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John Steven Davis, M.S., June 1984 Geology

A Microstructural Perspective of Orogenesis in the Pioneer
Mountains, Central Tdaho.

Director: Dr. James W. Sears yéé{

The Pioneer Mountains of central Idaho contain complexly de-
formed Proterozoic and Paleozoic metamorphic and sedimentary rocks.
Microstructural relationships show that the Devonian Milligen For-
mation underwent three microstructural deformations. All other
Paleozoic formations contain one or two generations of
microstructures.

The first microstructural deformation of the Milligen Formation,
during the Late Devonian Antler Orogeny, is represented by folded
fractures and bedding and by a penetrative chlorite foliation. A
layer-parallel chlorite foliation in the Ordovician to Silurian
combined Phi Kappa-Trail Creek Formation and the unnamed
Devonian-Silurian unit may be related to the Antler Orogeny.

Deposition of the Pennsylvanian to Permian Wood River Formation
produced the two fracture sets and penetrative pressure-solution
cleavage of the second microstructural deformation in the underly-
ing Milligen Formation. Concurrently, the Wood River Formation
developed a weak, layer-paraliel pressure-solution cleavage.

Late Cretaceous contact metamorphic tremolite in the combined Phi
Kappa-Trail Creek Formation is crosscut by a layer-parallel
pressure-solution cleavage which also developed in the unnamed
Devonian-Silurian unit.

The third microstructural deformation of the Milligen Formation
formed several shear fabrics, crenulations, and fractures. This
is coevally and structurally paralleled in the combined Phi Kappa-
Trail Creek Formation, and relates to Paleocene movement on the
Pioneer Thrust.

Microstructures in the Glide Mountain Plate and the Copper Basin
Plate of the Mississippian Copper Basin Formation developed dur-
ing the Paleocene and Late Cretaceous respectively. Microstruc-~
tures in the Glide Mountain Plate include fractures and a
penetrative, axial plane pressure-solution cleavage.

A palinspastic restoration of the Pioneer Mountains shows the
structural equivalence of the Wood River Thrust and the Wildhorse
Thrust that carries the Copper Basin Plate. The Pioneer Thrust,
shown to be a late-stage splay off the Glide Mountain Thrust, has
only 10 to 15 km of offset, far less than the previously estimated
100+ km,

ii
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INTRODUCTION

The Pioneer Mountains of central Idaho (Figure 1) comsist of a
complexly thrusted and deformed suite of rocks ranging from Proterozoic
X crystalline basement to Paleozoic metasedimentary and sedimentary
rocks. The complex geologic structures of the Pioneer Mountains have
been attributed to deformationms during the Late Devonian Antler Orogeny
and the Mesozoic or Early Tertiary Sevier Orogeny (Roberts and
Thomasson, 1964; Dover, 1969,1980,1981; Dover et al., 1980; Nilsen,
1977; Poole and Sandberg, 1977; Sandberg et al., 1975, Skipp and Hall,
1975; Skipp and Sandberg, 1975). Mississippian sediments in the
Pioneer Mountains are widely interpreted as flysch deposited in the
foreland trough of the Antler Highland (Roberts and Thomasson, 1964;
Paull et al., 1972; |Nilsem, 1977; Poole and lSandberg, 1977).
Furthermore, Roberts and Thomasson (1964), Burchfiel and Davis
(1972,1975), and Sandberg and Poole (1977) projected the classic Antler
Orogenic Roberts Mountains Thrust of Nevada under the Snmake River Plain
and through the Pioneer Mountains in central Idaho (Figure 2).

Recent mapping and paleontologic evidence collected by Dover et al.
(1980) shows that all thrust faults presently recognized in the Pioneer
Mountains are younger than the Antler Orogeny , and most likely are the
result of deformation during the Mesozoic or Early Tertiary Sevier
Orogeny (Dover, 1980, 1981; Dover et al., 1980). In other parts of the
Pioneer Mountains Nilsen (1977), Skipp and Hall (1975), and Skipp and
Sandberg (1975) made the same interpretation based on similar evidence.
The allochthonous nature of the Mississippian sediments in the Pioneer

- Mountains, and a lack of a well defined Mississippian overlap assemblage
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3
such as that which defines the Antler Orogeny in Nevada (Roberts, 1964;
McKee, 1976; Smith and Ketner, 1975, 1977; Speed and Sleep, 1982)
further argues against a classic Antler Orogenic genesis for the
complicated structures in the Pioneer Mountains. To date, no previous
geologic investigations in the Pioneer Mountains unequivocally prove the
presence of structures related to the Antler Orogeny.

Previous workers concentrated on unravelling the large-scale
structural relationships of the Paleozoic rocks in the Piomeer Mountains
in an effort to gain a better understanding of the stratigraphy and
sedimentology of those rocks. Only Dover (1969) focussed on
smaller-scale, detailed structural analysis, although his study
concentrated on the crystalline rocks in the Pioneer Window. In this
study, I combine interpretations of microstructural relatiomnships with
inferred ages of metamorphism to show that the Antler Orogeny is
microstructurally represented im at least one of the allochthonous
formations in the Pioneer Mountains. I further show that most of the
microstructures in the Paleozoic rocks in the Pioneer Mountains resulted
from Latest Cretaceous to Paleocene deformation. Using the above
interpretations together with a reinterpretation of Dover”s 1981
geologic map of the Pioneer Mountains (Plate 1), I synthesize a new
model of the structural evolution of the Pioneer Mountains. As a
sidelight of the synthesis, I establish the equivalence of several of

the ma jor thrust faults currently mapped in the Pioneer Mountains.
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REGIONAL GEOLOGY

The Pioneer Mountains lie just east of the Idaho Batholith within
the Basin and Range extensional province (Figure 3). Autochthonous or
parautochthonous Proterozoic and Paleozoic miogeoclinal sedimentary
rocks are exposed in northwest-trending fault bounded mountain ranges
north and south of the Snake River Plain (Figure 3). These rocks have
been intruded by Cretaceous granitic rocks, and covered by Tertiary and
Quaternary volcanic deposits (Figure 3). Extensive Quaternary
sedimentation has covered all of the above rocks, but faulting during
recent Basin and Range extension cuts the Quaternary deposits (Figure

3).
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FIGURE 3 REGIONAL GEOLOGIC MAP arter nisen, 1977
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GEOLOGY OF THE PIONEER MOUNTAINS

The geologic map of the Boulder-Pioneer Wilderness Study Area by
Dover (1981) was the base map used in this study. Accordingly, the map
units and their structural relationships as mapped by Dover (1981) are
described herein. Table 1 presents the ages, thicknesses, lithologies,
regional correlations, and structural statuses of the map units.
Figures & and 5 show gross structural relationships, and Plate 1 shows
the detailed geologic relationships and rock sample sites.

The Pioneer Mountains contain Paleozoic sedimentary rocks in four
distinct allochthons. The Wood River Allochthon carries the shallow (?)
marine facies Wood River Formation on the Wood River Thrust <{(Dover,
1981). The Sun Valley Allochthon carries the deep-water transitiomnal
facies Milligen Formation (Sandberg et al., 1975), the transitional
facies unnamed Devonian-Silurian unit (Dover, 198l1), the transitional
facies combined Phi Kappa-Trail Creek Formation (Dover, 198l1), flysch of
the Glide Mountain Plate of the Copper Basin Formation (Dover, 1981),
and the Wood River Allochthon, on the Pioneer Thrust (Dover, 1969,
1981). The Pioneer Thrust moved the Sun Valley Allochthon over
crystalline rocks in the Pioneer Window, and over both structural plates
of the Copper Basin Formation. The Glide Mountain Plate of the Copper
Basin Formation (Dover, 1981) moved flysch facies (Nilsen, 1977) over
cratonally-derived facies (Nilsen, 1977) of the Copper Basin Plate, on
the Glide Mountain Thrust. The Wildhorse Thrust is by definition the
thrust that seperates the structural plates of the Copper Basin
Formation from the crystalline tocks in the Pioneer Window (Dover,

1981). This thrust carried the Glide Mountain Plate over the
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10
crystalline rocks in in the Pioneer Window, and carried the Copper Basin
Plate of the Copper Basin Formation over shelf facies rocks in the
Wildhorse and Dry Canyon Windows, and over crystalline rocks in the
Pioneer Window. Dover and Ross (1975) consider the shelf facies rocks
in the Wildhorse and Dry Canyon Windows to be autochthonous, but Skipp
and Haitt (1977) feel that they may be parautochthonous.

Dover (1969) interpreted the amphibolite facies metasedimentary
East Fork Formation and Hyndman Peak Formation to be the result of
synkinematic metamorphism. Likewise, Dover (1969) concluded that the
quartz diorite intrusive sheet, in the Pioneer Window, was deformed
coevally with the metasediments. Proterozoic X migmatitic gneiss
(Dover, 1969), the East Fork Formation, the Hyndman Peak Formation, and
the quartz diorite intrusive sheet make up an allochthomous or
parautochthonous slice of crystalline basement (Dover, 1980, 1981) now
exposed in the Pioneer Window.

Eocene granitic plutons and stocks intrude the crystalline rocks of
the Pioneer Window, the Sun Valley Allochthon, and the Glide Mountain
and Copper Basin Plates of the Copper Basin Formation. The Eocene
Challis Volcanics overlie a Paleocene conglomerate (Dover, 1981)
composed of rocks from various units described above. The Challis
Volcanics cover extensive portions of the Pioneer Mountains.

High angle normal faults cut all of the above units. Quaternary
sediments (glacial deposits, colluvium, and alluvium) cover every age of
structure and all rock units in the Pioneer Mountains.

Vergence of folds, and sedimentary facies juxtapositioms, yield
eastward directed movement of all the allochthons in the Pioneer

Mountains (Dover, 1969, 1980, 198l; Dover and Ross, 1975; Dover et
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al., 1980; Hall et al., 1974; Nilsen, 1977; Sandberg et al., 1975;
Skipp and Hall, 1975; Skipp and Sandberg, 1975). The Wood River and
Copper Basin Allochthons have moved a few tens of kilometers (Dover,
1981; Nilsen, 1977; Hall et al., 1974). The Glide Mountain Plate
probably moved 50 to 80 km (Dover, 1980; Nilsen, 1977), and the Sun

Valley Allochthon may have moved more than 100 km (Dover, 1980, 1981).
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MICROSTRUCTURAL RELATIONSHIPS

The development of microstructures in the Paleozoic sedimentary
rocks of the Pioneer Mountains varies widely. This section discusses
the temporal relationships between the microstructures in each formation
and unit examined. Table 2 summarizes the microstructures in each unit.
Appendix A gives detailed lithologic descriptions of each thin section
examined, and Appendix B describes the microstructures in each formation

or unit.

WOOD RIVER ALLOCHTHON

Wood River Formation

The penetrative pressure-solution cleavage in the Wood River
Formation was found only in the cores of large-scale folds, and it is
important to note that it is layer-parallel, and not axial-planar. This
suggests that the pressure-~solution cleavage formed prior to folding,
during diagenesis, and that the folds localized in the penetratively
cleaved zones. The lack of extensive thrust imbrication of the Wood
River Formation makes it unlikely that the pressure~solution resulted
from tectonic loading. The pressure-solution cleavage of MIS-62 is
completely irrotational, despite being from within 20 meters of the Wood
River Thrust. This suggests that there 1is no genetic relatiomnship
between thrusting and formation of the cleavage.

The lack of penetrative strain features relatable to meso—- and
macroscopic structural geometries in the Wood River Allochthon suggests

that deformation of the Wood River Formation always was brittle.
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Brittle fracture features mentioned above clearly postdate the
penetrative pressure-solution features. These fractures may be the only

manifestation of brittle large-scale deformation.

SUN VALLEY ALLOCHTHON

Unnamed Devonian-Silurian Unit

Both the chlorite foliation and the pressure-solution cleavage in
the wunnamed Devonian-Silurian unit formed parallel to primary layering.
Despite intense meso- and macroscopic folding and thrusting, little of
the penetrative strain relates to deformational geometries. A
well-developed axial-planar cleavage transposes primary layering in
MIS-39, but 1is restricted to the chloritic argillite layers. 1In
general, the mesoscopic structures deform the penetrative fabrics at the
outcrop scale. This suggests that both the chlorite foliation and
pressure-solution cleavage formed by sedimentary or tectonic loading of
flat-lying (undeformed) rocks prior to larger-scale deformation.

The lack of penetrative fabrics related to the intense macroscopic
deformation of the unnamed Devonian-Silurian unit suggests that the
large-scale deformation occurred when the rocks were cool and brittle.
If this is the case, then there must have been sufficient time for the
rocks to cool following greenschist facies metamorphism (chlorite
foliation). A pre-chlorite fracture set indicates lithification of the
unnamed Devonian-Silurian unit prior to metamorphism. This yields a
brittle to ductile to brittle deformation history for the unnamed

Devonian—Silurian unit.
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Combined Phi Rappa~-Trail Creek Formation

Contact metamorphism of the combined Phi Kappa-Trail Creek
Formation preceded all deformation of this unit. Contact metamorphic
tremolite occurs as disoriented single grains and polycrystalline
aggregates. The chlorite in the chlorite foliation varies from
moderately to very strongly oriented, but does not show a clear
relationship with the tremolite. What is clear 1is that the
pressure—-solution cleavage cuts the tremolite, and the shear cleavage
cuts the pressure-solution cleavage. The shear cleavage makes a small
angle (less than 20 degrees) with the layer-parallel pressure-solution
cleavage where the pressure-sclution cleavage has been transposed with
primary layering. In turn, the shear cleavage was crenulated, then cut
by the thin section scale thrust in MIS-43. From the above
relationships it may be seen that the combined Phi Kappa-Trail Creek
Formation proceded from contact metamorphism to layer-parallel
pressure—solution. Mesoscopic folding reoriented the pressure-solution
cleavage and primary layering prior to, and during (?) shearing. The
shear cleavage crosscut all penetrative fabrics, and developed according
to the orientation between shear planes and previous fabrics. Locally
this was followed by layer-parallel shortening, as manifested by
crenulations, small folds, and thin section-scale thrusting.

Development of the layer-parallel <chlorite foliation and
pressure-solution cleavage appears to be a passive response to sediment
or tectonic loading of flat-lying rocks. Subsequent folding was
followed by a transition from ductile, penetrative shear to less ductile
crenulation and small-scale thrusting. This suggests changing strain

fabrics during one deformation event. If this is so, then perhaps the
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change in microstructural styles reflects a progressive shallowing of
sructural level during deformation of the combined Phi Kappa-Trail Creek

Formation,

Milligen Formation

Three completely unique periods of deformation can be delineated
from the microstructures in the Milligen Formation. The first period of
deformation initiated with pre-metamorphic fracturing. The fractures
were then filled with quartz, and were folded along with primary
layering. The folding was followed by greenschist facies metamorphism
which recrystallized the matrix and vein quartz as well as produced the
strong chlorite foliation. The highly variable orientation of the
chlorite foliation to primary layering suggests mesoscopic and
macroscopic deformation of the Milligen Formation prior to metamorphism.

The second stage of deformation initiated with the formation of the
pressure-solution cleavage. Chlorite in the pressure—solution planes
suggests that the pressure-solution occurred after metamorphism had
ceased. This was followed by propagation of a closely-spaced fracture
set, possibly during unloading of the load responsible for the
pressure—solution cleavage.

Pervasive shearing and chlorite foliation-parallel flowage of the
Milligen Formation signal the start of the third period of deformationm.
This penetrative movement of the rock disrupted preexisting planar
features, and caused thin section-scale folding. Subsequent to this,
shortening was accomodated by crenulation, and then by zonal shear. The
last stage of dynamic strain occurred as slip om chlorite

foliation-parallel fractures which offset all other strain fabrics in
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the Milligen Formation.

The sequence of deformation suggests several transitions between
ductile and brittle strain regimes. The first period of deformation
involved transition from brittle to ductile deformation. Ductile to
brittle deformation characterizes both the second and third periods of
deformation. The cause of the transitions is not obvious, but the
relatively parallel orientations of the penetrative planar fabrics in
the Milligen Formation suggests that the bulk orientation of the
Milligen Formation did not change after the initial pre-metamorphic
folding. This would suggest that the chlorite foliation and the
pressure—-solution cleavage formed under some form of loading without
translation or other deformation of the Milligen Formation. Subsequent
shear fabrics parallel to sub-parallel to the preexisting penetrative
fabrics suggests a horizontal deviatoric stress which acted upon the
Milligen Formation , and caused a transition from ductile to brittle
shear fabrics as the Milligen Formation rose to shallower levels during

movement on the Pioneer Thrust.

GLIDE MOUNTAIN PLATE

The development of pemetrative strain fabrics in the Glide Mountain
Plate 1is entirely dependent on position with respect to the Glide
Mountain Thrust. MIS-15 and MTS-60, collected from very close to the
Glide Mountain Thrust, have well developed penetrative fabrics. Other
samples collected from higher structural 1levels with respect to the
Glide Mountain Thrust, developed no penetrative fabrics despite

proximity to the cores of meso- and macroscopic folds.
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The strain history of the Glide Mountain Plate involves initial
brittle fracturing followed by penetratlive strain only in proximity to
the Glide Mountain Thrust. The pattern of strain development is a
classic example of shallow level deformation where penetrative strain

localizes near major surfaces of tramslation.

COPPER BASIN PLATE

Little Copper Member

The deformation history of the Little Copper Member easily relates
to the 1large—scale structural development of the Copper Basin Plate.
After an initial brittle fracturing, large-scale folding produced a weak
axial-planar cleavage best observed in outcrop. The Little Copper
Member never underwent ductile deformation, thereby suggesting a shallow

level deformatiomal history.

Drummond Mine Limestone

After brittle deformation of the Drummond Mine Limestone,
mesoscopic and macroscopic folding produced the axial-planar,
penetrative pressure-solution cleavage. The pressure-solution cleavage
was followed by two stages fracturing, the last being parallel to the
pressure-solution cleavage. As with the Little Copper Member, there 1is
no evidence that the Drummond Mine Limestone deformed ductiley, thus

indicating shallow structural levels of deformation.
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Upper Clastic Member
Deformation of the Upper Clastic Member initiated with brittle
fracturing. Following this, primary layer~parallel compression
(sedimentary or tectonic loading) produced the pressure-solution
cleavage. Since the pressure-solution cleavage 1is folded
mesoscopically, it is likely that the offset observed im thin section

resulted from flexural slippage during folding.
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TIMING OF METAMORPHISM

The ages of metamorphism of the pre-Mississippian formations in the
Pioneer Mountains provide crucial control on the ages of microstructural
deformation for these units, The Milligen Formation and the unnamed
Devonian-Silurian wunit experienced one episode of metamorphism, while
the combined Phi Kappa-Trail Creek Formation has experienced two
metamoréhic events.

Evidence for the age of metamorphism of the Milligen Formation
comes from examination of lithic fragments in the Mississippian flysch
of the Copper Basin Formation. Lithic fragments include recrystallized
chert, quartz siltites, quartz argillites, phyllitic quartz siltites,
phyllitic quartz argillites, silty quartzose chlorite-phyllites, and
silty phyllites. The chlorite foliation of these lithic fragments is
randomly oriented which indicates that the 1lithic fragments were
metamorphosed prior to deposition. While all these rock types are
common in the Milligen Formation, they are also found to some extent im
the unnamed Devonian-Silurian unit and the combined Phi Kappa-Trail
Creek Formation. However, two features unique to the Milligen Formation
are: 1) distinct, medium~ to fine-sand sized, ovoid polycrystalline
quartz aggregates, found in all lithologies of the Milligen Formation
(except the carbonates); and 2) a general lack of opaque, carbonaceous,
organic matter compared with that contained in the unnamed
Devonian-Silurian unit and the combined Phi Kappa-Trail Creek Formatiom.
A large proportion (50% to 60%) of the lithic fragments in the flysch of
the Copper Basin Formation contain polycrystalline quartz aggregates,

and lack appreciable carbonaceous, organic matter. This suggests that
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the Milligen Formation was a major source for the Mississippian flysch,
and that metamorphism of the Milligen Formation occurred prior to
erosion. The only documented orogenic event which could regionally
metamorphose the Devonian Milligen Formation in pre-Copper Basin time is
the Late Devonian Antler Orogeny

The temporal relationship between contact metamorphic tremolite and
regional (?) metamorphic chlorite in the combined Phi Kappa-Trail Creek
Formation is ambiguous. Contact metamorphism of the combined Phi
Kappa-Trail Creek Formation cannot be older than Jurassic (the oldest
intrusive rocks to the west of the Pioneer Mountains are Jurassic). The
allochthonous nature of the Jurassic intrusive rocks (Hamiltom, 1977)
indicates that the growth of tremolite resulted from contact
metamorphism associated with intrusion of rocks related to the Idaho
Batholith during the Late Cretaceous. The growth of layer- parallel
chlorite in the combined Phi Kappa-Trail Creek Formation may be the
result of the same regional metamorphic event which produced the
chlorite foliation in the Milligen Formation during the Antler Orogeny.

Metamorphism of the unnamed Devonian~Silurian unit is difficult to
date. The primary layer-parallel aspect of its chlorite foliation is
similar to that of the combined Phi Kappa-Trail Creek Formation, and
also may have resulted from regional metamorphism. No direct evidence
of contact metamorphism such as the disoriented tremolite aggregates im
the combined Phi Kappa=-Trail Creek Formation, exists in the unnamed
Devonian-Silurian unit. Presence of lithic fragments in the
Mississippian flysch of the Copper Basin Formation similar to rock types
in both the unnamed Devonian-Silurian unit and the combined Phi

Kappa-Trail Creek Formation may indicate pre-Mississippian metamorphism
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for both units. However, these rock types are similar to those in the
Milligen Formation which was a source for the Mississippian flysch.
Therefore, evidence of the age of metamorphism of the unnamed
Devonian-Silurian unit is inconclusive,

In summary, the Milligen Formation experienced greenschist facies
metamorphism during Late Devonian time, This metamorphism probably
occurred during the Antler Orogeny. The primary layer-parallel chlorite
foliation of the unnamed bevonian-silurian unit and the combined Phi
Kappa-Trail Creek Formation suggests regional metamorphism similar to
that in the Milligen Formatiom, indicating a possible relationship
between the metamorphism and the Antler Orogeny. Contact metamorphism
of the combined Phi Kappa-Trail Creek Formation most likely resulted
from intrusion of rocks related to the Idaho Batholith during the Late

Cretaceous.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23

AGES OF MICROSTRUCTURAL DEFORMATIONS

Absolute ages of microstructural development of the Paleozoic rocks
in the Pioneer Mountains can be deduced from the timing of metamorphism,
and from the map relationships between the major thrust faults and the
Latest Cretaceous to Eocene intrusive rocks. Figures 4 and 5 and Plate
1 show the map and structural relationships.

Deformation of the Mississippian Copper Basin Formation occurred in
two stages. Nilsen (1977) postulated that the first stage involved
movement of the Glide Mountain Plate over the Copper Basin Plate during
Middle to Late Mississippian time. His evidence comes from an unnamed
Late Mississippian unit containing clasts which appear to be derived
from the Glide Mountain Plate. However, the Wildhorse Thrust along the
northern margin of the Pioneer Window carries the Glide Mountain Plate
over the crystalline rocks of the Pioneer Window. Therefore, the
Wildhorse Thrust along the northern margin of the Pioneer Window
occupies the same structural position as the Glide Mountain Thrust, and
must be equivalent to the Glide Mountain Thrust. Since the Glide
Mountain Plate structurally overlies the Latest Cretaceous quartz
diorite intrusive sheet in the Pioneer Window, and is intruded by the
Eocene granitic stocks, the age of the Glide Mountain Thrust is
constrained to Latest Cretaceous to Eocene.

The other phase of deformation of the Copper Basin Formation
carried the Copper Basin Plate over crystalline rocks of the Piomeer
Window during movement on the Wildhorse Thrust. Near the mnortheastern
margin of the Pioneer Window, the Copper Basin Plate structurally

overlies the East Fork Formation, which was synkinematically
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metamorphosed inm Latest Cretaceous to Earliest Tertiary time (Dover,
1969). Eocene granitic stocks intrude the Copper Basin Plate, thus
establishing a minimum age of deformation as Eocene, and a maximum age
of Latest Cretaceous to Earliest Tertiary.

Penetrative structural deformation in both structural plates of the
Copper Basin Formation easily relates to meso- and macroscopic
deformation assocated with movement of the plates. Therefore, the ages
of deformation range from Latest Cretaceous or Earliest Tertiary to
Eocene.

Development of microstructures in the combined Phi Kappa-Trail
Creek Formation probably involved two discrete phases. The first stage
produced the regional (?) metamorphic primary layer—parallel chlorite
foliation, However, as noted in the previous section, the age of the
chlorite is unclear, and it is possible that the chlorite resulted from
the same contact metamophism which produced the tremolite.

The other penetrative fabrics in the combined Phi Kappa-Trail Creek
Formation clearly postdate the growth of the tremolite in the Late
Cretaceous. The pressure-solution cleavage crosscuts the tremolite,
thus establishing a maximum age of Late Cretaceous for the cleavage.
The shear fabric of the combined Phi Kappa-Trail Creek Formation
geometrically relates to movement on the Pioneer Thrust. The Pioneer
Thrust moves the Sun Valley Allochthon over the Glide Mountain Plate,
the Copper Basin Plate, and over the crystalline rocks of the Pioneer
Window. This places a maximum age of Early Paleocene on the shear
cleavage and subsequent microstructures in the combined Phi Kappa-Trail
Creek Formation. The minimum age of the microstructures is established

by Eocene granitic rocks which crosscut the penetrative fabrics and the
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Pioneer Thrust.

The unnamed Devonian-Silurian unit lacks conclusive evidence which
dates the penetrative microstructures in it. The similarity between the
layer-parallel chlorite foliation in the unnamed Devonian-Silurian unit
and the layer-parallel <chlorite foliation in the combined Phi
Kappa~Trail Creek Formation suggests that they formed coevally.

The unnamed Devonian-Siluriam unit is in thrust contact with the
combined Phi Kappa-Trail Creek Formation. This thrust parallels primary
layering in both formations suggesting that the unnamed
Devonian~Silurian unit moved along a stratigraphic horizon. The lack of
shear fabrics related to movement on this thrust indicates two things.
First, movement probably was not extensive. Second, if the
layer-parallel pressure-solution cleavage had formed prior to movement
on the thrust, the pressure—solution cleavage probably would have been
activated as slip surfaces during the thrusting. No evidence for
movement on the pressure-solution surfaces exists, suggesting that the
pressure—solution cleavage formed after thrusting. Likewise,
pressure—-solution surfaces in the combined Phi Kappa-Trail Creek just
beneath the thrust do not appear to have been activated as slip
surfaces. Therefore, pressure-solution in both the unnamed
Devonian-Silurian unit and the combined Phi Kappa-Trail Creek Formation
probably developed after thrusting of the unnamed Devonian-Silurian unit
over the combined Phi Kappa- Trail Creek Formation. The primary
layer-parallel pressure-solution cleavage is inferred to be the result
of the same Late Cretaceous loading event which produced the primary
layer-parallel pressure- solution cleavage in the combined Phi

Kappa-Trail Creek Formation. Movement on the Pioneer Thrust folded the
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penetrative fabrics of the unnamed Devonian-Silurian unit, thus placing
a minimum age of the penetrative microstructures as Paleocene.

Microstructural deformation of the Milligen Formation involved
three discrete phases as discussed earlier. The first stage evolved
before and during metamorphism of the Milligen Formation to the lower
greenschist facies. The metamorphic event produced a chlorite foliation
which crosscut previously folded quartz filled fractures and primary
layering. Since the greenschist facies metamorphism probably occurred
during the Antler Orogeny, it follows that the microstructural
deformation preceding the chlorite foliation most likely resulted from
deformation during the Antler Orogeny.

The second stage of microstructural deformation of the Milligen
Formation occurred subsequent to the Antler Orogeny. The complete
absence of pressure- solution cleavage in 1lithic fragments of the
Mississippian flysch of the Copper Basin Formation suggests development
of the pressure~solution fabrics after the Mississippian. The parallel
to subparallel orientation of the pressure-solution cleavage to the
chlori€e foliation indicates that the Milligen Formation behaved
passively during the loading event which produced the pressure-solution
cleavage. Two possible loading events may be responsible for the
pressure-solution cleavage. First, deposition of over 3000 meters of
the Wood River Formation unconformably on the Milligen Formation could
have produced the pressure-solution cleavage during the Permian. This
seems somewhat likely considering that, at least locally, the much
coarser grained Wood River Formation contains a pressure-solution

cleavage and sutured grain boundaries.
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The second possible loading event is the movement of the Wood River
Allochthon over the Milligen Formation. Since the Wood River Thrust is
folded about axes parallel to those in the complexly thrust imbricated
unnamed Devonian-Silurian wunit and combined Phi Kappa-Trail Creek
Formation, it is likely that the Wood River Thrust was folded during
movement on the Pioneer Thrust. Therefore, the Wood River Thrust
predates movement on the Pioneer Thrust. As seen later, the Wood River
Thrust probably developed during the Late Cretaceous to Early Paleocene.

At this point no line of evidence comnvincingly argues for either
loading hypothesis. However, there 1is no reason why movement of the
Wood River Allochthon over the Milligen Formation should have produced a
pressure-solution fabric. It 1is worth noting that before movement of
the Wood River Allochthon, the Milligen Formation already had the full
thickness of the Wood River Formation overlying it. Movement of the
Wood River Allochthon would not have produced an additional loading
since the overlying column of rock would have had the same thickness.
Therefore, the sedimentary loading hypothesis seems to be the most
reasonable explanation for the second stage of microstructural
deformation of the Milligen Formationm.

The third stage of microstructural deformation in the Milligen
Formation produced penetrative fabrics geometrically reconcilable with
Paleocene movement on the Pioneer Thrust. Eocene granitic rocks intrude
and crosscut all penetrative fabrics in the Milligen Formatiom, thus

establishing the minimum age of microscopic deformation of the Milligen

Formation.
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The weakly~developed primary layer—-parallel pressure-solution
cleavage in the Wood River Formation may have resulted from sedimentary
or tectonic loading. Tectonic loading by thrust imbrication of the Wood
River Allochthon cannot be responsible for the penetrative
pressure-solution cleavage since it occurs on the upper and lower plates
of the Wood River Allochthon. Therefore, the pressure~solution cleavage
probably resulted from sedimentary diagenesis during the Permian.
Figure 6 summarizes the conclusions developed in this section.
Many of the map relationships developed in this sectiom will be used
later to help produce a synthesis of the structural evolution of the
Pioneer Mountains. The next section develops the pre—-Antler Orogeny
paleogeography of central Idaho in order to provide a base on which to

construct the structural synthesis.
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FIGURE 6 Summary of Ages of Microstructures 29

LATE DEVONIAN

First stage of microstructural deformation of the Milligen
Formation during the Antler Orogeny. Chlorite foliation
developed in the unnamed Devonian-Silurian unit and the
combined Phi Kappa-Trail Creek Formation

PERMIAN

Second stage of microstructural deformation of the Milligen
Formation. Penetrative pressure solution cleavage developed
in the Wood River Formation ? Both due to loading during
deposition of the Wood River Formation.

'

LATE CRETACEOQUS

Growth of contact metamorphic tremolite in the combined Phi
Kappa-Trail Creek Formation. Development of penetrative
pressure solution cleavage in the unnamed Devonian-Silurian
unit and the combined Phi Kappa-Trail Creek Formation 7

'

LATEST CRETACEQUS to EOCENE

Development of penetrative, axial-planar, pressure solution
cleavage in the Copper Basin Plate. Development of axial-

planar pressure solution cleavage and shear cleavage in the
Glide Mountain Plate.

PAT,EOCENE to EOCENE

Third stage of microstructural deformation of the Milligen
Formation. Development of shear fabrics, crenulations, and
small scale folds in the combined Phi Kappa-Trail Creek
Formation. Deformation in both formations due to movement
on the Pioneer Thrust.
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PRE~-MISSISSIPPIAN PALEOGEOGRAPHY OF CENTRAL IDAHO

The Early Paleozoic sedimentary rocks currently exposed in the
Pioneer Mountains represent continental shelf facies, transitional
facies, and rise facies. Table 1 details proposed ages, regional
correlations, and structural statuses for these Early Paleozoic units.
Rocks exposed in the Wildhorse and Dry Canyon Windows include the
westernmost exposures of autochthonous shelf and upper slope
transitional facies rocks in central Idaho (Dover and Ross, 1975). The
allochthonous metasedimentary sequence in the Pioneer Window correlates
with shelf rocks in the Wildhorse Window, and probably with shelf rocks
exposed north of the Pioneer Mountains (Dover, 1980, 198l).

The Early Paleozoic sedimentary rocks carried in the Sumn Valley
Allochthon represent deepwater to transitiomal facies eugeoclinal
deposits (Roberts and Thomasson, 1964; Dover and Ross, 1975; Sandberg
et al., 1975; Nilsen, 1977; Poole and Sandberg, 1977; Dover et al.,
1980; Dover 1980,1981).

The Devonian paleogeography of central Idaho may be inferred by
combining interpretations from the above studies. During Devonian and
Late Silurian time, sediments equivalent to the Roberts Mountains
Formation were deposited in a location in and near the present position
of the Wildhorse and Dry Canyon Windows (Dover and Ross, 1975). These
sediments were deposited between the miogeoclinal shelf and the
eugeocline to the west. The relatively high carbonate content of the
Roberts Mountains Formation equivalents in the Pioneer Mountains
suggests deposition on the edge of the shelf and on the upper slope.

This places the shelf-slope break at or slightly east of the Pioneer
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Mountains.

Sandberg et al. (1975) interpret the allochthonous Milligen
Formation as deepwater transitional facies sediments deposited om the
continental rise. The more calcareous nature of the partially
time-equivalent unnamed Devonian-Silurian unit suggests deposition in a
slope environment closer to the shelf sediment source.

The upward increase in the carbonate content of the combined Phi
Kappa-Trail Creek Formation, and the limited movement of the unnamed
Devonian-Silurian unit over the combined Phi Kappa-Trail Creek Formation
on a stratigraphic horizon, suggests that they were deposited in
stratigraphic continuity. The allochthonous East Fork Formation
correlates sedimentologically and temporally with quartzites in the
Wildhorse Window (Dover, 198l), and temporally with the combined Phi
Kappa-Trail Creek Formation.

The reconstructed Devonian paleogeography is shown graphically in

Plate 2, part A.
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STRUCTURAL EVOLUTION OF THE PIONEER MOUNTAINS

The object of this section is to provide a reasonable model which
explains the macrostructural and microstructural relationships in the
rocks of the Pioneer Mountains. The model is presented in Figure 7,
with specific reference to Plate 2, Plate 2 graphically summarizes the
large-scale structural evolution of the rocks exposed along A-A” and
B-B” on plate 1 (A-A” is projected onto B-B”).

Relationships in Figure 5 and Plate 1, which are important to the
structural model presented in this section, include: 1) the Copper
Basin Plate is in thrust contact with the East Fork Formation; 2) the
Glide Mountain Plate is in thrust contact with the Proterozoic X gneiss
complex and the quartz diorite intrusive sheet; 3) the Glide Mountain
Thrust truncates structures in the Copper Basin Plate; 4) the Copper
Basin Plate structurally overlies the shelf facies rocks in the
Wildhorse and Dry Canyon Windows; 5) the Glide Mountain Plate
structurally overlies the unnamed Devonian-Silurian unit; 6) the Wood
River Allochthon structurally overlies the Glide Mountain Plate along
the Wood River Thrust. 7) the Wood River Allochthon is in thrust
contact with the complexly thrust imbricated unnamed Devonian-Silurian
unit and the combined Phi Kappa-Trail Creek Formation; 8) the Wood
River Thrust truncates structures in the Milligen Formation; 9) the
complexly thrust-imbricated unnamed Devonian-~Silurian unit and combined
Phi Kappa-Trail Creek Formation structurally overlie crystalline rocks
in the Pioneer Window along the Pioneer Thrust; 10) the Milligen
Formation structurally overlies the Copper Basin Plate. 11) the Eocene

granitic pluton in the Pioneer Window intrudes all rocks it is 1in
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DEVONTIAN Plate 2, Part A

Paleogroqraphy of contral ldaho.

LATE DEVONIAN ~ Antler Orogeny - Plate 2, Part B

First stage of doeformation of the Milligen Formation in the Antler
Hightand. Chlourite foliation in unnamed Devonian-Silurian unit and
combincd Phi Kappa-Trail Crrek Formation?

MISSISSIPPIAN - Plate 2, Part €

Depogition uf the Copper Basin Formation in subsiding foreland trough of
the Antler lHighland.

PENNSYLAVANIAN-FERMIAN - Plate 2, Part D

e-position of Wood River Formation on eroded Milligen Formation with 3000
meters of subsidence of the Milligen Formation. Second stage of deformation
of the Milligen Formation. Doevelopment of weuk layer-parallel pressure
solution clcavaye in the Woud River Formation. Early fracturing in Copper
fasin Formation?

LATE CRETACEONS

Contact metamorphism of the combined Phi Kappa-Trail Criek Formatian
during intrusion of idaho Batholith related rocka. Development of
lyer-parallel pressure soilution cleavage in the unnamed Devonian-Silurian
unit and the combined #hi Kappa-Trail Creek Furmation.

LATEST CRETACEOQUS -~ Plate 2, Part E

Intrusion of quartz diorite intrusive sheet near shelif-slope break domes
and metamarphoses overlying sediments, and forms East Fork and Hyndman
Prak Formations.

LATEST CRETACEQUS TO PALEOCENE - Plate 2, Part F

Propagation of the Wildhorse Thrust along the base of the Wood River
Formation and Copper Basin Formation. The Wlldhorse Thruat cuts down
section at the domed area near the shelf-sope break and forms a thrust
duplex {(c.f. Boyer and Elliot, 1982) involving the Roberts Mountains
Formation equivalents, the East Fork Formation, the Hyndman Peak
Formation, the Proterozoic X gneiss complex, and the quartz dJiorite
intrusive sheet. The duplex is moved over the Roberts Mountaina
Farmaktion rguivalents. Shortening in the duplex is abuout 25 - 30 KM.
Folding of the Upper Clastic Member, the Drummond Mine Limestone, and the
Little Copper Mcmber forms the axial plane cleavage of the Copper Basin
Plate. Deformation associated with the thrust duplex forms a penctrative
foliation in the East Fork Formation, the liyndman Peak Formation, and the
Quartz diorite intrusive sheet,

PALEOCENE - Plate 2, Part G

Propagation of the Glide Mountain Thrust through the Milligen Formation,
the unnamed Devonian-Silurian unit, the combined Phi Kappa-Trail Creck
Formation, and upsection through the Copper Basin Formation (forms the
Glide Mountain Plate), aad through the basement thrust duplex. Movement

on the Glide Mountain Thrust forms a thrust duplex in the unaamed PRevonian-
Silurian unit and the combined Phi Kappa-Trail Creek Formation. The duplex,
the Milligen Formation and the Wood River Allochthon are transported toward
the crystalline rocks in the Pionenr Window. Flysch facies in the Glide
Mountain Plate are transported over distal facies in the Copper Basin
Plate. The third stage of deformation of the Milligen Formation and the
equivalunt deformation in the combined Phi Kappa-Trail Creek Formation
occur duriug movement along the Glide Mountain Thrust. Shear Fabrics in
the Glide Mountain Plate develop in proximity to the Glide Mountain Thrust.

LATE PALEOCENE - Plate 2, Part H

The Pioncer Thrust splays off the Glide Mountain Thrust, and juxtaposes
the thrust duplex of the untamed Devonian-Silurian unit and vombined

Phi Kappa-Trail Creek Formation over the crystalline rocks in the Pioueer
Window. This is a continuation of the third stage of deformation of the
Milligen Formation.

FEOCENE - Plate 2, Part I

The Eocene quartz monzonite intrudes and domes the rocks in the Pioneeer
Mountains. Erosian results in the present topography of the Pioneer
Hountainsg.

FIGURE 7 Model of Structural Evolution of
the Pioneer Mountains
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contact with. This 1is in variance to Dover”s 1981 interpretation in
which he feels that the contact between the Eocene pluton and the
structural plates of the Copper Basin Formation is a "minor"™ thrust
fault,

The Late Devonian paleogeographic recomstruction is based on the
preceding section, and on the following assumptions: 1) a passive
continental margin with an average slope of 4 degrees and a width of 100
km; 2) the thicknesses of pre-Mississippian units are as presented in
Table 1; 3) the rocks in the Wildhorse and Dry Canyon Windows are
autochthonous or parautochthonous.

Other assumptions used to graphically represent the large scale
structural evolution of the Pioneer Mountains include: 1) at least 3000
meters of subsidence of the Milligen Formation during deposition of the
Wood River Formation; 2) flexural behavior of the Earth”s crust (i.e.
non-Airy subsidence; Watts et al., 1982); 3) upto 100 km of lateral
translation of the Milligen Formation (Dover, 1980,1981), 50 to 80 km of
movement of the Glide Mountain Plate (Nilsen, 1977), 20 to 35 km of
movement of the Wood River Allochthon and the Copper Basin Plate (Hall
et al., 1974; Nilsen, 1977; Dover, 1980, 1981).

Several interesting results come from the model in Figure 7 and the
structural reconstruction developed in Plate 2. These include the
following: 1) The Pioneer Thrust mapped by Dover (198l) is a late-stage
splay off the Glide Mountain Thrust, and has 10 to 15 km of offset.
Dover (1980, 1981) previously felt that the Pioneer Thrust was
responsible for more than 100 km of movement of the Sun Valley
Allochthon; 2) the Wood River Thrust and the Wildhorse Thrust which

carries the Copper Basin Plate are equivalent to each other; 3) the
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Wildhorse Thrust which carries the Copper Basin Plate, acted as a roof
thrust for a basement thrust duplex (c.f. Boyer and Elliot, 1982) which
is now exposed in the Pioneer Window; 4) the Wood River Thrust acted as
a roof thrust for a duplex which resulted in the complex thrust
imbrication of the unnamed Devonian-Silurian unit and the combined Phi
Kappa-Trail Creek Formation; 5) movement on the Wood River Thrust must
be of Latest Cretaceous to Early Paleocene age since it is equivalent to
the Copper Basin Thrust; 6) the Wood River Thrust was reactivated as
the roof thrust mentioned in 4) above for a short duration; and 7) the
downflexing of the Earth”s crust during deposition of the Wood River
Formation may be responsible for post—chlorite foliation,
pre-pressure~solution fractures in the second stage of microstructural
deformation of the Milligen Formation. The downflexing wmay also be
responsible for some of the early fractures in the Copper Basin

Formation.
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SUMMARY OF CONCLUSIONS

This section summarizes the most important conclusions reached in
the preceding sections. 1) Microstructures in the Milligen Formation
represent three distinct stages of deformation. The first stage
includes fracturing, folding, and the growth of a chlorite foliation.
This stage probably occurred during the Antler Orogeny. The second
stage of deformation of the Milligen Formation resulted in two stages of
fracturing and a penetrative pressure-solution cleavage. The fracturing
and pressure—-solution cleavage most 1likely resulted from sedimentary
loading and subsidence during deposition of the Wood River Formation in
Pennsylvanian and Permian Time. The third stage of microstructural
deformation of the Milligen Formation produced shear fabrics,
crenulations, crenulation cleavage, and fractures. This stage resulted
from movement on the Pioneer Thrust during Middle and Late Paleocene.
2) The unnamed Devonian-Silurian unit and the combined Phi Kappa-Trail
Creek Formation underwent seemingly parallel microstructural deformatiom
histories. The first penetrative fabric in these units is an undated,
primary layer-parallel chlorite foliation. The combined Phi Kappa-Trail
Creek Formation contains Late Cretaceous contact metamorphic tremolite.
A primary layer-parallel pressure-solution cleavage cut the tremolite,
and also formed in the unnamed Devonian-Silurian unit at the same time.
Further penetrative small-scale deformation did not affect the unnamed
Devonian-Silurian unit. The combined ©Phi Kappa-Trail Creek
Formation contains shear fabrics which cut the pressure-solution
cleavage, and also contains crenulations and small-scale folds. The

shear fabrics, crenulations, and folds geometrically relate to movement
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on the Pioneer Thrust, and correlate with the third stage of
micostructural deformation in the Milligen Formation. 3) The Wood River
Formation contains only a weakly-developed, primary layer-parallel
pressure-solution cleavage. This cleavage formed by sedimentary
diagenesis during the Permian, and may correlate temporally with the
pressure-solution cleavage in the Milligen Formation. 4)
Microstructural deformation of the Glide Mountain Plate developed only
in proximity to the Glide Mountain Thrust. The penetrative fabrics
include a  pressure-solution cleavage and a shear fabric. The
pressure—-solution cleavage is axial-planar to mesoscopic folds formed
during movement of the Glide Mountain Plate. 5) The Copper Basin Plate
of the Copper Basin Formation contains a penetrative, axial-planar
pressure-solution cleavage. The axial plane cleavage formed in the
cores of meso- and macroscopic folds during movement of the Copper Basin
Plate. Extensive fracturing also characterizes the Copper Basin Plate.
6) The Pioneer Thrust of Dover (1980, 198l) is a late-stage splay off
the Glide Mountain Thrust. Although Dover (1980,1981) estimates over
100 km of translation on the Pioneer Thrust, the reconstruction
presented in Plate 2 indicates that only 10 to 15 km of movement
occurred. 7) The Wood River Thrust and the Wildhorse Thrust which
carries the Copper Basin Plate are structurally equivalent to each
other.

The Antler Orogeny in Idaho, as represented in the Milligen
Formation, differs in several aspects from the Antler Orogeny in Nevada.
First, there is no evidence that the Antler Orogeny im Idaho included
major thrusting. Evidence for this may be obscured by younger tectonic

activity, and by later igneous activity in western Idaho. The lack of
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shear fabrics in clasts of the flysch facies of the Copper Basin
Formation suggests that little or no thrusting occurred during the
Antler Orogeny in Idaho. Second, The Antler Orogeny in Idaho produced a
metamorphic fabric, a feature that did not develop in Nevada (Speed and
Sleep, 1982). Third, the Antler Orogeny in Idaho occurred in Late
Devonian time only, whereas in Nevada, the Antler Orogeny started in the
Late Devonian and continued through the Mississippian (McKee, 1976;

Smith and Ketnmer, 1975, 1977; Speed and Sleep, 1982)
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APPENDIX B: MICROSTRUCTURAL DESCRIPTIONS

Forty-five thin sections of the Early to Late Paleozoic sedimentary
rocks in the Pioneer Mountains provide data necessary for interpretation
of the structural evolution of the Pioneer Mountains. Thin sections
from the Sun Valley Allochthon include twelve from the Milligen
Formation, five from the unnamed Devonian-Silurian unit, and five from
the combined Phi Kappa-Trail Creek Formation. Seven thin sections from
the Wood River Allochthon are comprised of two thin sections of the
lower unit of the Wood River Formation and five from the upper unit of
the Wood River Formation. Seven thin sections from the Glide Mountain
Plate and nine from the Copper Basin Plate (ome from the Upper Clastic
Member, five from the Drummond Mine Limestone, and three from the Little
Copper Formation) make up the thin sections of the Copper Basin
Formation (see Plate 1 for sample locations; mnote that samples are
labled MTS-n and correlate with field stations labled MT-n).

The thin sections are oriented approximately perpendicular to
penetrative fabrics in each sample. Generally this includes at least
one thin section about mnormal to primary layering. Where several
orientations of penetrative structures exist, thin sections normal to
all penetrative structures are used. The thin sections were ground to
0.030 millimeters thickness, and were examined with a polarizing light
microscope using both plane light and crossed mnicols.

Observations from each thin section include lithology, primary
depositional features, and microstructures. Observatioms of lithology
and primary depositional features are summarized in Appendix A.

Observations of microstructures aim at describing both penetrative and
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spaced features and the angular and temporal relationships between them.
From the observations, interpretations of the structural and ductility
histories of the rock were made for each thin section. All of this
information is synthesized for each formation and presented in this

appendix,

WOOD RIVER ALLOCHTHON

Wood River Formation

Samples of the Wood River Formation, from the Wood River
Allochthon, were collected from within 20 meters of the Wood River
Thrust to over 500 meters above the thrust.

Penetrative deformation in the Wood River Allochthon 1is weakly
developed, and 1is expressed as a primary layer—parallel, penetrative,
pressure-solution cleavage. The cleavage is defined by flattened and
sutured quartz and calcite grains, and by insoluble residues (micas,
opaque minerals, and organics) in the cleavage planes. Development of
pressure-solution features 1is controlled by proximity to the cores of
map-scale folds in the Wood River Allochthon. Only samples MIS-35b,
MIS-36, and MIS-62 have penetrative pressure-solution features and these
were collected in the cores of folds. Lithologic control was exhibited
on the microscopic scale in MIS-36 where penetrative pressure solution
was best developed in calcite rich layers.

Other indications of internal strain in the Wood River Allochthon
include strained quartz grains and twinned, recrystallized, calcareous

fossil fragments.
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Widely-spaced (greater than 2 cm), calcite-filled fractures cut the
penetrative pressure-solution cleavage of MTS-36 and MTS-62 at an angle
of about 70 degrees. A second set of calcite-filled fractures developed
parallel to the pressure-solution cleavage in MTS-62, and crosscuts the
steeply inclined fractures. The calcite in both fractures exhibits

twinning and suturing.

SUN VALLEY ALLOCHTHON

Unnamed Devonian-Silurian Unit

Samples of the unnamed Devonian—Silurian unit were collected from a
narrow range of structural levels with respect to thrust faults within
the Sun Valley Allochthon. Because of the intense thrust imbrication of
the unnamed Devonian-Silurian unit, samples were collected from within
10 meters to less thanm 150 meters above a thrust surface.

Penetrative strain was developed in most samples of the wunnamed
Devonian-Silurian unit. Penetrative strain formed a weakly- to
moderately- developed chlorite foliation (MIS-39, MTS-41,MTS-42b) and a
well-developed pressure-solution cleavage (MTS-41, MIS-42a, MIS-42b).

The chlorite foliation parallels small-scale primary layering. It
is defined by an extremely strong preferred orientation of very
fine-grained chlorite. The chlorite grew most strongly im quartz-poor
layers indicating strong lithologic control on its development. The
chlorite foliation parallels layering everywhere, and occurred at all

levels sampled.
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The penetrative pressure—solution cleavage developed parallel to
both the primary layering and the chlorite foliation. In gemeral it is
defined by flattened and aligned quartz and calcite grains, and by
insoluble residues (opaque minerals and organics) in the cleavage
planes. The penetrative pressure-solution cleavage formed in all
lithologies sampled, and at all structural levels.

The unnamed Devonian-Siluriam unit contains several sets of
quartz-filled fractures at the thin section scale. One set predating
development of the chlorite foliation and pressure-solution cleavage 1is
cut and wrinkled by the pressure~solution cleavage. All other sets
crosscut the penetrative fabrics, and vary from 25 to 80 degrees to the
penetrative fabrics. No movement has occurred on any of the

post—foliation fracture sets.

Combined Phi Kappa-Trail Creek Formation

Samples of the combined Phi Kappa-Trail Creek Formation were
collected from various structural levels within the Sum Valley
Allochthon. Intense thrust imbrication restricted samples to structural
levels ranging from within 20 meters to less than 100 meters above a
thrust.

Penetrative strain developed in all samples of the combined Phi
Kappa-Trail Creek Formation. Penetrative fabrics include a
moderately~developed chlorite foliation (MIS-38a, MTS-43), a
moderately-developed pressure-solution cleavage (MIS-17, MTS-38a,
MTS-38b), a well-developed shear fabric (MIS-17, MIS-38a, MIS-38b,

MIS-43), and crenulations (MTS-43).
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The chlorite foliation is defined by a very strong preferred
orientation of fine-grained chlorite parallel to primary layering. The
foliation formed only in pelitic samples , and within these samples it

formed in the pelitic layers. The chlorite foliation was found at all

structural levels sampled.

Penetrative pressure-solution cleavage developed parallel to
primary layering. It is defined by flattened and aligned quartz grains,
by flattened and crosscut tremolite, and by insoluble residues (opaque
minerals and organics) in the <cleavage planes. Penetrative
pressure-solution occurred in all samples examined, but developed best
in the more siliceous 1layers. Structural level and geometry do not
affect the presence of the pressure— sclution cleavage in the combined
Phi Kappa-Trail Creek Formation.

The shear fabric developed at varying orientations to primary
layering. Where it developed parallel to primary layering, shear is
pervasive. Where the shear developed at an angle to primary layering ,
it became zonal, and transposed layering into the shear cleavage. The
shear cleavage is defined by faulted and rotated detrital quartz grainms
with pressure shadows, faulted tremolite, -and transposed primary
layering. Lithologic variation had little affect on the degree to which
the shear cleavage developed. While structural level does not affect
the presence of the shear cleavage, preexisting deformation does show a
strong control.

Small crenulations with axial plames about normal to the chlorite
foliation (and primary layering) and direction of shear, occur in
domains in the most chloritic sample examined (MIS-43). The

relationship between development of crenulations and level with respect
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to thrust faults is wunclear since only one sample contained
crenulations.

Thin section-scale thrusting, found only in MTS-43, offsets all
penetrative fabrics. A small-scale fold overturned and broke parallel
to its axial plane. This yielded a small-scale thrust slightly inclined
to the chloritic foliation , with about 2 mm of offset.

Other microscopic strain features include undulose quartz grains,
and sutured quartz-quartz, quartz-tremolite, and tremolite-tremolite
grain boundaries. One set of quartz filled fractures offsets the thin
section scale thrust in MTS-43, but no other manifestations of brittle
deformation developed at the thin section scale in the combined Phi

Kappa-Trail Creek Formatiom.

Milligen Formation

Samples of the Milligen Formation, in the Sun Valley Allochthon,
were collected from structural levels ranging from within 30 meters of
the Pioneer Thrust to over 900 meters above the thrust.

The Milligen Formation is extremely deformed on the thin-sectiocn
scale. Three stages of microstructural deformation were recorded in the
Milligen Formatiom, two of which formed several penetrative structural
fabrics. Juxtaposed with the penetratilve fabrics are several
generations of quartz-filled fractures (veins). Each fracture set
filled with quartz before the next deformation, thereby establishing a
clear record of crosscutting relationships.

Penetrative strain fabrics were found in all samples {except
MIS-29), and include a well-developed chlorite foliation (MIS-2, MIS-3,

MIS-8, MIS-10a, MTS-20, MIS-28, MIS-63), moderately-developed
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pressure-solution cleavage (MTS-10b, MIS-12, MTS-13,
strongly-expressed shear cleavage (MTS-2, MTS-8, MTS-20,

well-developed flow foliation (MIs-8, MTS-10a,

strongly-developed shear zones (MIS-3, MIS-10b, MTS-13, MTS-20,

weakly- to strongly-developed crenulations (two generationms;

MIS-20, MTS-63), and moderately-developed crenulation cleavage

MTS-63).

46

MTS-63),
MTS—-63),
MTS-20),
MTS-63),
MTS-10a,

(MTS-20,

The chlorite foliation responsible for the phyllitic nature of the

Milligen Formation formed at angles ranging from 10 to 90 degrees to

primary layering. It is defined by a very strong preferred orientation

of chlorite. The degree to which the chlorite foliation developed

relates strongly to lithologic variatiom. It is best developed

in the

pelitic layers, and is nearly absent in the very quartzose

recrystallized cherts. Structural level had no effect on the

of the chlorite foliation.

presence

The pressure-solution cleavage developed at angles ranging from O

to 66 degrees to primary layering, but is parallel to sub-parallel to

the chlorite foliation. Pressure-~solution features include

flattened

and sutured quartz grains, aligned chlorite in the cleavage, and

insoluble residues (opaque minerals, and organics) in the
planes. Pressure-solution preferentially developed in
quartzose samples examined. It is either overprinted by other

or never formed in all other samples. In some

cleavage

the most

fabrics,

cases the

pressure-solution cleavage is axial-planar to micro- and mesoscopic

folds, and therefore, seems also to be controlled by

structural

geometry. However, the pressure-solution cleavage only appeared in

samples from higher structural levels with respect to the Pioneer
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Thrust.

Flow foliation parallel to the chlorite foliation is expressed as

gentle folding of primary layering, and as an anastamosing network of

slip surfaces. The flow foliation developed only in the most

rocks, but occurs at all structural levels sampled.

phyllitic

The shear cleavage in the Milligen Formation developed at

ranging from 25 to 60 degrees to primary layering. The shear cleavage

is expressed as an anastamosing network of slip surfaces

frequently bound augen of transposed primary layering and quartz grains.

Other manifestations of movement on the shear cleavage include

quartz grains, floating microscopic folds, and offset primary layering,

quartz veins, and quartz grains. While the bulk 1lithology
Milligen Formation did not control the development of

cleavage, preexisting fabric anisotropies did. Where the

chlorite

foliation was strongly-developed, the shear cleavage developed parallel

to sub-parallel to it. Structural level did not control the

of the shear cleavage.

formation

Of a more domainal nature are penetrative shear zones within 15

degrees of the shear cleavage or the chlorite foliation.

They are

defined by narrow (less than 0.5 mm) zones of anastamosing slip surfaces

which truncate primary layering , quartz veins, flow folds,

crenulations, and detrital quartz grains. The shear zones developed

diverse lithologies, and over a wide range of structural levels with

respect to the Pioneer Thrust.

Crenulations in the Milligen Formation have axial planes

from normal to parallel to primary layering. Two sets of orthogonally

oriented crenulations developed in samples MIS-20 and MTS-63,
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set of “flexural” crenulations was found in MTS-10a. The crenulations
are defined by bent chlorite grains, folded chlorite foliation, and
folded primary layering. Lithologic variation limited crenulations to
the most phyllitic samples, but the “flexural” crenulations formed in a
silty argillite layer. In the field, crenulations were found at all
structural levels.,

The crenulation cleavage is axial-planar to the first genmeration of
crenulations, and is about perpendicular to the chlorite foliation. The
crenulation cleavage cuts and offsets primary layering and the chlorite
foliation by as much as lmm. Crenulation cleavage formed only in the
most phyllitic rocks, but developed throughout the Sun Valley
Allochthon.

Several generations of quartz-filled fractures (now veins) evolved
in the Milligen Formation. The fractures formed at all angles to
primary layering, in all rock types, and at all structural levels with
respect to the Pionmeer Thrust. Fractures formed and filled before
metamorphism of the Milligen Formation are recystallized, and have
gradational boundaries with the argillitic matrix. Fractures postdating
metamorphism have distinct boundaries with the surrounding rock.

Pre-metamorphic quartz-filled fractures were found in several
samples. They are tightly folded , truncated, and cut by all
penetrative fabrics, and in places have been transposed into the shear
cleavage.

Four other fracture sets developed during various post-metamorphic
deformation stages of the Milligen Formation. These range from a
closely-spaced (less than 2mm) fracture cleavage to fractures more than

lem apart. Preexisting fabric anisotropy influenced the oriemtation of
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two fracture sets which developed parallel to the chlorite foliation.
Movement on one of the chlorite foliation-parallel fracture sets offsets

primary layering, veins, zonal shear cleavage, and crenulations.

GLIDE MOUNTAIN PLATE

Samples of the Copper Basin Formation from the Glide Mountain Plate
were collected from within 15 meters to over 700 meters above the Glide
Mountain Thrust,

Penetrative strain was developed in only two samples. Penetrative
fabrics of MTS-15 include a pressure-solution cleavage and a shear
cleavage. MIS-60 only developed a shear cleavage.

The pressure-solution cleavage of MTIS-15 is axial-plamar to
mesoscopic folds. It 1is defined by flattemed quartz grains and
insoluble residues (e.g. opaque minerals) in the cleavage planes. The
pressure—-solution cleavage, accentuated by a strong preferred
orientation of detrital micas, developed most strongly in highly
quartzose layers, Evidence for slip or flowage parallel to the
pressure-solution cleavage includes flow-folded primary layering and
offset quartz-filled fractures.

Shear in MTS-60 is defined by through-going, narrow zones of very
closely spaced (less than 10 microns) fractures which cut and offset
non-matrix detrital grain boundaries.

Other non-penetrative pressure-solution features in the Glide
Mountain Plate include flattened quartz and lithic grains, abundant long
or concavo-convex grain boundaries, rare sutured grain boundaries, and
insoluble residues. Compression-related features assocated with the

pressure~solution structures include micaceous lithic fragments squeezed
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into the matrix, bent detrital micas and lithic grains, and weak to
moderate preferred orientation of detrital micas. The
non-directionality of the non-penetrative pressure-solution features
suggests pressure solution from lithostatic stress.

Two generations of widely-spaced quartz-filled fractures formed in
the Glide Mountain Plate. The first is cut by the penetrative fabrics,
and the quartz filling is highly strained. Other samples containing
similar fractures with highly strained quartz fillings, suggest that the
fractures predate the penmetrative fabrics. The second set of fractures

clearly crosscuts the shear cleavage of MIS-60.

COPPER BASIN PLATE

Little Copper Member

Two samples of the Little Copper Member were collected from within
60 meters of the Wildhorse Thrust. The third sample (MTS-50) was
collected from an unknown structural level with respect to the Wildhorse
Thrust.

Weak penetrative strain in the form of a pressure-solution cleavage
evolved in all three samples of the Little Copper Member. The pressure
solution cleavage developed parallel to the axial planes of macroscopic
folds, and is oriented at varying angles to primary layering. It is
defined by slightly flattened detrital quartz grains, squeezed or
smeared out micaceous lithic fragments, and by insoluble residues
(micas, opaque minerals, and irom oxides) in the cleavage planes.
Variation of lithology and structural level did not control development

of the pressure solution cleavage.
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One set of fractures formed at the thin section scale. The
fractures are widely spaced (greater than 6mm) and quartz filled. The

penetrative pressure solutiom cleavage crosscuts the fractures.

Drummond Mine Limestone

Samples of the Drummond Mine Limestone came from within 100 meters
of the Glide Mountain Thrust, an unknown distance above the Wildhorse
Thrust,

A well-developed axial-planar, pressure-solution cleavage formed in
all samples of the Drummond Mine Limestone except MIS~49. The
pressure-solution cleavage is defined by flattened and truncated calcite
grains and calcareous fossil fragments, slightly aligned quartz grains,
and insoluble residues (micas, opaque minerals, iron oxides, and
organics) in the cleavage planes., Variations in lithology and
structural level had no affect on the development of the penetrative
pressure—solution cleavage.

Several generations of calcite-filled fractures formed in the
Drummond Mine Limestone. Fractures predating the pressure-solution
cleavage are cut and folded to varying degrees by the cleavage.
Fractures postdating the pressure- solution cleavage crosscut both the
cleavage and the earlier fractures. These in turn are crosscut by

unfilled fractures parallel to the pressure- solution cleavage.

Upper Clastic Member
The sample from the Upper Clastic Member was collected from an '

unknown structural level above the Wildhorse Thrust.
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Penetrative strain in the Upper Clastic Member is expressed as a
primary layer—parallel, zonal pressure-solution cleavage. The cleavage
is defined by flattened quartz and lithic grains, squeezed out micaceous
lithic fragments, and insouble residues (opaque minerals aund iron
oxides) in the cleavage surfaces. The cleavage, best-developed in the
more siliceous layers, occurs as narrow zones (less than 1 mm wide)
about 1 mm apart. Minor slip in a few of the the pressure-solution
zones offset some of the lithic fragments.
A closely-spaced, iron-oxide-filled fracture cleavage 1is oriented
approximately normal to the pressure-solution cleavage. The
pressure~solution cleavage cuts, but does not offset or fold the

fractures.
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