldspar. 

SUMMARY 

The data suggest a strong correlation between the bulk chemistry of 
the rocks and the obliquity of the K-feldspar that they contain. The 
more mafic rocks, which commonly contain hornblende and zoned 
plagioclase, usually contain low-LJ K-feldspar. This tendency may be 
influenced by other factors such as deformation and presence of 
perthite. 

Discussion 

PREVIOUS WORK 

MARMO (1956) stressed the importance of K-feldspar studies for 
elucidation of the petrogenesis of the granitic rocks. LJ-values have 
been applied to the interpretation of rock genesis for a number of 
years. HEIER (1957, 1960) distinguished the amphibolite-facies
granulite-facies transition on the basis of the microcline-orthoclase 
inversion. KuRODA (1958) postulated that low-LJ K-feldspar char
acterizes metasomatic rocks. In a classical study, GmT ARD et al. (1960) 
found orthoclase in catazonal gneisses and granites; in con trast, 
mesozonal gneisses showed all modifications from orthoclase to max
imum microcline and mesozonal granites contained microcline only. 
RAo (1960) showed that microcline from Precambrian gneisses had 
inverted to monoclinic and intermediate K-feldspar because of re
heating by Permian nordmarkite intrusions. CAILLERE and KRAUT 
(1960) found microcline at the borders of a granitic pluton and ortho
clase in the center of the pluton and in the gneiss at a distance from 
the pluton. DIETRICH (1961, 1962) pointed out the value of obliquity 
as a petrogenetic indicator and noted the gap in the frequency of 
intermediate LJ-values. SMITHSON (1963b) found low LJ-values in augen 
gneisses and suggested that these were typical of rocks undergoing a 
chemical change or local redistribution to form porphyroblasts. MARMO 
et al. (1963) stressed the importance of LJ-values as petrogenetic indi
cators and postulated that orthoclase characterizes rapidly grown 
porphyroblasts. Clearly, no simple relationship between rock type 
andfor thermal history and K-feldspar obliquity exists. 
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CONDITIONS OF FORMATION 

There is general agreement among petrologists that Ll-values are 
important keys to petrogenesis or to certain stages in the history of 
a rock. The problem is that particular Ll-values may arise in more 
than one way, i.e., on the one hand a function of temperature and on 
the other hand a function of growth conditions. 

General agreement exists that feldspars may form in two ways, 
stably and metastably. GoLDSMITH and LAVES (1954a) proposed that 
the temperature at which triclinic K-feldspar inverts to monoclinic 
K-feldspar may be at about 525°C. BARTH (1959) concluded that the 
inversion was gradual, starting at about 300°C and terminating in 
the monoclinic form at about 500°C. High-temperature extrusives 
carry sanidine, high-temperature intrusives carry orthoclase, and in 
contrast, lower-temperature gneisses usually contain microcline. If 
monoclinic K-feldspar forms at one temperature and maximum
obliquity microcline forms at a lower temperature, then there should 
logically be discrete Ll-values corresponding to temperatures inter
mediate between these two. MAcKENZIE and SMITH (1961) have pro
posed a tentative phase diagram in which increasing Ll-values are 
correlated with falling temperature. 

On the other hand, monoclinic K-feldspars commonly form meta
stably within the stability field of triclinic K-feldspar. Microcline is 
produced with difficulty experimentally (LAVES 1951), and experi
ments with feldspars show that their reactions are extremely sluggish. 
GOLDSMITH (1953) has proposed a 'simplexity principle' by which the 
most disordered modification, which is monoclinic in the case of feld
spars, tends to form first even outside its stability field. LAVES (1950) 
stated that grid-twinned microcline must have inverted from a mono
clinic ancestor. Since grid-twinned microcline is almost universal in 
gneisses, a large proportion of it must h�ve formed first as a meta
stable monoclinic modification. Studies subsequent to LAVES' (1950) 
proposal have demonstrated that authigenic monoclinic K-feldspars 
are common in sedimentary rocks (BASKIN 1956), and, indeed, even 
authigenic sanidine has been reported (MICHAELIS DE S.ÅENZ 1963). 
Monoclinic to highly triclinic K-feldspar is also common as adularia in 
relatively low-temperature alpine veins (CHAISSON 1950, BAMBAUER 
and LAVES 1960). LAVES (1950) suggested that the difference in forma-
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tion between monoclinic and triclinic adularias was in rate of growth. 
MARMO (1958) believed that rate of growth controls the obliquity of 
the K-feldspar structure, and MARMO et al. (1963) proposed that 
microcline in granitic plutons had grown more slowly than orthoclase. 
In addition, the time at which the K-feldspar grew in relation to 
thermal history may be important. Monoclinic K-feldspar forms, there
fore, and persists either at low temperature or where growth has been 
relatively rapid. The formation of monoclinic K-feldspar metastably 
within the stability field of microcline has not only taken place com
monly but appears to be the dominant process within gneisses in 
intermediate grades of metamorphism. 

Jf the K-feldspar has formed stably, its L1-value may be a temperature 
indicator; but, if the K-feldspar has formed metastably, its L1-value is a 
kinetic indicator. The arbitrary interpretation of L1-values in terms of 
one or the other factor may be dangerous. 

HIGH-TEMPERATURE FORMATION 

The hypothesis that the low L1-values are due to a higher temperature 
of formation is supported by a number of facts. The first of these is 
their association with the more mafic rocks in the pluton. These would 
have a higher temperature of initial magmatic crystallization so that 
the increasing L1-values in the Herefoss pluton could be attributed to 
magmatic differentiation. DIETRICH (1962) found increasing L1-values 
in more felsic rocks of the Boulder batholith and inferred that this may 
have been due to decreasing temperature and/or increasing volatile 
content during differentiation. The more calcic zoned plagioclase 
associated with low L1-values indicates higher temperature according 
to phase relations in the plagioclase system, i.e. , medium plagioclase 
crystallizes at a higher temperature than sodic plagioclase and is 
likely to be zoned because of the large compositional difference between 
the liquid and solid phases. Low L1-values at the eastern granite con
tact would not be found because chilling would not be expected at this 
depth in the crust. 

DISTRIBUTION 

The bimodal distribution of L1-values may provide a due to whether 
temperature or kinetics is the deciding factor that determines the 
range of L1-values. Figs. 4 and 5 show that there are 2 peaks in the 
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L1-values. One is at L1 = 0.0 and the other is at L1 = 0.9. If the 
spread of L1-values was attained with falling temperature, we would 
expect to find a whole series of intermediate L1-values. But this is 
not the case. Intermediate L1-values are exceedingly uncommon, and 
those found are in rocks that also contain RD K-feldspars, which can 
hardly represent equilibrium phases. 

The preponderance of very low and very high L1-values together 
with some RD intermediate L1-values (BARTH 1959,! DIETRICH 1961 
1962) can be interpreted to be the result of incomplete transformation 
of orthoclase to maximum microcline. This in turn, creates the possi
bility that the effect is kinetic, stemming from inversion from meta
stable monoclinic K-feldspar. This is not, however, necessarily the 
case. DIETRICH (1961, 1962) noted the lack of intermediate L1-values 
on a world-wide scale. LAVES (Discussion in DIETRICH 1961) remarked 
that with falling temperature, ordering may proceed too slowly to 
maintain equilibrium; eventually the stability conditions of maximum 
microcline are reached. At some stage ordering of the crystal rapidly 
takes place, and the crystal quickly passes through the intermediate 
stages. According to Laves, therefore, the intermediate L1-values 
would be rare in nature. 

The wide range of L1-values in one hand specimen and even in a 
single K-feldspar grain suggests that the cause for the variation in 
L1-values resides in the kinetics of the transformation. In light of 
Laves' remarks on the ordering process, these K-feldspars could have 
inverted from either a stable (formed above about 500°C} or a meta
stable phase. Nevertheless, the lack of any intermediate L1-values in 
crystals that could have attained equilibrium at intermediate condi
tions does not support the idea that crystallization of the low-L1 K
feldspars took place above about 500°C. 

ROLE OF VOLATILES 

In feldspar investigations, the importance of volatiles, particularly 
water, as a catalyzing agent is stressed. DoNNA Y et al. (1960) and 
McCoNNELL and MeKlE (1960) confirmed experimentally the cata
lyzing effect of water on feldspar inversion. Almost all investigators 
of feldspars in rocks have postulated the local presence of water to 
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explain variations in obliquity. Usually, however, clear evidence of 
the former presence of water or other volatiles is lacking. 

In the Herefoss pluton in addition to the chemical and mineralogical 
difference between the two sides, another difference, the pluton's 
structural behavior, may be the key to the problem. On the east side, 
the contacts are sharp, the country rocks are brecciated, rotated, and 
transected by dikes, and the granite is poorly foliated. On the west 
side, the contacts are gradational in places, dikes and brecciation are 
rare, and the granite is strongly foliated. According to model ex
periments on diapiric structures (RAMBERG 1963), many of these 
features are explained if the plasticity of the pluton on the west side 
was dose to that of the country rocks, and the plasticity of the pluton 
on the east side was considerably greater than that of the country 
rocks. The weak foliation on the east and strong foliation on the west 
suggest greater mobility on the east side and probably also more 
recrystallization. Although some of the difference in mechanical be
havior on the two sides of the pluton may be due to differences in 
structural level and in competency of country rocks, the rocks in the 
east side of the pluton most likely had a greater fluid content. A 
higher fluid content evidenced by a greater plasticity would facilitate a 
relatively complete inversion of the K-feldspars to maximum microcline. 

OCCURRENCE IN QUARTZ-DIORITIC FACIES 

What of the RD K-feldspars in the quartz-dioritic facies on the east 
side? Under the high-temperature hypothesis, this rock represents an 
earlier, higher temperature intrusion. Field relations demonstrate that 
these rocks are older than the formation of the K-feldspar megacrysts, 
but the spatia! relations of the quartz diorite are decisive for its inter
pretation. The quartz diorite is found in three places: l) where the 
pluton cuts across the strike of amphibolites without deflecting them, 
2) around a large amphibolitic inclusion in the pluton, and 3) immedi
ately outside the contact along the strike of an amphibolite layer 
containing an interlayered quartzite unit. The quartz-dioritic facies 
probably does not represent an earlier intrusion but rather constitutes 
transformed amphibolite. 

Rocks vary in textural and mineralogical features from amphibolite 
containing zoned lath-like plagioclase porphyroblasts at the pluton 
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contacts, to medium-grained quartz diorite containing zoned plagio
clase and corroded poikilitic hornblende, to quartz diorite containing 
abundant biotite, zoned plagioclase, and scattered hornblende frag
ments. In the hornblende-rich quartz diorite, interstitial low-LI K
feldspar is found while the biotite-rich quartz diorite contains scattered 
microcline megacrysts with RD domains. McCoNNELL and McKIE 

(1960) stated that besides the presence of volatiles, time-temperature 
relationships were important in feldspar inversions. SMITHSON (1963b) 
postulated that low-LI K-feldspars in augen gneisses and inclusions 
in granite were associated with rocks undergoing a change in bulk 
composition or a chemical readjustment. This may well apply to the 
K-feldspars of the quartz diorite; the rocks underwent a chemical 
transformation. These rocks are perhaps distinguished from the normal 
granitic rocks because the transformation was incomplete. The process 
probably died out at a late stage when there was not eno.ugh time or 
thermal energy for the K-feldspar to invert completely. 

Compared to rocks from the west side, the quartz-dioritic rocks 
have generally higher Ll-values even though they may be more mafic. 
The K-feldspar obliquity in these rocks is higher than would be ex
pected according to their composition, probably because of a higher 
concentration of volatiles at this level. 

OCCURRENCE IN SILLIMANITE QUARTZITE 

A sillimanite quartzite containing RD K-feldspar was found 0.5 km 
east of the pluton. DIETRICH (1962) reported low-LI K-feldspar from 
sillimanite gneisses in the United States; however, sillimanite gneisses 
collected from the Bamble rocks all contained microcline (BuGGE 1943, 
ELDER 1964). Effects of thermal metamorphism as far as 0.5 km from 
the pluton's contact would be surprising in view of the lack of such 
effects at the contact. The quartzite is almost devoid of plagioclase; 
the plagioclase present is mostly found as patches in K-feldspar or 
intergrown with K-feldspar. The K-feldspar appears to have replaced 
the plagioclase, and a late stage of formation may have possibly led to 
the development of the RD K-feldspar. 
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OBLIQUITY OF K-FELDSPAR WEST OF THE FAULT 

The low-LI K-feldspars in granite and the gneisses on the west are 
almost the same. Although these rocks probably were formed at a 
deeper level than rocks on the east side, there is no demonstrable 
difference in metamorphic grade between them. K-feldspar porphyro
blasts are, however, much more common in the augen gneisses and 
migmatites exposed to the west of the fault. The perthite type and the 
plagioclase are similar in the western part of the granite and in the 
gneisses west of the fault. In addition, the composition of augen 
gneisses in the Telemark rocks is approximately the same as the 
composition of the west side of the granite. Consequently, SMITHSON 

(1963a, 1965) postulated that the Herefoss granite could have been 
formed by the mobilization and diapiric intrusion of these augen 
gneisses and migmatites, an intrusion mechanism suggested long ago 
by WEGMANN (1930). The similarity of K-feldspars in the granite and 
the gneiss on the west side might simply be caused by recrystallization 
of both of them under conditions approaching the granulite-amphib
olite-facies transition; however, the rocks of the granite could have 
formed by homogenization of the regional gneisses during intrusive 
movements. 

The low-LI K-feldspars in the west half of the pluton are found in 
rocks distinctly more mafic than the typical rocks from the east side. 
They are, however, less mafic than the quartz-dioritic rocks from the 

northern part of the east side. DICKSON and BALL (1964) state that the 
chemical variations of rocks from the pluton are difficult to explain 
by fractional crystallization. If the variation in rock types were caused 
by fractional crystallization with falling temperature in a magma, 
the K-feldspars from the quartz-dioritic rocks should have lower 
Ll-values than the K-feldspars from the west side of the granite. But 
the opposite is true, and formation by fractional crystallization 
seems unlikely. 

Although plagioclase on the west side of the pluton is strongly 
zoned, the K-feldspar is not visibly zoned. WAHL (1965) recognized 
the problem of unzoned crystals in minerals of solid-solution series and 
suggested that they must form by crystallization under rising pressure 
at constant temperature. But the association of unzoned K-feldspar 
with strongly zoned plagioclase on the west side of the pluton is better 
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explained by formation of the plagioclase and K-feldspar at different 
times. K-feldspar is probably formed later than plagioclase. 

If the quartz diorite represents transformed amphibolite as seems 
plausible, then the low-Ll values found in these rocks are related to 
the conditions during the chemical transformation rather than to a 

higher temperature. The gneisses on the west side are characterized 
by K-feldspar porphyroblasts, and it is these porphyroblasts that have 
low obliquities. Three different investigators (KuRODA 1958, MARMO 

et al. 1963, SMITHSON 1962, 1963b) have concluded independently that 
low-Ll K-feldspars may be related to porphyroblastesis and metaso
matism. The rocks on the west side of the pluton may have been under
going a change in bulk composition manifested by an introduction of 
potassium, and the process was arrested be fore the K-feldspars were 
able to invert to the stable modification. The low-Ll K-feldspars on 
the west side of the pluton may be related to porphyroblastesis in the 

presence of insufficient water to catalyze inversion to maximum microcline. 
Other effects are superimposed on the rocks on the west side. Later 

hydrothermal alteration and brittle deformation have promoted in
version to maximum microcline in some places. 

COOLING RATE 

Another possibility is that different cooling rates have influenced the 
distribution of low Ll-values on the west side. There is, however, no 
reason to suspect that the deeper west side cooled more rapidly than 
the east side. In fact, at any particular time, the rocks on the west side 
of the pluton should have been at a slightly higher temperature than 
those on the east. The cooling rate would, therefore, not seem to be a 
decisive factor in explaining the distribution of Ll-values. 

SUMMARY 

Two hypotheses have been forwarded to explain the distribution of 
Ll-values. One involves inversion from a stable monoclinic K-feldspar 
to a stable triclinic K-feldspar during cooling from relatively high 
temperatures. The other hypothesis involves formation of a metastable 
phase that persists in some cases due to growth conditions during the 
cheinical transformation of the rock. In the first case the transforma
tion could take place at equilibrium, but in either case a non-equilib
rium transformation path is possible. In either case, the presence of 
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volatiles probably played the deciding roles in the completion of the 
inversion. Ih either case, the usefulness of Ll-values as petrogenetic 
indicators can hardly be questioned. As DIETRICH (1962) pointed 
out, Ll-values may be most useful to focus attention on important 
factors that might otherwise be overlooked. 

Much about the relations of feldspars in rocks is not understood, 
and much more investigation of feldspars is required. This investigation 
reveals a striking correlation between bulk chemistry of the rocks and 
Ll-values that must reflect the conditions and process of formation. 

Conclusions 

The Herefoss granitic pluton, which is heterogeneous with regard to 
macroscopic and chemical properties, is also heterogeneous with regard 
to the structural state of the K-feldspars. It cannot be described as 
an orthoclase granite or a microcline granite; it contains both together 
with RD K-feldspar caught in a state of transition from orthoclase to 
maximum microcline. The K-feldspars of this pluton provide an ex
cellent example of LAVEs' (1950) suggestion that grid-twinned micro
cline has inverted from an original monoclinic phase. 

The low Ll-values are related to the chemical properties of the 
pluton and are found in the more mafic rocks, particularly those on 
the west side of the fault. Two hypotheses are proposed to explain the 
distribution of Ll-values. One is that monoclinic K-feldspar formed 

stably at a high temperature and inverted to triclinic K-feldspar with 
falling temperature. The other supposes that monoclinic K-feldspar 
formed metastably and partially inverted to triclinic K-feldspar during 
a chemical transformation of the rocks. 

In either case, the K-feldspar in part followed a non-equilibrium 
inversion path. More complete inversion took place where the concen
tration of volatiles was greater, as supported by evidences derived 
from the mechanical behavior of the rocks. Even if their complete 
significance is not now understood, Ll-values provide a valuable record 
of changing geological events that may provide the key to their 
understanding. 

Two different hypotheses have been presented. The writers feel 
obligated to state that they prefer the chemical-transformation hypo
thesis as the one that best fits the geologic evidence. 
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PLATE l 

A. K-feldspar megacryst containing drop and film perthite. Crosshatching is 
more common around the plagioclase phase of the perthite. Nonperthitic 
areas show only a diffuse development of crosshatching. Largely uncross
hatched and nonperthitic K-feldspar grains in the groundmass. 

B. Largely untwinned K-feldspar of low obliquity immediately adjacent to 
crosshatched but somewhat disordered K-feldspar of high obliquity. 

C. Crosshatched microcline megacryst with diffuse RD domains (gra y shadowy 
areas). 
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