

















vi
plagioclase, orthopyroxene overgrowths, euhedral cordierite
and quartz, bimodal biotite grain size and fabric, and
oikocrystic K-feldspar and quartz are all consistent with the
presence of melt. Phase equilibria and textural evidence
(especially inclusion relations and igneous morphology) are
consistent with melt-forming reactions emanating from a

single isobarically invariant point. Two schematic isobaric

liquidﬁs diagrams are presented, one for X(H70) lower and one
for X(H20) higher than the value for the invariant point.

In the Bluegrass Creek suite both the temperature and the
composition of the coexisting vapor phase are important
variables for melting relations. Metapelitic compositions
melting at different X(H50) results in different melting
relations. These relations provide important clues to the
process of anatexis at moderate crustal levels. Although
garnet-bearing restites formed by incongruent melting of
metapelites probably reflect a lower X(Hp0) and/or higher
temperature than required to produce orthopyroxene-rich
restites, it appears that eutectic crystallization of
orthopyroxene requires lower X(H70) than does garnet. The
vapor absent melting reaction (at the invariant point) 1is
potentially the most important based on the scarcity of

orthopyroxene coexisting with garnet in the BCS.
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The stratigraphy of the Bluegrass Creek Suite can be
broken into two major lithologic units (Snyder, 1984). The
lower unit consists dominantly of amphibolite with minor
marbles. The amphibolites are generally well-layered and
have been interpreted by Snyder (1984) to be water-laid
basaltic ash.

The lower unit is overlain by a highly variable sequence
of metasediments; Pelitic and calcareous schists and gneisses
are the most abundant rock types, but quartzite, amphibolite,
and meta-conglomerate are locally significant. Banded iron
formation is reported in the Slate Creek belt (Graf et al.,
1982) but no convincing iron formation was found in the study
area.

These units have been interpreted as shelf-type deposits
along the southern edge of the Archean Wyoming craton (Graf
et al, 1982) whereas Snyder (1984) suggested a back-arc
environment for deposition of these units. Duebendorfer and
Houston (1987) have interpreted the supracrustal sequence to

be the result of miogeoclinal deposition.

Contact Relations
In the central lLaramie Mountains, the Archean
supracrﬁstal rocks have conformable sedimentary contacts with
Archean gneisses and granites locally (Grant, J.A., pers.

comm., 1986) whereas some locations have intrusive or
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faulted contacts (e.g. present study), suggesting two
distinct ages of Archean granites.

Amphibolite dikes cut the Archean granites and gneisses
throughout the Laramie Mountains. In the present study, the
relationship between the amphibolite dikes and the contact
between the granite and the supracrustals was not determined.

In the study area, two distinct types of contacts between
Archean supracrustal rocks and the Archean Sgquaw Mountain
Granite are present. The western half of the contact appears
to be intrusive, while the eastern half is composed of highly
sheared rocks (now blastomylonites) and appears to be a fault

contact.

Regional Metamorphism

The rocks of the BCS were folded and metamorphosed to
amphibolite faciles during a regional metamorphism dated at
2.6 b.y. (Graf, et al., 1982). Inclusions of BCS in the
Sguaw Mountain granite are found near the contact and
indicate that the granite is, at least in part, younger than
the BCS. Graff et al. (1982) suggests the Squaw Mountain
granite was intruded during a significant doming event. The
Squaw Mountain granite is a high-potassium granite and is
either syn- or post- 2.6 b.y. regional metamorphism.

In the regionally metamorphosed pelitic rocks, the common
assemblage is quartz-plagioclase-aluminosilicate-biotite-

garnet-staurolite (Hodge, 1966; Grant & Frost, 1986). The
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and the Red Mountain syenite intruded at about 900°C
(Anderson & Frost, 1986). A

The intrusion of the Red Mountain Syenite resulted in the
emplacement of many sills which are mineralogically similar
to (and probably cogenetic with) the RMS but contain
significantly more modal quartz (i.e. they are granitic). No
geothermometry or geobarometry has been done on the sills.

The final phase of the LAC may be the Sherman Granite,
which also is dated at 1.4 b.y. (though anomalously old ages
have been determined from assimilated zircons, cross cutting
relationsAindicate the Sherman Graﬁite is younger) (Snyder,
1984). This unit does not occur in the field area, butvdoes
rim the anorthosite on the east and south, and forms an
intrusion of batholithic proportions, from the southern
contact of the main anorthosite well into northern Colorado.
The genetic relationship between the Sherman Granite and the
rest of the LAC is not well constrained.

Since the intrusion of this extremely large igneous
complex during Middle Proterozoic time, the rocks of the area
have not been intruded or metamorphosed. By Pennsylvanian
time they had been uplifted and exposed as part of the
ancestral Rocky Mountains, and are now unconformably overlain
to the west by the Pennsylvanian Casper formation. Laramide
(80-60 Ma) uplift accounts for their present elevation (4000-

7000 feet above mean sea level). The valley fill to the east
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These zones are accompanied by stringers or small "dikes"
(up to a few cm wide, but more commonly less thanio.S cm) of
leucocratic material which croés-cut the foliation. These
small stringers are commonly less than 10 ¢cm long and are
terminated in concordant leucocratic layers at both ends.
Commonly, there is no observable difference between the
leucocratic layers and the cross—cutting "dikes". These
dikes probably represent failure in the relatively competent
mesosome, forming cracks which were filled by melt.

Conclusively determining the origin of the cross~ cutting
"dikes" in the study area, either from the intrusion of the
RMS or from local partial melting, is especially difficult.

The sills associated with the emplacement of the RMS are

granitic. Since low temperature partial melts are also
granitic, the difference between dikes originating by these
separate processes is not always readily determinable on the
basis of simple mineralogy. An additional complexity is the
abundance of small sills and dikes, clearly derived from Red
Mountain syenite sills, found extending into Bluegrass Creek

suite rocks.

Mi ic Evid
Many rocks contained macroscopic textural evidence of
partial melting. However, most convincing were microscopic

textures in rocks which in outcrop were uninspiring.
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Bimodal Biotite Size and Fabric

In pelitic samples collected close to the contact with
the Red Mountain Syenite, the presence of two types of
biotite in the same thin section is common. Small (< 2 mm)
well-oriented biotite grains are found in regions immediately
adjacent to generally coarser—-grained regions in which the
biotites, though less abund;nt, are randomly oriented and
distinctly larger (Figure 7.2). The larger flakes are found
in the leucocratic portion of the rock, especially within the
poikilitic rocks described below.

Recent experimental work on biotite nucleation and growth
indicates that nucleation of biotite from a silicate liquid
is relatively difficult. In experimental runs which produce
biotite, a few large grains form instead of many small grains
(Peterson, J.W.,1986, pers. comm.). The small oriented
biotites are therefore interpreted to record
recrystallization in the solid state (part.of the mesosome)
whereas the large unoriented grains in the leucosome formed
by crystallization from a partial melt.

Further from the contact in rocks which contain garnet
but no orthopyroxehe, rare samples contain; 1) brown biotite
defining the foliation and 2) green biotite (rarely with

vermicular intergrowths), primarily in the leucosomes.

Vermicular Intergrowths with Biotite

Many of the rocks of the Bluegrass Creek suite contain
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biotite grains fringed by varying thicknesses of vermicular
intergrowths (figure 5.5). Vermicular intergrowths, in
particular myrmekite (quartz-feldspar), are known fréﬁ
igneous terrains as well as moderate— to high-grade
metamorphic terrains. However, these intergrowths are
between biotite and K-feldspar or quartz, and become
increasingly common as the contact is approached. This is
not inconsistent with the presence of an intergranular melt.
Gates (1963, Fig. 8) describes a similar texture from graphic
granite in which muscovite-plagioclase intergrowths occur and
may provide a low-Fe igneous analog for the textures observed

in the BCS.

Biotite Aspect Ratios

Many biotite-rich "restitic" layers and pods (zones from
which melt has been extracted, concentrating assemblages with
higher melting temperatures) contain very thin flakes of
biotite. This is in accord with the results of Dougan
(1983), who measured the aspect ratios (length : width) of
biotites in pelites from which variable amounts of melt had
been removed. He concluded that in rocks from which
progressively higher percentages of melt had been extracted,
there was a correlative increase in biotite aspect ratio.
The high aspect ratios in biotites from pelitic units in the
BCS indicate partial melting and removal of unknown

guantities of melt.
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Poikilitic Texture

In rocks closest to the contact, a poikilitic texture is
pervasively developed. The texture is quite striking in thin
section (Figure 7.3), however, due to the fine grain size it
is not readily apparent in hand sample.

The vast majority of oikocrysts are K-feldspar. However,
poikilitic quartz, biotite and cordierite are found in
orthopyroxene bearing rocks, perhaps indicating co-
crystallization of three or more phases.

K-feldspar oikocrysts contain round inclusions of quartz,
cordierite, and less commonly biotite and orthopyroxene.

Rare quartz oikocrysts commonly have round inclusions of K-

feldspar and cordierite.

Grapes (1985), working on rocks which were partially
melted and then chilled during volcanic eruption, described
round inclusions of quartz and feldspar in glass that may
provide an analog for these oikocrystic textures. If the
glassy portions of Grapes' samples had cooled slowly enough,
it 1s likely that the two major mineral phases to crystallize
would have been quartz and K-feldspar or plagioclase (based
on analyzed glass compositions).

With this in mind, the quartz and K-feldspar oikocrysts
might be explained in the following manner. Consider the
melting of quartz and K-feldspar in the presence of other
minerals (eg. biotite, garnet, cordierite, and/or

orthopyroxene) (figure 7.4). If the ratio of K-feldspar to
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quartz in the rock is lower than the ratio of K-feldspar to
quartz which is entering the melt, a point will be reached
where the supply of K—feldspar is exhausted. Depending on
the size of the heat source and the composition of the
remaining phases, some undigested quartz may persist. Upon
cooling, the recrystallization of the quartz from the melt is
facilitated by suspended quartz nuclei. In contrast, the K-
feldspar nuclei are absent and crystallization is delayed.
Once -a K-feldspar nucleus forms, it may grow rapidly and form
a large oikocryst.

Orthopyroxene, a common phase in samples containing the
poikilitic texture, shows a wide range in grain size.
However, it rarely includes any other minerals, suggesting
that orthopyroxene is a phase which crystallizea relatively
early in the partial melting process .(e.g. during incongruent
melting) and/or early in the crystallization of the melt.
Biotite which rims orthopyroxene may represent
reequilibration in the presence of a liquid in response to
new conditions (e.g. an increasingly hydrated liquid
composition) during crystallization of the derived melt. A
possible reaction might be:

Orthopyroxene + melt = Biotite t+ K-feldspar + Qtz
Igneous Plagioclase
Locally, elongate laths of plagioclase (Figure 4.5) occur

in rocks with the poikilitic texture. These laths do
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not look like metamorphic plagioclase and probably

crystallized from a partial melt.

Orthopyroxene Overgrowths

In the large xenolith in the Red Mountain Syenite south
of Tunnel Road (Plate 1), rare orthopyroxene grains appear
to have optically continuous overgrowths (figure 7.5). The
overgrown orthopyroxene appears to be subhedral with at least
one crystaliographically determined face. The overgrowth
indicates at least two distinct episodes of orthopyroxene

growth (e.g. growth by incongruent melting reactions followed

by direct crystallization upon cooling at reduced X(HO0).

Terminated Quartz and "Graphic Intergrowths"

One sample of pelitig migmatite, from the same xenolith
south of Tunnel road, displays terminated quartz crystals
projecting into K-feldspar (Figure 7.6). These quartz grains
are 1n optical continuity and have evidently nucleated on
earlier quartz. Since quartz has such a low anisotropy of
surface energy, the good terminations imply that the quartz
grew into a fluid. The question remaining is whether the
fluid was a vapor or a silicate melt.

The feldspar surrounding the terminations is a single
crystal intergrown with the quartz, not unlike graphic

granite. This sample also contains abundant oikocrysts of
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K-feldspar, quartz, and biotite. It is inferred from these
relations that the terminated quartz grains grew into a
silicate liquid with a composition similar to those which
produce graphic granite. That is, they were crystallized
from "grgnitic minimum" melts derived from the pelitic rock

in which they are found.

Leucosomes

Leucosomes in the area generally contain abundant quartz
and feldspar. In these leucosomes, many of the minerals tend
to be euhedral (e.g., cordierite, plagioclase, biotite,
garnet, orthopyroxene and rarely quartz). They are generally
much coarser than their counterparts in the mesosomes but are
gradational in size with them.

The poikilitic texture in the orthopyroxene-bearing
leucosomes helps constrain the order of crystallization
process, with orthopyroxene forming first, either as a
product of incongruent melting or an early'crystallized
phase, followed by the crystallization of cordierite,
biotite, quartz, K-feldspar, (possibly at a eutectic). The
K-feldspar oikocrysts may owe their existence to difficulties
in nucleating K—-feldspar in melts with high Fe and Al
contents, where early biotite and cordierite crystallization

would be favored.
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Restites

In general, restites contain the Fe, Mg, and Al-rich
minerals which cannot be incorporated into the liquid. High
concentrations of the assemblages in restites include; 1)
garnet with biotite * cordierite; 2) orthopyroxene and
cordierite, with lesser amounts of biotite and spinel; and 3)
garnet, magnetite and quartz with traces of biotite. The
ferromagnesian minerals show a wide variety of morphologies.
Locally anhedral mafic phases are intergrown with quartz or
feldspar, but not both (eg. garnet-gquartz- magnetite
intergrowths). In other zones, mafic phases appear as
subhedral grains and rarely as euhedral grains.

The restites identified as such in the field were
restricted to garnetiferous varieties. The orthopyroxene
restites are finer-grained so their restitic nature was not
obvious in hand samples. Restites are typically only a small
percentage of the rock. The thickest recognized resititic
layer (2 cm) is >80% garnet, with euhedral garnets 1-2 cm in
diameter. Restites locally haﬁe low—- temperature melting

assemblages trapped in the interstices (e.g. Qtz-Kfs-Bio).

There are two common rock compositions which melt at
relatively low temperatures. The best known is the "wet

granite" which melts at about 650°C at 3 kb (Figure 2.1)
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(Tuttle & Bowen, 1958). However, quite a range of pelitic
compositions can also begin to melt within a few tens of
degrees of this reaction (eg. Grant, 1985, figure 3.16).

Partial melts of pelitic rocks are peraluminous. S-type
granites are corundum normative and crystallize from
peraluminous magmas (Clark, 1981). S-type granites formed by
partial melting of felsic crustal rocks, as opposed to
fractional crystallization of a basaltic melt, according to
evidence from major element (e.g. Currie and Pajorie, 1981;
Strong and Hanmer, 1981), trace element (including REE) (e.gq.
Goad and Cerny,Al981), and isotopic studies (e.g. Haliiday,
Stephens, and Harmon, 1981).

Cordierite can be an important phase in low-temperature
melting compositions. It occurs as a primary igneous phase
in granites (e.g. Phillips, Wall, & Clemens, 1981). However,
it is also a commonly a phase in low—- to moderate- pressure
metamorphic rocks. The change from anhedral to subhedral and
euhedral morphologies toward the RMS contact may be evidence
for the two different origins.

Garnet is also a common phase in peraluminous igneous
rocks. Many of the leucosomes in the Bluegrass Creek suite
contain abundant garnet. There are three possibilities for
this common association: 1) all the garnet crystallized
directly from the melt (this seems unreasonable as the
concentration of garnet is much too high in many cases for a

reasonable partial melt composition), 2) significant
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amounts of garnet existed prior to melting and were
concentrated as partial melts migrated out of the rocks,
~leaving behind the refractory garnets, 3) the garnets were a
product of incongruent melting (see the biotite-absent
reaction, figure 7.8).
Partial-Melt" Reactions

The determination of partial-melting reactions from
textural and mineralogical data is difficult. The leucosome
composition, the adequate chemical system for modeling, the
interpretation of which minerals crystallized from the melt
and which were products of incongruent melting are all
subjects which require careful observations and many
judicious assumptions. This section presents a set of
reactions consistent with the textural and mineralogical
relations as observed in outcrop and thin section, as well as
with the pertinent published experimental data.

The two assemblages most common in the leucosomes are the
garnet-bearing assemblage Qtz-Kfs-Pfs-Bio-Cdt-Gar and the
orthopyroxene-bearing assemblage Qtz-Kfs-Pfs-Bio-Cdt-Opx.

The simplest system needed to fully explain these equilibria
would be CNKFMASH (CaO-NapO-KpO-FeO-MgO-Al,03-S1i0p-H5O0).

In order to simplify the system a few assumptions can be
made. First, since plagioclase is usually minor or absent in

the leucosomes, it will be not considered in the phase
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relations. The system can then be modeled in KFMASH with the
importént phases being Qtz-Kfs-Bio-Cdt-Gar-Opx.

Quartz is nearly ubiduitous in the leucosomes and is
assumed to be in excess in all rocks considered in this
section. The major mineralogical relations can be plotted
schematically in a pseudo—-AKFM tetrahedron and projected onto
the AFM plane from K-feldspar, as in figure 7.7. Mineral
compositions are taken from similar rocks in the Morton Pass
area, after Grant (1985b, fig. 12). Variation in individual
mineral species composition is expected with changing
conditions, however, as a first approximation, they may be
represented as points. Petrographic evidence suggests that
the liquid compositions lie within the Gar-Bio-Cdt and the
Opx-Bio-Cdt fields, and the projection shows the field for
silicate liquids compatible with these observations.

The possibility for two or more chemically distinct
liquids (from two different original bulk compositions)
occurring in adjacent areas which are not communicating (they
are not connected by pores) should not be ignored, as this
appears to be possible in subsystems of KFMASH (see Levin,
Robbins, & McMurdie, 1966). These liquids would not be
immiscible, but two chemically distinct melts at the same
temperatures.

Following Grant (1985b) (using a different melt

composition) and assuming a binary vapor to be present and
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from Kfs
plus Qtz

Fig. 7.7. Plot of AFM mineral compositions from Grant
(1985) projected from K-fledspar, assuming excess quartz.
Also shown is a probable field for the composition of a
coexisting melt, as deduced from inferred liquidus relation
in the Bluegrass Creek Suite (this liquid composition is
different than in Grant, 1985).
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Fig. 7.8. Schreinemakers’ analysis for the system KFMASH.
Relations consistent with observed petrogenesis are plotted
in T-X(u20) space. The aluminosilicate-muscovite absent
invariant point is modified after Grant, 1985 (fig. 3.14).
The arrows indicate one possible path to explain ortho-
pyroxene bearing migmatites. Early congruent melting
buffers the composition of the coexisting vapor until
cordierite is eliminated. After an increase in temperature,
incongruent melting produces orthopyroxene and liquid while
buffering the system towards the invariant point, where the
vapor absent incongruent melting reaction Qtz + Bio + Gar =
Kfs +Cdt + Opx + Liqgq occurs. With increasing temperature,
the reaction again becomes congruent. As the system cools,
it crystallizes Qtz-Kfs-Bio-Cdt-Opx at a eutectic.
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Syenite, probably did not evolved significant quantities of
H20, and 3) the production of COp from decarbonation
reactions in adjacent units acted as a dilutant to the
metamorphic fluid.

The initial melting probably was vapor—-present, and the
congruent melting reaction (the (Opx) reaction, figure 7.8)
at relatively high X(H70) is favored as it could explain the
absence of cordierite (limiting reactant) and the presence of
garnet in the lowest temperature leucosomes. Assuming the
vapor was buffered by the reactions occurring in the rocks,
the first three reactions would all drive the system towards

the invariant point. As melting proceeded, the activity of

Ho0 would be reduced because Hy0O is more soluble in silicate
liquids than is CO3. The composition of the vapor would be
buffered along the melt producing curves towards the
invariant point.

At the invariant point, the vapor-absent reaction then
becomes arn important melting reaction, as it does not require
the participation of a vapor phase. If garnet is taken as
the limiting reactant, the residual system would contain Qtz-
Kfs-Bio-Cdt-Opx-Liq, which is the essence of the leucosomes
nearest the contact. This reaction may explain the paucity
of coexisting garnet and orthopyroxene.

Applying the schematic grid (figure 7.8), some
conclusions may be drawn. It is clear that if the garnet-

bearing leucosomes represent partial melts, then they
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equilibrated on the high X(H;0) side of the invariant point
(otherwise they would bear orthopyroxene). Similarly,
orthopyroxene-bearing leucosomes equilibrated on the low-
X(H70) side of the invariant point. Higher temperatures for
the formation of orthopyroxene bearing rocks may also be

inferred.

The textural and mineralogical relationships in the
leucosomes, particularly those with orthopyroxene, indicate
the crystallization of the partial melts. To determine the
liquidus versus the solidus phases, igneous textures can be
used to work out the crystallization path (e.g. inclusions,
morphologies, etc.). The interpretation is made less than
certain by the potential for very different and changing
liquid compositions.

The garnet-bearing leucosomes can only be explained in
the present model by crystallization on the high X(H70) side
of the muscovite-sillimanite absent invariant point (figure
7.8, 7.9a). The orthopyroxene absent reaction (congruent
melting) produces the appropriate assemblage found in garnet-
bearing leucosomes.

The model for the orthopyroxene-bearing leucosomes starts
with crystallization of orthopyroxene by incongruent melting
and/or crystallization directly from the melt (figure

7.8,7.9p). Then cordierite or biotite joins in along a
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cotectic. At the eutectic (E), quartz, K-feldspar,
cordierite, biotite, and orthopyroxéne all crystallize. The
vermicular intergrowths of biotite with K-feldspar and

orthopyroxene are consistent with the proposed eutectic.
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CHAPTER 8: CONCLUSIONS

The rocks of the Bluegrass Creek suite were affected by
at least two major metamorphic events. The first, a regional
metamorphism during the Archean (about 2.6 b.y.), involved
.temperatures in excess of 550°C and pressures near 6 kb
during a large-scale regional event. The amphibolite facies
event significantly dehydrated the BCS, setting the stage for
partial melting.

The second metamorphic event, due to the intrusion of the
Laramie Anorthosite Complex at l.4lb.y., took place at lower
pressures (3 kb) and resulted in higher temperatures close to
the contact (>800°C). The complex was emplaced in at least
two major pulses. The first formed a large (200 km2)
anorthositic body (1100°C at intrusion), whereas the second
involved smaller volumes of syenitic magma intruded along the
margins of the anorthosite at temperatures in excess of
900°C. This double pulse of thermal energy into the
previously metamorphosed BCS resulted in partial melting of
pelitic compositions.

A series of isograds was mapped in the BCS (plate 2) in
an area along the northern contact of the Red Mountain
syenite (the local source of the second pulse of thermal
energy).' In rocks furthest from the contact, the lowest-
grade assemblage contains Kfs-Als-Gar (zone 1 or 2, figure

5.1). Toward the contact, the successive zones encountered



























SAMPLE

SR-2
SB-7
SM4-4
SM4-5
SS-4
S587-2
587-5
$S10-1
5516-2
SS17-3
SM22-1
SM25-1
SM25-2
SM27-2
SM28-3
SM28-4
SM30-1
SM30-2
5532-~1
8532-2
55833-1
S5532-4
5534-2
5534~-5
SS34-6
SM35-2
8835-3
8835-5
SM37-3
Inc-3
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MINERALS PRESENT

Cc-Srp-Phl-X
Cc-czo~Dio-Sph-Tre
Qtz-Pfs-Tre-Bio-chl
Cc-Srp-Dio
Cc-Tre~-czo-

Cc-Tre
Qtz-Hbd-Pfs-az
QKPB-Dio-Hbd-chl-z
Pfss-Tre-Sph-Phl-gx
QPX-Hbd
Cc-Srp-czo-Phl
Sph-Dio~Phl-Tre
QPB-Hbd
Cc-Phl-Srp-For
Cc-Tre-czo-X
Pfs-Spl-X-Hbd
Cc~For-Srp—-X
Cc-For-Srp-Spl
QPBGX-Bbd-chl-Mus
Cc~Srp-For-Spl-X
Cc~Srp-Dop—-X
QKPBz-Hbd
QKB-Hbd-a-z
Cc~Pfs~-For-Phl-X-Srp
Cc~For-Srp-Sph-Spl-Phl
Pfs~Dio-Hbd-X
QPBX-Hbd
Bio-Phl-Sph-Sca-Dio
Cc-Qtz-Pfs~Hbd-chl
Sca~-Sph-Dio-g
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