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Cathodoluminescence of coexisting plagioclases, Boehls Butte anorthosite:
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ABSTRACT

Cathodoluminescence (CL) petrography and luminescence spectra of coexisting plagio-
clases from the regionally metamorphosed Boehls Butte anorthosite permit rapid visual
distinction of complex plagioclase intergrowths and fine-scale, retrograde fluid flow fea-
tures that are nearly invisible in transmitted light. Calcic plagioclase (Ang,_,;) exhibits
bright yellow luminescence, whereas intermediate plagioclase (An,,_¢) is green. Lumines-
cence spectra indicate that red emissions are sensitive to anorthite content, shifting from
687 to 744 nm over the range An,,—An,,. Green peak positions are less sensitive, with
shorter wavelength emissions in anorthite (540-548 nm), compared with coexisting an-
desine (549-561 nm). The Mn?* contents correlate well with the intensities of the peak at
540-560 nm, suggesting that Mn2* is an effective CL activator in plagioclase at levels as
low as 19 ppm. Fe?* acts as neither a sensitive activator nor important quencher. Very
weak Fe’*-activated peaks (680-745 nm) but variable Fe** abundance (23-2504 ppm)
suggest that most Fe’* is present in a minute, coexisting phase such as hematite. Anorthite
inclusions in andesine megacrysts have significantly different CL peak positions and inten-
sities than granoblastic, polygonal anorthite forming thin laminae in the anorthosite. Plagio-
clase occurring in association with the laminae shows CL evidence of dissolution and
replacement and of grain fragmentation accommodating dilation. The laminae are inferred
to have been foci of retrograde fluid circulation through the anorthosite that resulted

from rapid uplift of the Boehls Butte region after the peak of regional metamorphism.

INTRODUCTION

Cathodoluminescence (CL; electron-excited lumines-
cence) has been used for more than 20 yr to examine
compositional variations, replacement, and growth phe-
nomena in sedimentary rocks (cf. Marshall, 1988; Barker
and Kopp, 1991). The majority of these studies have em-
ployed qualitative evaluation of CL colors and petro-
graphic analysis of compositional zonation or mineral in-
tergrowths that may be exclusively visible in CL. Much
additional information can be gained by spectral analysis
of the CL. Spectral analysis permits identification of the
activator elements, resolution of complex spectra (those
containing more than one activator element), and quan-
titative comparison of CL in different samples.

In this study, we examine the CL petrography and lu-
minescence spectra of plagioclases from the regionally
metamorphosed Boehls Butte anorthosite, northern Ida-
ho. This unusual anorthosite contains two or three com-
positionally distinct, coexisting plagioclases. The origin
of the coexisting plagioclases is controversial, but may be
due to shear differentiation of a single, igneous plagio-
clase (Juras, 1974) or a complex history of intrusion, as-
similation, and metasomatic alteration of the anorthosite
(Nord, 1973; Goldberg, 1983; Hiectanen, 1963, 1984).
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Plagioclases formed under different conditions may show
different CL emission characteristics, depending on trace-
element uptake during growth or recrystallization. Care-
ful textural description of the anorthosite, combined with
CL spectral analysis, may therefore help to constrain the
origin or postcrystallization history of the unusual feld-
spar assemblage. To help interpret the CL emissions, we
have identified luminescence activators by combining
trace-element analysis and measurement of the lumines-
cence spectra.

The CL activators in many rock-forming minerals are
sensitive to recrystallization and fluid-rock interaction,
thus CL petrography has largely unexplored potential to
identify fluid flow through metamorphic rocks. Recent
studies have used CL in calcite to illuminate prograde
metamorphic processes (Yardley and Lloyd, 1989) and
retrograde metamorphic processes (Morrison and Valley,
1988; Mora and Valley, 1991) and to distinguish fine-
scale structures, such as healed microcracks, that are not
typically visible with transmitted light (Smith and Sten-
strom, 1965; Sprunt and Nur, 1979; Padovani et al.,
1982). CL petrography may be particularly useful to iden-
tify fluid pathways through relatively nonreactive or
monomineralic rock types, such as quartzites and anor-
thosite. We have examined the anorthosite for CL zo-
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nation, alteration, and microstructures that may indicate
flow paths of prograde or retrograde metamorphic fluids
through the anorthosite body.

TuE BOEHLS BUTTE ANORTHOSITE

The samples described here were collected in the re-
gionally metamorphosed, Proterozoic Boehls Butte an-
orthosite. The anorthosite is exposed in an uplifted block,
surrounded by regionally metamorphosed metasedi-
ments of the Belt Supergroup and Cretaceous-Tertiary
plutons of the Idaho batholith (Fig. 1). At least two epi-
sodes of regional metamorphism have affected the anor-
thosite, with late Cretaceous M2 metamorphism of the
upper amphibolite facies (700-720 °C, 8-10 kbar) fol-
lowed by nearly isothermal decompression accompany-
ing rapid, early Tertiary uplift of the batholith (cf. Grover
and Rice, 1988; Ziegler and Rice, 1991). Stable isotope
compositions in the anorthosite and surrounding meta-
sediments indicate that the study area was locally affected
by retrograde hydrothermal or meteoric alteration (Mora
and Valley, 1988, 1991).

The Boehls Butte anorthosite contains various combi-
nations of two or three plagioclases that are composition-
ally distinct: andesine (An,,_4;), labradorite (An,_,,), and
bytownite-anorthite (Any,_,;). Representative plagioclase
compositions are given in Table 1. For this study, we
examined two common examples of the textural varieties
of anorthosite that are distinguished in the Boehls Butte
area. The first is massive anorthosite characterized by
andesine megacrysts (up to 20 mm) containing inclusions
(=0.2 mm in length) of bytownite-anorthite (Fig. 2A).
The host crystal and calcic inclusions are sometimes in
the same crystallographic orientation. Aggregates of 0.1—
0.2 mm, granoblastic, polygonal anorthite crystals occur
in thin layers (laminae, up to 3 mm wide) throughout the
rock (Figs. 2A, 2C). A third plagioclase, Ang,_ ¢, is found
in a small number of massive anorthosite samples occur-
ring as twinned or untwinned crystals of 2-5 mm. The
second example is sheared anorthosite, characterized by
grain-size reduction of massive anorthosite assemblages;
few megacrysts remain in these samples (Fig. 2G). More
complete petrographic and compositional details of the
anorthosite are given elsewhere (Hietanen, 1963; Nord,
1973; Walker and Mora, 1990).

Plagioclase (+ quartz) veins (10-30 cm in diameter)
locally intrude anorthosite in the study area. These veins
contain a single coarse-grained plagioclase (An,;) and are
probably associated with Cretaceous-Tertiary plutonism
in the general area. We have examined the CL of one
plagioclase-rich vein to compare it with anorthosite sam-
ples, which are inferred to have a significantly different
origin and geologic history.

METHODS

Plagioclase was examined on an improved CL micro-
scope (Ramseyer et al., 1989), with an energy of 30 keV
and a beam-current density of 0.3 pA/mm?2. Lumines-

1259

Idaho
1 batholith

Belt Group
metasediments

Boehls Butte

~ | schist

- Boehls Butte
anorthosite

- garnet
amphibolite

Fig. 1. Generalized geologic map of the Boehls Butte anor-
thosite and vicinity (after Hietanen, 1984) showing sample lo-
cality MB6A; inset shows other sample localities.

cence photomicrographs were recorded on Ektachrome
400 color transparency film, developed at 800 ASA. Lu-
minescence colors are described according to their ap-
pearance under visual observation. The CL spectra be-
tween 370 and 860 nm (10 nm resolution) were recorded
from a 200-um spot using a PTI model 01-001 mono-
chromator equipped with a Hamamatsu R928 photo-
multiplier. The monochromator was linked to the CL
microscope by a flexible optic fiber bundle. The spectra
were corrected for the spectral response of the instru-
ment, which has been previously determined by means
of a calibrated tungsten lamp. Peak intensity is given as
a function of photons emitted at a given wavelength.
Quantitative analyses of major elements in plagioclase
were made on a Cameca SX-50 electron microprobe at
the University of Tennessee with an accelerating poten-
tial of 15 kV and a beam current of 15 nA. The mole
fraction of anorthite is reported in Table 1. The low con-
centrations of CL activators in plagioclase, as well as the
Fe’*/Fe?* ratios, cannot be accurately measured on the
electron microprobe. Therefore, separates of plagioclases
having compositions of An = 90 or An = 50 were made
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TaeLE 1. Plagioclase compositions and peak positions and intensities of cathodoluminescence emissions, Boehls Butte anorthosite
Mn Fe?* Fe®+
SPL no. Type* Xan™™ (ppm) (ppm) (ppm) Position} Position Position
Massive anorthosite
MB6A M 40.8 — 558(4.4) 743(2.8)
F-M 39.1/60.1 % 942 i — — —
| 93.3 _ _ - — 542(13.8) 687(4.6)
L 92.1 - — — —
MB31 M 42.6 o ~ = 561(5.3) 735(6.2)
F-M 418 < Sl S8y = 553(6.3) 733(2.2)
| 90.6 — 540(36.2) 687(3.5)
L 94.1 100 &) 2308, - 545(11.4) 701(2.5)
LGM39 M 39.4 34 688 39 — 558(5.0) 738(3.4)
:_ g?g 56 979 266 : 54603.0) 6896.8)
MB45 M 39.1 19 512 40 446(0.8) 557(3.4) 730(2.4)
| 90.7 410(0.9) 540(11.8) 705(2.2)
L 95.0 - - - 412(0.8) 540(15.0) 687(2.5)
Sheared anorthosite
LGM18C M 43.8 27 690 23 —_ 555(8.3) 743(3.6)
| = — 550(27.0) —
L 94.3 €0 e Py = 549(24.6) 740(3.1)
LGM70 M 39.6 — 550(19.3) 744(3.6)
F-M 65.5 60 723 L 397(0.8) 549(19.5) 720 (2.2)
| 91.0 — == — — ==
86.7 408(1.1) 545(61.3) ==
Plutonic vein
MB61 C 28.0 12 290 117 387(7.2) 545/564(4) 740(10.6)

Note: Major element composition determined by electron microprobe, trace elements determined by wet chemistry on separates containing all

plagioclase types having either X,, < 50 or X,, = 90.

* Plagioclase occurrence where M = megacryst, F-M = fine-medium grained plagioclase without inclusions, | = inclusions in megacryst, L =

granoblastic-polygonal grains in laminae, C = single plagioclase phase.

** Values of X,, are 0.3-0.8 in megacrysts, 0.0-0.1 in calcic plagioclases.

T Positions of CL peaks are given in nanometers and intensities (given in parentheses) are peak height values of the corrected spectra.

using heavy liquids, and trace amounts of Mn2*+, Fe?*, and
Fe** were analyzed by wet chemistry (J. Husler, analyst).
Fe?* was determined by dissolution and titration, Mn2*
and Fe,, were determined by atomic absorption. The
abundance of Fe’* was determined by difference.

CATHODOLUMINESCENCE PETROGRAPHY

All plagioclases in the Boehls Butte anorthosite exhibit
cathodoluminescence, with the color largely a function of
plagioclase composition. Representative CL photomicro-

graphs are shown in Figure 2. Calcic plagioclase (Ang;_,,)
is readily distinguished by its yellow CL color; interme-
diate plagioclase (An,,_¢;) has a green to green-yellow col-
or (Fig. 2B). By comparison, a more sodic plagioclase
sample (An,,) that occurs in veins intruding the anortho-
site (Table 1) has a dull green-blue color. The different
colors permit rapid visual distinction of the plagioclase
phases, complex plagioclase intergrowths, and composi-
tional zonation.

Zones in CL color are observed in both plagioclase

Fig. 2. Transmitted light (left) and cathodoluminescence (CL;
right) photomicrographs of the Boehls Butte anorthosite; all CL
photomicrographs taken under identical operating conditions.
Scale bar is 500 um; (A), (B) Massive anorthosite (sample MB31)
showing green andesine (An,;) megacryst (M) and yellow anor-
thite (An,, o5) occurring both as inclusions (I) in megacryst and
small granoblastic, polygonal grains in laminar structures (L).
Patchy CL colors in the megacryst (arrow) may indicate zoned
distribution of CL activators. The grain boundaries between host
megacryst and inclusions are sharp, arguing against exsolution
and coarsening as a mechanism to produce the coexisting pla-
gioclases. The megacryst appears embayed by anorthite in the
lamina, suggesting dissolution along its grain boundary. The CL
is slightly zoned within the lamina, having brighter yellow CL
toward the center. (C), (D) Megacryst (M) and lamina (L) in

—

massive anorthosite (sample MB31). Note the variability of CL
intensity within the lamina; this is not the result of differences
in major-element content (Ca, Na) of plagioclase. Note also the
CL zonation of plagioclases near the lamina and the very fine,
diffuse fractures emanating from the lamina (arrow). (E), (F)
Lamina within massive anorthosite (MB45). Note the apparent
fragmentation of grain (arrows) within lamina; fragmentation
appears to have occurred by dilation, with little rotation of the
grain fragments. (G), (H) Complex of CL color distribution with-
in sheared anorthosite (LGM70). The CL of medium-grained,
intermediate plagioclase is strongly zoned. Aggregates of grano-
blastic, polygonal anorthite engulf several large plagioclase grains
at the bottom center and appear almost anastomosing in the left
portion of the photomicrograph.
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Fig. 3. Spectra of cathodoluminescence colors from plagio-

clase. All spectra are corrected for the instrumental response.
Luminescence spectra from andesine megacrysts (M), anorthite
inclusions in megacrysts (I), and anorthite in laminae (L) found
coexisting in the Boehls Buite anorthosite [(a) sample LGM70,
(b) MB45, and (c) MB31]; (d) Oligoclase-andesine plagioclase
from plagioclase-rich vein intruding the anorthosite (V) is shown
for comparison.

phases. Andesine megacrysts may exhibit subtle, patchy
zonation but generally are not strongly zoned. The CL
color change between host megacrysts and calcic inclu-
sions is sharp. Zonation is more prevalent in fine- to me-
dium-grained andesine occurring in contact with anor-
thite-bearing laminae (Figs. 2D, 2H). The andesine
becomes increasingly yellow toward the grain boundaries.
Granoblastic, polygonal anorthite within laminae are
zoned;, however the zonation affects the laminae as a
whole, rather than individual grains within these struc-
tures. Typically, a brighter yellow is concentrated at the
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center of the laminae (Fig. 2D); however a few examples
have yellow concentrated at laminae edges (Fig. 2F).

Numerous factors govern CL zonation in plagioclase.
Zonations formed during crystallization may be homog-
enized or disturbed during high-grade regional metamor-
phism. Those formed by dissolution and reprecipitation
may be inferred from concave or embayed crystal faces
and other replacement features, such as patchy colora-
tion, and may occur only locally within the anorthosite.
Strong CL zonations in the anorthosite are limited to
granoblastic, polygonal plagioctases within or near the
very fine laminae (Figs. 2D, 2H). Other dissolution and
replacement effects, such as embayment of megacrysts by
calcic plagioclases (Fig. 2B), are concentrated along these
layers. These observations suggest that the incorporation
and distribution of CL activators in the plagioclases have
been mainly affected by recrystallization accompanying
fluid flow along the laminae.

Microscopic structures, some of which are virtually in-
visible in transmitted light, are visible upon CL exami-
nation of the Boehls Butte anorthosite. These structures
include (1) diffuse streaking or fracturing extending per-
pendicularly from the laminae (Fig. 2D), (2) fragmenta-
tion of calcic plagioclase grains within the laminae, with
slight rotation of some of the fragmented grains (Fig. 2F),
and (3) very fine brittle fractures (0.1-0.3 mm) that cross-
cut plagioclase megacrysts and laminae (Fig. 2F). All of
these features, as well as CL zonation along laminae in
the anorthosite, appear to be superimposed on existing
minerals, suggesting that they formed after metamorphic
recrystallization of the anorthosite.

LUMINESCENCE SPECTRA

An objective measurement of luminescence color can
be made by examining the positions and intensities of
peaks in the emission spectra. In general, plagioclase
spectra are characterized by three bands: 420-460, 550-
570, and 680-750 nm (cf. Marshall, 1988). The CL spec-
tra were measured in the range 370-860 nm (10-nm res-
olution) for three samples of Boehls Butte anorthosite
(Figs. 3a—3c); these spectra were recorded under the same
operating conditions and are all directly comparable. The
samples show a pronounced peak in the range of 540-
570 nm, with minor peaks in the range 387-446 and
690—750 nm (Table 1). The lack of a prominent peak in
the range 690-750 nm is notable, as this peak is often
strong, or dominant, in terrestrial plagioclases (Sippel and
Spencer, 1970; Geake et al., 1971). Weak red emissions
in the Boehls Butte plagioclases may reflect relatively low
fo, during anorthosite crystallization; weak or absent
emissions in the near IR are characteristic of lunar pla-
gioclases and have been ascribed to low f,, during pla-
gioclase crystallization (Geake et al., 1973, 1977).

The main differences observed in the spectra are the
intensity of the green peak (540-570 nm) and the posi-
tion of the red peak (690-750 nm). The relative intensi-
ties of the green peaks vary by up to a factor of 20. Mega-
crysts and inclusion-free crystals of intermediate
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composition (An,, ) have the lowest intensity green peaks
(M, I in Fig. 3). The highest intensities are measured for
fine-grained, calcic plagioclase (Any,_,;) occurring in the
thin laminae (L, Fig. 3). The CL spectrum for vein pla-
gioclase (An,s) is clearly different than the anorthosite
plagioclase spectra, with almost no green peak and a rel-
atively intense red peak (Fig. 3d). In this sample, a peak
at approximately 380 nm was unstable during electron
bombardment.

Differences in the color or intensity of CL in plagioclase
may be controlled, in part, by plagioclase composition
(Xan), as it is likely that a divalent CL activator such as
Mn?* substitutes for Ca?*, and Fe** for tetrahedrally co-
ordinated Al’*, in plagioclase (Geake et al., 1971, 1973,
1977; Telfer and Walker, 1975, 1978). The dependence
of the red peak position on X,, has been previously re-
ported (30-nm range, Sippel and Spencer, 1970; 60-nm,
Geake et al., 1973; 100-nm, Telfer and Walker, 1975),
although the green peak has been reported to be relatively
insensitive to An content (< 10-nm; Geake et al., 1973).
Our study differs from these previous studies in that nat-
urally occurring plagioclases from a single occurrence are
examined, rather than a suite of unrelated terrestrial and
synthetic samples. Figure 4 shows the relationship of CL
wavelength and plagioclase composition in the Boehls
Butte plagioclases. Spectral response-corrected data re-
ported by Telfer and Walker (1975) are shown for com-
parison; peak positions reported by Geake et al. (1973)
are uncorrected and therefore cannot be included in this
diagram. The data confirm the sensitivity of the red peak
to anorthite content, with the peak position ranging from
687 nm for plagioclase of An = 90 to 744 nm for An,,
(Fig. 4). There is a significant difference between the red
peak position in anorthite inclusions (average An,,; 701—
705 nm) and anorthite in laminae (average An,,; 687 nm)
that may not only be due to the slight compositional dif-
ference. Other factors that can affect the red peak position
include the structural state of the plagioclase and the tet-
rahedral site occupancy of the activator (Telfer and Walk-
er, 1978; Boroznovskaya et al., 1982). The position of
the green peak appears to be slightly sensitive to plagio-
clase composition, with calcic plagioclase associated with
shorter wavelength luminescence (540-548 nm) com-
pared with more sodic compositions (549-561 nm; Fig.
4). Thus, increasing anorthite content in plagioclase re-
sults in red and green peak shifts toward shorter wave-
lengths.

The intensity of CL peaks is principally governed by
the concentration of the activator element in the plagio-
clase. Peak intensity is related to the concentration of the
activator, up to a maximum concentration of approxi-
mately 1 mol% for Mn?* and 1.5 mol% for Fe3+ (Telfer
and Walker, 1975); above this level of concentration, the
activator may become self-quenching. Subtle variations
in the activator content, resulting from differences in the
environment of formation or recrystallization of the grain,
may thus affect the CL color and spectrum. To this ex-
tent, it is interesting to note that the intensity of the green
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Fig. 4. Cathodoluminescence wavelengths of green (left) and
red (right) peaks vs. plagioclase composition in mole fraction
anorthite. Filled squares = plagioclase megacryst, open squares
= inclusions in megacrysts, triangles = plagioclase in laminae,
circles = plagioclase from plutonic vein. The positions of both
peaks are sensitive to plagioclase composition; linear correlation
coefficient r = —0.77 for green peak, —0.97 for red peak. Pre-
vious experimental data on synthetic or natural plagioclase are
shown for comparison.

peak in granoblastic, polygonal anorthite occurring in
laminae is significantly greater than the peak intensity in
anorthite inclusions in megacrysts. These samples have
Mn?* and Fe** contents significantly below levels at which
self-quenching is predicted (Table 1). Together with dif-
ferences in the red peak position noted above, the inten-
sity data suggest that the two types of anorthite formed
or recrystallized in environments containing significantly
different concentrations of activators.

CATHODOLUMINESCENCE ACTIVATORS

Examination of CL spectra in natural and synthetic
plagioclases have identified elements that can cause cath-
odoluminescence in plagioclase; lattice defects resulting
from shock damage may also cause CL (Sippel and Spen-
cer, 1970). The following elements behave as CL acti-
vators: Ce** (wavelength = 355 and 490 nm), Eu?* (420,
470 nm), Cu?* (420 nm), Ti** (450-460 nm; Ti** may
only act to enhance intrinsic CL), Mn?* (550-570 nm),
and Fe** (680-750 nm) (Geake et al., 1971, 1972, 1973;
Laud et al., 1971; Mariano et al., 1973; Mariano and
Ring, 1975; Telfer and Walker, 1975). It is uncertain
whether Fe?* behaves as a CL activator (550-570 nm,
Mariano et al., 1973) or quencher element (Geake et al.,
1972, 1973). The Mn?*, Fe?*, and Fe3* contents of Boehls
Butte plagioclases are given in Table 1. Intermediate pla-
gioclases (An < 50) contain low abundances of Mn?* and
moderate amounts of Fe?* (<60 ppm and 512-979 ppm,
respectively; Table 1). Coexisting calcic plagioclases (An
= 90; granoblastic, polygonal anorthite and anorthite in-
clusions in megacrysts were not mechanically separable)
contain similar amounts of Fe?* and approximately two
times as much Mn2?*. The Fe3+ abundances (23-2504 ppm)
and Fe**/Fe?* ratios (0.03-5.3) are much less predictable.
Anorthite separates contain four to six times as much
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Fig. 5. Trace-element content vs. CL peak intensities. The
excellent correlation between peak intensities and Mn?* content
suggests Mn?+ is an activator at concentrations as low as 19 ppm.
Fe?* acts as neither an activator nor quencher of green CL emis-
sions up to 1422 ppm. Very large Fe** contents show no corre-
lation with Fe+-activated red CL emissions, suggesting that most
Fe’* is present in a separate phase.

Fe3+ as coexisting intermediate plagioclase in massive an-
orthosite; this factor is 50 times in sheared anorthosite
(Table 1). By comparison with the anorthosite samples,
vein plagioclase contains less Mn?+ and Fe?* (12 and 290
ppm, respectively; Table 1) and has an Fe?+/Fe?+ ratio of
0.40. The trace element contents are all within the range
reported for high-grade metamorphic plagioclases (Smith
and Brown, 1988).

There is a strong correlation between Mn?* content and
peak intensities at 540-570 nm (Fig. 5); no correlation
exists for Fe2*. Thus, Mn?* appears to be the dominant
CL activator for this peak at concentrations as low as 19
ppm (Table 1), far lower than activation levels previously
reported (=100 ppm, Mariano et al., 1973). The Fe?*
content has no apparent influence on the CL color or
intensity. The relative intensities of the Fe’+-activated red
peaks (680-740 nm) in the Boehls Butte samples are small
(I = 6.2; Fig. 5; Table 1), despite Fe** contents as great
as 2504 ppm. In fact, the most intense red peak is ob-
served in vein plagioclase (I = 10.6; Fig. 5) containing
only 117 ppm Fe3*. Because the anorthosite contains sig-
nificantly less than a self-quenching level of Fe3* (self-
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quenching at 1-1.5 wt%, Geake et al., 1973; Telfer and
Walker, 1975), it is likely that much of the measured Fe**
is not incorporated in the plagioclase structure but is in-
stead present in a phase such as hematite. Large amounts
of Fe** in anorthite (Table 1) may reflect oxide precipi-
tation or plagioclase alteration more than Fe' substitu-
tion for AI**. Anorthite in laminae forms the largest pro-
portion of calcic plagioclase separates, suggesting a direct
correlation between Fe3* content and the laminae. For
example, sample LGM39 (266 ppm of Fe*; Table 1) con-
tains predominantly megacrystic plagioclase, with few
well-defined laminae. By comparison, sample MB31 con-
tains more abundant laminae and Fe** (2504 ppm). Pos-
sible explanations for this result are examined in the fol-
lowing section.

RETROGRADE FLUID-ROCK INTERACTION

Any interpretation of the CL phenomena observed in
this study must address several points. As a general ob-
servation, all of the plagioclases are luminescent, sug-
gesting that all phases formed or were recrystallized at
relatively high temperatures because authigenic and low
grade metamorphic plagioclase rarely luminesces (Kast-
ner, 1971). Other observations include (1) the occurrence
of two distinct modes of anorthite (inclusions and in lam-
inae), having different CL peak positions and intensities,
(2) subtle CL zonation and embayment of andesine mega-
crysts along laminae, (3) variable Fe** contents, especially
in calcic plagioclase separates, and (4) numerous brittle
features such as the apparent dilational fragmentation of
anorthite grains within laminae, diffuse fractures ema-
nating from laminae, and very fine-scale fractures cross-
cutting all phases in the anorthosite. These observations
are best explained by retrograde fluid-rock interaction fo-
cused along laminae in the anorthosite. Recrystallization
of anorthite accompanied fluid flow along these layers,
resulting in changes in activator concentrations (peak in-
tensities increased) and possibly changes in structural state
(peak positions shifted). Alteration or oxide precipitation
along these layers increased the overall abundance of Fe*
in the laminae; possible changes in other trace elements
mobilized by the hydrothermal fluid can also be inferred.
The timing of fluid flow is inferred from the numerous
brittle structures and the concentration of CL changes
along the laminae. The rapid, nearly isothermal decom-
pression of the Boehls Butte area from peak metamorphic
pressures of 8-10 to approximately 3 kbar (Criss and
Fleck, 1987; Grover and Rice, 1988; Ziegler and Rice,
1991) may have resulted in fluid circulation into the an-
orthosite during retrograde cooling. Stable isotope evi-
dence for local, retrograde meteoric or hydrothermal al-
teration of Belt Supergroup metasediments and the Boehls
Butte anorthosite has been previously reported (Taylor,
1969; Mora and Valley, 1988, 1991). In both cases, al-
teration was not widespread and pervasive but variably
affects the rocks on a scale of millimeters to meters.

The results of this study highlight the usefulness of a
detailed cathodoluminescence study to identify evidence
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for fluid-rock interaction that can be virtually invisible
during routine petrographic or whole-rock geochemical
analysis. Indeed, except for stable isotope studies, retro-
grade fluid-rock interaction has been largely unrecognized
in previous studies of the anorthosite (Hietanen, 1963;
Nord, 1973; Juras, 1974; Goldberg, 1983). CL petrogra-
phy helps to identify fluid pathways and to constrain the
scale of fluid-rock interaction; these observations are use-
ful guides to further geochemical studies. Clearly, catho-
doluminescence petrography can be a powerful tool in
studies of high-grade metamorphic rocks.
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