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Abstract:

High-grade quartzofeldspathic gneisses (QFGs) of Archean age are exposed in the Blackball
Mountains of the northwestern Wyoming Province. Gneisses of dacitic to rhyolitic composition (69-76
weight percent Si02) are the most common varieties of QFG and are interlayered with subordinate
volumes of andesitic gneiss (56-59 weight percent SiO2). The QFGs are classified into mappable units
based on mafic mineral content. Lesser volumes of mafic and ultramafic rocks are interlayered with the
QFGs. Mafic rocks include primitive tholeiitic to calc-alkalic basalts and basaltic komatiites.

The protolith of these QFGs has been interpreted as supracrustal rocks by some workers and plutonic
rocks by others. Characteristics of compositional layering; such as conformable lithologic contacts,
intimate interlayering of gneiss types, interlayered marbles and calc-silicate gneisses; combined with
the absence of igneous textures suggest that the quartzofeldspathic gneisses were derived from
supracrustal rocks. However, geochemical discrimination indicates that most quartzofeldspathic
gneisses were derived from igneous rocks. A protolith composed of volcanic and volcaniclastic rocks is
compatible with both lines of evidence. Therefore, protolith of this Archean terrene is interpreted as a
bimodal rhyolite/dacite-basalt series dominated by felsic rocks.

Trace element discrimination indicates that the parent magmas of the volcanics were generated in one
of two environments: 1) an active continental margin adjacent to an intracratonic rift, or 2) a single
environment with affinities to both. REE analyses suggest that the dacites were probably generated
from partial melting of an eclogite, amphibolite, or garnet amphibolite source; and the rhyolites were
probably generated from partial melting of older continental crust. Major-element characteristics,
discriminant function analysis, and lithologic associations (compared to Phanerozoic rocks) suggest
that the volcanic and volcaniclastic sediments were deposited in a continental rift basin.

The continental rift basin collapsed as a result of convergence and tectonic stacking of one
basin-bounding, continental crust segment over the, other. Garnet-biotite and garnet-cpx
geothermometry yield a temperature range of 740-810° C for peak metamorphism. Garnet-opx
geobarometry and retrograde growth of cordierite from garnet+sillimanite+quartz indicate a minimum
pressure of 5.1-6.2 kilobars for the peak metamorphism. Basin sediments were buried at least 20
kilometers and metamorphosed to granulite-grade conditions about 3.08 Ga ago.
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. ABSTRACT

ngh—grade quartzofeldspathic gneisses (QFGs) .of Archean age are
exposed in the Blacktail Mountains of the northwestern Wyoming
. Province. Gneisses of dacitic to rhyolitic composition (69-76
» weight percent Slg%; are the most common varieties of QFG and are

interlayered with subordinate volumes of andesitic gneiss (56-59 weight
percent Si0). The QFGs are classified into mappable units based on
mafic mineral content. Lesser volumes of mafic and ultramafic rocks
are interlayered with the QFGs. Mafic rocks include primitive
tholeiitic to calc-alkalic basalts and basaltic komatiites.

The protolith of these QFGs has been interpreted as supracrustal
rocks by some workers and plutonic rocks by others. Characteristics of
compositional layering; such as conformable lithologic contacts:
intimate interlayering of gneiss typesr  interlayered marbles and calc~
‘silicate gneisses; combined with the absence of igneous textures
suggest that the quartzofeldspathic gneisses were derived from
supracrustal rocks. Howeverr geochemical discrimination indicates that
most quartzofeldspathic gneisses were derived from igneous rocks. A
protolith composed of volcanic and volcaniclastic rocks is: compatible
with both lines of evidence. ‘Thereforer protolith of this Archean
terrane ' is interpreted as a bimodal rhyolite/dacite—basalt series
dominated by felsic rocks.

Trace element discrimination indicates that the parent magmas of
the volcanics were generated in one of two environments: 1) an active
continental margin adjacent to an intracratonic rift, or 2) a single
environment with affinities to both. = REE analyses suggest that the
dacites were probably generated from partial melting of an eclogiter
amphiboliter or garnet amphibolite source; and the rhyolites were
probably generated from partial melting of older continental crust.
Major-element characteristics, discriminant function analysis, and
lithologic associations (compared to Phanerozoic rocks) suggest that
the volcanic and volcaniclastic sediments were deposited in a
continental rift basin. ‘

" The continental rift basin collapsed as a result of convergence
and tectonic stacking of one basin-bounding, continental crust segment
over the other. Garnet—blotlte and garnet-cpx geothermometry yield a
temperature range of 740-810° C for peak metamorphism. Garnet-opx
geobarometry and retrograde growth of cordierite from
garnet+sillimanitetquartz indicate a minimum pressure of 5.1-6.2
kilobars for the peak metamorphism. Basin sediments were buried at
least 20 kilometers and metamorphosed to granulite-grade conditions
about 3.08 Ga ago.




CHAPTER 1
INTRODUCTION

Quartzofeldspathic gneisses comprise }the bulk of late Archean
crust that is preserved worldwider yet their origins are much less
well understood than the origins of vblumetrically subordinate granite-
greenstone belts (Condie, 1983; Windley, -1984; Taylor and McLennan:
1985). This  study- contributes to the understanding of
quartzofeldspathic gneiss (QFG) terranes through examination of an
Archeanr high-grader QFG terrane in the Blacktail Mountains of the
northwestern Wyoming Province (see Figure 1).

" Difficulties in determining the origins of QFG terranes thrbughout
the world begin with the distinction between intrusive igneous and
supracrustal (sedimentary and volcanic) protoliths (e.g.r, Pereras
1983). This study includes examination of a QFG sequence in the
Blacktail Mountains which has been correlated wifh QFGs in the
adjacent Ruby Range and has been intefpreted as both orthogneiss
(e.g.r. Heinrich and Rabbit, 1960) and paragneiss (Garihan and Okumar
1974). Multiple high—grade‘tectonothermal events that are typically
recorded in QFG terranes destroy primary textures that are diagnostic
of plutonic or supracrustal protoliths (Condie, 1983; Windley, 1984;
Nutman and others, 1984; Taylor and McLennan, 1985). Therefore,
methods which do not rely solely on primary textures must be employed

to establish the protolith of high-grade QFG terranes. Methods which
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3
the interpretation of tectonic evolution of.QFG terranes. For example,
if a given suite of QFG is derived from supracrustal rather than
plutonic rocks, episodes of sediment genefation, sediment‘deposition,
and basin development must be included in the history of the suite.
Once the protolith is. determined to be plﬁtonic or supracrustal,
additional characteristics can be evaluated to determine the tectonic
environment in which the QFG terrane originated. The present study
compares lithologic associationsrs whole rock geochemistry, and trace
element geochemistry of Archean rocks in the.Blacktail Mountains to
Proterozoic and Phanerozoic rocks in order to establish the probéble
tectonic setting for the protoliths of QFGs exposed in the Blacktail

Mountains.




CHAPTER 2
REGIONAL GEOLOGIC SETTING
Northwestern Wyoming Province

Figure 2 shows the distribution of Archean rocks of _ the
northwestern portion of the Wyoming Province that are e#posed wiﬁhin
numerous Laramide (Schmidt and Garihan, 1983) basement-cored uplifts.
The eastern Beartooth ‘Mountains are composed of late Archean granitoids
and volumetrically subordinate inclusions of older supracrustél rocks
(Mueller and Wooden, 1982; Mueller and others, 1985). The North Snowy
- Block of the Beartooth Mountains contains tectonically juxtaposed meta-—
igneous and metasupracrustal rocks (Mogk, 1984: Mogk and Henryr 1987).
The South Snowy Block consists of metasupracrustal rocks that were
intruded by volumetrically subordinate late Archean granitoids
(Casella and others, 1982; Thurston, 1986).

Uplifts west of the Beartooth Mountains are composed predominantiy
of complexly deformed Archean supracrustal sequencess of which
quartzofeldspathic gneisses are the most common lithologies (e;g.r
Vitaliano and otherss 1979; James and‘HEdéep 1980; Karasevich and
others, 1981). Marble- and quartzite-bearing sequences were originally
mapped as tﬁe "Cherry Creek Group" in the Gravelly Range (Pealer 1896).
Sequences composed of quartzofeldspathic gneissess sqhists and
interlayered amphibolites, and which lack distinctive metasedimentary

rocks (i.e.r marbles and quartzites) were originally mapped as the
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6
(Erslevs 1983; Thurston, 1986; Salt, 1987; Mogk and Henry. 1987),
However, the depositional environment and pre-metamorphic history of
these Archean supracrustal rocks are still poofly'understood°

Compositional layering within most ranges strikes generally NE-SW
and dips variably (Hadieyr 1969b; Spencer and Kozak, 1975; Tilfords
1978; Bergr 1979; Vitaliano and others, 1979; Karasevich, and others,
1981; Erslev, 1983). However, compositional layering is broadly warped
into E~W and NW-SE trends in the Highland Mountains: the northern
Tobacco . Root Mountains and the northern Ruby Range (Duncanr, 1976;
Vitaliano and othersr, 1979; Karasevich, 1980, ‘1981). Compositiona}
layering has been affected by at least two generally recognized folding
events: earlier isoclinal folding and later coaxial, tight-to-open
(infrequently isoclinal) folding- (Spencer and Kozak, 1975; Garihan,
1979; Vitaliano and others, 1979; Wilson, 1981; Erslev, 1983).
However, the number of folding events and the structural style reported
for different areas are variable and may reflect a unique tectonic
history for each range and for varibus structural units within a single
range.

Two dominant metamorphic events are reéognized throughout the
Archean sequences west of the Beartooth Mountains. The first event,
ML, produced assemblages characteristic of upper amphibolite grade to-
granulite grade with temperature and pressure conditions of 600~750° C
and 4-8 kilobars (Wier, 1965; Dahl, 1979a; Immega and Klein,s 1976;
Desmarais, 198l; Karasevich and others, 1981; Kleinschmidt, 1981; and
Erslev, 1983). A pre-Ml, granulite-grade metamorphic event has been

suggested for a location in the Tobacco Root Mountains (Mueller and
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Cordua, 1976). The second event, M2, produced assemblages
characteristic of greenschist grade to almandine-amphibolite grade
which overprinted earlier upper amphibolite-grade ‘to granulite—grade
assemblages (Wier, 1965; Giletti, 1966; Dahl, 1979a; Kleinschmidtr
1981; and Erslev, 1983). K-Ar and Ro-Sr ahalyses reported to date
indicate an age of 2.6-2.8 Ga for Ml (Gi;etti, 1966, 1971; Mueller and
Corduar 1976; -James and Hedger 1980). A mineral age on micas of 1.4-
1.7 Ga has been interpreﬁed as the age of M2 ' (Giletti, 1966, 1971;
James and Hedge,‘ 1980) . There is some indication of older rocks. Rb—
Sr whole rock ages of 3025 Ga have been reported for a
quartzofeldspathic gneiss in the eastern portion of the northern
Madison Range and 3.08 Ga for a quartzofeldspathic gneiss in ﬁhe

Blacktail Mountains (Giletti, 1966, 1971; James and Hedger 1980).

Blacktail Mountains

The Archean sequence ‘in the Blacktail Mountains includes dominant
volumes of quartzofeldspathic gngiss; subordiﬁate volumes of
amphiboliter garnet-biotite gneiss, and ultramafite; and local
occurrences of calc-silicate gneiss: marble and quartzite.
Compositional layering strikes generally NE-SW and has been affected by
at least two periods of folding? tight—to—-isoclinal folding followed by
coaxial open folding. Granulite-grade assembl;ges have been preserved
in certain mafic rocks and felsic gneisses. Giletti (1966) reported a
Ro-Sr whole-rock model age for oné horizon in the QFG of 3.08 Ga:

assuming initial 87Sr/86Sr = 0.710. -
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Most of the Archean rocks west of the Beartooth Mountains are
believed to have had supracrustal origins. However: the protolith of a
unit of @QFG that has been correlated between the Blacktail Mountains
apd the Ruby Range (the "Dillon Granite Gneisss"  Scholten and others:
1955; Heinrich, 1960) is still disputed. The "Dillon Granite Gneiss"
has been interpreted as an orthogneiss (Garihan and Okuma, 1974) and.as
a paragneiss (Garihan and Williams, 1976). The Blacktail Moﬁntains
host the original type locality of this disputed unit (Heinrich, 1948
1950, 1953; Scholten and others, 1955). Evidence regarding the nature

of the protolith for the "Dillon Granite Gneiss" is discussed later in

this report.




CHAPTER 3
LITHOLOGIES

Felsic Gneisses

Quartzofeldspathic gneisses (QFGs) are the volumetrically dominant
lithologies of the Archean sequence in the Blacktail Mountains (see
Plate I). QFGs are composed of quartz aﬁé variable amounts of
potassium and plagioclase feldspars and are distinguished by their
dominant mafic phases.' Varieties include biotite-hornblende+/-diopside
QFG (BH)rs garnet-biotite-hornblende QFG (GBH) and pyroxene-magnetite-
hornblende QFG (PMH). BH, GBH, aﬁd PMH are compositionally layered on
a centimeter-to-meter scale. - Compositional layering is characterized
by wvariations in both potassium feldspar/plagioclase ratios and
ﬁafic/felsic phase ratios (see Figure 3. A fourfh QFG of granitic

(senso stricto) composition (G) is composed of biotite-hornblende-

quartz-plagioclase-microcline. Microcline in G is characteristically
dull-pink to dull-red. G is compositionally layered on a centimeter
scale but is homogeneous on a greater—than—decimetér scale. Although
compositionally wvariable: the 'felsic gneisses exhibit similar
macroscopic and microscopic fabric elements.

Table 1 summarizes modal compositions of the felsic gneisses. Thé
quartz/potassium feldspar/plagioclase ratios of the felsic gneisses are
plotted on an igneous rock classification diagram in Figure 4

(streckheisen, 1976, 1979). Varieties of BH and GBH units plot in
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Figure 5 illustrates the variability of major phases within the BH
and GBH units. The BH unit consists of two varieties, distinguished by
the total bercentage of all mafic minerals present (i.e.r color index):
BH-ACID (color index = 0-20) and BH-INT (color index = 20-40). In. BH-
ACID layers: hornbiende and biotite coexist in one variety and are -
mutually exclusive in other varieties. BHjINT layers are
characterized by hornblendé+/—biotite+/—diopside. BH-INT layers
account for only a minor volume of the BH units. The GBH unit is
composed of " garnet+dbiotite’ layers 1locally intercalated with
hornblende+/-biotite+/—garnet layers. In some GBH horizons: garnet is
the only mafic phase present. Sillimanite is present:. with garnet and
biotite, as disseminated grains and as fine-grained mats in some GBH
samples. Apatite; opaque phases, and subhedral to well-rounded zircon
grains are common accessory phases in all felsic gneisses. Accessory
opaques: zircon and apatite are 1locally concentrated in mafic-rich
laminae; The G and PMH units are compositionally layered on a
millimeter-to-centimeter scaler but are homogeneous on an outcrop
scale. G and PMH are locally interlayered with BH and GBH horizons.
A1l felsic gneiss units are mutually conformable.

Many fabric elements are common to all felsic gneisses.
Compositional layering is conformable and gradational at all scales
(see Figure 3). Mafic phases are cﬁncentrated in discrete laminae as
well as disseminated throughout horizons between mafic=rich laminae.
Disseminated biotite grains are fypicallf parallel to compositional
layering, but are locally discordant,' In cases where disseminated

biotite grains are discordant to compositional layering, the biotite
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horizons between garnet-rich laminae. Larger garnets within garnet-~
rich laminae are elongated (length/width = 5) and form ameboid
poikiloblasts with inclusions of all othér primary phases. Smaller
garnets are free of inclusions and are usually hypidioblastic.

All felsic gneisses are locally migmatitic. The migmatite
horizons are siﬁilar to stromatic migmatites described by Johannes and
Gupta (1982). Thin, coarse—graiﬁed'lenses within a medium—grained
host characterize migmatitic textures in the Blacktail Mountains. The
coarse—grained lenses are commonly 1-5 centimeters thick and 10-30
centimeters in :both length and width. The coarsé—grained lenses are
parallel or subparallel to compositional layering. These lenses occur
both isolated and connected by veinlets which cut across compositional
layering for ' short distances (tens of centimeters). Coarse-grained
- lenses are weakly foliated to nonfoliatedr and truncate compositional
layering. Minerals present. in the host QFG are also present in the
coarse-grained layers: though not necessarily in the same proportions.
Mafic grains in these coarse-grained lenses are often concentrated into
selvages at lens margins. These migmatite textures are interpreted to

result from in situ melting and recrystallization associated with a

high-grade metamorphic event (Johannes and Guptar 1982).

In isolated casess the coarse—grained lenses of the migmatite
horizons can be traced from millimeter-thick, medium-grained leaves
into coarse-grained veins several centimeters thick. Locally, these
lenses extend into zones where several lgnses éoalesce to form thick
(5-30 centimeters)r irregularly shaped bodies. 1In such cases, layers

of the medium—grained, host felsic gneiss can be traced into ptygmatic
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folds within the coarse-grained body. Localized ptygmatié folding
associated with stromatic migmatites suggests that migmatite formation
and the high-grade metamorphic event were coeval with an' episode of

folding.
Mafic-and Ultramafic Rocks

Mafic rocks are subordinate in volume to felsic gneisses (see
Plate I), and are highly variable in texture and composition. Mafic
rocks include foliated amphibolite layers, foliated granulite layers:
weakly foliated to unfoliated .ultramafite 1lenses:, and unfoliated
gabbroic dikes. The amphibolite layers are conformable to the host
felsic gneisses. Contacts between amphibolite layers and felsic
gneisses vary from abrupt to gradational. The granulite layers exhibit
sharp contacts with the BH felsic gneisses. A 1-2 centimeters-thick
biotite selvage is present at the contacts of the granulite Ilayers.
Unfoliated ultramafite lenses are commonly oriented with their long
axes parallel to compositional layering in the host felsic gneisées.
The unfoliated gabbroic dikes trend west to northwest and cross-cut '
foliation in the felsic gneisses. Table 2 summarizes modal mineralogy
of the mafic and ultr;mafic rocks.l |

Amphibolites occur as 10 centimeters- to .5 meters-thick layers
intercalated within felsic gneisses; and as larger map—scale bodies
(i.e.r units extensive enough to be distinguished on Plate 1I).
Amphibolite layers which are tens-of-meters thick and interlayered with
felsic gneiss layers of similar thickness and are designated as IG

(interlayered gneisses) on Plate I. Amphibolite layers are continuous
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across their outcfops. Some layé;s maintain uniform thickness along
their exposures, while others pinch and swell. Some 'map—scale
amphibolite layers form lens-shaped bodies. Exposures of other ﬁap—
scale amphibolite bodies are limited, and their lens shaée is inferred.
At one location, a 0.5-2 meter-thicks biotite—rich selvage separates
the largest map-scale amphibolite body fiqm the host BH gneiss.
Amphibolite layers exhibit centimeter;scéle compositional layering but
are compositionally. homogeneous on a .greater-thah—decimeter scale.
This layering is parallel to compositional layering-in the host felsic
gneiss. The amphibolites are composed predominantly of quartz-
plagioclase-hornblende+/-biotitet/-clinopyroxene. ' Quartz-feldspar
lenses, devoid of mafic minerals, are present in some amphibolite
layers. The quartz-feldspar lenses are 2 millimeters~to 3 centimeters
thick and occasionally form isoclinal and sigmoidéi folds which have
detached fold hinges. HOrnblénde—rich zones form thin (1-10
millimeters$ halos around quartz-plagioclase 1enses. The presence of
hornblende-rich halos" implies that the quartz-feldspar lenses were
formed by either metamorphic differentiation or in situ melting.
Hornblende grains are oriented parallel to compositional layering. A
hornblende lineétion is found on compositional layering surfaces in the
amphibolites. | - |

A few map-scale amphibolite bodies include garnetiferous layers.
The garnets form poikiloblasts and are both disseminated. and
concentrated in gérnet—rich lamiﬁae. Hornblende inclusioné within
‘garnet poikiloblasts are parallel to compositional‘layéring. Snowball

textures, characteristic of grain rotation during growthr are not
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present in these garnets. The lack of snowball texturés and the
parallel geometry of the included grains indicate that these garnets
grew after the completion of deformation which warped the quartz-
feldspar lenses into isoclinal and sigmoidal folds. N

Granulite bodies were found in two locations in the study area.
Both exposureé are in the northwestern canyon walls along Jake Creek, ‘
in the northérh portion of the map area. ‘the bodies are cbnformable to
compositional layering in the host BH. Faint millimeter-scales
discontinuous, compoéitional layering within the granulite layers is
parallel to compositional layering in the host felsic gneiss. The
granulite bodies are composed éredominantly of - plagioclase-
cummingtonite~hypersthene. Atlthe northern of the two exposures, the

contact between the granulite layer and the felsic gneiss is curved and

Table 2. Modal Mineralogy of Mafic and Ultramafic Rocks

AMPHIBOLITES GRANULITE ULTRAMAFITE GABBROIC

BODY DIKE
N 5 . A -1
QUARTZ . 2-5 0% 0% 2%
PLAGICCLASE 31-56 9 0 36
BIOTITE 0-15 tr 0 9
AMPHIBOLE 24-50 HBD* 44 CUMM** 68 HBD¥* ‘6
CLINOPRYOXENE 0-15 0 0 24
HYPERSTHENE 0 47 - 30 23
OPAQUES 0-1 tr 2 tr
APATITE tr tr 0 0
ZIRCON - - tr ‘ tr 0 o 0

*HBD = Hornblende
**CUMM = Cummingtonite
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parallel to curved compositional layering in the felsic gneiss. 1In
this outcroprs both the granulite layer and the felsic gneiss have been
folded.

Ultramafites form ‘thin, Qeakly foliated to nonfoliated 1lenses
that are genefally elongated parallel to compositional layering in the
felsic gneisses. In some casess the ultramafites are slightly
discordant to compositional 1$yering in the felsic gneiss. The
_ ultramafites are composed predominantly of hypersthene-hornblende.
Three map—-scale ultramafitess located in the northern portion of the
map arear are nearly in alignment and are parallel to compositional
layering in the felsic gneiss host. These aligned bodies may be
remants of a single disrupted layer.

West- to northwest-trendingr nonfoliated, éabbroic dikes cut
compositionai layering in the felsic gneisses at high angles. At a
location where the units are well exposed, a dike cuts across an
amphibolite-BH contact. The dike does not have chillgd margins and its
contact is abrupt. Thin section analysis reveals a porphyritic texture
characterized by hypersthene phenocrysts and quartzr diopside and
plagioclase grains in the groundmass. Amphibole and biotite are
present as grains that are smaller than typical groundmass grains and

.repfesent later growth.

Marble and Calc-silicate Gneiss

Marble aq§ calc-silicate gneiss layers occur within the GBH unit
in the southeastern corner of the study area. Although GBH is the

dominant map unit in this areas GBH is interlayered with thin
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conformable laye;s of BH and G. The. calc-silicate gheisses are
composed primarily of diopside-potassium feldspar-plagioclase—quartz.
The marbles are composed primarily of calcite-dolomite—diopsidg—
scapolite+/~graphite. Marble and calc-silicate gneiss occur
interlayered within the GBH un.it‘T Some horizons of marble and calc-

silicate gneiss include thin layers of amphibolite.
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CHAPTER 4
CONDITIONS OF METAMORPHISM

e et
I

High—témperaturé and Zhigh—pressure conditions of the péak
metamorphic event have formed granulite—grade assemblages throughout
the sequence in rocks of appropriate composition. The assemblage
hypérsthene—cummingtonite—plagioclase is present in the mafic granulite
bodiés. The assemblage hypersthene-diopside-hornblende in the PMH unit
is characteristic of granulite grade in felsic rocks. Diopside is
typically present in the BH-INT gneisses. Plagioclase grains are
locally antiperthitic, and potassium feldspar grains ‘are locally
orthoclase; indicating high-temperature crystallization. Granoblastic
textures are locally well developed in all gneisses. .In BH and GBH
gneisses: biotite grains are characteristically red to red-brown and
are indicative of granulite-grade metamorphism (Schreurs, 1985). The
presence of locally well-developed: stromatic migmatites in all felsic
gneisses indicates that in situ melting was associated with the high~
temperature, peak metamorphism (Johannes and Guptas 1982) .

Microprobe analyses reveal that biotite grains from oﬁe GBH sample
are unuéually rich in titanium, - contéining 4.1 to 5.6 weight percent
T102 (weight peréent is abbreviated "wtf%" hereafter). High-titanium
content is an indication of high metamorphic grade - (Kwak r 1968;

Guidottir, Cheney and Guggenheim, . 1977; Dymek, 1983). Schreurs (1985)
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found that biotite grains with more than 0.45 atoms of Ti per 22 oxygen
atoms were associated with low-to-intermediate, granulite—grade
conditions and crYstallization temperatures of greater than 750°C.
Biotite grains in the sémple from the Blacktail Mountains contain 0.47-
0.65 atoms of Ti per 22 oxygen atoms, and are thus another indication
of granulite—grade metamorphisﬁ.

Compositional .data were collected with a microprobe at the
University of Washington, in Seattle, for garnet and biotite grains in
one sample and for diopside and garnét grains in another sample.
Garnet-biotite geothermometry yields a temperature range of 740-810°C,
with an assumed pressure of 7 kilobars (Ganguly and Saxena,'1984J 1985;
Indares and Martignole, 1985). Cpx-garnet geothermometry yields a
temperature of 750°C (Ellis and Green, 1979). Both geothermometers
produce similar temperature estimates. Although the microprobe sample
population is small: a temperature range of 740-810°C is inferred for
peak metamorphism. '

The garnet-biotite samplé, used above in 'temperature modelingr
contains the assemblage garnet-biotite-sillimanite-cordierite-
microcline-plagioclase~quartz. Cordierite forms rims around garnet
grains and represents retrograde miheral growth. A pressure estimate

may be obtained from the reaction
3Cordierite = 2garnet + 2sillimanite + Squartz.

Thompson (1976) has derived a geobarometer in which isopleths of
magnesium content in cordierite and magnesium contents in garnet are

plotted on a P-T-X diagram. Magnesium content in'cordierite and garnet
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%pobarometry. Garnet—-orthopyroxene microprobe data were obtained from
another sample containing coéxisting garnet-orthopyroxene-plagioclase-
QQartz. The garnet-orthopyroxene gecbarometry model of Newton and
E%rkins (1982) yields a pressure estimate of 5.6-6.2 kilobars. Pressure
estimates from these two models are similar and indicate a préésure
range of 5.1-6.2 kilobars for the peak metamorphism. However, Dahl
(1979) associated coexisting garnet and cordierite with retrograde
metamorphism in similar rocks in the Ruby Range. Cordierite in the
sample from the Blacktail Mountains is also retrograde, and thus 5.1-
6.2 kilobars should be considered a minimum pressure for peak

metamorphism of the sequence: in the Blacktail Mountains.
er T rature Re—equilibration

Temperature modeling of garnet rims and biotite grains tangential
to garnet grains, as well as microscopic textures attest to pressure
and temperature conditions of mineral equilibrium lower than conditions
of the peak metamorphic event. Application of the garnet-biotite
geothermometry models of Ganguly and Saxena (1984) and Indares and
Martignole (1985) to microprobe data from garnet rims and tangent
biotites yields tenmperatures of 500-550°C. Petrography revealsxseveral
textures characteristic of re-equilibration. Albite rims are developed
around plagioclase grains in many samples. Myrmekite is locally well
developed within plagioclase grains. In some samples, potassium
feldspar varies from untwinned grains to grains with well-developed
cross-hatch twinning. These lower temperature conditions may be a

result of either a cooling period after the peak metamorphism or a
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regional retrograde metamorphic event. Garihan (1979) noted similar
textures from gneisses in the Ruby Range and ascribed them to a cooling
period after peak metamorphism. The similarity of textures described by
Garihan (1979) to textures seen in the present study suggests that rock
sequence in the Blacktail Mountains may have been subject to a cooling
period after peak metamorphism comparable to that inferred for terranes
in the Ruby Range. Garnet;biotite geothermometry suggests that the
sequence cooled to 500-550°C during,the final stages of metamorphic

recrystallization.




25

CHAPTER 5
PENETRATIVE STRUCTURE

Compbsitional layering is typically planar to gently undulating.
However, this fabric is locally strongly sinuous and warped into
isoclinal foldsr, some of ;which exhibit extremely ' attenuated and
detachéd limbs. Planar rock fabric is typically accompanied and
locally replaced by mineral lineations. Mineral lineations are defined
by individual hornblende grains, quartz rods, linear aggregates of
biotite grains, and 1inear,aggregates of feldspar grains (Hobbs and
others, 1976). Mineral lineations are developed‘in the plane of
compositional layering and are best.developed in the hinge regidns of
isoclinal folds. ‘The lineations parallel the fold axesr and appear to
have formed dﬁring isoclinal folding.

Planar and linear fabric data and field observations indicate two
generatioﬁs of coaxial, tight-to-isoclinal folds (F1 and F2). The
isoclinal folds were subsequently refolded into open folds. (F3, see
Figure 7(b)). Fl is recorded only in rare cases as isoclinally
refolded -isoclinal folds. Tight—to—isoclinél folds thaf have not been
isoclinally refolded are designated as F2. F2 is the dominant tight-
to-isoclinal folding event (see Plaﬁe IT). F2 transposed conpositional
layering and produced northeast- to southwest-trending, southwest-
plunging, large scale (wavelength.= tens of meters) and sma11  scale

(wavelength less than 1 meter) isoclinal folds with subvertical axial
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the biotite recrystallization aﬁd the attendant folding event probably
occurred under granulite-grade conditions. This coﬁclusion is based
solely on color of the recrystallized biotite grains aﬁd should be
considered preliminary. Microprobe data should be collected and
temperature modeling performed in order to test this hypothesis. F3
folding may be an effect of progressive deformation associated with the
granulite-grade event that produced isoclinal folds: or it may be a
separate .folding event.  However, multipler granulite-grade
deformational events have not been recognized in' the Blacktail
Mountains or in similar terranes in the Ruby Range (e.g.r Garihans
1979; Karasevich and othersr 1981). Consequently, the F3 open-folding
event which - has affected the Archean sequence in the Blacktail
Mountains is interpreted a&s an effect of progressive deformation
subsequent to earlier isoclinal folding.

Figure 8 is a Jlower hemispherer equal-area, steréographic
projection of poles to compositional layering in the felsic gneisses.
Although ' the projection does ndt uniquely define multiple fold
generations, it does allow the interpretation suggested by field
evidence (i.e.r isoclinal folds have been refolded by open folding).
The great circle drawn in Figure 8 dgpicts folds with generally steeply
dipping limbs and sub-vertical axial surfaces, which strike northeast
to southweét. The cofresponding beta?pole depicts folds which plunge
to the southwest (31°, 229°). HQQever, the data pattern allows the
great circle and corresponding beta—pole'to be arawn with considgrable

variation. The geometry of folds suggested in Figure 8 is consistent
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southwest (32°-62°, 214°-237°) over mosf of the study area. However:,
mineral lineations in the northernmost portion of the map area piunge
northeast and indicate that F2 folds plunge northeast in this wvicinity
(see Plate I).  The pattern of the stereographic projection in Figure
9 is consistent with an interpretation of lineations which are coaxial
to F2 and were dispersed by F3 folding. The lineation pattern is
compatible with the variable southwest plunge of folds indicated by

Figure 8.




NI RN, R/ - | 1 LAt

31

CHAPTER 6
GEOCHEMISTRY
Felsic Gneisses

Major-element o%ider trace—element and nofmati?e mineralogy data
for the felsic gneisses are presented in Table 3. BH is comprised of
acidic gneisses (69-76 wt.% 8102, BH-ACID) interlayered‘ with
subordinate volumes of intermediate gneisses (56-59 wt.% Si02, BH-INT) .
'GBH, PMH and G are comprised of acidic gneisses. BH-ACID, BH-INT, GBH;,
Gr and PMH are plotted on Harkéf diagrams in Figure 10. Although
sampling is limited, the Harker diagrams suggest two. populations:
intermediate gneisses and volumetrically dominant acidic gneisses.
Field evidence confifms that the intermediate gneisses are a minor
component. The acidic gneisses are rhyolitic to dacitic in chemistry
and in modal mineralogy - (cf. Figure 4). The intermediate gneisses,’
although of dacitic modal mineralogyr feature,SiO2 analyses.that are
characteristic of andesites and are ﬁherefore‘intérpreted as andesites.
The intermediate gneisses contain more Fe203, MgOr MnO: . TiO, and Ca0
thap' the acidic gneisses. Abundances of A1203, K,0 and Nay0O are
comparable for both the intermediate gneisses and acidic gneisses. BH-
INT also contains less total Fo and Srnfhan BH-ACID but has compérable
Ro/sr (BH-ACID, Rb/Sr = 0.04-1.10; BH-INT. Ro/Sr = 0.41-0.71). GBH is
low in Nazo, Srr Ba and high in K,0 énd Rb relative to BH-ACID. The

vertical scétter of points on the SiOz—Kzo and Sioz—NaZO diagrams
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(Figure 10) is an effect of variations in the plagioclase and potassium
feldspar modal mineralogy within the acidic gneisses (cf. Figure 4) .The
Si02—T102 diagram is- divided into_igneous ahd sedimentary fields.
after Tarney (1976). This division is based on samples of Archean and
Phanerozoic rocks with known protoliths. Three of ten BH-ACID, two of
three BH-INT and two of five GBH gneiss samples plot in the sedimentary
field. Half of the BH samples and all of the GBH samples contain .
normative corundum (see Figure 11). PMH and G contain normative
diopsidg. Samples with large amounts of normative corundum are
interpreted to have sedimentary protoliths, whereas samples'with large
amounts of norﬁative diopside are interpreted to have igneous
protoliths. '

The rare earth element (REE) plot (Figure 12) exhibits variable
trace element contents for the different types of BH gneisses. Two
dacite.samples (BH-3, $i0, = 70.6 wt.% and BH-7, SiO, = 73.6 wt.%) show
strong fractionation] of light rare éarth elements (LREE) over heavy
rére earth elements (HREE), Ce/Yb = 19.2-26.4; and moderate positive
Fu-anomaliesr Eu/Eu* = 1.32—2.13. One rhyolite sample (BH-1, SiO2 =
69.3 wt.%) shows moderate fractionation of LREE over HREE, Ce/Yb = 5.7;
greater ;£otél REE .contents than the dacite samples; and a slight
negative Fu-anomaly, FEu/Eu* = 0.85. An anaesite sample (BHM-3)
contains more total REE than the BH-ACID samples and exhibits well-
developed fractionation of LREE over HREEr Ce/Yb = 4.6; and a moderate
negative Eu-anomalyr Eu/Eu* = 0.49. Protoliths of these REE samples
are inferred to be volcanic rocks (discussed in detail in the PROTOLITH

section of this study).
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Table 3. Geochemical Analyses of Felsic Cneisses

Map Unit BH-ACID

Sample # BH-1 BH-2 BH-3 BH-4 BH-5 BH-6 B -7 BH-8
MAJOR ELEMENT OXIDES (weight percent) |

510y 69.3 70.3 70.6 72.3 72.6 72.9 73.6 74.3
Alo03 ° 13.5 13.6 16.4 13.1 13.1 14.7 15.3 14.6
Ca0 2.49 2,59 2.59 1.75 1.59 1.01 1.49 2.08
Mgo 0.87 0.82 0.87 0.51 0.30 0.01 0.26 0.37
Nao - 3.36 3.33 6.04 3.31 3.29 4.89 4.97 5.26
K20 4.51 4.44 1.44 4.84 4.89 4.29 3.82 1.75
Feoo3t* 4.05 3.70 1.54 2.96 2.40 0.47 0.56 1.30
MnO 0.05 0.05 0.01 0.05 0.04 0.03 <0.01 0.02
TiOy 0.74 0.69 0.25 0.53 0.41 0.06 0.09 0.16
P05 0.20 0.18 0.09 0.13 0.10 0.04 0.03 0.03
LOI 0.54 0.47 0.47 0.47 0.70 0.85 0.31 0.31
(S10) S 99.9 100.4 100.5 100.2 99.7 99.4 100.7 100.3

K20/Na0 1.34 1.33 0.24 1.46 1.49 0.88 0.77 0.33
MgO+FeOt** 4.52 4.15 2.26 3,17 2.46 0.43 0.76 1.54

TRACE ELEMENTS (parts per million) -
110 110 30 130 120 100 80 60

Rb
Sr 160 100 840 130 130 280 610 640
Y 40 50 10 40 40 .10 <10 ° 10
7r 450 - 460 80 420 340 20 50 80
No 20 20 10 50 10 10 <10 10
Ba 1790 1510 - 660 1500 1750 560 1230 450
CIPW Normative Mineralg#***- :
Q 26.29 27.48 23.08 30.17 31.21 26.20 26.38 31.08
Or 27.33 26.68 8.60 29.09 29.55 25.74 22.55 10.40
Ab 29.16 28.66 51.64 28.50 28.48 42.02 42.02 44.78
An 8.65 9.20 12.39 6.71 6.68 4.82 7.19 10.18
Di 2.24 2.23 ~1.05 0.59
Hy 2.09 1.88 1.90 1.47 1.08 0.19 0.59 1.03
C 0.83 0.55 0.70 0.69
Bp 0.45 0.40 0.20 0.29 0.23 0.09 0.07 0.07
I1 l.45 1.34 0.48 1.03 0.8 0.12 0.17 0.31
Mt 2,35 2.13 0.88 1.70 1.39 0.27 0.32 0.74
Hm
Tn
Wo

total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

*Total Fe was analyzed as Fep03.
**Total Fe is calculated as FeO.
***Calculated with FeQ/ (FeO + Fe203) = 0.70.
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Table 3-~Continued

Map unit BH-ACID BH-INT GBH

Sample # BH-9 BH-10 BHM-1 BHM-2 BHM-3 GBH-1 GBH-2 GBH-3

MAJOR ELEMENT OXIDES (weight percent) ’
Si0g 74.5 76.2 55.9 59.0 59.3 72.3 73.3 73.8

Alo03 14.2 12.6 14.4 12.1 12.5 14.0 14.1 11.6
Ca0 2.93 1.00 5.77 4.88 5.11 2.90 1.17 2.36
Mgo 0.02 0.11 5.917 2.29 2.44 0.98 0.16 1.15
Nago - 4,42 3.23 3.90 3.17 3.55 2.90 3.21 2.28
K20 2.03 4.52 1.66 3.03 2.62 2.27 5.37 1.77
FeoO3t* 0.48 1.27 9.69 10.9 10.7 3.19 1.31 5.02
MnO -0.02 0.14 0.17 0.20 0.21 0.04 0.03 0.07
TiOg 0.56 0.14 0.73 1.85 1.9 0.79. 0.13 0.72
Po05 0.02 0.05 0.11 0.62 0.65 0.12 0.04 0.12
LOI 0.39 0.8 1.77 " 0.93 0.62 0.54 0.31 0.39
SUM 99.7 100.2 100.1 99.3 100.0 100.4 99.4 99.5

KoO/Nag0 0.46 *~ 1.40 0.43 0.9 0.74 0.78 1.67 0.78
MgO+PeOt** 0.45 1.25 14.6 12.1 12.1 3.85 1.34 5.67

TRACE ELEMENTS (parts per million)
80 170 50 - 90 70 100 150 70
250 200 70 210 170 200 170 150
80 10 10 °~ 100 100 50 20 50
360 190 110 - 990 860 1460 120 190
20 10 10 60 40 30 10 10
400 1520 430 1460 1220 1130 1470 1080

CIPW Normative Minerals*#**
35.45 37.77 4.66 16.13 15.16 38.67 31.21 46.45
12.06 26.91 10.75 18.99 16.22 13.46 32.01 10.67
37.63 27.54 36.18 28.45 31.48 24.64 27.41 19.69
12.99 4.67 18.51 10.44 10.93 13.66 5.59 11.15
0.12 10.35 9.12 9.34

0.61 11.75 5.15 5.11 2.39 0.72 3.51

1.40 ' 3.59 1.97 3.94

0.04 0.11 0.27 1.45 1.50 0.27 0.09 0.27
0.80 0.27 1.52 3,74 3.91 1.51 0.25 1.40
0.72 6.01 6.54 6.35 1.81 0.75 2.90
0.19 ' a
0.36
0.36
100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

SEEERRECEEEERS  FEN<uE
Q)

*Total Fe was analyzed as Fey03.
**Total Fe is calculated as FeO.
**Calculated with FeO/(FeO + Fe203) = 0.70.
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Table 3-—Continued
Map Unit =~ GBH . PMH G

Sample ¥ GBH-4 GBH-5 PMH-1 G-1_
MAJOR ELEMENT OXIDES (weight percent)

5i0, 74.4 74.8 69.1 70.8
Aly03 13.2  14.1 13.7 12.6
Ca0 ' 0.81 0.60 2.64 1.60
MgO 0.14 0.06 0.72 0.45
Nay0 3.47 3.31 3.16 3.34
K20 5.11 6.18 4.40 5.10
Fep0st*  1.31  0.58 4.02 4.38
MO~ - 0.04 0.03 0.07 0.06
TiO, 0.15 0.04 0.71 0.50°
P05 0.04 0.06 0.20 0.10
1.01 0.39 0.31 0.16 0.16
SUM 99.2 100.1 99.2 99.4

" Ko0/Nap0 1.47 1.87 1.39 1.53
MgOtFeOt** 1.32 0.58 4.34 4.39

TRACE ELEMENTS (parts per million)

Rb 330 120 110 200
Sr 50 10 150 80
Y 70 10 40 90
2r 130 20 550 530
Nb 20 20 30 40
Ba 500 170 1750 1540
CIPW Normative Minerals**#*

Q 32.79 30.32 27.50 27.71
Or 30.62 36.34 26.79 30.95
Ab 29.78 27.88 27.56 29.03
An 3.81 2.57 10.52 4.44
Di . 1.36 2.47
Hy 0.68 0.32 2.09 1.64
C, 1.18 2.03

Ap 0.09 0.13 0.45 0.23
1 0.29 0.08 1.39 0.98
Mt 0.75 0.33 2.34  2.55
Hm

Tn

Wo

total 100.00 100.00 100.00 100.00

*Total Fe was analyzed as FejOs3.
**Total Fe is calculated as FeO.
***Calculated with FeO/ (FeO + Fezo3) = 0.70.
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the observed REE patterns, without producing significant volumes of
intermediate volcanic rocks. Hence: partial’melting of a mafic source
is accepted as the best model for the generation of the dacite samples
(BH-3 and BH-7). _ '

Generation of a melt with the REE pattern of the rhyolite sample
(BH-1)-—characterized by a small negative Eu-anomaly and moderate fotal
REE contents——is possibly an effect of partiél melting -of sialic
material (including metasediments and/or granitoid plutons), with
abundant plagioclase remaining in the 'residue. ' Alternativeiy, the
pattérn may be generated by fractional crystallization of abundant
plagioclase and small amounts of minerals such as sphene, alianite,
hOrnblende or apatite from a more basic melt (Hanson, 1980; Cullers and
Graf, 1984).' Generation of the REE pattern by fractional
crystallization is considered untenable based on the same arguments

"presented for the REE patterns of the'dacite samples. Therefore: the
preferred model for generation of this rhyolite sample is partial
melting of pre-existing continental crust. |

Generation of a melt with the REE patterﬁ 6f the andesite sample
(BHM-1) is problematic. The high total REE content and the moderate

negative Eu-anomaly are unusual for an andesite (Cullers and Graf:

1984). The pattern may be an effect of hydrothermal alteration, or it

may represent the REE content of an unaltered sample. If the pattern
does represent an unaltered sample then a complex history of multi-
stage partial .melting and crystal fractionation may be invoked to

account for the hiéh total REE content and the negative FEu-anomaly

&
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2 samples (A-3 and A-4) that show calc-alkalic affinities on the AFM
diagram also show calc-alkalic affinities.on the A1203—p1agioq1ase
diagram. The remainder of the mafic rocks plot in the tholeiitic
field, which is consistent with the AFM diagram. ﬁafic rocks of the
Blacktail Mountains appear to be dominantly‘tholeiites with some calc-
alkalic ~ varieties. waéver, ‘a tholeiitic suite may exhibit
~ calc-alkalic chemistry as a result of hydrothermal activity (MacGeehan
and MaéLean, 1980) or retrograde métamorphism of granulite—grade rocks
(Beach and Tarney, 1978). |

~ REE data for an amphibolite saﬁplet(Arl) and a granulite sanple
(GB-1) are plotted in Figure'16. The amphibolite has an unfractionated
REE curve and is moderately enriched in total REE (REE = 10-22 x
chondrite) . | Data for the granulite sample show fractionation of
LREE/HREE (Ce/Yb = 5.2) and strong enrichment of total REE (Ce = 195 x
chondrite). The granulite-sample curve also shows a moderate negative
Eu-anomaly (Eu/Eu* = 0.72). The elevated REE values for the grénulite
sample are enigmatic and may be the fesult of assimilation of éialic
material - with a low fusion temperature and a high concéntration of
incompatible elements (Barleyr 1986). This granulite sample (GB-1) is
enriched in the incombatible elements Y, Zr, and Ba compared to the

other granulite sample (GB-2) .
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Table 4. Geochemical Analyses of Mafic and Ultramafic Rocks
Amphibolite © Granulite UM (e
Bodies
Sample # A-l A-2 A-3 -4-5&155:_2111‘4;;@
: Major Element Oxides (weight percent)
5i0y 48.2 48.7 51.1 51.9 47.2 47.4 47.8 54.3
Al>03 14.5 15.5 15.4 17.2 13.3 11.2 6.76 6.11
Ca0 11.0 8.19 9.10 11.5 7.63 7.58 10.6 5.21
MgO 7.46 6.71 7.23 7.03 4.88 17.4 11.8 19.5
Nas0 1.5 1.38 3.63 3.28 3.40 1.15 1.30 0.93
K20 0.59 1.48 0.71 0.81 1.36 0.99 0.60 0.55
FepO3t* 14.2 12.9 9.89 6.65 15.6 10.5 17.1 11.3
MnO 0.22 0.18 0.14 0.15 0.19 0.16 0.23 0.19
TiOy 1.17 1l.46 1.06 0.20 2.70 0.66 1.70 0.49
P20s5 0.11 0.21 0.21 .0.04 1.09 0.14 0.16 0.07
LOI 0.47 2.85 0.8 0.8 1.62 1.08 0.31 0.08
SUM 100.0 99.6 99.4 99.7 99.2 98.6 98.5 99.1
Mg'¥* 0.51 0.51 0.59 0.68 0.38 -0.77 0.58 0.78
Trace Elements (parts per million) :
Cr 270 90 220 - 20 110 2130 680 2480
Ro 30 60 10 10 50 50 20 30
Sr 160 150 310 250 150 90 80 40
Y 20 20 10. <10 60 20 20 20
Zr 50 70 90 10 690 70 70 70
Nb <10 10 20 20 40 20 40 20
Ba 310 310 290 100 800 280 350 250
CIPW Normative Minerals*+**
Q - 5.24 6.01
Or 3.75 10.01 4.33 4.75 8.72 6.21 3.95 4.07
Ab 17.76 13.37 31.73 27.54 31.21 10.33 12.24 9.85
An 31.29 36.34 24.41 29.59 18.46 23.86 12.06 13.62
Di 22,76 7.37 17.94 23.20. 12.57 13.21 38.99 15.92
Hy 11.86 15.58 6.73 2.72 . 8.70 16.56 17.81 41.17
o1 1.28 6.51 8.01 2.59 21.87 0.81
C
Ap 0.26 0.53 0.48 0.09 2.60 0.33 0.39 0.19
Il 2.40 3.18 2.08 0.38 5.58 1.33 3.60 1.17
Mt 8.65 8.36 5.78 3.73 9.58 6.31 10.77 8.01
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

*total Fe was analyzed as Fej03.
**Mg' (magnesium number) = mols MgO/ (mols Mgo + mols FeOt)
***calculated with FeO/ (FeO + Fe203) = 0.70




e NI . - } Ll LU {1

46 -

CHAPTER 7
PROTOLITH
Felsic Gneisses

Protolith determination of Fhe felsic_gneisses must.reconcile both
lithologic-and geochemical lines of evidence. Although primafy igneous
textures may be obliterated during a high-grade, tectonothermal event.
general 1lithologic relationships that may characterize a sequence can
survive. Characteristics of compositionalrzonation within the Archean
felsic gneisses of the Blacktail Mountains are reviewed in the
following text. Afterward, geochemical characteristics that
discriminate -between plutonic ana supraérustal protoliths for these
felsic gneisses are evaluated. [Lastlyr results of 1ithologic and
geochemical analyses are compared in order to best deduce the nature of
the protolith.

Lithologic relationshiés and petrographic evidepce are more
consistent with a supracrustal protolith than a plutonic protolith.
Cross—cutting relationshipss xenolithé\ or other textures that are
characteristic of a plutonic protolith were not observed. High—-grade
metamorphism commonly obliterates primary igneous textures and the lack
of such textures does not néceséarily preclude a plutonic protolith.
However, the features previously discussed in the LITHOLOGIES chapter
of this study and reviewed below are more accordant with a suéracrustal

protolith than a plutonic protolith. All map units were observed to
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haﬁe wellfdéveloped foliation - and millimeter- to meter—-scale
compositional layering. Adjacent layers of differing mineralogy and of
differing color index typically have graaational contacts. GBH
includes layers (5-20 centimeters thick) which contain greatér than 30%
garnet. Map units BH, GBH/ .PMH'and‘G are locally inEerlayered on a
meter-scale, especially at their map boundaries. The GBH unit is host
to several 5-20 meters-thick layers of marble and calc-silicate gneiss
in the southeastern pqrtion of the map area. Layers of G and BH (5-40
meters thick)' and amphibolite léyers (0.5-3 'meters thick) are
intercalated with ﬁarble—bearing GBH horizons. The presence of
' conformable marble layers is strong evidence for a supracrustal
‘protolith for at least thé marble-bearing GBH gneisses. The
conformable and intimate interlayering of BH and G gneisses with GBH
gneisses and the layering characteristics of BH suggest that these
gneisses also have a supracrustal heritage. The layering
characteristics featured by PMH gnéisses suggest that this unit also
had a supracrustal protolith. . |

Geochemical analyses, however: suggest a dominantly igneous
protolith. Many methods of protolith discrimination have been studied
and the methods which have yielded the most definitive results are
presented in the following paragraﬁhs.and attendant diagrams (Figures‘
17-20). In Figure 17, data are plotted in terms bf Niggli-c and Niggli-
al-alk (Leake and ‘Sihghe; 1986), and produce a discrimination
independent of silica content. A positive correlation indicates aﬁ
igneous protolith, whereas a  negative correlation indicates a

sedimentary protolith. This diagram is best suited for QFGs composed
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constituents of shales: are rich in Niggli—al—alk, deficient in Niggli-
c and plot left of the An-line. ‘Dolomites and limestones are rich in
Niggli-c - and dévoid of Niggli-al-alk and plot to the right of the An-
line, on the abscissa. @uartz arenite and arkose are dominated .by
quartz and feldsparé: and overlap the An-line. Shales, sandstbnes and
carbonates are commonly intérlayered in the sedimentary record and
samples from a suite of these lithologies would plot orthogonal to the
An-line. Data for the Archeaﬁ sequence in the Blacktail Mountains show
a strong positive correlatiqn of Niggli-al-alk ‘vs. Niggli-c/ ‘ané
indicate an igneous protolith.
In Figure 18, data are plotted in terms of Niggli-mg vs. Niggli—si

(Van de Kamp and others, 1975; Leake and Singh, 1986). .A negative
correlation indicates igneous parentage and reflects generally
decreasing amounts of Mg-bearing minerals and decreasing Mg/Fe ratio
with increasing silica content. However, a negétive correlation may;
also reflect thé éompositional maturity of sediment. For exampler, Mg-
bearing micas and clays may be present in immature sediments and may be
winnowed out as siiica is concentrated. A wide scatter and/or a
positive correlation generaliy indicates sedimentary parent roqks.
~Data are somewhat scattered, but plot with a generally negatiVe_
correlation .and indicate either . an igneous or a compositionally
immature clastic protolith. |

~In Figure 19, samples are-distinguished between meta-igneous rocks
and metasedimentary rocks by plotting data in the ternary system CaO-
M90~A1203 (Leyreloup and others: 1977). This diagram provides another

discrimination independent of siliqa content. Data which plot in the




























































































































