





























INTRODUCTION

THE PROBLEM

This thesis concerns the polymetamorphism of the Precambrian Little
Willow Formation in the Wasatch Mountains southeast of Salt Lake City,
Utah (Fig. 1). Metamorphic phenomena seen in the Little Willow rocks
are apparently the product of at least three metamorphic events, includ—
ing regional metamorphism, dynamic (cataclastic) metamorphism, and con-
tact (thermél) metamorphism. This study of the Little Willow Formation
and associated rocks was conducted to provide a detailed description of
the metamorphic_rocks and to integrate the textural evidence and mineral

assemblage data into a comprehensive history of the polymetamorphism.

LOCATION AND ACCESS

The Little Willow complex crops out at the mouth of the Little
Cottonwood Canyon, with outcrops extending north along the Wasatch
Front, in the foothills, to Deaf Smith Canyon (formerly Little Willow
Canyon) (Fig. 2). The specific area studied includes parts of Sec. 1, 2,
11, 12 of T.2S, R 1 E., as well as some unsurveyed national forest land
to the east. Utah Highway 210, south firom Salt Lake City, provides gocd
access to the western perimeter of the study area and Little Cottonwood
Canyon. Two dirt tralls, former mining roads, one in Deaf Smith Canyon
and ong originating in the former Gold City, afford access, bv foot, into
the interior of the outcrop area. Recent housing developments at the
mouths of Deaf Smith and Paulson Canyons have altered the natural land-
scape, removed some potential outcrop and complicated access into the

foothills.
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CENTRAL WASATCH GEOLOGY

The central Wasatch Mountains, located at the intersection of the
Uinta and Wasatch tectonic trends, contain rocks which span two billion
years of earth history.

The Little Willow Formation itself represents some of the oldest
rocks in the area, the exact age being obscured by subsequent metamor-
phic events. Schneider (1925) correlated the Formation with the
Farmington Complex, amphibolite facies rocks believed to be of sedi-
mentary origin, located northeast of Salt Lake City and now known to be
at least 1.6-1.8 billion years old. Crittenden (1977) believes the
Little Willow rocks correlate better with 2.3 billion-year-old Red
Creek Quartzite, of the Uinta Mountains, described by Hansen (1965).
The USGS groups all three units as Precambrian X in age.

Unconformably overlying the Little Willow Formation is the Precam-
brian Big Cotténwood Formation (Crittenden, 1965). This 16,000-foot-
thick sequence of quartzites and argillites was deposited in a shallow
water-mudflat environment, as evidenced by basal and mudchip conglomer-
ates, ripples and mudcracks. The fact that the Big Cottonwcod is virtu-
ally free from regional metamorphic effects, unlike the Little Willow
Formation, is used as a criterion to distinguish the units.

Also of Precambrian age, but missing the actual study area
(Fig. 5), is the Mineral Fork Tillite, a glaciomarine sequence
(Ojakangas and Matsch, 1976 and 1980 in print;. This formation is part
of a belt of similar distinctive dark diamictites and related rocks,
stretching from Alaska to Southern Nevada, which has been extremely

useful in correlating Precambrian rocks of northwestern North America.
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passes just north of Little Cottonwood Canyon, and the only recognized
exposure of the Little Willow Formation forms the core of this east-
west structure. An equally large, related syncline crosses the Wasatch
Range near Parley's Canyon to the .north (Fig. 5).

The Laramide Orogeny reached full force in the Central Wasatch
area during latest Cretaceous and earliest Tertiary time, as evidenced
by huge easterly-directed thrust faults. It has been theorizad that
the Cottonwood Arch served as a buttress, against which the thursts im—
pinged (Eardley, 1968). The actual mechanics of the movement are still
questioned; some postulate a great decollement (Roberts, 1965), others
postulate gravity sliding (Eardley, 1968). The unconformity between
the Little Willow Formation and the Big Cottonwood Series was apparently
the locus of some of this thrust movement. Following the thrusting, the
area was eroded to a peneplane.

The period from forty to twenty million years ago found the Central
Wasatch involved in extensive igneous activity. Of major significance
was the development of the Uinta-Cortez Uplift, an easterly-trending
belt of intrusive and volcanic rocks which extends across the Wasatch
range. The intrusions are of dioritic to quartz monzonitic compositions.
Economically, the most important intrusions in this belt are the sub-
volcanic porphyries associated with the Park City ores and the Bingham
porphyry copper deposits. Of particular interest in this study is the
Little Cottonwood quartz monzonite stock which abuts the Little Willow
Formation and has effected thermal metamorphism on it and surrounding

lithologies.
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Recrystallization is quite advanced, in most cases exceeding the

degree of cataclasis. Therefore, according to Higgins' (1971) classifi-
cation, these specimens would be termed mylonite gneiss. -One sample
shows, in addition to these features, an overprinting by a post-recrys-
talliz;tion cataclasis, forming zones of mylonite (fluxion structure,
cataclasis greater than recrystallization) within the mylonite gneiss
(Fig. 9).

Mineralogically, the quartzofeldspathic gneiss is composed of
plagioclase (60-80%); K-feldspar (0-8%); quartz (10-30%); biotite (0-53%
typical, as high as 30% in the mica-rich pods); muscovite (0-8%); and
chlorite (2-~10%). Accessory minerals include opaques {mainly magnetite
and pyrite, 1-47), zircon, apatite, and epidote.

Feldspar, the most common constituent of the gneiss, is almost
totally plagioclase, much of which shows albite twinning. Grid-twinned
microcline is found in & few samples, in amounts up to 87%. Staining of
thin section heels verifies this preponderance of plagioclase over K-
feldspar. The majority of plagioclase occurs as porphyroclasts. Sutured
grain boundaries and development of mortar texture on the periphery of
the porphyroclasts is not uncommon. In the more cataclastic specimens,
kinked twins and fractured grains are commonplace (Fig. 10). A portion
of the feldspar occurs as finer grained groundmass between the porphy-
roclasts. This material is usually well recrystallized and less altered.
The degree of alteration may in part be related to the degree of breccia-
tion, although all feldspars show some alteration. Both sericite and

saussurite are common secondary products.

Quartz mainly occurs as small recrystallized pods and stringers

within the groundmass of the rock (Fig. 11). Most of the grains show
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ation mineral of andalusite, cordierite and feldspar. Opaques tend to
be euhedral grains which favor certain layers in the schists. High con-
centrations of small zircon and tourmaline grains were found locally in
small micaceous pods and are probably detrital grains.

Mineral assemblages which are important in this unit include:
quartz-muscovite-biotite*plagioclase
quartz—muscovite—cordierite—biotitefandalusite
quartz-muscovite-cordierite-biotite¥andalusite
quartz—muscovite—K—feldspariplagioclasg
guartz-biotite-garnet

garnet—cordierite—chlorite—biotite

+

cordierite-chlorite-biotiteTmuscovite

Migmatitic Gneiss

A migmatitic gneiss exists as a south-southeasterly extension of
the main Little Willow body. This unit crops out mainly as steep,
massive cliffs, adjacent to the Little Cottonwood Stock and beneath
the Big Cottonwood thrust plate, on both sides of the mouth of Little
Cottonwood Canyon.

Previously, this lithology had been mapped as Big Cottonwood Forma-
tion (Crittenden, 1965; James, 1979) and as part of the Little Willow
Formation (Neff, 1962). In this study the unit was mapped separately
because it could be distinguished from the other rocks, based on the
following criteria:

1) the very heterogeneous nature of the unit;

2) vpresence of foliated sillimanite in the pelitic portions of
the rock (Fig. 37);






































































65
of biotite are found subparallel to these crenulation axial surfaces,
Clots of chlorite, possibly pseudomorphous after cordierite, are quite
comnon throughout the argillite, imparting a hormfelsic appearance to
the rock (Fig. 43). Locally, close to the stock, anhedral poikilo-
blastic andalusite can be seen along with sericite clots (Fig. 44).

The argillaceous units consist of quartz (40-60%), feldspar (trace),
muscovite and sericite (20-40%), chlorite (10-15%) and biotite (2-4%).
Close to the stock, andalusite (5-10%) and sillimanite (trace) are also
found in the argillite. Magnetite, pyrite, limonite, hematite and zir-
con are all found as accessories in this rock.

Some strain recovery is apparent in the quartz, in the form of sub-
grain polygonization. Varying intensities of strain in the grains are
evident, possibly a factor of proximity to the thrust zone. In the
argillaceous compositions, quartz grains are subangular and fairly well
sorted in the individual pods and layers.

Feldspar is a minor constituent in these rocks, occurring inter-
stitially with quartz in the quartzites and as separate grains in the
phyllites.

Muscovite usually flaunts random habits in the quartzites, but is
in subparallel arrangement for the most part in the argillites. Bent
flakes are evident in the crenulated portions. Biotite occurs as sec-
ondary grains, chlorite primarily as decussate clots,

Close to the stock, andalusite is seen as anhedral porphyroblasts,
with sieve texture. Sillimanite, in the form of randomly oriented
fibrolite, occurs locally, in contact with andalusite (Fig. 44). Cordi-
erite relicts in chlorite clots were observed in a few cases, but small

size prevents definite identification.
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The quartz monzonite is coarse-grained and porphyritic, with micro-
cline phenocrysts and quartz eyes conspicuous on the weathered surface
(Fig. 45). Concentrations of mafic minerals are common in the quaftz
and feldspar matrii. Texturally, the rock is hypidiomorphic and holo-
crystalline.

This rock is composed of plagioclase (40-50%), K~feldspar (20-307),
quartz (20-35%), biotite (5-8%) and hormblende (1-5%). Sphene and zir-
con are the most common assessories, along with minor sulfides.

One sample, collected right on the faulted contact, shows signs of
moderate alteration. Greater alteration of feldspars to sericite, devel-
opment of minor muscovite and replacement of hornblende and biotite by
chlorite are among the effects noted.

The majority of the microcline forms, with quartz, a coarse ground-
mass to subhedral plagioclase‘laths and microcline phenocrysts. The
phenocrysts constitute 0-10% of total K-feldspar and may be up to 1.5 cm
across. They are commonly zoned and occasionally rimmed by altered
| plagioclase (rapakivi texture) (Fig. 46). They poikilitically enclose
euhedral biotite and hornblende and subhedral, often zoned plagioclase.
Alteration is minor.

Plagioclase occurs as subhédral to euhedral laths in all samples
studied. Zoning is common and albite twinning is also evident. Occa-
sionally inclusions of partially resorbed hornblende can be found in the
plagioclase grains. Again, alteration is minor.

Quartz is foundvas phenocrysts, quartz eyes and as finer-grained
anhedral matrix. Qua;tz eyes afe Qéually anhedral in outline. All

quartz exhibits undulatory extinctiom.
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To the west of the Little Willow and the morainal deposits, in Salt
Lake Valley, are interfingering and overlapping pluvial lacustrine and
outwash deposits. Alpine deposits were laid down between the second
and third glaciations; Bonneville sediments followed the last advance
(Richmond, 1961).

The floor of Little Cottonwood Canyon is covered with talus and
landslide debris, as well as sediment deposited by the contained river.

Deposited and eroded terraces of former Lake Bonneville, and scarp-
lets from recent Wasatch Fault movements in these unconsolidated deposits

(Fig. 48), are the most recent additions to the topography of this area.

SPECULATION ON THE ORIGIN OF THE RCCKS

Two logical origins for the quartzofeldspathic gneiss exist: an
arkosic sediment or felsic igneous rock. Neff . (1962) speculated that
because of the rapid compositional change, a sedimentary origin would be
more likely, since an igneous rock would tend to be more homogeneous.
James (1979) writes that locally textures suggest intermediate to felsic
ash flows and pyroclastic tuffs, although no specifics were offered.

The presence of overgrowths on rounded zircons and the interlayer-
ing with pelitic rocks and metaconglomerates would lend support to a
sedimentary origin. High feldspar amounts may suggest an igneous origin.

The amphibolite units apparently were interlayered with or intruded
into the quartzofeldspathic gneiss. Crittenden (1965) considered the
amphibolites to be mafic sills because of supposed concordance with sur-
rounding units, but in places (e,g;; southeast of former Gold City) the

rock seems to cut across metasedimentary units (James, 1979). The fining
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migmatite occasionally shcows this crenulation, but it is often obscured
because of extensive recrystallization. Along the Little Willow-Big
Cottonwood thrust contact, highly accentuated che&roﬁ folds (Fig. 56)
and minute crenulations on apparent bedding surfaces are seen in the
more argillaceous units of the Big Cottonwood rocks. Crenulatioms, as
well as most small scale folding, is rare in the rest of the Little
Willow Formation and the Big Cottonwood rocks farther away from the’
thrust.

Within the migmafite, complex and contorted folding is common.
Several upright, subhorizontal isoclinal folds, with average amplitudes
in tens of feet, were also observed (Fig. 50). Larger scale folding
was also seen in the Big Cottonwood rocks in the vicinity of the thrust.

The entire area is part of a large anticlinal fold (the Cottonwood
Uplift) which trends east—west. The Little Willow and migmatitic rocks
form the steeply dipping core of this structure; Big Cottonwood rocks
"lap" over the olider core and generally dip away from it.

Twenty-five poles to axial surfaces were measured and plotted
(Fig. 51). They consist primarily of crenulation axes from the mica
schists and isoclinal folds from the migmatite. Although a crude pattern
exists in the migmatite folds, where a northeast-southwest girdle of
poles is suggested, there are too few points and too much scatter for

interpretation.

Foliation and Schistosity

Foliation planes within the mica-rich units of the Little Willow

Formation are well defined by the preferred orientation of the micas,
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found no regional pattern in the orientation of the joints over the en-
tire Little Willow area.

Locally some lifhblogies show excellent examples of conjugate
fracture pairs, often rehealed or with vein fillings (Fig. 57).

Along the igneous contact, a very strong joint pattern is obvious
(Fig. 58). Average values of the dominant joint orientation at ten
locations ﬁear this contact were plotted (Fig. 60), but could not be

interpreted.

STRUCTURAL INTERPRETATION AND CONCLUSIONS

The Little Willow area is one of complex structure. Effects of
Precambrian regional deformation, Léramide thrusting, Tertiary igneous
intrusion and Wasatch normal faulting can be recognized. These can be
separated locally, but often the overprinting has made interpretation
of the structural history difficult.

It would seem logical to attribute the main foliation (Sl) and
spaced schistosity devélopment in the Little Willow and migmatitic rocks
to the earlier regional metamorphism, as these effects are absent in the
later Precambrian Big Cottonwood Formation. Likewise, the evolution of
crenulation (Sz) in the older rocks can be most simply explained as part
of this regional event. Development of complex ductile deformation in
the migmatite may also have taken place at this time.

The development of a slight phyllitic foliatiom, parallel to bedding
in the Big Cottonwood rocks may simply be due to burial processes, while
this thick sequence of sedimentary rock was lying unconformably on the

older metamorphic complex.
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(Fig. 24), strongly suggests rotation during growth. Inclusion of 82
biotites in the outer portions of some of the andalusites implies con—
tindétion of growth until the onset of the S, event. Other andalusites,
which crosscut all foliation and crenulation (Fig. 23), represent a
second distinct generation of post-S5,, probably thermal andalusite.
Ragged, poikiloblastic andalusites (Fig. 37), similar to those found in
the Precambrian Big Cottonwood rocks (Fig. 44) which are often crosscut
by sillimanite, are also attributable to the thermal metamorphism.

Folia of fibrolite weaving between individual grains of quartz and
feldspar (Fig. 37) may represent a relict foliation from the regional
metamorphism. Random needles of fibrolite penetrating quartz and feld-
spar (Fig. 39) may represent a second (thermal) generation of sillimanite:
this texture is also found in the Big Cottonwood rocks close to the stock
(Fig. 44).

The occurrence of sillimanite and andalusite together may indicate
partial replacement of early andalusite by sillimanite (Fig. 37) or de-
velopment of both simultaneously if conditions were near those for the
polymorphic transition, or both.

Replacement of some sillimanite by decussate muscovite seems to be
a late thermal phenomenon.

Opaque, bent inclusion trails in garnets found in the mica schists
(Fig. 27) implies rotation during their post—Sl evolution. Because the
other minerals associated with the garnet imply a static environment of
crystallization, the garnet may be a relict phase.

Cordierite in the northern Little Willow rocks is post-S. because

1

of faint included foliation (Fig. 26). The cordierite in the garnet-
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cordierite rock is post-deformational, probably thermal, as evidenced by
the radial configuration. Cordierite is found in the migmatite in both
the leucosome and the melanosome. In the leucosome, cordierite grains
are small, subhedral and relatively fresh looking-(Fig. 39) and there-
fore a late development, possibly during anatexis, is suspected. Melano-
somatic cordierites differ only in being larger and more anhedral and
although an earlier growth is possible, it cannot be verified.

The majority of chlorité occurs as randomly oriented decussate grains
showing no deformation (Fig. 39). This suggests thermal or late retro~
grade growth.

Quartz and feldspar in the Little Willow rocks exhibit a varying
degree of cataclastic texture. The majority of these minerals show some
signs of breakage, the best examples being fractured feldspar pbrphyro-
clasts (Fig. 10), although recyrstallization is usually quite well ad-
vanced. Recrystallization features range from subgrain polygonization
(recovery) to well developed mortar texture (Fig. 11). Quartz and feld-
spar near the stock are usually well recrystallized, probably reflecting
the thermal effects of the intrusion. Laramide thrusting may be respon-
sible for this initial cataclasis.

Locally, evidence for rebrecciation, primarily finer grained zomes
of mylonite within the recrystallized mylonite gneiss (Fig. 9), can be
seen. Normal faulting on the Wasatch Fault Zone is a logical cause for
this localized rebrecciation.

In the Big Cottonwood rocks muscovite and biotite are commonly
foliated pafallel to bedding or randomly oriented. They are found crenu-

lated only at the thrust contact (Fig. 44). Anhedral helicitic anda—~
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lusite and minor sillimanite needles are believed to be thermal phases
since they occur only near the stock. Chlorite clots (replacement of
cordierite?) in Big Cottonwood argillites are pre-thrust, as evidenced

by crenulations penetrative through them (Fig. &4).

MINERALOGICAL ASPECTS

In this section, sets of mineral assemblages, assumed to have
developed near equilibrium are analysed graphically and compared with
known experimental data to determine the conditions of the late thermal
metamorphism, which these assemblages should reflect. Then, removing
the thermal minerals, an hypothesis is made concerning the earlier
regional assemblages and what they may mean. Finally, uncertainties
and problems regarding the metamorphic interpretation are outlined.

Mafic, quartzofeldspathic and pelitic compositions are found within
the Little Willow rocks. Of these, the mafic and especially the pelitic

rocks contain mineralogical information concerning the metamorphisms.

Mafic Compositinr=-s

The amphibolites within the northern Little Willow Formation are
composed of the general mineral assemblage: hornblende-plagioclase-
epidotetbiotitetquartz+garnet, excluding chlorite and sphene since
they are thought to be secondary. This assemblage is indicative of the
amphibolite facies of metamorphism and suggests moderate temperatures
and pressures (Vernon, 1975). The association of pelitic and quartzo-
feldspathic schists and gneisses is common and expected at this grade of

metamorphism (Turner, 1968).
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Pelitic Compositions

Assemblages found in the pelitic rocks are listed in Table 1 (p. 101).
Comparison of these assemblages, with the aid of sample locations (Plate 2),
permits two isograds to be drawn within the field area (Fig. 60)7 The
first‘appearance of sillimanite (the sillimanite isograd) is used to deter-
mine the lower limit of the sillimanite zone. The isograd cannot be
located exactly in this study because of the scarcity of outcrop and
the heterogeneity of the rock. Little Willow rocks northwest of the
sillimanite isograd may contain andalusite, but not sillimanite; to the
southeast of the isogfad both andalusite and sillimanite are commonly
present.

Closer in to the stock the second sillimanite isograd can be approx-
imately positioned (Fig. 60). It separates higher-grade rocks in which
the critical assemblage sillimanite and K-feldspar is found (see page
105).

Thompson (1957) developed a graphical analysis for metamorphosed
pelites which shows the relations between compositions and mineralogies
of pelitic rocks.

This method removes the ambiguity of the isograd system due to
variations in bulk composition and provides a much more detailed view
of the mineralogic changes involved in equilibrium metamorphism of
pelitic rocks (Green, 1963). Thompson's projection reduces the signifi-
cant components to three: AlZOB’ MgO and Fe0 (hence, the name AFM pro-
jection), via the following restrictions and assumptions:

1) quartz is ommipresent, so the 8102 component is removed;

2) the analysis is projected from muscovite or K-feldspar;
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3) trace components are omitted; and

4) HZO is externally controlled.

Gibbs' phase rule (f=c+2-p) states that the maximum number of phases
(c+2) exists when the variance (f) is zero and thus the temperature and
pressure are fixed. However, if pressure and temperature have arbitrary
values, the variance is at least two and pfc (cf. Goldschmidt, 1911).
Thus, under divarient conditions the maximum number of phases in an
equilibrium assemblage shown in a Thompson projection is three.

By applying Schreinemaker's (1911) analysis to assemblages conforming
to Thompson's model, a qualitative petrogenetic grid for pelitic rocks
can be developed and made quantitative by application of experimental
data, as shown in Fig. 61.

The most common assemblages in the quartz and muscovite bearing
Little Willow rocks north of the first sillimanite isograd are the
two-phase assemblages andalusite-biotite and cordierite-biotite and the
three phase assemblage andalusite-biotite-cordierite is also found
(Table 1). This last assemblage is only possible in mini-facies V on
Figure 61. This facies is limited by the following univariant reactions:

1) andalusite+biotitetcordierite=muscovite+chlorite

2) andalusite+biotite=muscovite+cordierite+garnet

3) quartztmuscovite=K-feldspar+aluminosilicate+vapor

The assemblage garnet-cordierite-biotite-chlorite cannot be shown
in the Thompson diagram because the rock contains no muscovite. In the
absence of muscovite, this assemblage can also be stable under the

conditions for mini-facies V.
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Rocks within the sillimanite-muscovite zone have assemblages
similar to those found to the northwest, differing only in the addition
of sillimanite (Table 1). Thus, they also conform to mini-facies V
(Fig. 61), with the general divariant three-phase assemblage of alumi-
nosilicate-cordierite-biotite, plus quartz and muscovite.

The appearance of sillimanite is important in that it implies that
the metamorphism must have taken place at temperatures greatef than
625°C for pressures less than 5 kb; in general, to the right of the anda-
lusite-sillimanite reaction line (Fig. 62).

Since the reaction :

4) ‘andalusite;fsillimanite
involves only a simple polymorphic transition, these two minerals
theoretically should never be found in the same rock, at random pressure
and temperature. However, it is well known that due to the low Gibbs
free energy involved, the transition between andalusite and sillimanite
is quite sluggish. Thus, in nature it is not uncommon to find relict
andalusite and new sillimanite together, and precise experimental deter-
mination of the transition is notoriously difficult.

Close to the igneous contact some of the rocks lack muscovite and
in others the only muscovite is secondary. K-feldsapr, on the other
hand, is not uncommon and the critical assemblage quartz—K—feidspar—
sillimanite is found. This suggests that these rocks underwent a re-
action of the form:

5) nmuscovite+quartz=K-feldspar+aluminosilicatetvapor
which is commonly referred to as the second sillimanite isograd (Evans
and Guidotti, 1966). This reaction, and those for the Al3SiOg polymor-

phic transitions are shown on Figure 62.
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Traversing into higher-grade rocks in this area, the first silli-
manite isograd, producing sillimanite-muscovite, is encountered first,
and then the second, yielding sillimanite-K-feldspar. This indicates a
PT gradient as shown by the arrow on Figure 62 (around 4 Kb, 625-650°C).
If the pressures were higher, kyanite-muscovite would be expected; if
lower, andalusite-K-feldspar.

Again, because of the rarity of exposures of suitable pelitic com-
positions across the area, placement of the second sillimanite isograd
is approximate.

The conditions set forth above are adequate to initiate anatexis
(partial melting) in rocks with near granitic compositions (Winkler,
1967; Grant, 1973), thus providing a possible explanaticn for the develop-
ment of the leucosomatic envelopes. But, the structures of the migmatite
are compatible with those of the Little Willow to the northwest, rather
than with those of the Big Cottonwood Formation, which lacks evidence of
anatexis even adjacent to the stock. So anatexis here was probably asso-
ciated with the regional event. The sporadic occurrence of the leuco-
some can be éxplained by the heterogeneous composition of the rock, as
initial melting temperatures are drastically dependent on bulk compositiomn.

The conditions of the regional metamorphism are more difficlut to
assess, especially since what may have been the higher grade regionai
portion is also the higher grade porticn of the thermal aureole.

In the northwestern Litt%e Willow, the foliated amphibolites indi-
cate amphibolite facies metamorphism (moderate temperatures and pressures)

for the regiomal event.
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These conditions are further substantiated by regional assemblages
in the pelitic rocks. As indicated by their textures, there is little
doubt that andalusite, biotite, garnet and probably cordierite existed
as regional minerals, along with quartz and muscovite. Referring again
to Figure 61, this set of minerals is compatible with mini-facies V
once‘again.

Foljated sillimanite found in the migmatites is readily explained
by the regional event; however, development of foliated sillimanite
has been reported from other thermal metamorphisms (e.g., Okrusch, 1969).
Thus it is uncertain whether there are indeed two generations of silli-
manite.

As noted above, the regional event is considered responsible for the
development of the migmatitic structures and the leucosomes.

Relatively few samples of the Big Cottonwood pelites were studied.
However, randomly oriented needles of sillimanite and anhedral, spongy
andalusite seem to be thermal because of their textures and because of
their close proximity to the stock contact. The close association of
the two minerals suggests conditions close to the andalusite-sillimanite
transition, which agrees with the observations in the Little Willow
rocks. Removing these thermal effects, a low-grade biotite-chlorite-
muscovite~quartz assemblage can be established for the lowermost units

of the Big Cottonwood Formation.

Problems and uncertainties remain regarding the metamorphic history
and interpretation of the Little Willow area. A most obvious concern is

the exact relationships which exist at the hidden contact, as well as
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the accurate placement of the isograd and reaction lines for the thermal
metamorphism. Some doubt exists for some minerals as to which were new-
ly formed during the thermal metamorphism, which were merely preserved
from the regional event and which developed during both. Likewise,
some question remains as to if the migmatitzation and anatextic features
are definitely regional metamorphic phenomena. The seemingly anamalous
situation in the migmatitzation, in which typically competent quartzose
units apparently deformed ductilly, also deserves further ¢onsideration.
Finally, there remain minor discrepancies such as the ambiguous radio-
metric date for hornblende in the amphibolite and the uncertain petro-

genetic relationship between andalusite and sillimanite.
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SUMMARY AND CONCLUSIONS

A major concern of this thesis is the determination of the nature
of the questionable migmatitic unit, flanking the Little Cottonwood
Stock, referred to both the Big Cottonwood Formation and the Little
Willow Formation in the past. Both the migmatite and the Big Cotton-—
wood ‘are intruded by the Little Cottonwood Stock, which has thermally
metamorphosed these rocks. An unconformable-thrust fault contact exists
between the Little Willow and the Big Cottonwood formations, as well as
between the Big Cottonwood and the migmatite on the south side of Little
Cottonwood Canyon. The remaining contacts between the Big Cottonwood
and the migmatite and the migmatite and Little Willow are not observed
because they are obscured by overburden.

The Little Willow Formation to the northwest is a metamorphic com-—
plex comprised of quartzofeldspathic gneisses, peliitic mica schists and
amphibolites. The quartzofeldspathic gneiss is a grey to tan, fine-
grained, granoblastic rock with local lenses of biotite rich schist.

The rock is composed primarily of plagioclase with lesser amounts of
quartz and biotite and minor K-feldspar, muscovite and chlorite. The
rock exhibits cataclastic textures with advanced recrystallization.

The mica schist unit is a composite of several interfingering
lensoidal compositions, including an andalusite-biotite schist, a garnet-
cordierite rock and a quartz-sericite schist, all within a predominantly
pelitic muscovite schist. A pelitic metaconglomerate is also found
within the unit and serves as a marker bed. This entire unit appears to

be a larger scale equivalent of the schistose biotite lenses found within

the gneiss. The schists are medium-grained with development of foliation
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(Sl), spaced schistosity, and prominent crenulation (SZ)' Porphyro-
blasts of cordie;ite, garnet and andalusite are locally cowmon. A re-
gional metamorphic mineréi assemblage of cordierite, rotated garnet,
rotated andalusite, biotite; muscovite and quartz is recognized and
implies metamorphism of moderate temperatures and low to moderate
pressures. Effects of a later thermal metamorphism are also seen, such
as a second, stétic generation of andalusite and randomly oriented re-
crystallized micas.

The amphibolite, which is probably of igneous origin, is a dark
green, fine- to medium-grained rock which can be traced through the
quartzofeldspathic gneiss. The rock is moderately foliated (Sl) and in
places lineated. It consists of mainly hornblende with lesser amounts
of plagioclase and minor quartz, epidote and biotite. This foliated
assemblage also indicates moderate conditions (amphibolite facies) for
the regional metamorphic event.

Foliations in the forementioned Little Willow Formation are homo-
clinal with an average strike of North 25° East with an averagé dip of
40° Northwest. Lineations, defined primarily by crenulation axes (Slﬂsz),
are concentrated at 210-240° with an average plunge of 10°.

The Big Cottonwood Formation which unconformably overlies the Little
Willow Formatioﬁ consists of alternating quartzites and argillites of
unguestionable sedimentary origin. The limonitic to buff colored
quartzites are commonly in beds up to 2 m thick, although some are
massive. They are fine-grained and slightly recrystallized. The argil-
lite occurs as 2-30 cm thick beds of interlayered fine-grained aremaceous

pods and fine shaly layers. These rocks commonly contain chlorite clots
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and have a slight phyllitic foliation developed parallel to bedding.
This fcliation has an average strike of North 10° West with an average
dip of 55° Northeast.. Except for a few chevron fold and crenulation
axes observed at the thrust contact, lineations were not found in the
Big Cottonwood Formation. Except for thermal andalusite and sillimanite
found close to the igneous contact, the rocks are characterized by the
low grade mineral'assemblage.

The migmatitic gneiss, located southeast of the main Little Willow
Formation, is a medium-grained, heterogeneous metamorphic unit comprised
of primarily quértzites and quartzofeldspathic rocks. Within these are
dark colored rafts and boudinaged layers composed of sillimanite, anda-
lusite, biotite, cordierite, with minor muscovite, quartz and feldspar,
which are characterized by crenulated foliation and spaced schistosity.
This regional texture is obscured by randomly oriented recrystallized
minerals. Many of these dark portions are surrounded by leucosomatic
envelopes of possible anatextic material. Migmatite Sl.foliations are
centered on a strike of North 20° East with an average dip of 60° North-
west. A few variable lineations, e.g., isoclinal fold axes, are observed.
The first and second sillimanite iscgrads can be approximately located
within this unit. The isograd relationships and the associated critical
mineral assemblages, when compared with experimental data, suggest meta-
morphic pressures of about 4 kb and temperatures in excess of 600°C.
Although these assemblages reflect the thermal conditions, similar
assemblages and conditions are indicated for the earlier regional meta-

morphism.
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are indeed regional in origin, they represent higher grade metamorphism.
It is also possible that the migmatite is yet an older metamorphic com-
plex and that an unconformity or fault contact exists between it and the
Little Willow, although no evidence was found for this.

Crittenden (1965) redefined the Little Willow Formation "to include
all of the older metamorphic rocks of the Little Willow area" (James,
1979). The migmatite is the highest grade metamorphic rock of those
studied. It has as long and complex of a history as any rock in the area
and therefore should be part of the Little Willow Formatiomn.

From the petrologic, structural and field studies undertaken in the
Little Willow area, a comprehensive history can be deduced. This chronol-
ogy includes the following events from oldest to youngest. Details of
the regional events are referred to in the Central Wasatch Geology
chapter (p. 15):

1) Middle Precambrian(?) - Deposition of what was to become the
Little Willow Formation, including pelitic sediments, quartz sandstones,
conglomerates, and probable felsic tuffs, with mafic dikes or flows.

2) Middle Precambrian(?) - Regional metamorphism of these rocks
to amphibolite facies, prior to the deposition of the Big Cottonwood
Formation. Characteristics include crenulated foliation, spaced schis-
tosity and growth of the first generation of andalusite. Migmatization
and foliated sillimanite found in the southeastern portion of the Little
Willow are most readily explained by this event.

3) Middle-Late.Precambrian - Uplift and erosion of these rocks
forming a peneplain surface.

4) Late Precambrian - Transgression of the Beltian Sea and deposi-
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