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THE MICROCLINE-ORTHOCLASE TRANSFORMATION IN
THE CONTACT AUREOLE OF THE
ELDORA STOCK, COLORADQO!

Tmomas L. WricHt, U. S. Geological Survey,
Hawaiian Volcano Observatory, Hawaii.

ABSTRACT

Feldspars from pegmatites in Precambrian gneiss within 2770 feet of a Tertiary quartz
monzonite stock near Eldora, Colorado, were transformed from maximum microcline to
orthoclase by contact metamorphism. In the range 2770 to 1130 feet a monoclinic and a
triclinic potassic phase coexist in perthitic intergrowth with albite of low-intermediate
structural state. At greater distances perthites consisting of maximum microcline and low
albite were unaffected, and at shorter distances the samples are composed of orthoclase and
intermediate albite.

Data of this study combined with the work of Steiger and Hart place the upper stability
limit of maximum microcline on the binary Or-Ab solvus at 375°+ 50°C. A first-order trans-
formation is suggested by the absence of microcline of intermediate obliquity but a higher
order transformation occurring over a small range of temperature is also possible.

INTRODUCTION

Hart (1964) and Steiger and Hart (1967) have described the transfor-
mation of microcline to orthoclase within the aureole of contact meta-
morphism surrounding the Eldora stock (Colorado). Hart kindly sup-
plied the author with specimens from the Eldora traverse (Hart, 1964,
Steiger and Hart, 1967 Fig. 2). This paper supplements the work of
Steiger and Hart by providing detailed chemical, optical, and X-ray data
pertinent to the microcline-orthoclase transformation in this one tra-
verse. Previous speculation on the nature of the orthoclase-microcline
transformation has been based chiefly on irreversible heating experi-
ments (Goldsmith and Laves, 1954; Tomisaka, 1962). This paper de-
scribes the microcline-orthoclase transformation as it occurs in nature
where geologic time may have favored a closer approach to equilibrium
than is possible from experiments in the laboratory.

The properties of the feldspars in the Eldora traverse are plotted
against distance from the contact of the Eldora stock in Figure 1 and are
described in the sections following. Briefly, the transformation of micro-
cline to orthoclase takes place over a distance of at least 1700 feet as fol-
lows (the specimens are numbered according to their distance in feet
from the contact):

SH 22500 is a maximum microcline microperthite, representative of
feldspar unaffected by contact metamorphism.

SH 2770, SH 2000, and SH 1130 are microperthites that contain both

! Publication authorized by the Director, U. S. Geological Survey.
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Fic. 1. Properties of perthites plotted as a function of distance from the intrusive con-
tact.

Top figure: 2V. Solid squares show average and range measured on the potassic host.
Open circles are the same for the sodic phase.

Middle figure: Linear cell dimensions of the potassic phase. Solid circles for orthoclase,
open circles for microcline. Shaded circles represent average a for coexisting microcline and
orthoclase. Lines labeled ‘orthoclase’ and ‘maximum microcline’ are drawn for a composi-
tion of Oryo in standard series obtained by alkali exchange (Orville, 1964; Wright, 1964a).

Lower figure: Chemical composition. Solid squares indicate bulk composition obtained
from analysis, Open circles indicate composition of the potassic phase estimated from 20
(201).

microcline of high obliquity and orthoclase; the percentage of orthoclase
increases toward the contact.

SH 1070, SH 248, SH 85, SH 20, and SH 2 are orthoclase microper-
thites.

DETERMINATIVE METHODS

Uniform sieved samples in the size range { —)100 to (--)200 mesh were
separated in heavy liquids and in the magnetic separator to remove
quartz, plagioclase, and any ferromagnesian inclusions. After separation,
most of the samples still contained quartz; a weak quartz peak at 26.6° 26
showed on the X-ray diffraction patterns of these samples, but the small
amount of quartz did not interfere with either optical or X-ray measure-
ments.
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An optical grain mount, ground to thin-section thickness, was made
for each sample. Another split of the sample was used for single crystal
and X-ray diffraction work. The remainder of each sample was submitted
for chemical analysis.

Optic angles were measured directly on the universal stage by the
orthoscopic (extinction) method using a sodium light source. X-ray dif-
fraction patterns were run from 57° to 20° 20 at #°/min. using annealed
CaF; (a=5.4622 at 25°C) as an internal standard. The position of peaks
belonging to the potassic phase was measured as near the top of the peak
as practicable; each final observed 20 was the average of three traverses
run from higher to lower values of 2. Unit-cell parameters were refined
on 13 to 18 powder diffraction lines using the fixed index routine of the
computer program developed by Evans, Appleman, and Handwerker
(1963). Crystal fragments were also studied by the oscillation method of
Smith and Mackenzie (1955).

BuLk CHEMISTRY

Partial chemical analyses of the feldspars studied are given in Table 1.
Silica and alumina were analyzed directly, and have also been calculated
from the values of K,0, Na,O, and CaO assuming stoichiometric com-
positions for the feldspar components. In all cases the analyzed values
exceed the calculated ones. Argillaceous alteration and possible minor
components (e.g., celsian) account for the excess alumina. Quartz im-
purity accounts for the excess silica.

Bulk Or contents of the orthoclase perthites average about 6% Or
higher than those of the perthites that contain microcline. Apparently
this is not true for all traverses away from the Eldora stock (see discus-
sion in Steiger and Hart, 1967). In any case chemical equilibrium away
from mineral grain boundaries was not attained with increasing tem-
perature as the bulk compositions of the feldspar samples do not vary
in a regular manner with distance from the contact. This is also true for
plagioclase. The composition of the plagioclase was determined from the
a refractive index to be Anygys in samples collected at 2 feet, 85 feet, 1070
feet, and 2770 feet.

OpticAL DaTa

Axial angle measurements for both the sodic and potassic phases of the
perthites are summarized in Table 2. The microcline-orthoclase transition
is marked by an abrupt decrease in axial angle of the potassic host (see
Fig. 1. and Table 2). In specimen 1130, a small amount of relic twinned
microcline is present in addition to clear orthoclase. Curiously, SH 2000
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and 2770 resemble SH 22500 in having only multiply-twinned felspar
with a large axial angle even though X-ray studies (see next two sections)
show conclusively that these specimens contain both a monoclinic and a
triclinic potassium-rich phase. This optical anomaly (which explains why
the transition appears sharp in the field—see Hart, 1964) is important in
elucidating the crystallographic changes accompanying the orthoclase-
microcline transition and will be discussed later.

Although axial angles were measured with difficulty on the sodic
exsolution blebs they are of importance in interpreting the behavior of
perthites during both the heating and cooling cycles of the metamor-

TasBLE 2. OpTIcAL DATA

| 2Vx (K-phase) 2Vx (Na phase)
Sp;?‘;nen No. of B | No. of | Remarks
: Determi-| Range VeI~ | Determi- Range
nations 288 | nations
SH 2 30 48°-63° | 53.4° = - Clear orthoclase+patchy albite
SH 20 30 49°-63° | 57.0° 11 (—] 66°-88° Clear orthoclase+patchy albite
SH 85 22 51°-63° | 57.9° 1 (=) 77.5° Clear orthoclase+patchy albite
SH 248 20 50°-59° | 53.1° 2 (=) 75°, 178° Clear orthoclzse-+patchy albite
SH 1070 30 50°-60° | 55.4° 4 (—} 69°-79° Clear orthoclase+patchy albite
SH 1130 32 52°-65° | 58.2° Clear orthoclase (patchy and lamellar
albite)
SH 1130 8 69°-80° | 74.5° 4 (=) 75°-82,5° | Relic grid-twinned microcline
SH 2000 7 75°-84° | 80° 2 (—) 87° 90° Grid-twinned K-phase, lamellar albite
SH 2770 8 70°-85° | 77.5° 4 (41 93°-104° Grid-twinned K-phase, lamellar albite
SH 22500 3 75°-85° —= 1 (+} 105° Grid-twinned K-phase, lamellar albite
(measurements made on a single
| large crystal cut approximately
I normal to a).

phism. Albite coexisting with appreciable microcline (SH 22500, SH 2770,
SH 2000) is characterized by 2V =90° measured about X and thus is
close to a low structural state. Albite coexisting with orthoclase is char-
acterized by considerably lower values of 2V in the range 70-80°. An
intermediate structural state is indicated for these albites by reference
to the curves of J. R. Smith (1958).

The appearance of the exsolution is different for the orthoclase per-
thites and microcline perthites. Exsolution in perthite specimens con-
taining microcline is of the lamellar or ‘string’ variety. With few excep-
tions the albite in the orthoclase perthites takes the form of patchy, com-
monly indistinct, blebs.!

! For a similar contrast see Wright, 1964b, Figs. 7 (patch perthite) and 2 (lamellar
perthite).
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X-rAY POWDER DiFFRACTION DATA

Unit-cell parameters of the potassic phases of the perthites are listed
in Table 3 and are plotted in Figure 1. These were obtained on the U. S.
Geological Survey computer facility using a program developed by
Evans, Appleman, and Handwerker (1963). Original indexing was per-
formed by the computer; the final dimensions were calculated on a fixed-
index option using as input observed 26’s and associated k%’s.

Specimens 2, 20, 85, 248, 1070 have similar dimensions which all con-
form to orthoclase (rather than sanidine) as defined by the cell param-
eters of an isostructural series produced by base-exchange of a feldspar
nearly identical to Spencer C (Spencer, 1937, Wright, 1964a). The cell
dimensions of SH 22500 are those of maximum microcline as defined by
the cell parameters of a series isostructural with maximum microcline
(Orville, 1964, and written communication).

The cell parameters for SH 1130, SH 2000, and SH 2770 could not
be refined in the usual way because of overlap of most of the peaks for
the two potassic phases. Instead ¢, b, and @ have been estimated by
measuring (204) (060), and (201), respectively, and by referring to plots
of a vs 20 (201), b vs 26 (060), and ¢ vs 26 (204), constructed from the
computer output for a variety of base exchanged and natural feldspars.
The (204) peaks for the coexisting orthoclase and microcline were re-
solved at a goniometer setting of 1°/min. and a chart speed giving 1°
26/in. The (060) peaks were not well resolved but & of the lesser phase
may be estimated from a break in slope and broadening of the peak.
Peak (201) nearly coincides for the two phases, so a is an average and the
two compositions cannot differ by more than 109, Or and are probably
within 5% Or of each other. The nature of the change in the X-ray dif-
fraction patterns from SH 22500 to SH 1070 is shown in Figure 2.
SH 22500 and SH 1070 were mixed to give approximately a 1:1 ratio
of microcline to orthoclase and portions of the resulting pattern are also
shown for comparison. It is evident from Figure 2 that the ratio of ortho-
clase to microcline increases toward the intrusive contact and that (204)
and (060) are resolved into two peaks for mixtures containing appreciable
amounts of both phases.

The percentage of orthoclase in the specimens shown in Figure 2 may
be estimated from the X-ray patterns of artificial mixtures of orthoclase
and maximum microcline prepared by Steiger and Hart (1967, Fig. 3)
as follows: SH 2770 (=~5%); SH 2000 (20+10%,); SH 1130 (704 10%,).
The microcline of SH 2770 is nearly identical, dimensionally, to that of
SH 22500. Orthoclase is not detected on the powder-diffraction pattern
of this sample, but is shown on oscillation photographs (see following
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section). The microcline of SH 2000 and SH 1130 is apparently of slightly
gher histructural state (close to orthoclase) indicated by a small shift in
b, ¢, and the 131-131 separations. The orthoclase of SH 2000 and 1130
are identical and slightly displaced toward maximum microcline (higher
¢, lower b), compared to the orthoclases in the interior of the aureole. Dis-
tortion, defined by low b and ¢ relative to a (Wright, 1964a), is minimal.

The compositions of the potassic phases, with the exception of SH 1070
and SH 2, fall close together in the range Orgo_gs. SH 1070 and SH 2
have compositions of Orgs. These specimens also have the most potassic
bulk compositions and microscopic exsolution is much less visible in these
perthites than in the other specimens. There is no apparent correlation
between average 2V and Or content of the potassic phase as was found
for microperthites from the Tatoosh pluton (Wright, 1964b).

OSCILLATION PHOTOGRAPHS BY THE METHOD OF
SMITH AND MACKENZIE

The o* and v* for the twinned triclinic phases of the perthites were
determined by the method of Smith and Mackenzie (1953); the data
are given in Table 4 and plotted in Figure 3. Portions of b-oscillation
photographs are shown in Figure 4. Another parameter, here called the
‘diagonality’ after the diagonal association described by Smith, 1962,
P. 245, has been estimated from single crystal b-oscillation photographs.
In the ‘diagonal association’ the microcline spots related by twinning fall
between the correct positions for albite and for pericline twinning. The
values of diagonality given in Table 4 are the angular difference between
the line defined by pairs of spots for twinned microcline and the row
lines along which spots related by albite twinning should lie. The diago-
nality is low in the microcline of specimen SH 22500 and SH 1130 and
reaches a maximum in SH 2000. The possible significance of this variation
will be discussed below.

Both microcline and albite components of the perthites are twinned on
the albite law. Despite the appearance of ‘grid’ twinning no pericline
twinning was observed on the oscillation photographs, This was con-
firmed optically. The apparent grid structure is defined by discontinuous
lamellae which exhibit only two optical orientations related by the albite
law. The orthoclase-microcline relations are best seen in the oscillation
photographs from comparison of the (665) peak (see Smith and Mac-
kenzie, 1955 and Fig. 4).

SH 22500 is a microcline microperthite in which spots for both albite-
twinned phases are sharp and intense. The o* and v* for the sodic phase
are similar to those of low albite and those for the potassic phase to
maximum microcline. SH 2000 and 1130 show groups of three spots for
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TABLE 4. SINGLE CrYSTAL DaTA

Specimen |_ K-phase ! Na-phase i
No. | . ) = U -
0 ‘ Twin Type o* ~* Diagonality? Twin Type ot v*
SH 2a | iz 90° | 90° — Albite Twin-type super- | |
| structure
SH 2b — 90° 90° ‘ - Albite 86°27 89°44"
SH 20 ‘ = 90¢ 90° — Albite 86°30” 90°10”
SH 20b E_ 90° 90° =— Albite 86928’ 8945’
SH 85 — 90° 90° —~ Albite (relic super- 86°10° | 88°53
| structure?)
SH 85a = 90° 90° -_— Do. 86°177 89°14/
SH 248 = 90° 90° —— Albite 86°257 89955”
SH 1070C — 90° 90° - Albite (very weak spots— 86°07" 88°47
relic superstructure?)
SH 1070D - 90° 90° = Do. 86932/ 89°40"
SH 1130 — I 90° 90° — Albite 86°23/ 89°54”
Albite 90°10” 91°23" 4°4 30
SH 11308 - 90° | 90° i — Albite 86°23’ | 89°55
Albite —_— 91°24" 5%+ 307
SH 2000 = 90° 90° — Albite 86°22" 90°06"
Albite | 90°12' | 91°%00° | 19°£30’
SH 2000B = 90° 90° | - Albite 86°21" 90°16/
Albite — — —
SH 2000C — 90° 90° | — Albite 86°24/ 90°10”
Albite 90°09” 90°54’ 18°+ 307
i 10°
SH 2770 Monoclinic and triclinic phase—triclinic Albite 86°35 90°05’
phase not measurable (see text)
SH 2770b Do. 8° Albite 86°29” 90°07/
SH 2770c Do. 11° Albite 86°20” 89°59”
SH 22500 Albite 91°30’ 10° Albite 8631 90°25”
SH 22500a | Albite 90°18’ 91°30/ 94 307 Albite 8626’ 90°19/
| |

1 The angle between the line connecting two spots related by albite twinning and the closest row line
Spots related by perfect albite twinning should lie on the row line with a diagonality =0°.
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Fic. 3. Plot of the reciprocal lattice angles o* and v* for perthites from the Eldora con-
tact aureole measured by the oscillation method of Smith and Mackenzie (1955). Solid
circles represent albites that coexist with orthoclase. Connected shaded circles repre-
sent albite and microcline that coexist with orthoclase. Connected open circles represent

coexisting microcline and albite. The solid squares are data from Mackenzie and Smith
(1955) used as reference points.

the potassic phase (Fig. 4). The middle spot belongs to orthoclase and the
two on either side belong to albite-twinned microcline. The v* of SH 1130
is close to that of SH 22500 and the diagonality is the least of any of the
specimens. SH 2000 has the highest diagonality and a v* lower than that
for maximum microcline (even after correcting for diagonality) in agree-
ment with the smaller 131-131 spacing, larger b, and smaller ¢ estimated
from powder data. SH 2770 is anomalous. Three separate crystals were
photographed and each show three spots for (665) (Fig. 4). One of the
two belonging to microcline is quite intense whereas the companion spot
is barely visible and asymmetrically between the two is a weak spot cor-
responding to orthoclase. In addition the microcline and albite are mis-



128 THOMAS L. WRIGHT

P SH 10708

F1c. 4. Portions of b-oscillation photographs of perthites from the Eldora contact
aureole (SH) and from the Tatoosh pluton (TP). The photos were taken following the
method of Smith and Mackenzie (1955) and interpretations are made with reference to
Mackenzie and Smith (1955). The top photo shows the areas covered in the insets. The
first five insets show the 665 reflections. In the Eldora samples the configuration ranges
from albite-twinned maximum microcline (SH 22500 A) to orthoclase coexisting with minor
amount of albite-twinned maximum microcline (SH 1130). Specimens SH 1070, 248, 85, 20,
and 2 all show a single spot for 665 indicative of a monoclinic potassic phase. The 665
reflections are also shown for two perthites from the Tatoosh pluton (Wright, 1964b). The
potassic phase in TP 5 is dominantly monoclinic, in TP 211 is dominantly triclinic, but in
both there is a complete gradation of obliquity in contrast to the Eldora samples.

The last four insets show the nature of the sodic phase. SH 22500 A has sharp spots for a
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oriented with respect to one another. Thus, unlike the usual case in
perthites, none of the 5* axes coincide. The diagonality of SH 2770 is
approximately that of SH 22500; o* and 7* of the microcline could not
be measured accurately because of the misorientation, The (665) reflec-
tions are shown also for two perthites from the Tatoosh pluton (Wright,
1964b). The potassic phase of TP-3 and TP-211 show two stages of inver-
sion during cooling; in both there is a broad gradation of structural state
between orthoclase and a microcline of intermediate obliquity (maximum
v* is estimated at 90° 45/) and diagonality values are close to zero. This
contrasts with the Eldora specimens in which a monoclinic and triclinic
phase coexist with no intermediate phase.

The o* and v* measured from the b-oscillation photographs are con-
sistently smaller than o* and y* refined from powder diffraction data for
the same specimens. This discrepancy is being investigated further by
D. B. Stewart and the present author. Preliminary data suggest that this
discrepancy is found only for microcline in perhitic intergrowth and may
be related to imperfect development of albite twinning evidenced by the
diagonality. At present the values of a* and v* obtained by refinement of
powder diffraction data are to be preferred.

The v* measured for albites of SH 2770, SH 2000, and SH 1130 are
displaced toward high albite from that of SH 22500. This may be partly
attributed to the larger An contents of these specimens but also results
from a real variation of structural state. The spots for the sodic phase of
these perthites are somewhat distended normal to the layer lines suggest-
ing that the structural state covers a range of values.

SH 1070, 248, 85, 20, and 2 contain single spots of @ monoclinic potassic
phase. The coexisting albites are distinguished from the albites in speci-
mens containing microcline by having a distinctly intermediate struc-
tural state (Fig. 3) and by distension of spots normal to the layer lines
(Fig. 4). The distension in SH 2, 85, and 1070 is suggestive of a relic albite
twin-type superstructure (Mackenzie and Smith, 1955) and one crystal
of SH 2 has a fully developed superstructure of this type.

The X-ray data obtained by the two methods and the optical data
agree and are consistent with a transformation of maximum microcline
to orthoclase over the interval 2770 to 1100 feet. Slight variations in the
cell dimensions of microcline and of orthoclase in the zone of transition
can be attributed to distortion or to lack of resolution of the optical and

sodie phase twinned on the albite law. SH 248 has spots distended normal to the layer lines
which are also indicative of an albite-twinned sodic phase, The distension may represent a
variation in structural state of the sodic phase. SH 2A has a sodic phase with an albite
twin-type superstructure. (See Mackenzie and Smith, 1955.) In SH 1070 the albite-twinned
sodic phase is barely visible,



130 THOMAS L. WRIGHT

X-ray methods used. Potassium feldspars of structural state distinctly
intermediate to maximum microcline and orthoclase are not found in the
Eldora traverse.

FVIDENCE FOR HOMOGENIZATION OF THE ORTHOCLASE PERTHITES

The patchy character of the exsolution and the presence of albite of
intermediate structural state in the patches commonly showing an albite-
twin type superstructure are interpreted as evidence favoring exsolution
produced by cooling of a homogeneous or nearly homogeneous feldspar.
The patchy texture contrasts with the lamellar perthite characteristic of
the microclines, and is quite similar to the exsolution texture produced
in the early cooling stages of perthites from the Tatoosh pluton (Wright
1964b). The albite-twin type superstructure is probably indicative of the
early stages of exsolution. According to Mackenzie and Smith (1955,
p. 721), “The tendency to form a superstructure is probably highest at
the beginning of the unmixing process. As the unmixing proceeds, the
size of the lamellae of the soda phase should increase, thus reducing the
values of strain per unit volume. It is thus reasonable to suppose that
the formation of a superstructure is an intermediate step in the formation
of a twinned crystal.”

The intermediate structural state exhibited by perthitic albites of the
Tatoosh pluton have been ascribed to metastable growth during the
early stages of exsolution (Wright, 1964b) and this interpretation is
favored here also. It is, however, possible that structural state of the
albite phase was changed during contact heating. Mackenzie (1957) and
McConnell and McKie (1960) have shown that intermediate albites are
stable at least down to 400°C which is within the range of contact tem-
peratures estimated by Steiger and Hart (1967) for the Eldora aureole.

SH 2, SH 1070, and SH 85 are interpreted as having been fully homog-
enized during contact heating as there is no evidence of relic exsolution
lamellae: SH 20 and SH 248 show some lamellar perthite and the albites
are of generally lower structural state suggesting that these orthoclases
may not have been completely homogenized. The conclusions reached
here regarding homogenization do not agree with those reached by
Steiger and Hart (1967). Thus the argument regarding temperature of
the microcline-orthoclase transformation which follows must be evalu-
ated with respect to the evidence for and against homogenization.

TEMPERATURE OF THE MICROCLINE-ORTHOCLASE TRANSFORMATION

Gradients of maximum temperature of contact metamorphism along
the Eldora traverse were derived by Hart (1964, p. 508FF) and Steiger
and Hart (1967, Fig. 12; see their discussion in the section entitled Heat
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flow). Assuming model A, corresponding to an infinite dike,! approximate
temperatures are as follows: 2 feet (500°C); 1070 feet (440°C); 2770 feet
(350°C). Thus on the assumptions of Hart the transformation took place
over a temperature range of 100°C, and 350° is a maximum temperature
for stable existence of a maximum microcline having a composition of
approximately Org;.

An independent approach to the temperature of transformation de-
pends on the evidence for homogenization of the orthoclase micro-
perthites during contact heating. Figure 5 illustrates this derivation. The
solvus drawn is that of Orville (1963) determined for synthetic feldspars.
Each orthoclase sample is plotted at its bulk composition (Table 1). If
SH 1070 is assumed to have been barely homogenized then it must have
been raised to a temperature of 495°C. The temperatures reached by the
other feldspars are derived using their distance from the contact and the
heating model A of Steiger and Hart. Thus the maximum temperature of
metamorphism is near 560°C (SH 2) and the temperature at which maxi-
mum microcline of composition Org becomes unstable is 405°C.
(SH 2770).

Resolution of the discrepancy of 50°C between the two temperature
estimates for the upper stability of maximum microcline depend on how
closely the solvus for synthetic Or-Ab feldspars applies to natural An-
bearing orthoclases and on the evidence for homogenization. Steiger and
Hart (1967) have not found optical evidence favoring homogenization in
the other traverses and for the Eldora traverse cite examples of rubidium
and argon retention as arguments against alkali diffusion leading to
homogenization. On the other hand Steiger and Hart, in deriving models
of temperature gradients which obtained during contact metamorphism,
assume an ambient surface temperature of 35°C. If the regional geo-
thermal gradient were higher near the Eldora pluton in Laramide time,
perhaps a general increase caused by the movement of magma to higher
levels in the crust prior to intrusion, then the temperatures derived by
Steiger and Hart would be raised. The many assumptions which go into
deriving the temperature of metamorphism lead only to an approximate
temperature for the upper limit of stability of maximum microcline

(OI'95) of 3750 i SOOC.

NATURE OF THE MICROCLINE-ORTHOCLASE TRANSFORMATION

The data of the preceding sections show that, in the Eldora traverse,
microcline of high obliquity was converted directly to orthoclase. Potassic
! Hart (1964, p. 510) states a preference for model C. This model however yields a

maximum temperature of 260°C at 2800 feet which seems unreasonable for the formation of
orthoclase.
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F16. 5. Derivation of the temperature of the microcline-orthoclase transformation, and
suggested phase relations of the transformation. The high albite-high sanidine solvus is
from Orville (1963). The approximate position of the maximum microcline-low albite solvus
is also from Orville (written communication). Numbers of plotted points correspond to
Eldora (SH) specimen numbers discussed in the text. Specimens 2, 20, 85, 248, and 1070
are plotted at their respective bulk compositions according to the relative temperatures
determined from model C (Hart, 1964, Fig. 5) assuming specimen 1070 was barely homo-
genized. The temperature of specimen 2770 is just above the inferred upper stability limit
of maximum microcline more sodic than Orgs. In this diagram a first-order transformation
on the solvus is connected to a first-order transformation on the sideline. Other possibilities
are discussed in the text.

feldspars of intermediate structural state, if they were ever present, have
not been preserved. It is possible to interpret this as evidence favoring a
first-order transformation on the potassium-rich side of the alkali feldspar
solvus. Figure 5 has been drawn to show this relation using the approxi-
mate compositions and the temperature range observed for the micro-
cline-orthoclase transformation in the Eldora traverse. It is meant only
as a model, however; it is not possible to construct a quantitative phase
diagram from the data in this paper because the transformation may not
have proceeded entirely at equilibrium. The diagram shown in Figure 5 is
similar to that postulated by Wones and Appleman (1963, Fig. 1-B) on
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the basis of their determination of a reversible first-order transformation
of Fe-microcline to Fe-sanidine. For microcline with a composition of
Orgo—gs the transformation would take place over a range of temperatures
with microcline decreasing in amount at higher temperatures until only
orthoclase is present at a temperature above that of the transition loop.
The orthoclase ultimately produced would be of the same bulk composi-
tion as the starting microcline unless re-solution of albite in the potassic
phase was occurring during the transformation. Re-solution of albite, in
addition to changing the composition of the orthoclase would also tend
to lessen the temperature interval over which the transformation took
place. That is, if the bulk composition of the starting microcline was to
the left of the base of the transition loop (i.e., more sodic than Org as
drawn) then the transformation would take place at constant tempera-
ture.

Because of the absence of intermediate polymorphs produced during
contact heating it is possible to interpret all the data from the Eldora
aureole as fitting the model of a first-order transformation presented in
Figure 5. However the data do not rule out the possibility of intermediate
polymorphs existing stably within the narrow temperature range of the
transformation. As pointed out by Steiger and Hart (1967), the condi-
tions are unfavorable for forming and preserving intermediate poly-
morphs in their field of stability and the question of the exact thermo-
dynamic nature of the transformation must remain open.

The crystallographic nature of the transformation has some puzzling
features. Evidently in the earliest stages orthoclase grew misoriented with
its &* not coincident with the 5* of twinned microcline; some orthoclase
may even have grown at the expense of only one of the two orientations
of albite-twinned microcline to explain the widely differing intensities
of the microcline spots shown in Figure 4. The transformation appears to
have occurred first on a submicroscopic scale, orthoclase only becoming
visible when it exceeded microcline in abundance. This may be related to
growth of tiny domains as postulated by Laves and Goldsmith (1961,
p. 73). There is also distortion (represented by diagonality) of the micro-
cline lattice during inversion which is apparently relieved when the
orthoclase becomes visible.

RELATIONSHIP OF THE PRESENT STUDY TO EXPERIMENTAL
DETERMINATION OF THE MICROCLINE-ORTHOCLASE
TRANSFORMATION

Results of the present study and that of Steiger and Hart can be
interpreted compatibly with the experimental work of Goldsmith and
Laves (1954) and Tomisaka (1962), on the transformation of maximum
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microcline to a monoclinic K-feldspar, if it is assumed that presence of
5-109, NaAlSi;Os in solid solution lowers the stability range of maximum
microcline by more than 100°C. Figure 5 shows one way of connecting a
first-order transformation on the sideline to a first-order transformation
on the alkali feldspar solvus. A first-order transformation on the solvus
necessitates a first-order transformation on the sideline. However a high-
order transformation on the solvus could connect either to a first-order
transformation or to a high-order transformation on the sideline; for this
latter case the tie lines for differing structural states would not converge
but instead would fan out to cover a range of temperature on the side-
line. (See Wones and Appleman, 1963, Fig. 1; and Wright, 1964b, Figs.
8-10 and related discussion.) The data of Goldsmith and Laves (1954)
and Tomisaka (1962) favor a first-order transition on the sideline and
this is also favored by analogy with the reversible first-order transforma-
tion of Fe-microcline to Fe-sanidine determined by Wones and Appleman
(1963).

APPLICATIONS TO GEOTHERMOMETRY

The microcline-orthoclase relations described in the present study are
believed to represent more closely the equilibrium transformation than
do the orthoclase-microcline relations observed in cooled rocks. It is the
author’s experience that plutonic rocks may contain any combination of
maximum microcline, orthoclase, microcline of fixed intermediate oblig-
uity, or polymorphs of variable structural state between orthoclase and
maximum microcline. The type of polymorph produced on cooling ap-
pears to be related to a number of factors other than temperature. The
most important of these are bulk composition and time that the feldspar
was held near the temperature of transformation. (See also Mackenzie,
1954.) Thus the potassium feldspar polymorphs yield relatively little
information on the temperature of formation of plutonic rocks.

The possibility still exists that the transformation of microcline to
orthoclase may be used as an isograd in regional metamorphic terrains.
If maximum microcline is already present as the only polymorph of
potassium feldspar in lower grade rocks then the presence of any potas-
sium feldspar distinct from maximum microcline should indicate a tem-
perature higher than the transformation. The absence of orthoclase is
not a criterion because of possible retrograde changes. The temperature
assigned to the isograd must take into account the sodium content of the
potassium feldspar. Figure 5 shows the danger in trying to apply the
experimental data for pure KAlISi;Os to the microcline-orthoclase rela-
tions in rocks where the potassium feldspar polymorphs contain signifi-
cant amounts of NaAlSizOs in solid solution. Heier (1957), for example,
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has used the temperature of 500°C for the microcline-orthoclase transi-
tion to define the amphibolite-granulite facies boundary. In the light of
the present study if orthoclase is to be used as a facies mineral the tem-
perature of the microcline-orthoclase isograd must be closer to 400° than
to 500°C.
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