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ABSTRACT

FAULTING IN AN EXTENSIONAL ENVIRONMENT: AN EMPLACEMENT

MECHANISM FOR THE LITTLE COTTONWOOD STOCK, CENTRAL

WASATCH MOUNTAINS, UTAH

By

David W. Szymanski

The Little Cottonwood (LC) Stock, located in the Central Wasatch Mountains of

Utah, is the largest pluton in the high-K, calc-alkaline Wasatch Igneous Belt (WIB).

The WIB was emplaced at the intersection of the Uinta Arch and Sevier orogenic belt

approximately 30-40 Ma Field evidence does not support models of forcible intrusion

for the stock; the rectilinear pluton has a weak internal fabric and wallrocks do not

exhibit pervasive intrusion-related ductile deformation

Evidence for faulting as an emplacement mechanism includes an ultramylonitic

shear zone located at the faulted roof contact between the LC granodiorite and

overlying Mississippian rocks. Structural and geochemical data from the mylonite

support shearing of the LC granodiorite near the roof in an east-west direction during

emplacement. Dike-fed emplacement occurred in a releasing step on a dip slip fault,

within a releasing bend along an east-west trending strike slip fault A dike swarm

trending northeast-southwest supports extension in a northwest-southeast direction.

Emplacement may have been contemporaneous with early Cenozoic extension related

to westward cordilleran collapse, but the events may not be coupled tectonically.
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INTRODUCTION

The Problem of Pluton Emplacement

Once the “heart of the granitization controversy,” the problem of making space

in the Earth’s crust for large volumes of silicic magmas remains a fundamental problem

in structural geology and igneous petrology (Marsh, 1982; p. 809). Recent studies

suggest that plutons are often emplaced at great distances (20-40 km) from their sources

regions and do not incorporate a great deal of the rock which they intrude (e.g

Clemens, 1998). If one excludes the possibility of lowering the Moho at deep crustal

levels or raising the Earth’s surface at shallower depths, emplacement mechanisms

must result in a zero net change in crustal volume (Paterson and Fowler, 1993a).

Consequently, Paterson and Fowler ( 1993a) argue that pluton emplacement

mechanisms should be viewed as material transfer processes (MTPs), and should be

evaluated based on the amount of material they can accommodate in the crust. Near-

field MTPs move wallrock from the immediate pluton aureole while far-field M'I'Ps

transport crustal material back toward the source of generation through subduction

zones.

Since the early 1900’s, a number of mechanisms have been proposed for the

emplacement of magmas (Paterson et al., 1991). Historically, these mechanisms have

been classified as “forceful” or “passive,” either forcibly pushing aside wallrock or

passively filling tectonically created cavities in the crust. Although thermodynamically

attractive mechanisms like diapirism have been used to explain emplacement of plutons

(Marsh, 1982), most recent studies reject models of forcible emplacement at middle- to

uI’Dv.':1'-crustul levels (see Brown, 1994). Diapirism or in-situ ballooning assumes that
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space is made for the pluton by ductile shortening of adjacent wallrock, the predicted

effects of which are: 1.) high strains in a highly deformed aureole, and 2.) lower strains

that extend great distances into the wallmck (Cruden, 1988). Based on wallrock strain

data for plutons traditionally interpreted as diapirs, Paterson and Fowler (1993a)

estimate that at most, 40% of the total space necessary for emplacement can be

accommodated by a near-field MTP of ductile flow. In addition to the inability to

account for space based wholly on wallmck shortening, direct evidence of diapiric

emplacement is tenuous at best (England, 1990).

However, recent work also suggests that most emplacement mechanisms

involve components of both forceful and passive intrusion (Hutton, 1988) and multiple

MTPs operate around the same pluton (Paterson et al, 1991). These studies tend to

emphasize the syntectonic nature of granitoid emplacement and specifically, the

creation of space for magmas by local dilatation during regional extension or

compression (Hutton, 1997; Cambray et al., 1995; Brown, 1994; Karlstrom et al.,

1993).

Faults associated with regional extension can act as both near-field and far-field

MTPs (Paterson and Fowler, 1993a). Releasing bends along faults create space for

magmas by opening tectonic cavities, provided the rate of magma influx parallels the

rate of opening (Paterson and Folwer, 1993b). At the same time, crustal material is

ultimately transported back to subduction zones through regional and global fault

networks, achieving a zero net change in crustal volume. Figure 1 illustrates fault-type

emplacement with generic strike slip and dip slip models. Cambray et al. (1995) apply



 

 

 

 

 
 

  
 

 

 

 

Figure 1. Simplified block models for fault emplacement. The upper

figure represents a releasing bend along a strike slip fault and

the lower figure illustrates a releasing step on a dip slip fault.

In both figures, the shaded region is magma filling the

tectonic gap created by slip on the fault. Modified from

Cambray et al. (1995).
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the terms “releasing bend” (strike slip faults) and “releasing step” (dip slip faults) for

the irregular jogs. Note that models can combine normal or reverse dip slip and strike

slip faults in a number of orientations (see Figure 16).

Regional Geology: The Wasatch Igneous Belt (WIB)

The Little Cottonwood Stock is the largest pluton in the east-northeast trending

suite of high-K, calc-alkaline stocks exposed along the western extension of the Uinta

Arch in the central Wasatch Mountains of Utah (Figure 2). Eleven plutons and the

Keetley Volcanics comprise the Wasatch Igneous Belt (WIB) of Vogel et al. (1997).

Rocks in the belt are subdivided geographically based on textures described by John

( 1997) and references therein. The Little Cottonwood, Alta, and Clayton Peak stocks

comprise the coarsely porphyritic to equigranular western group of plutons, while the

eastern porphyritic group is comprised of the Flagstaff, Ontario, Mayflower, Glencoe,

Valeo, and Pine Creek stocks (Figure 3). Further to the east, the Keetley Volcanics are

intruded by the Park Premier Stock and Indian Hollow Plug. Mineralization

accompanied emplacement; large deposits of Mo, Cu, Ag, Au, Pb, and Zn have been

extensively mined in the Big Cottonwood, Little Cottonwood, and Park City mining

districts (John, 1997 and references therein). Emplacement ofthe stocks and associated

volcanism, hydrothermal alteration, and mineralization occurred in the mid-Tertiary

between 30 and 40 Ma (John et al., 1997; Vogel et al., 1997; Bromfield et al., 1977;

Crittenden et al., 1973). Post-emplacement late Cenozoic Basin and Range extension

tilted the WIB approximately 15 degrees to the east (John, 1997). Presently exposed

Paleodepths for the plutons range from ~11 km on the western edge ofthe belt to <1 km

on the east (John, 1989).
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Km2. Location map for the Wasatch Igneous Belt (WIB) and the Little Cottonwood

Stock. The dark box (area in Figure 3) encloses the 11 stocks in the WIB and

the westernmost portion of the Keetley volcanics. WF = Wasatch Fault,

C-N = Charleston-Nebo thrust fault. Modified from John (1997).
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The Wasatch Mountain Range trends north from central Utah into the

southeastern corner of Idaho. The range is the result of a complex tectonic history,

recorded in well-exposed late Proterozoic to late Mesozoic sedimentary and

metasedimentary units. The range is dominated by structures formed by late Mesozoic

Sevier folding and thrusting and periods of Cenozoic extension (Presuell, 1997; John,

1989). The WIB resides within the Cottonwood metamorphic core complex (new

name, Constenius, 1998) and is located at the intersection of the Uinta Arch and the

Sevier orogenic belt, west of the Colorado Plateau Intrusion of the WIB clearly

postdates the Sevier phase of the Cordilleran orogeny as the plutons cross-cut Sevier

thrust sheets. Parallel to the Uinta Arch, a crustal suture separates Archean rocks to the

north from Proterozoic to the south, and is the first-order structural control on the

emplacement ofthe WIB (Presnell, 1997). The Wasatch fault (see Figure 2) forms the

westernmost boundary of the central range and represents the eastermnost extent of the

Neogene Basin and Range Province. During the Paleogene, a decreased rate of

convergence between the North American and Pacific plates and steepening of the

angle of subduction initiated regional extension (see Werrricke, 1992 and references

therein). As intraplate compressional stresses were reduced the gravitationally unstable

cordilleran wedge spread laterally (Coney and Harms, 1984). The westward collapse

was at least partially accommodated by detachments that took advantage of pre-existing

Sevier thrust structures (Constenius, 1998). Tertiary dikes pervade the region (Vogel et

al., 1997). The dikes have similar ages (3040 Ma) and chemical compositions to their

a~°~°100iated plutons. Overall, the dikes have a northeast-southwest trend, indicating a

maximum extension direction oriented northwest-southeast (see inset map, Figure 16).
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Located on western edge of the central Wasatch range (Figure 3), the Little

Cottonwood Stock has a rectilinear exposure over an area of approximately 115 km2

(Lawton, 1980). Although various modal analyses have led to different lithological

classifications of the Little Cottonwood, it is referred to here as the Little Cottonwood

(LC) granodiorite. Intrusive contacts are preserved on the northern, western, and

eastern sides of the stock (Lawton, 1980). The pluton is bound by the Wasatch fault to

the west and by the Deer Creek fault to the south The Deer Creek Fault forms the

northern margin of the Charleston-Nebo thrust sheet. Constenius ( 1998) interprets the

Deer Creek fault as a reactivated sole fault associated with westward movement ofthe

Charleston-Nebo (C-N) allochthon during the Paleogene-Neogene cordilleran collapse.

Recent U/Pb zircon dating yields an emplacement age for the Little Cottonwood

stock of 30.5 i 0.5 Ma (Vogel et al., 1997). This date is consistent with “At/”At dates

for biotite and K-feldspar samples. The stock intrudes autochthonous Proterzoic

metasediments of the Big Cottonwood Formation (prc), consisting of interbedded

quartzites and shale/siltstone units (Lawton, 1980; Crittenden, 1965). On the eastern

side of the pluton, sequences of middle Cambrian to lower Mississippian elastic and

carbonate units are repeated by complex faulting (Crittenden, 1965). Near the southeast

margin of the Little Cottonwood, a section of Mississippian Doughnut Formation

(Mdo) carbonates is located on top of the stock near the Silver Lake area (Figure 3).

Approximately 800-1000 m of lower Mississippian carbonates are missing from the

section (Crittenden, 1965). The section was removed by the Silver Lake detachment

fault (new name, Constenius, 1998), which has a normal sense of displacement. The
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detachment is part of the tectonically reactivated Alta thrust zone described by

Constenius (1998).

Near the LC/Mdo contact on the west wall of the Silver Lake Cirque, a west-

southwest dipping mylonitic shear zone is exposed within the granodiorite (see boxed

area in Figure 3). The exposure was initially identified as a shear zone by tight sheath

folds formed in a narrow zone of extremely fine-grained rocks. The Silver Lake

mylonite (new name, Constenius, 1998) is located near the LC/Mdo contact, at the base

of a block ofMdo which was dropped down by a normal fault The faulted contact is

seen in a photo mosaic of the west wall of the cirque (Figure 4). A corresponding

1:2400 scale map was produced for the west wall (Figure 5); details of field methods

are given in Appendix A and a full description of the area is given below. The map

shows the detachment-faulted LC/Mdo contact of Constenius (1998) and adjacent

Silver Lake mylonite near the tip ofthe down-dropped Mdo block.

Previous Work on the Little Cottonwood Stock

Lawton (1980) provides a detailed description of the structure and petrography

of the LC granodiorite and adjacent wallrocks. With regard to the overall contact

structure ofthe pluton, Lawton (1980) notes the following. 1.) Although local contacts

are cross-cut by dikes and the pluton is riddled with wallrock xenoliths in some areas,

contacts tend to be sharp rather than gradational. 2.) Planar flow structures (schlieren)

are concordant with pluton contacts and steeply dipping, suggesting that magma flow

was vertical. 3.) The northern contact between the Little Cottonwood and Big

Cottonwood Formation is discordant, while the western and eastern contacts are

concordant with bedding. Lawton (1980) attributes the concordant western contact to
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Figure 5. Map showing the contact between the Little Cottonwood grandodiorite

(LC) and Doughnut Formation (Mdo) in the Silver Lake area. Darker

shades represent exposures while lighter shades represent inferred

lithologies. Location ofthe map area can be found on Figure 3 and seen

in the photo mosaic in Figure 4.
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the flow of hotter, more ductile wallrocks, which is supported by the presence of

higher-grade metamorphic assemblages. On the eastern side, the stock may have

intruded along bedding planes. Based on the deflection of marker beds, Lawton (1980)

estimates that approximately 33% of the space for the pluton was made by forceful

displacement ofwallrocks.

Rocks of the Little Cottonwood Stock are white-to-light gray hypidiomorphic,

equigranular to porphyritic granitoids. Modal analyses by different authors have lead to

classifications of the Little Cottonwood that range from quartz monzonite to granite or

granodiorite (see Vogel et al., 1997; Lawton, 1980; Crittenden, 1965). Primary phases

include quartz, plagioclase, alkali feldspar, biotite, and hornblende; the most abundant

accessory mineral phases are magnetite, sphene, apatite, epidote, and zircon. Lawton

( 1980) gives a range of plagioclase compositions from Arm to Anzo. Twinned

plagioclase crystals exhibit normal or oscillatory zoning pattems and are commonly

found as both phenocrysts and groundmass constituents. large (>2.5 cm) euhedral to

subhedral, perthitic alkali feldspar grains represent the most sizeable phenocrysts (i.e.

megacrysts) in the pluton and may also occur as groundmass grains. In larger K—spar

phenocrysts, albite exsolution lamellae are often visible in both thin section and land

sample. Alkali feldspar phenocrysts in some areas of the pluton are as large as 6.0 cm

in length; Figure 6 shows a phenocryst from the Ferguson Canyon area near the

northern contact ofthe pluton (see also John, 1989). Discontinuous schlieren bands and

mafic enclaves are found throughout the pluton (Figure 7 and Figure 8). Modal

abundances of mafic phases increase in schlieren bmds. An intrusion into the Little

Cottonwood while it was at least partially crystalline is found in White Pine Canyon, on
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Figure 6. K-Spar megacryst on a weathered LC granodiorite outcrop

in the Furgeson Canyon area, near the northern margin of the

Little Cottonwood Stock.



  

Figure 7. Schlieren bands in the Silver Lake area. The surface on

which the schlieren bands are exposed is nearly horizontal

and generally planar.



 

Figure 8. Mafic Enclave in the Silver Lake area. The long axis length

offlris enclave is about average for enclaves measured in the

Silver Lake area.

 



the eastern side ofthe pluton Crittenden (1965) mapped the White Pine intrusion as a

leucocratic quartz monzonite.

PURPOSE

The purpose of this study is two-fold. The first part is to describe in

detail the structure and geochemistry of the Silver Lake mylonite and determine its

relationship to the emplacement of the Little Cottonwood Stock. The second part is to

evaluate fault-related emplacement models for the pluton based on the available

evidence.

FIELD OBSERVATIONS

Wallrock Deformation

Contacts on the northern, eastern, and southern margins of the pluton were

examimd for intrusion-related deformation (Field methods are detailed in Appendix

A) The quartzites and metapelites of the Big Cottonwood Formation on the northern

margin of the pluton exhibit both brittle and ductile deformation features, including

fault and fiictional slide surfaces with mineral lineation (slickensides), small-scale (~

1.0 m) folding, dislocations and boudinage, rotated porphyroblasts, and small-scale

shear zones. Figure 9 is a photograph of a small-scale shear zone in a quartzite interval

of the Big Cottonwood Formation It remains unclear whether these features are

associated with the intrusion of the Little Cottonwood Stock, late Mesozoic thrusting

during the Sevier phase ofthe Cordilleran orogeny, or Precambrian deformation

large-scale folding and contact metamorphism are found in Mdo carbonates on

top ofthe LC granodiorite on the southeast comer ofthe pluton. The limestone

16

 



Figure 9.

 

Small ductile shear zone in a quartzite interval of the Big

Cottonwood Formation, located at the northern margin of

the pluton. The pen in the photo is slightly oblique to the

trend ofthe shear zone on the outcrop surface. Below the

shear zone on the outcrop is a sketch of inferred right

lateral shear from S-C structures.

 



protolith has a coarse, sugary texture indicative of recrystallization Both here and in

the wallrock to the north, it is unclear how much, if any of the deformation can be

attributed to the intrusion of the Little Cottonwood, as opposed to previous deformation

events. The LC/Mdo contact is marked by numerous dikes and sills that interleave LC

granodiorite with Mdo wallrock Coarse- and fine-grained dikes are found both parallel

and oblique to the contact, frequently cross-cutting one another and plucking Mdo

blocks fi'om the wallrock. In one incidence an angular block (xenolith) of Mdo was

observed suspended in a fine-grained LC dike (Figure 10), similar to the wallrock

stoping described by Lawton (1980). The strain state ofMdo wallrock is unclear due to

poor exposure, inaccesible outcrops, and heavy weathering of the metamorphosed

carbonate.

Textural Variation of Intrusive Contact Rocks

For petrographic analysis, 16 oriented thin sections were produced for 11

granodiorite samples collected near pluton contacts in order to look for fabric alignment

in the pluton A detailed description of sampling and field methods is given in

Appendix A. Planes for thin sections were measured directly on samples using a

goniometer, intersecting planes were plotted and constructed on steronets. Aside from

local variation in phenocryst size and abundance of mafic phases, the Little

Cottonwood Stock is texturally and mineralogically fairly uniform throughout its

exposure (Lawton, 1980). No grain alignment was observed in the samples. Figure 11

is a photomicrograph showing a common equigranular texture in a granodiorite sample

taken near the roof pendant contact at Silver Lake cirque, less than 30 cm from the

contact. Anhedral to subhedral quartz, plagioclase, and alkali feldspar (microcline)

18

 



 
Figure 10. Small fragment of Mississippian Doughnut Formation (Mdo)

wallrock suspended in an LC granodiorite dike near the

faulted roof contact at Silver Lake.

 



 
Figure 11. Photomicrograph ofLC granodiorite sample 8-97-16 from the

Silver Lake area under cross polars. Note that grains ofmajor

phases (quartz and feldspars) are generally equidimensional.

A small biotite grain is seen in the lower left hand corner.
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gains exhibit irregular, weakly senate gain contacts. Crystals of these major pluses

are generally equidimensional; average gain size ranges from 0.25 to 1.5 mm. The

gain size of the sample shown in Figure 11 is not representative of the pluton as a

whole, though Lawton (1980) notes that groundmass gain size sometimes decreases to

1mmwithin10cmofthecontact.

Granodiorite textures at the pluton contacts are variable. Although samples

collected near the northern contact exhibit the common equigranular textures described

above, several samples taken less than 15 m fi'om the contact show a decrease in

average matrix gain size that is interpreted to be a chilled margin texture. For

example, Figure 12 shows the quenched texture of a ganodiorite sample located

approximately 11 m from the contact Zoned plagioclase phenocrysts (>25 mm) are

surrounded by a goundmass dominated by fine-gained quartz and feldspar (~0.2 mm).

Note the well-developed, though irregular crystal growth fionts where the plagioclase

phenocryst and quartz crystals have intergown, indicating late-stage crystal gowth

during cooling.

Mafic Enclaves

Numerous studies have used orientation and shape of deformed strain markers

in plutons (xenoliths, mafic enclaves) as evidence of emplacement type (e.g. Ramsay,

1989). This assumes that randomly oriented spherical or ellipsoidal enclaves in a

Partially crystalline magma body will develop preferred shapes and orientations as

Subsequent pulses of magna flow into a chamber and expand outward. Flattening

Strains derived from oriented enclaves at pluton margins are often offered as support for

diapiric emplacement or in-situ pluton ballooning (see Cruden, 1990 and references
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Figure 12. Photomicrograph of ganodiorite sample 080597-05 under

cross polars. Note the contact between the large euhedral

plagiogclase crystal and smaller matrix grains.
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therein). Hutton (1988) predicts non-concentric patterns of contact-parallel flattening

strains recorded by markers during faulted-related emplacement. The timing

relationships for enclave formation and interim] emplacement-related defamation of

plutons are poorly understood Enclaves may not be truly passive markers that record

finite strain during emplacement However, Paterson et al. (1991) cite the usefulness of

enclaves as qualitative strain data.

In the Silver Lake area, long axis orientations of twenty-nine mafic enclaves in

the Little Cottonwood Stock were measured on horizontal planes. Lengths of long and

short axes were measured for each enclave. Figure 8 shows a typical spheroidal

enclave exposed in two dimensions. Long axes are typically < 13.0 cm; the largest

measured long axis was 32.8 cm. Summary data for enclaves are given in Table 1,

Appendix B.

A pie type bidirectional rose diagam (Figure 13) was produced for

enclave long axis orientations (n=29) using Stereonet Version 3.0 for Windows

(Steinsund, 1995). The stereonet was divided into thirty-six sectors, 10° per sector, and

pie slices were scaled to fit the largest population sector on the diagram. Raw

measurements for enclaves are included in Table l. The small data set shows several

larger populations trending roughly north-south, with the mean orientation calculated as

183° or 003°.

Final long-to—short axis ratios (Rf) were plotted against enclave orientation with

respect to north (W), based on the Rg’¢’method for determining strain (Ramsay and

Huber, 1983). Figure 14 shows the Rf/¢’plot for enclave measurements in this study.

Rf defines the deformed shape ofan initially spherical or ellipsoidal object in two
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Huber (1983).
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dimensions and 41’ is the orientation of the deformed marker to an initial reference

direction (Ramsay and Huber, 1983). The ellipticity, R, ofan object is given by

R=(l+et)/(l+ez). 6(1- (1)

Assuming the enclaves were all initially spherical, their final shapes and orientations

are the result of a superimposed strain ellipse. The superimposed strain ellipse is

extrapolated from the data by comparing the RM’ plot to a set of reference curves.

However, a reliable fit to a standard reference curve for strain ellipticity could not be

made with confidence. The data set for enclaves may be a poor representation of strain

in the Silver Lake area for several reasons. 1.) The data set may be too small to show

strain ratios in a heterogeneous strain field 2.) Enclaves may not have been initially

spherical or randomly oriented (Ramsay and Huber, 1983). 3.) Rheological states and

timing relationships between enclave formation and deformation are unknown (Cruden,

1990), therefore enclaves may not record finite strain associated with emplacement of

the pluton. *

EIKPLACEMENT MECHANISM

Synthesis of Evidence for an Emplacement Mechanism

Based on these observations, intrusive contact relationships do not support a

large component of forceful intrusion (i.e. diapirism or in-situ ballooning) for the

emplacement of the Little Cottonwood Stock. In map view, the Little Cottonwood

Stock has a rectilinear shape, not the circular or ovoid shape associated with diapirs or

ballooned plutons. Although igteous flow textures (schlieren bands seen in figure 7)

are found parallel to linear pluton-wallrock contacts, the generally weak internal fabric

does not suggest diapiric emplacement (Vogel et al., 1997). No concentric foliation
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developed within the pluton or its margins. The shapes and orientations of mafic

enclaves do not support forceful emplacement. Contacts are dominantly sharp, not

gadational (Figure 15) and chilled granodiorite samples are found at contacts in

addition to the equiganular and porphyryritic textures common to the interior of the

pluton Chilled margin textures support intrusion into cold country rock (i.e.

tectonically created cavity), not a themally softened aureole associated with forcible ,,

intrusion

Proterozoic and Mississippian metasediments in contact with the Little

Cottonwood have been deformed, but it is not clear that this deformation is intrusion-

related. However, even if wallrock deformation is entirely a result of emplacement,

balancing the volumetric gain in the crust with the emplacement of the stock by

shouldering aside wallrock is impossible. The estimate ofa maximum 33% space gain

by the forcible sideward displacement of country rock around the Little Cottonwood

(Lawton, 1980) is within the 40% maximum estimate of Paterson and Fowler (1993a).

Given the lack of pervasive ductile deformation (e.g tight folding) in the wallrocks,

33% is a generous estimate. As a result, diapirism alone can not be a plausible

emplacement mechanism for the Little Cottonwood Stock.

Field relationships support a model of emplacement along a releasing bend or

step for the Little Cottonwood However, in addition to “passive” emplacement along a

fault, an additional component of forceful intrusion could help balance the rate of

material transfer (tectonic opening) with the rate of magna influx (e.g Hutton, 1988).

Vogel et al. (1997) propose faulting as a far-field MTP for the Little Cottonwood Stock.
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Figure 15. Sharp contact between LC granodiorite (lower portion of

photogaph) and quartzite of Big Cottonwood Formation

at the northern margin of the pluton.
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In addition to the volume of space made by shouldering aside of wallrock (a near-field

MTP), a model of passive emplacement in a releasing step or bend is invoked to

account for at least part of the remaining space required They cite the following as

preliminary evidence in support of a fault emplacement model: 1.) the overall

rectilinear shape to the pluton, 2.) the swarm of northeast trending dikes indicating

regional extension in a northwest-southeast direction, and 3.) the Silver lake mylonite

associated with the roofcontact.

Emplacement Models

Based on the available evidence and regional tectonic framework, this study

focuses on two general emplacement models. The first is a simple composite of the

generalized releasing step and bend models in Figure 1. In the Vogel et al. (1997)

model, a tectonic cavity opens along a west-dipping normal fault within a releasing

bend along a left-lateral strike slip fault trending east-west (Figure 16). This model is

in ageement with an overall northwest-southeast extension direction required for

emplacement of the dike swarm, and predicts shearing along the roof contact during

emplacement A second general model is based on evidence of early Cenozoic

extension (Constenius, 1998; 1996). In this case, extension occurs as a result of west-

southwest collapse ofthe cordillera beginning in the Eocene (Constenius, 1996). East-

west extension here is also consistent with a dip slip model that predicts shearing at the

roof contact during emplacement However, the left-lateral strike slip fault (Vogel et

al., 1997) conflicts with this model. Constenius (1998) suggests the faulted LC/Mdo

contact described in ”Regional Geology: The Wasatch Igneous Belt (WIB)" is the upper

detachment srn'face which accommodates east-west or even southerly extension.
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Figure 16. Composite model for emplacement ofthe Little Cottonwood Stock, a

releasing step on a west-dipping detachment fault within a left-lateral

strike slip fault. The inset map illustrates the shape ofthe pluton and the

trend ofthe regional dike swarm, consistent with the opening direction

in the model. Map view modified after John (1997), block model

modified after Cambray et a1. (1995).
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Regional extension in the Vogel et al. (1997) model is in a northwest-southeast

direction In the Cordilleran collapse model the Silver Lake mylonite was part of the

detachment and subsequently dropped into the partially crystalline LC granodiorite as

the base of a half-graben seen in Figure 17. The Silver Lake mylonite was abandoned

in favor ofthe new path shown in the diagam (Constenius, 1998).

THE SILVER LAKE MYLONITE

The shear zone located on the west wall of Silver Lake cirque provides an

excellent opportunity to constrain extension-related fault emplacement models for the

Little Cottonwood Stock Shear zones are tabular bodies of highly concentrated shear

strain, bound by relatively unstrained protolith rocks. As such, a “shear zone is a zone

of strain softening” where strain is accommodated by dominantly crystal-plastic

deformation, i.e. mylonitization (White et al., 1980; p. 175). In general, shear zone

mylonites are the product of strain softening and as such, their generation requires

extremely localized shear strain (Christiansen and Pollard, 1997; Simpson, 1983, White

et al., 1980). Outside of the narrow, well-defined boundaries of the Silver lake shear

zone, ganodiorite samples (e.g. Figure 11) are strain-free. Strongly foliated mylonites

often contain kinematic indicators (e.g. sheath folds, rotated prophyroblasts) for

determining sense of shear. The location and kinematics of the Silver Lake mylonite

support a fault emplacement mechanism. A detailed structural description and

interpretation of the shear zone follows. In addition, chemical analyses of shear zone

samples are presented in an attempt to constrain the protolith
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Overview and Local Geologic Setting

The shear zone associated with the Silver Lake mylonite is exposed on the west

wall of Silver Lake cirque at an elevation of 9400 ft. (See Figure 3 for location of the

Silver Lake area and Figure 4 for the location of the shear zone on the wall of the

cirque). The outcrop consists of two continuous exposures separated by Quaternary

slope talus. The mylonite exhibits mesoscopic foliation planes, deformed by sheath

folds but otherwise parallel to shear zone boundaries. As discussed below, in thin

section it appears that compositional banding forms the foliation. Fresh surfaces are

typically off-white to light green in color; weathered surfaces are light green to brown

with rust-brown foliation surfaces. Rocks in the Silver Lake shear zone are completely

mylonitized, i.e. all grains rmderwent size reduction and no porphyoblasts remain in the

matrix Based on the terminology of fault-related rocks outlined by Wise et al. (1984)

the Silver Lake mylonite is classified here as an ultramylonite, extensively

recrystallized and containing 100% matrix grains typically >>0.l mm.

Isoclinal or tight recumbent sheath folds identify the tabular rock body as a

shear zone. Fine- grained “morphological” mineral lineations form on foliation

surfaces and are lithogically indistinguishable from the rest ofthe rock. The shear zone

is always less than 0.5 m wide and has sharp, non-planar boundaries that separate the

mylonite fi'om unstrained country rocks. The sharp shear zone boundaries are seen in

Figure 18, a photograph of the shear zone, bound on either side by LC granodiorite.

The inset diagram in Figure 18 is a schematic field sketch of the shear zone boundaries,

drafted normal to the plane ofexposure to compensate for the oblique perspective ofthe

photograph and topography on the outcrop. Note the irregular, non-planar nature ofthe
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Figure 18. Oblique view of the Silver Lake mylonite. The shear zone

in the photograph is outlined in black. Note the sharp

contact between the mylonite and unstrained granodiorite

protolith. The inset field sketch compensates for the

oblique perspective and shows the irregular, non-planar

nature of the contact.
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granodiorite/mylonite contacts. The shear zone dips moderately (36-50°) and uniformly

to the west-southwest (259-266°) along its exposure. As seen on the map in Figure 5,

the exposed shear zone is located in the LC granodiorite, close to the LC/Mdo contact.

At this location on the west wall of the cirque, the LC/Mdo contact extends down

topography (east in map view) as the down-dropped block in Figure 17. An aplitic dike

that intrudes the LC granodiorite is truncated by the mylonite.

4oAr/39Ar whole rock dating of the Silver Lake mylonite as reported by

Constenius (1998) yields a minimum age of 27.1 i 0.1 Ma. Additional dates from the

same study by Vogel et al. (1997) provide a U/Pb zircon age for the LC granodiorite

near the shear zone of 30.5 i 0.5 Ma This is in agreement with recent ”Ar/”Ar biotite

and K-feldspar dating of four LC granodiorite samples from above and below the shear

zone. Samples fi'om above the shear zone yield ages of 30.1 i 0.1 Ma and 30.0 i 0.1

Ma Samples from below the shear zone have ages of 30.5 i 0.1 Ma and 29.7 p: 0.1

(Layer and Damon, pers. comm, 1998). In addition, whole rock 40Ar/39Ar dating ofthe

aplitic dike truncated by the mylonite yields an emplacement age of 27.0 i 0.3 Ma

(Vogel et al., 1997).

Mesoscopic Kinematic Indicators: Sheath Folds and Mineral Lineations

In domains of high shear-strain (79:10) foliation forms approximately parallel to

the flow plane of shear, i.e. shear zone boundaries (Hudleston, 1986; Simpson, 1986).

Figure 19 illustrates the formation of foliation during simple shear. A line initially

perpendicular to shear zone boundaries will undergo rotation toward the horizontal as w

increases, where:

r = tan W- at (2)
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Figure 19. Illustration of foliation development during simple shear. A line

initially perpendicular to the shear zone boundaries will undergo

progressive rotation into parallelism with the boundaries under

high shear strain (7 ~ 10), by equation (1). Note that the same

diagram explains the rotation of sheath fold axial planes into

parallelism with the shear zone boundaries. The top two blocks

show the orientation of syn-kinematic stretching lineation in the

shear plane during simple shear.
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0n foliation surfaces, mineral lineations form parallel to the maximum stretch

direction. (Similar to the structures described by Christiansen and Pollard (1997),

lineations in the Silver Lake mylonite are formed by elongate aggregates of fine-

grained material, indistinguishable from the overall rock even in thin section.) Small

perturbations in flow, especially in a naturally heterogeneous strain field, can lead to

sheath folds in the foliation (Skjemaa, 1989; Hudleston, 1986). The folds often

resemble the sheath of a knife with small interlirnb angles and curvilinear hinge lines

(Ramsay and Huber, 1987; Cobbold and Quinquis, 1980). Sheath folds have been

produced in a similar fashion experimentally by Cobbold and Quinquis (1980) by

amplifying “initial deflections in an otherwise planar and passive layering which is

grossly parallel to the shearing plane” (p. 120). The embayments along the non-planar

boundaries ofthe Silver Lake shear zone suggest that foliation planes developed similar

irregularities during shear (Figure 18). These perturbations begin as open, gently

doubly-plunging folds within the original foliation. As shear progresses (eq. 1), the

hinge line curves symmetrically within the axial surface and the axial surface rotates

into parallelism with shear zone boundaries (Figure 19).

Most workers agree that well exposed sheath folds can be used to determine

direction and sense of shear, especially when accompanied by corroborating evidence

(Crispini and Capponi, 1997; van der Pluijm and Marshak, 1997). The asymmetrical

vergence of sheath folds can indicate sense of shear, or the relative displacement (i.e

left- or right-lateral) across the shear zone as opposed to a general direction of shearing

(Hudleston, 1986). A number of caveats exist for the application of sheath folds as

kinematic indicators. The most important caveat is that in the absence of exposed fold
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trains across the shear zone, the geometry of a single fold does not yield a unique sense

of shear. In addition, symmetry or vergence in non-passive folds (i.e. compositional or

rheological buckling or bending) can often yield opposite sense of shear. However,

cautious interpretation of shear direction and sense is practical when the initial

orientation of foliation in the shear zone is known (Simpson, 1986). In addition,

stretching lineation in foliation planes can support interpretation of shear direction

when present.

Geometry and Orientation ofSheath Folds and Lineations

Sheath folds in the Silver Lake mylonite are exposed in two, and often three

dimensions. Measurements were made on a total of 15 folds across the two shear zone

exposures. Table 2 in Appendix B is a list of fold domains and corresponding

measurements of axial surfaces and hinge lines. Qualitatively, folds are isoclinal with

small interlimb angles (<20°) and variable hinge angles (always estimated <<150°).

The folds plot near the Q—R axis between cylindrical isoclines and isoclinal domes on

the Williams and Chapman (1979) PQR diagram (Figure 20). From Williams and

Chapman (1979), the apexes ofthe PQR diagram are defined as:

P = a/rso, eq. (3)

R = (180 - Byrso, and eq. (4)

Q = l80—(ct + (180 - myrso, eq. (5)

where a is the interlimb angle and B is hinge angle. Although hinge lines and axial

surfaces were measured in three dimensions (see field methods in Appendix A),

quantitative classification based on the PQR diagram proves difficult Figure 21

illustrates the “nose” ofa sheath fold in the shear zone. The curvilinear hinge doubly-
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planes

   

 

Silver Lake mylonite sheath folds

cylindrical isoclinal

isoclines domes

Fl

Photo 21 Photo 22

Figure 20. Approximate classification of Silver Lake mylonite sheath folds

based on the Williams and Chapman (1979) PQR diagram. An

explanation for calculation of P, Q, and R values is given in text.

Note that the folds plot close to the Q-R axis, between tight

cylindrical isoclines and tight cylindrical domes. Relative positions

for the folds in Figure 21 and Figure 22 are shown by arrows.
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Figure 21. Nose of large sheath fold in the Silver Lake mylonite. The

hinge line doubly plunges into a plane normal to the

photograph.
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plunges obliquely into the plane of the photograph Although the fold is not fully

exposed, a gentle curvature of the hinge can be traced along the nose and the fold plots

closer to the “ ” apex on Figure 20. The smaller fold in Figure 22 demonstrates a more

curved hinge line, though the oblique three-dimensional profile obscures the extent of

the curvature (i.e. the hinge angle, B). Qualitatively, the fold plots closer toward the

“R” apex on Figure 20 than the fold in Figure 21.

Figures 23-26 are contoured stereonet projections for fold measurements in the

Silver Lake mylonite. All data were plotted and contoured using StereoNet Version 3.0

for Windows (Steinsund, 1995). Contours were produced using a conventional

contouring algorithm, measuring distance on the steronet. The density of data points

was evaluated using a step function with a standard search radius of 1% ofthe total area

ofthe lower hemisphere projection. Each time a data point falls within the search area,

the value of the counting circle (contoured in percent of total population) increases by

one (Steinsrmd, 1995). The basic step function was chosen for simplicity in contouring

relatively small data sets; other contouring methods (e.g counting by angle on the

stereonet) were tested, but did not produce significant variation in contour diagrams.

Contours for poles to axial surface (n=12) show a relatively tight grouping of a

single population (Figure 23). The folds are recumbent to gently inclined: axial surface

dips range from 9° to 42°. The average axial surface dips shallowly to the west

(280°/27°, azimuth). A contour diagram for poles to foliation surfaces shows a -

grouping similar to axial sm'face measurements (Figure 24). The average foliation

plane (n=20) also dips to the west and has a similar dip amount (288°l31°). Hinge lines

are approximme horizontal to moderately plunging, from 3° to 47° and measurements
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Figure 22. Small sheath fold in the Silver Lake mylonite.
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Figure 23. Pole contour diagram for sheath fold axial surfaces in the Silver

Lake mylonite. The great circle represents the average axial

surface (280/27 azimuth).
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Figure 24. Pole contour diagram for foliation surfaces in the Silver Lake

mylonite. The great circle represents the average foliation

surface (288/31 azimuth).
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Figure 25. Contour diagram for hinge line measurements on sheath folds

in the Silver Lake mylonite.
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Figure 26. Contour diagram for lineation measurements on foliation

surfaces in the Silver Lake mylonite.
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(n=25) plot in several populations (Figure 25). The two largest populations plunge to

the northwest and southwest, though smaller groups are found plunging to the north and

south. One anomalous hinge line is found plunging roughly to the east, contoured as

4% of the total population. Lineations on foliation surfaces (n=36) plot on a west-

dipping girdle with several maxima (Figure 26).

Discussion ofSheath Folds and Lineations

Overall, the orientation of sheath folds and stretching lineations in the mylonite

support an east-west shear direction. As expected, sheath fold axial surfaces (Figure

23) show similar orientation to foliation in the shear zone (Figure 24). Axial surfaces

of sheath folds rotated under high shear strain until subparallel with both foliation and

shear zone boundaries. The grossly symmetrical distribution of binge lines along the

average axial surface suggests a population of folds in varying stages of hinge line

bending during deformation (Figure 25). Although sheath folds are well exposed, fold

trains are not exposed in three-dimensions across the width of the shear zone. As a

result, sheath folds in the Silver Lake mylonite do not reveal sense of shear across the

zone.

The orientation of lineations offers corroborating, if somewhat peculiar

evidence for direction of shear. Assuming a model of simple shear, the aggregates of

grains that form strongly lineated fabrics parallel to the stretching direction in the shear

plane should show fairly constant orientation across a shear zone (Figure 19). Although

flow velocity varies naturally across the zone (responsible for the initiation sheath

folds) maximum stretch direction remains in the direction of shear. However, mineral

lineations in the Silver Lake mylonite show somewhat more irregular behavior.
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Lineation measurements lie on the foliation surface as expected (Figure 26). However,

they do not plot in one tight group as expected; lineation trend and plunge is not

constant within the foliation. In some domains, individual sets of lineations were

actually observed to change trend (and consequently plunge) on foliation surfaces. On

one foliation surface, individual lineations were observed to be curvilinear, changing

trend from 205° to 253° on a foliation plane dipping to 281° (Figure 27). Another

foliation plane contains individual lineations ranging in trends from southwest to

northwest,inthespaceoflessthan 1 m.

The overall radial distribution of lineations and curvature of individual

aggregates within axial sm'faces (i.e. foliations) suggests that lineations may have pre-

kinematic or early syn-kinematic origins and rotated in the shear plane during

progressive inhomogeneous deformation. The fan-shaped distribution of lineations

plots directly on the average foliation plane. None of the lineations plrmge due north or

south. Passive linear elements (pre- or early syn-kinematic lineations) on sheath folds

would be expected to have a radial distribution about the direction of shear as they

rotate within the shear plane. The distribution of lineations on the average axial sm'face

supports an east-west shear direction (Figure 26).

Microscopic Textures of the Silver Lake Mylonite

Using the technique described in "Textural Variation of Intrusive Contact

Rocks,” 25 oriented thin sections were produced for eight mylonite samples. (In the

case of some mylonite samples with partings along foliation surfaces, samples were

impregnated with epoxy before final sectioning.) The Silver Lake shear zone is

composed ofan aphanitic, generally equigranular, quartz-rich ultrarnylonite. Mylonite
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Figure 27. Changing trend and plunge of lineation within a foliation plane.

The great circle is the foliation plane on which measurements

were made. The squares represent three trend and plunge

readings for a single lineation on the surface.
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grain size is dramatically smaller than grain size of the Little Cottonwood granodiorite

protolith; average grain size of granodiorite samples can be up to 1000 times greater

than that of mylonites. The overall texture is similar to commonly described mylonitic

textures (Tullis et al., 1982). The presence of a well-developed foliation formed by

compositional banding, extremely fine grain size, and microscopic evidence suggests

grain size reduction occurred in the Silver Lake samples. As discussed below, grain

size reduction was most likely accomplished by crystal-plastic deformation of grains

during shear. However, standard microfabric kinematic indicators (see Simpson and

Schmid, 1983) are absent in all samples; the ultra fine-grained quartzofeldspathic

matrix is porphyroblast-free and lacks oriented fabrics that reveal sense-of-shear. The

extremely fine grain size and lack of kinematic indicators most likely resulted from

post-shearing (static) recrystallization or annealing.

Paragraph

The dominant phases in the Silver Lake mylonite identified in thin section are

quartz, plagioclase, alkali feldspar, and white mica Quartz and feldspar grains are

typically equant and extremely fine-grained (>>0.05 m), where even anomalously

large grains are less than 0.5 mm in their longest dimension (Figure 28). The fine grain

size makes differentiation between many grains (i.e. feldspar phases) impossrble, even

under 1000x magnification using a 100x objective oil-immersion lens. However,

identification of the most abundant major phases is supported by a CIPW norm

calculation for an average mylonite sample that predicts quartz and feldspar as the

dominant phases (Table 3 in Appendix C, based on the geochemical analyses made in

this study). Similarly, larger grains may have observably sharp grain boundaries, but
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Figure 28. Photomicrograph of mylonite sample 8-97-15 under cross

polars. Note the extremely frne grain size ofthe sample.
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most boundaries appear indistinct at limits of resolution and can only be distinguished

by patchy, alternating extinction of adjacent grains (Figure 28). Quartz and feldspar

grains often form foliation-parallel grain aggregates.

As another primary phase, crystals of white mica display two habits. First, they

form individual elongate grains, often oriented parallel or slightly oblique to foliation

planes. The grains are typically fine (<01 m) and easily identified using intermediate

power (100x) by relief and birefringence under cross-polars. In one sample taken from

a sheath fold, mica grains were observed to be slightly oblique to folded foliation

planes (Figure 29). Secondly, white micas mantle quartz and feldspar grains, forming

an indistinct, colorless, intergranular patchwork fabric (Figure 30). Individual grains

appear as ultra fine needle-shaped, grains visible only under high-power (1000x) using

a 100x oil immersion objective lens. Aggregates of white mica with this habit occur in

bands that define foliation planes parallel to aggregates of quartz and feldspar grains.

The micas also mantle the quartz and feldspar grains and exhibit two conjugate

preferred orientations approximately 35-45 degrees to foliation planes (Figure 30).

Mica grains in each of these orientations go to extinction in unity. Neither orientation

is universally dominant when present in a sample.

No accessory phases were identified in thin section, possibly due to the ultra-

fine grain size of the mylonite. However, minor oxidation features confirm the

presence of small amounts of mafic phases. The only identifiable secondary phase is

calcite, appearing as fine-grained patches in a mylonite sample (8-97-17). The presence

ofcarbonate in this sample is confirmed by weak reaction with dilute hydrochloric acid
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Figure 29. Photomicrograph of mylonite sample 8-97-8 under cross

polars. Note the orientation of f'me-grained micas, trending

from the lower right to upper left in the field ofview.

The micas are oriented parallel/subparallel to tightly folded

foliation in this sample.
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Figure 30. Photomicrograph ofmylonite sample 8-97-15 under cross

polars. The light patchwork texture is formed by ultra

fine-grained micas that mantle quartz and feldspar grains.
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Microstrucatra'

Aggregates of generally equant quartz and feldspar and patchy micas define

foliation planes in the Silver Lake mylonite (Figure 28 and Figure 30). No strong gain

shape preferred orientation (GSPO) exists, although some quartz and feldspar grains

with long axes parallel to foliation planes can be found. The ultra fine-gained textures

made it impossible to determine if a lattice preferred orientation (LPO) is present

without the use of x-ray goniometry, which was beyond the scope of this study.

However, using the gypsum (M2) accessory plate on the polarzing microscope, no

strong LPO is evident in thin section scale.

Continuous gain size reduction by dynamic recrystallization is self-propagating

in shear zones as strain is accommodated in zones of “runaway instability” (Cobbold

and Gapais, 1987). Tullis et al. (1982) note that gain size reduction may even “change

the dominant deformation mechanism” to one which further concentrates shear strain,

perpetuating the cycle of gain size reduction (p. 230). The fine gain size and well-

developed foliation of the Silver Lake mylonite are well known in shear zone rocks

(van der Pluijm and Marshak, 1997) and indicative of dynamic recrystallization.

However, evidence for individual gain-scale deformation mechanisms is present only

sporadically and often equivocal. Hobbs et al. (1976) and Tullis et a1. (1982) provide

classic descriptions of crystal-plastic deformation mechanisms that produce mylonite

microstructures and reduce gain size during ductile shear, including dislocation creep,

diffusion, and gain boundary sliding.

In comparison with studies by Simpson (1983) and Tullis et al. (1982), the

presence of relatively equant gains with no strong LPO suggests that gain boundary
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sliding may have partly accommodated strain in the shear zone. Evidence is found in

some Silver Lake mylonite samples for subgain formation and recrystallization. Low-

angle subgain boundaries are evident in quartz gain aggregates, where subgains vary

in extinction by several degrees. Many gains appear strain-free, however, in each case,

the fine texture and irregular interganular patchwork of micas (Figure 30) makes it

difficult to discern overall microstructure in the mylonite at thin section-scale

resolution. The weak evidence for strain recovery suggests that annealing may have

occurred after the removal of shear stress. Some grains preserve miscrostructures

produced by dynamic recrystallization while strain-free gains indicate static recovery

by elimination ofdislocations (Covey-Cramp, 1997).

Discussion ofMylonite Microstrucrura

Due to annealing, the Silver Lake mylonite contains no microscopic evidence

for shear sense. Although dynamic recyrstallization occurred, the high temperatures

associated with intrusion were superimposed on this dynamic recrystallization. The

equiganular quartz-feldspar-mica matrix does not exhibit any standard kinematic

indicators: porphyroblasts, rotated pressure shadows, fiactured gains, or strongly

oriented recrystallized gain fabrics (Simpson, 1983). Thin quartz veins are offset in

several samples, but timing relationships cannot be determined and the sense of offset is

not consistent in all veins, so they cannot be used as kinematic indicators.

As shown in Figure 30, quartz and feldspar gains mantled by micron-scale

white micas in some samples vaguely resemble S-C' structures found in many

mylonites (van der Pluijm and Marshak, 1997; Simpson, 1983). The main mylonitic

(S) foliation is parallel or subparallel to shear zone boundaries except in fold hinge
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regions, as seen in outcrop. The two oriented mica textures appear at angles

approximately 35-45 degees to the S foliation For several reasons, these structures are

not interpreted as S-C' structures and cannot provide any kinematic information: 1.)

The main mylonitic foliation is parallel or subparallel to. shear zone boundaries

therefore neither ofthe two mica “foliations” can be a C-foliation; 2.) If the gain shape

orientation were a C’—foliation, displacing the S-foliation, its orientation would yield a

unique sense of shear. Instead, textures are oriented in two directions, roughly equal

and opposite to that ofthe main foliation

The texture formed by the micas suggests that post-shear flattening occurred in

the mylonite. Based on the location of the shear zone and age dates for the protolith

and mylonite, pure shear (Figure 31) is likely to have occurred with annealing after the

differential (shear) stress was removed After the shear zone was abandoned and

dropped down into a partly solidified LC ganodiorite, the combination of latent heat

from the pluton and lithostatic pressure from overlying sediments would yield

flattening strains perpendicular to the shear zone boundaries. Vertical compression

may account for the conjugate mica textures that mantle quartz and feldspar gains and

help define foliation.

MYLONITE AND PROTOLITH GEOCHEMISTRY

Mylonite and ganodiorite samples collected near the shear zone were analyzed

for major and trace chemical composition to confirm a LC granodiorite protolith and to

evaluate possible chemical changes from protolith to mylonite. This study determines

that the LC ganodiorite served as the mylonite protolith based on its location in the
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Figure 31. Simple illustration of flattening strains resulting from

pure shear deformation. Note that the principal axes do

not undergo rotation in pure shear. Post-shear flattening

strains in the Silver Lake mylonite would result from

lithostatic stresses acting on the shear zone after the

removal of shear stress.
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stock and chemical similarity to the LC ganodiorite. An alternative hypothesis for the

origin ofthe shear zone is presented in the discussion

Whole Rock Chemical Analyses

Representative samples of ganodiorite and mylonite were analyzed by X-ray

fluorescence (XRF) for major and trace elements. Using a volume appropriate for the

gain size (eg fist-size for coarse-gained ganodiorite), samples were powdered and

melted, using 1.000 g of rock flour for each sample. Lithium Tetraborate was added as

a low-temperatm'e flux (9.000 g) and ammonium nitrate (0.160 g) was added as an

oxidizer. Samples were melted in platinum crucibles (for > 25 nrin.) and stined using

an orbital mixing stage during heating. Fused disks were analyzed using a Rigaku

S/MAX X-ray fluorescent spectrogaph at Michigan State University. Major elements

concentrations were determined using fundamental parameters to correct the analyses

(Criss, 1980). Trace elements were done using accepted linear regession techniques on

USGS standards. Table 4 in Appendix C lists major oxides and trace elements for

which the samples were analyzed and detection limits in parts per million (ppm) for

standard trace elements.

Eight mylonite samples and five ganodiorite samples were selected for

chemical analysis. One mylonite sample (8-97-17) appeared chemically contaminated

with Cr and Ni abundances several orders of magritude geater than any other sample,

all of which had abrmdances of Cr and Ni below detection limits (see Table 4 in

Appendix C). Elevated Cr and Ni abtmdances suggest possible contamination fi'om an

alloy saw blade during sectioning ofbillets (Vogel, pers. comm, 1998). One fused disk

cracked during cooling (8-97-30) so a second disk was prepared for the sample and
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analyzed along with the first disk. The two samples yielded very similar compostions.

Tables 5 and 6 in Appendix C provide major and trace element compositions for the

samples.

Mylonite/Protolith Comparison

Several major differences in chemical composition are apparent between

mylonite and protolith samples. On a plot of Si02 vs. A1203 (Figure 32), samples of

mylonite and ganodiorite protolith are chemically distinct from one another. One

protolith sample (8-97-30) shows consistently different composition from other

samples, with low Si02. Overall, mylonite samples are markedly enriched in Si02

compared to the LC ganodiorite. Conversely, mylonite samples show depletion in

Na20 and K20 relative to ganodiorites (Figure 33).

These variations and less obvious changes are seen in Figure 34 and Figure 35.

These plots show mylonite/protolith ratios for all major and select , trace element

abundances, Rb and Zr. In Figure 34, a representative protolith sample (8—97-16) is

compared to a representative mylonite (8-97-8) sample. Though varying in magritude,

elemental depletions and enrichments are consistent for all mylonite samples. The

exception is a small range about one (0965-1095) for the ratio of A1203 abundance

between mylonite and protolith. Mylonite samples are depleted in Na20, K20, CaO,

Ti02, and Zr, and enriched in Mg0, Si02, Mn0, Fe0, and Rb. Figure 35 is a similar

plot, accounting for larger protolith variations by averaging ganodiorite abtmdances

(n=5). Ratios are given for representative mylonite vs. average protolith. Here

enrichments and depletions in the mylonite are consistent with Figure 34, except for a

notable reduction in MgO and Mn0 enrichments and an overall depletion in Fe0.
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Figure 32. Plot ofA1203 vs. Si02 for all ganodiorite protolith and mylonite samples.

Open triangles are ganodiorite samples and closed triangles are mylonite

samples. Note the general enrichment in SiO2 of mylonite samples

compared to those ofthe ganodiorite protolith.
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samples. Open triangles are ganodiorite samples and closed triangles are

mylonite samples. Note the general depletion of both K20 and Na20 in

mylonite samples compared to those ofthe ganodiorite protolith.

62  



63

  (601) uonanueouoo unlode/euumm

 

1
0
.
1
1
.

4
.
0
0
 

2
'
0
8

1
.
9
7

‘
.

1
.
6
6

1
1
.
0
2

1
.
0
4

1
.
0
0

l
I

 
 
 

 
L
a
g
:

[
_
1

0
.
4
5

0
.
4
6

 
 
 

0
.
3
8

0
.
1
-
-

 
  0.

0
3

 
 
 

0
.
0
1

N
8
2
0

M
9
0

A
1
2
0
3

S
i
0
2

P
2
0
5

K
2
0

C
a
O

T
1
0
2

M
n
O

F
9
0

R
b

Z
r

 

F
i
g
u
r
e
3
4
.
M
a
j
o
r
e
l
e
m
e
n
t
a
n
d
R
h
,
Z
r
c
o
n
c
e
n
t
r
a
t
i
o
n
r
a
t
i
o
s
f
o
r
m
y
l
o
n
i
t
e
s
a
m
p
l
e
8
-
9
7
-
8
v
e
r
s
u
s

g
r
a
n
o
d
i
o
r
i
t
e
p
r
o
t
o
l
i
t
h
8
-
9
7
-
1
6
.

 

 



    

 

(601) uouenueouoo animals/611mm

 

1
0

 

 

1
.
0
8

1
.
0
5

A
l

L
 
 

 

 

0
.
9
7

0
.
s
o

I
'

I
 

 
 

 
 

 

 
 

0
.
5
2

0
.
3
8

0
.
4
5

 
  0

.
3
1

 
  0.

0
3

 
 

N
8
2
0

M
9
0

A
1
2
0
3

S
i
O
Z

P
2
0
5

K
2
0

C
a
O

T
1
0
2

M
n
O

F
e
O

R
b

Z
r

 

 

F
i
g
u
r
e
3
5
.
M
a
j
o
r
e
l
e
m
e
n
t
a
n
d
R
b
,
Z
r
c
o
n
c
e
n
t
r
a
t
i
o
n
r
a
t
i
o
s
f
o
r
m
y
l
o
n
i
t
e
s
a
m
p
l
e
8
-
9
7
-
8
v
e
r
s
u
s

a
v
e
r
a
g
e
g
a
n
o
d
i
o
r
i
t
e
p
r
o
t
o
l
i
t
h
(
n
=
5
)
.

 

 
_
_

_
_
_
J



Distussi
on 1

A1111.

re mad
am

311': and C

recham
gm

Lt“
are

331 0111 Oh

11131131}:
10

31101111122
1

1271-11 t
he t

1“ 1‘11 s:



Discussion of Geochemical Data

Although many studies have shown that shear zones at low metamorphic gades

are conduits for large volumes of hydrothermal fluids (Hippert, 1998; O’Hara, 1988),

Bell and Cuff (1989) state that solution transfer is also a dominant deformation

mechanism in phyllosilicatebearing rocks at higher metamorphic gades. Chemical

changes are often associated with mylonitization as mobile elements are transferred in

and out ofthe shear zone in solution (Glamor and Bartley, 1991). As bulk chemistry is

unlikely to balance during mass transfer, volume gains and losses may also accompany

mylonitization To characterize “metasomatic alterations,” Gresens (1967) states that

either the total volume change or the unique behavior of one species must be known or

assumed known (i.e. which elements are immobile). There is no unique interpretation

for the Silver Lake mylonite because neither volume change or individual element

concentration changes are known. However, crude qualitative estimates of possible

changes can be made based on the apparent behavior of commonly mobile or immobile

elements (Glazner and Bartley, 1991; Gresens, 1967).

Studies have shown that Na, Si, K, and Rb are typically mobile in hydrothermal

fluid shear zone systems, while Ti and Zr tend to be immobile (Bailey et al., 1994;

O’Hara and Blackburn, 1989). The behavior of other elements (Mg, Al, Mn, Fe, Ca) is

less consistent and similar studies have demonstrated both enrichment and depletion of

the elements from protolith to mylonite. Enrichment of more immobile elements is

often cited as evidence for volume loss in mylonites due to partitioning ofNa, Si, and K

to the fluid phase (O’Hara, 1990). Strain-softening reactions such as the breakdown of
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feldspar into micas have been suggested as one mode of freeing Si, K, Ca, and Na into

solution (Hippert, 1998; O’Hara and Blackburn, 1989; O’Hara, 1988).

A volume change most likely accompanied chemical change during

mylonitization in the Silver Lake shear zone. The concentration changes are perplexing

based on typically mobile and immobile elements in hydrothermal systems. For

example, depletion of commonly immobile elements (Ti, Zr) is unexpected if typically

mobile (Na, K) elements have been transferred out of the shear zone in solution As

shown in Figure 34, Ti, Zr, Na, and K are all depleted in the mylonite. In addition, Rb

and K often behave similarly in hydrothermal systems. Mylonites are comparatively

enriched in Rb, but relatively depleted in K20, CaO, and Na20 (Figure 35). Mica-

producing reactions involving feldspar breakdown may be responsible for fieeing Si02,

K20, CaO, and Na20. This reaction is consistent with the abundance of white micas

present in mylonite samples, but does not explain the Rb enrichment

Without knowledge of an absolute loss or gain in any element, coupled with the

lack of predictable behavior of any species, there are an infinite number of solutions to

quantifying volmne changes and mass transfer in the Silver Lake shear zone. A number

of fluid compositions with varying saturation states could be responsible for a range of

volume changes. A second postulate is given by Hippert (1998) who also noted erratic

behavior in mobile and immobile elements from protolith to mylonite accompanied by

a small volume gain inferred from concentration changes. Individual elements may

migate heterogeneously through and within a shear zone system, accounting for

smaller than outcrop-scale volume changes (Hippert, 1998) not considered in the scale

ofthis study.
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DISCUSSION AND CONCLUSIONS

Significance of the Silver Lake Mylonite: Structural Setting and Chemistry

Before evaluating structural models of emplacement for the Little Cottonwood

Stock, it is important to restate the relationship between the Silver Lake mylonite and

the LC ganodorite, including the nature of the protolith. Several lines of evidence

strongly support the following conclusions. 1.) The Silver Lake mylonite is part of a

shear zone that formed at or near the pluton/wallrock contact during emplacement of

the pluton 2.) The mylonite was down-dropped at the base of the Mdo block shown in

Figure 17 and the shear zone was abandoned in favor of a new detachment surface. 3.)

LC ganodiorite was the protolith for the mylonite.

The location and orientation of the shear zone suggest that shearing occurred at

the LC/Mdo contact Although shear sense in the mylonite remains unclear, sheath

folds and lineations support shear in a plane dipping moderately to the west-southwest.

The orientation of the shear zone is similar to that of the LC/Mdo contact in the area

(Figure 5). Timing is well constrained by radiometric dating of shear zone and

mylonite samples. 4oAr/39Ar whole-rock data from mylonite samples provides a

minimum slip age on the shear zone of ~27 Ma U/Pb and 40Ar/39Ar dating for

ganodiorites on either side of the shear zone yield closure ages of ~ 30 Ma

(Constenius, 1998; Vogel et al., 1997; Layer and Damon, pers. comm, 1998). Slip on

the shear zone after closure ofthe ganodiorite (i.e. pre-full crystallization) supports the

interpretation that shearing occurred during final crystallization, or emplacement, while

the magna was in a semi-solid state.
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The bulk chemical composition of the mylonite is similar to that of the

ganodiorite. None of the samples, mylonite or ganodiorite, have >1 .72 wt. % Ca0.

The lack of significant Ca0 precludes a calcareous Mdo protolith An alternative

hypothesis is that the mylonite is a piece of sheared quartzite from one of the lower to

middle Cambrian units that underlie the Mdo, either Tintic Quartzite (Gt) or a shaly

sandstone member of the Ophir Formation (Go). However, given the adjacent Mdo

lithology and pattern of faulting, this scenario is unlikely. In addition, the age of the

dike truncated by the mylonite (27.0 i 0.3 Ma, whole rock 40Ar/39Ar) excludes the

possibility that the mylonite is derived from sheared roof rock sediments, since the dike

intruded before shearing (27.1 i 0.1 Ma).

Evaluation of Emplacement Models

The purpose of this study was to describe the Silver Lake mylonite in detail and

determine its relevance to an emplacement mechanism for the Little Cottonwood stock.

Based on the preceding evidence, syn-emplacement shearing occurred in an east-west

direction at the roof contact between the Little Cottonwood Stock and Mdo wallrocks,

producing the Silver Lake mylonite. The shear zone was originally part of the Silver

Lake detachment fault of Constenius (1998). The mylonite and overlying Mdo (~100

m) were then dropped down by a normal fault, producing the half-gaben seen on the

west wall of Silver Lake cirque.

The data presented in this study could be interpreted as support for emplacement

in a releasing step along a west-dipping normal fault in the models of both Constenius

(1998) and Vogel et al. (1997), although the extension direction is different in each

model. In the Vogel et al. (1997) model, emplacement occurs within a releasing step
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associated with a releasing bend along an east-west trending strike slip fault This

model is not rejected by evidence in the Silver Lake mylonite. The overall orientation

ofthe dikes supports this model, where left-lateral movement along the strike slip fault

was responsible for regional extension in a northwest-southeast direction. East-west

shearing at the roof of the pluton allows for westward movement of the Silver Lake

detachment hanging wall during local extension on a releasing step within the releasing

bend (Figure 16). In this modeL local extension within the releasing bend is east-west

and overall regional extension is northwest-southeast.

In the model presented by Constenius (1998), the transport direction for the C-N

thrust sheet is west (or southwest). Constenius (1998) states that the distribution of

sheath fold hinge lines and several lineation measurements in the Silver lake mylonite

“suggest an east-west, perhaps a more southerly extension direction” for the Silver

Lake detachment The east-west shear direction obtained from sheath folds in this

study would also support an interpretation that the Silver Lake detachment is part ofthe

overall network of faults that accommodated regional east-west extension during

westward collapse ofthe cordillera

Neither the model of Constenius (1998) or Vogel et al. (1997) is rejected by

evidence for shear direction in the Silver Lake mylonite, yet the models are not in

ageement with regard to regional extension Left-lateral displacement along an east-

west trending strike slip fault in the Vogel et al. (1997) model is consistent with the

orientation of dike swarms. However, motion on the same fault during west or

southwest transport of the C-N allochthon would be right-lateral. In the following

model for emplacement of the Little Cottonwood Stock, it is suggested that westward
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collapse of the cordillera and emplacement of the stocks and dikes are associated with

separate tectonic events and do not represent contradictory interpretations of the

evidence.

Composite Model: An Emplacement Mechanism for the Little Cottonwood Stock

Many studies have proposed that plutons are often emplaced as tabular bodies,

which contrasts the popularized notion of balloon-shaped diapirs that force their way

into the crust. Plutons are commonly tabular and their shape may be invariant of pluton

size (McCaffrey and Petford, 1997). Cruden (1998) recently suggested that the

widespread occurrence of tabular plutons is the result of an efficient emplacement

process that simply exchanges material within the crust. As magma is withdrawn from

its source region, it ascends vertically through dikes or dike networks until it reaches a

mechanical barrier that prevents further ascent (e.g. free surface, neutral buoyancy).

Many workers (e.g. Clemens and Mawer, 1992) suggest that vertical fracture

propagation and dike transport is an efficient ascent mechanism for ganitoid magmas.

As the magma spreads laterally at the mechanical barrier, the pluton floor is depressed

toward the depleted region of generation The system acts essentially as either a piston

or a cantilever (Figure 36). Cruden (1998) notes that both the flow rates through dikes

and strain rates in the crust are geologically reasonable for this process, and the

mechanism can operate synchronously with tectonic emplacement mechanisms.

This study suggests that mutiple near-field and far-field MTPs operated around

the Little Cottonwood Stock during emplacement Emplacement was a result of dike-

fed filling of a tectonically created cavity along a releasing step on a dip slip fault

within a releasing bend (The composite fault model is described on page 29.) Upon
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Figure 36. Schematic diagams showing the material exchange process in the

floor subsidence model of Cruden (1998). The upper diagam shows

a magna chamber emplaced by means of lowering crustal material

into a deflating source region. Material is transported by the dike on

the left-hand side ofthe diagam. The two lower diagams show the

subsidence mechanisms for downward displacement ofthe crustal

material, the cantilever and piston models. All diagams modified

from Cruden (1998).
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reaching a mechanical barrier to further ascent, the magna intruded wallrocks laterally.

A small amount material transfer may have occurred by other emplacement

mechanisms, such as stoping (Paterson et al., 1996; Paterson et al., 1991).

Figure 37 illustrates the proposed emplacement model for the Little Cottonwood

Stock. The Archean-Proterozoic suture provided a structural weakness in the crust for

the ascent of magmas generated in or at the base of the lower crust (Feher, 1997;

Presenell, 1997). Magmas ascended to mid-crustal levels during a period of deep-

seated northwest-southeast extension A tectonic cavity opened along a releasing step

on a west-dipping dip slip fault associated with a releasing bend along an east-west

trending strike slip fault. Although evidence for the fault has not been found, the

location of the strike slip fault proposed in this study is shown on the inset map in

Figure 37.

Cenozoic collapse of the Cordilleran wedge beginning in the Paleogene may

have been contemporaneous with slip on the east-west strike slip fault responsible for

producing the tectonic cavity. However, in this model the local east-west extension in

the releasing bend is uncoupled from west-southwest transport (i.e. extension) of the C-

N allochthon, which is bound by the Deer Creek Fault to the north. Although the

events may be temporally related, they need not be products of the same tectonic

regime. Westward collapse of the cordillera (i.e. the C-N thrust sheet) occurred faster

than deep-seated strain in the crust, which would result in an overall right-lateral sense

ofshear on portion ofthe strike slip fault south ofthe Little Cottonwood Stock.

Concomitant with the opening, the magma reached a mechanical barrier to

further ascent, most likely the slip surface on the detachment ofthe releasing step
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Figure 37. Emplacement model for the Little Cottonwood Stock. The inset map

shows the approximate trend ofthe east-west strike slip fault in the

model. The illustration in the upper right corner shows initial intrusion

ofthe stock into the releasing step. The magma ascends into the step

through the feeder dike. As the magma reaches the detachment surface

it stops rising and fills the chamber concomitant with tectonic opening.

Late-stage emplacement is illustrated in the lower diagram, where

continued intrusion has effectively obliterated evidence ofthe releasing

step. The component of forcible intrusion is shown along bedding.
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(Figure 37). Shearing occurred at the roof during emplacement, producing the Silver

Lake mylonite. With progressive slip along the dip slip fault, the intrusion effectively

obliterated the step, illustrated by the transition between the two diagrams in Figure 37.

A series of normal faults dropped the mylonite down at the base of a half-graben, and

repeatedly cut sequences of beds east of the pluton During episodic pulses of magma,

when the rate of influx exceeded the rate of tectonic opening, the magma intruded

wallrocks on the western and eastern sides ofthe pluton concordantly.
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FIELD METHODS

Field work was conducted in two phases during the summer field seasons of

1997 and 1998. The first phase lasted two weeks during August, 1997 and included

examining and sampling exposed contacts on the northern, eastern and southern

margins of the pluton (see Figure 3). Contacts were examined for macro- and

mesoscopic evidence of deformation resulting from emplacement, including the

presence ofkinematic or sense-of-shear indicators. Twenty-nine oriented samples were

collected from the contacts, taken in regular intervals toward the interior of the pluton,

based on observed textures. At a typical locale, samples were taken in 1, 5, and 10 m

spacings from the contact. The majority of the first phase was dedicated to detailed

measurement and description of the shear zone located near the southeast exposure of

the stock Sheath folds and mineral lineations on fold limbs were measured across the

exposed shear zone (17 m x 0.5 m in cross-section) and selectively sampled, usually in

less than 2.0 m spacings based on the high aspect ratio of the tabular zone. Fifteen

mylonite samples and eight granodiorite samples from near the shear zone were

collected Fold axes, hinge lines, and mineral lineations were measured directly on the

outcrop when possible. In many cases, thin wooden skewers and adhesive were used to

extend hinge lines from the plane ofthe outcrop.

The second phase of field work was conducted for one week in September,

1998, during which the shear zone and adjacent LC and Mdo rocks were mapped at a

scale of 122400 (Figure 5). Using traditional baseline mapping techniques, the map was

produced for an area of approximately 33,400 m2. Wallrock medasediments at the

contact were also examined for the presence of intrusion- and fault-related deformation
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Table 1. Field measurements collected for mafic enclaves in the

Silver Lake area and corresponding 9' and Rf values.

 

 

 

Trend ofLong Axis ¢' Long Axis Short Axis Rf

(degrees) (cm) (cm)

166 -14 12.1 5.8 2.09

154 -26 8.4 4.5 1.87

144 -36 7.2 3.5 2.06

229 49 12.4 8.7 1.43

94 -86 12.6 8.3 1.52

228 48 6.1 3.7 1.65

230 50 9.7 5.2 1.87

181 l 9.8 4.3 2.28

191 11 13.4 5.1 2.63

167 -13 10.2 4.9 2.08

200 20 8 4.4 1.82

171 -9 11.8 4.6 2.57

146 -34 7.1 2.9 2.45

170 -10 11.7 5.8 2.02

122 -58 8.1 5.2 1.56

226 46 32.8 24.2 1.36

161 -19 12.1 6.1 1.98

114 -66 8.2 4.2 1.95

208 28 6.3 2.0 3.15

245 65 5.2 2.1 2.48

189 9 7 3.8 1.84

186 6 14.2 6.0 2.37

152 -28 10.8 4.9 2.20

208 28 4.5 3.0 1.50

204 24 4 2.6 1.54

186 6 4.9 3.9 1.26

204 24 9.4 7.8 1.21

235 55 16 12.1 1.32

161 -19 7.3 4.4 1.66  
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Table 2. Measurements for axial surfaces and hinge lines on sheath

folds and lineations on foliation surfaces in the Silver Lake

mylonite. All measurements reported in azimuth.

 

 

  

 

 

Domain Fold Axial Surface Hinge Line Lineation Foliation

A l 297/34 002/09 281/30 254/34

227/19 279/00 321/21

246/27 295/42

B 1 241/28 271/35 299/27 260/34

266/24

2 250/42 253/47 296/31

266/42

291/29

289/25

C 1 301/16 178/12 333/39 284/27

335/35

2 238/20 320/21

211/25 325/17 315/20

3 13/20

3 284/30 353/11 145/50 132/60

335/40 284/27

287/22

260/17

332/24 295/27

328/14 319/14

280/11 295/27

253/45 281/53

223/35

205/25

D 1 256/21 206/14 261/02 231/09

281/09 316/21

2 222/09 196/21

3 291/18 011/11

E l 245/13 180/28 152/14

166/18 259/01 195/24

154/26 217/19

196/25 202/19

206/20

2 209/31

199/37

104/20   
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Table 2. (cont’d).

 

 

Domain Fold Axial Surface Hinge Line Lineation Foliation

F 1 249/20 349/03 344/01 084/04

310/13 301/15 010/36

292/l 6 296/26 239/49

G l 261/32 320/20 324/16 009/16

324/19 318/28 335/27

324/15 298/18 246/18

2 248/21 301/15 
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Table 4. Detection limits for trace elements by XRF analysis ofglass disks

and statistical variance ofmajor oxide analyses based on a USGS
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standard treated as an unkown.

Element Detection Limit (ppm) Major Oxide Standard Deviation

Ba 100 Si02 0.106

La 48 TiOz 0.009

Cr 63 A1203 0.077

Ni 25 FeO 0.030

Zn l4 MnO 0.004

Rb 13 MgO 0.018

Sr 12 C30 0.014

‘ Y 14 NazO 0.018

Nb 15 K20 0.002

Zr 14 P205 0.005  
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